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Rikrr, A . .J . 
Robbins, \V. J. 
Roberts, R. B. 
Sax, Karl 

Sinnott, E. '''· 
::ikoog, Folke 
Stakrnan, E. C. 
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:\lazia. DaniPl 

~Ietz, C. \\' . 
~Iiller, A. H . 
~ Lirsky, A. K 
:\luller, n .. }. 
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Fishrr, ~ir l{ona ld 
1·on Frisch , K a rl 

Loug, C'. ;;. I f. , Chair-
man (19tn) 

. \ st.wood , E. B. 

. \ub , J oseph C'. 
Bard , Philip 
Brink, F ra nk, .Jr. 
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(J !)63) 

.\rmstrong, Cha ri ,'s 
Bailey, P. 
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(11 ) Anthropology- 12 members 
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Benioff, Hugo 
Berkner, L. V. 
Bjerknes, J . 
Booker, H. G. 
Brown, Harriso n 
Byerly, Perr.' · 
Byers, fl . R. 
EckarL, Carl 
Elsa.·f'<'r, \V. :\1. 
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Press, Frank 
R eichelderfer, F. W. 
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Balb, .\. K. 
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:-;]ichlr r. L. B. 
:-;mith, P. E. 
:-lnrll, E. E. 
:-;prrry, H . \\' . 
Stan lry, \V. :\L. 
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Sheehan, .T. C. 
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lh ,). .\. (; 101{1)~1Al :\I~ 

During t hr past fiflrc•n year:-:, radio astronomy oh:-:er\'ations ha\'e been largely 

confined to radiation at "·a,·e lrngtl s longer than about ~0 em. The purpose of 

this talk is to gi,·e a brief outline of the work to date at :-:horler wawlcngths, in 

particular wn,·clength:-: less than 10 em, and to dc:;crihe some of the new techniques 

being used in tl is work. Hinc·c• tlw extcn:-:in• field of .·olar radio astronomy has 

already lwPn rc,·iewecl by Dr . .:\laxwc•ll,* this talk will be concemecl only with 

·ources other than the :-:un. 

The radio m;tronomcr who " ·o rk:-: at em " ·a,·c lc•ngtl.:-; faces a numhc•r of clif!iculties 

not found at longer mtnl<•ngths. He is first of all limited to ohsen·ing continuum 

radiation since· nonr of the spectral line:-; in t Lis region has :;o f:tr been detected. 

Secondly, the flux dc·nsity ancll.ence, for a gi\'C'Il antc•nna. the antenna temperature 

<W<ti l:thlc from l he d i;-;crcle nont J.c•rmal source:-; arc approximately proportional to 

:\. .\third difficulty i:-: inadequat.e receiwr :-;en:-:iti,·ity. .\t w:n-elrngths of l m 

and longer recc iyer:-; ha \ ' t' been antilahle wit I internal noise temperatures lower 

than a few lundred dcgn•c•:-; Keh-in, whid i:-: lc•:-::-; t!.an the background noise at the 

galactic pole .. \ t meter " ·a,·c length:-;, impro,·('(in·cci,·er sen:-;iti,·ity is not of great 

importam·e. In the em region, ho\\·c•,·er. wl ere the background tempcntture is 

only a few degree:-; Kc•h-in , tJ c crystal noi:-;c in 1-iUJWrheterodyne rccC'i,·er:-; ha:; led 

to rPcc•i' N noi!-'C' temperature:-; of 1000 °K or more•. At wa,·e lengtl.s :-:horter than 

:~ em cry:-:tal noise temperatures as well as atmo:-;phNic aL:-;orption ri:-;c rapidly. 

lnclccd apart from the sun. tl e moon , and \'en us, no di:;('l'ctc sources haYe beC'n 

dctceted at \\·an•lc•ngth:-; b('( \\'CC!l :~em and the opti(·al infrared region. 

Tl e nc•cc•:-:sity of larg<' Ligl -pn•ei:-:ion antennas has al:-:o rC'stricted progrcs:-; at 

cc•ntimeter wan·lengtl.s. For example, will the u:-;c• of :-;tandard ,;upcrht'lerodync 

tec·hnique:-; and a (i, ·e st'concl a\'C'raging time. a p:trabolic rdketor 10ft in cliam.eter 

or its equi\'alent is required n.<'I'C'iy to dclecl Ca:-::-;iopeia .\ at ;~ em \\'<l \ clen rth. 

Cle:u·ly, much larger <! lltennas. con:-:1 ruet r ei \\'it I :-;urface tolerance':-; of the order 

of 1 
1 inch, :u·e required for n•sc•arch at ti.Pse \\·a,·t>length:-:. Prior to 19.) the only 

larg<' anten11a suitable for ohs<'IYations of di:-;nete :-;ourcc:-; at em wa,·c lengt Ls war; 

llw .)0-ft rC'flector 1 at the l ·. S. :\ant! Hesearch Laboratory. 

J n spit.e of the experimental difficulties a numl)('r of significant obscrn1tion:-; 

h:n·c been made•. many of tl c'm yielding information acees:-;ihle only at em wa\'e 

length. 
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8peclra of the Discreff' 8ources. The initial cff'()rt. at obs<'rYiug galactic noi,·c at 

em "·an length 1ms probably that of Reller in l 9:)8. 2 Although failing to detect 

!) em radiation with relati\'eiy in~;cnsitive equipment, he was able to conclude that 

the spectrum of the radiation is far from that oJ' a black body. Working at lO 

em in I 951, Piddington nnd :\Iinnett 3 with the u:-;e of a "beam ,·winging" technique 

found an excess flux den,;ity of 7 X I0 - 21 w m- 2 (c/ s) - 1 a, socinted with the region 

near the galactic center. 
Di,;crete sourcec; were first detected at wa \'elengths shorter than 21 em by 

Haddock, :\layer, and Rlo::umker 4 in the initial application of XRL 50-ft antenna. 

They reported flux densities at 9.± ctn of Cassiopeia A, M 1, Cygnu \, the galactic 

center region, Centaun.1s A, M 87, and IC ±±:3.5 The fiux densities together with 

tho:-;e measured at longer IYavclengths were found to be in rough accord with n 

~·:" lmr,6 with the exception of a possible departure ncar 70 cm.7 The spectra of the 

strongest of these sourceH were further extended to :3 em by Haddock aud JVIcCul

lough in 1955.8 

Sub:-;cquent studie, · of the strong discrete sources at 10 em and :3 em have been 

LTU1 !e by nazin and Pletchkov,° KnyclttnO\'sky and Knrdashm-, 10 Jennison, 11 Broten 

and .:\Iecld, 12 and others. 
The region in Ragittarius ncar the galactic center ha, recently been mapped by 

Drnke 13 with a resolution of about G'. ObHeiTing simultaneously at 68 em, 21 

em., and 3. 7.5 em with the 85-ft antenna of the ~ationn.l Radio Astronomy Observ

atory, he has resoh-ed fom distinct centers of cmi.-sion in the galactic plane arranged 

nwre or le, s ~;ymmetricn.!ly IYithin 100 parsecs of the center. Profes:or Oort* 

has already commented on the correlation hetweeu this result ttnd recent hydrogen 

line i:itudie:; of the i:iame region. 
Ionized Hydrogen Regions.- Thc bright ga ·cous emission nebulae "·ere identified 

a, a new class of discrete radio source by Haddock, l\i[ayer, and Sloanaker in 

195-1:. 1
•
1 They reported detection at 9.4 em of the Orion :\"ebula, as well a, M 17, 

:\I 8, J\1 20, and an extended region of hydrogen emission uebulae near the galactic 

c:enter. The em wa\"elength cmi.-:oion int<'nsity from these ~;ources is found to be 

proportional io the intensity of their H a cmil:it:>ion corrected for optical extinction , 

in accord with the interpretation of the radio emission as thermal radiation arising 

from free-free• tn1n.-itions in II Jl16 Furthn evidence for the thermctl model is 

the radio c;peclrum of the Orion Nebula. The intrnsity is frequency independent 

nt lntvclengths :-;horLcr than about 20 em :mel proportional to f. - 2 at longer wave

!engthl:i at which the nebula is optically thick. 
Thermal emir-:sion from. planetary nebulae also appears to br a . ource of detect

nbk mdiation. Tn 1058 Dmke and Ewc•n reported detection of :3.75 em radiation 

nssociaiccl with XGC 7:2\):3 and XC:C 0853, the Hell.'< and Dumbbell nebulae respec

ti\Tly.16 .Although thi:-; obHeJYation has not yet been corroborated at nearby 

w:.wcl('Jigths, it appc<ir;; thaL ern wavelength ob:oervations will become a u,;cful 

and indepcncle11t tool in the study of the planetnriel:i, for many of which the optical 

estimate:-; of electron density arc not of high precision. 

Polarization r({ Discrete 8ources.- Polcnization of radio radiati.on from a discrete 

fiourcc was fir~t detected by l\Inyer, l\IcCullough, nnd Slonnaker aL :{.15 cm. 17 

Th(•y measured 7 per cent plane polarization for the Crab :\cbula at a position angle 
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of 1 H) 0 for thr rlrc1 ric ,·ret or. A ln!<'r measurement at fUi em ;;hcm·ccl :3 prr ern( 

polarization at 1-!2 °. 1 ~ The closr agrrement of lhesr results with othrrs at nrarby 

\\·;n•C'it' ll!-!;1 hs 19 and with the :we rage optical posi Lion nnglr prO\·idcs sl rong . uppor( 

for tlw synchrotron mechanism of emission from this sourcC' and iudica trs I hat 

Faraday rotation :llong tlw path between the Crab ~chula and the rarlh is small at 

em 'nlYC'Icn~-?;ths. Polarization of this . ource is not obsen·ed at longN waYC'lengths 

presumably heeausC' of thr obseuring rfTert of enhanced Faraday rotation. Otlwr 

:-;trong source's studird at 10.2 em show less than onC' per cent planr polarization. 19 

Riner Faraday mtntion varie. as ;\ 2, thr em region is uniquely sui(<'d for unambig

uous polarization mensurrments of the di sc rete Rourcrs. 

Th e Jloon. ::\Iem:uremrnts of continuum radiation at em wavelt'ngth: from tlH' 
moon and planrl s ha \'(' yirlded in forma lion on surhee tempera! mrs and on the char

aeterist irs of the ;;urfaeC' matrrial. The fir;;L ;;uch mC'asuremPnl was made hy 

Dicke and 13cringn ~0 a( 1.25 em in 10-1-5. They found Lhe avcragr disk tC'mpcra

turr of thr full moon to be 270°IL Piddington and l\Iinnetl 21 made an extensi,·e 

sNiC's of obsen·a t ions at 1 he same wawlength of the phasC' nlriat ion of th<' di;;k 

(PmperalurC'. ThC'y rpported the di sk tPmperat urC' of the 11('". moon to be 1-!3°1\: 

and the con:-;tant componC'nl of temperature to be 23-! 0 1\:. The lat.ter is pre;;um

ably 1 he tempera! ure of a \\·ell-insulntrd lnyer far below the surfnc<'. In contra;;! 

I o infrnrNI m('a:-;ur<'nwnts in the 8 12 1-L region , t hr miermmvr t henncll radial ion 

,.;hmr;; a phasr lag of about -15 ° behind the lunLu phase angle'. The mea;;urrment;; 

were interprC'ted ns indirating a dust layer of the order of a ft'W mm in thicknrss 

a nd an efTC'r(i,·e depth of origin of the radiation of about -1-0 em. Subsequrnt ob

servation;; of thermal radiation from the moon as a function of lunar phase anp;lC' 

and during lunar eclipsr:-; have been made at 10 cm, 22 :3 .2 cm.~ 3 and S.G mm. 24 

Troitt.ky and Khaikin ,2' from <lll analy;;is of the :3.2 em and optical data, calculate 

a con;;tant component of radio tempera( ure of 170°K and con. idC'rably IC'KS P<'IH'

tration than Ruggr;;tC'd in Hcf. (2 1 ) . The .() mm measurements together with 

infrared data appem to ~->uggest a elm;( layer onr inch or more in thieknessH Addi

tional and more prC'cise oh:-;Nvations srem m'CC'KRa ry before a dC'Iailed and consi;;tent 

m,odel of the lunar surface is aYailable. Thr radio measurC'ment;; h<tve reC'ent.ly 

berll C'xlended to 1.:~ mm by Coatcs. 26 In this " ·ork scans of tlw lunar surface 

" ·ith 7' rp;;olution ,.;l.cmrd distinct. features with various brightness characteri:-;tic;;. 

Th r J>fan rls. PlanP(ary radiation <tt radio wnnlengl hs wa:-; deteclecl in 1\);jj 

by Burke and Franklin, 26a " ·ho idPntifiC'd .Jupiter a;; t.lw source of hurst like radiation 

in ;t narrcm band around 1.) m wa,·elcngth. Radiation r(';;cmhlingthennal Pmi;;sion 

was diseo\·C' red h~' :\Iayc'r, ::\IcCullough , and , loannker~7 • ~~ in ohscrnttions of 

\'cnus, .Jupiter, and :\far;; at :~ <'m 'nn·clen?;th. The rc;;ults of thrse and sub;;e

quent nwasuremcnts at c·m 'nn·cJpngl h are listed in Table l. The tempera! ure T 
is the apparent blaek body tempC'rature of thr disk. The notation (' + n refers 

loan oh;;cJYal ion made 11 days after inferior conjunction of Ycnu;;. 

ThC' em \\·a ,-elength oh;;ern"ttion;; of the plmwts h:.we led to thr discoYery of at 

least t \\"O unexpc'e!c•d pht' JH>mC'na "·hose' interprctat ion i;; ;;till not clrar. 

(1) Yen us has an apparent temperature of about, !i00° l(, m·er twic·e the apparent 

infrared tempera(tll 't' of tlw region ahoY(' the cloud surface <llld mueh higher than 

C'XJ)('C'ted nrar the cloud surfa('e on thC' basi:=; of solar hrnting and a C<h atmo;;pherC'. 

The apparent lemperalurr appt'ar;; to be roughly wm·elcngth inclependPnt , at Ira;;( 
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Plam•t 
\ 'enu~ 

Jupit<'l' 

Sa tum 

A (' tn 

:l 1.5 
:l . 15 
:l . ·I 
:l :l/ 
!I .J 
0 .80 
:l 15 

:L2 ± 0 . 2 
:l./5 

10 :l 
21 0 
21 I 
21 . .J 
:{I 
liS 

:l J;) 
:l 1·1 
:l . /.j 

. I , 'l'ROXOJI L J . . I. GlOJW.lT,II .\'1? PRor·. )J. A. R. 

T.\llLI~ I 

T . ° K COillllll'flt S B <' f. 
li20 ±ItO C'- IR to C' - :30, I !l.i(j (27 ) 
,')(j()± /:l C' - :m to (' I , I !1.)0 (27 ) 
518 ± .J/ C'+ 1.5 l () (' + :w, 1!1.)8 (28a ) 
5/.) ± .')8 C' + 80, 1\I.)R, ( with mast·r ) (2!1 ) 
580 ± 100 (' + a to (' + 5, I !I.)() (21 ) 
·110 ± HiO C + I, 1!1.58 (:lo J 
1-L) ± 26 (2 ) 
Ill± 22 ( \\' it h ma,<•r ) ( I,) ) 
210 ± ( I() ) 
()I()± 85 (:ll ) 

2,.)00 ± -L)O (:l2 ) 
:1,000 ± 1,:lOO E>timat<'d rrom data in Hd. (:lJ) 
:l,.')()O ± 1,100 (:l5 ) 
.'),.')()() ± 1,.')00 ( :l:l) 

10,000 ± :lO,OOO (:15 ) 
21R ± 76 Opposition, 1!1.)li (2R) 
211 ± 28 Opposition, 1!1.58, ( 11·ith nHI~Pr ) ( -1.) ) 

Flnx dPnsit.'· I X 10 26 1/l Ill 2 ( C)J8) I ( J(j ) 

between 0.8(\ and 10 em, a heha,·ior consi:-;tent with tlw interprl'tation that thi,.; is a 
real temperature, presumably that of a layer many kilomcten.; IJclO\r lhe cloud sur
face. The presence of such a hil-!;h trmperature \\'CJuld imply either a grernhou,.;c 
mechanism of surprising!.'· high dficiency in thr region of lhc cloud lay<'r or the 
presrnee of an intemal heat sour<·<'. 

(2) Jupitrr is a sourcr of high intc•nsity radiation at centimeter and deeimetrr 
\\'U\'('iCnO'ths. Tlw radial ion apprnrs to be n1riablc, with a suggest ion in somr oh
sen·utions of c·otT<•iation " ·ith th<' mtation of the pltm<'t.H At letts( at dr<·inwt<•r 
1\'U\'elrngths the radiation is pmhahly not primaril.v of thermal or atmospheric ori
gin. A tentatiYC c·xplnnation proposed by Drake and Firld'35 is that the non thermal 
component is eyclotron or synchrotron radiation. Thr formrr envisages a belt of 
electrons "urroutHiing tlw planrt and irapprcl in magnrtic fields bet 1\'CCn 1.)0 and 
1,000 oersteds. :\Iueh "maller magnet ie fields can account for thr ohsctYed radia
tion if the particles arc relati,·istic. Howeve r, thr r<'quired flux of rclati,·istie 
part i ·les sN•rm; higher than can be accounted for in cosmic rays and solar eorpuscu
lar emission. 

Radar Asimll!llll!J. Rtudirs of radar retmn from the moon, first ciet<•etPd in 
Hl-l(i, '17 ha\ e yielded se\'eral di!Tercnt kinds of information. The nwasur<•ment of 
the reflect ion corfTicientH as a func·tion of \\'HV<'icngth gi,·es information on tlw 
elretrietd characteristics of the lunar smfaee. From an analysis of the antilablc 
data at \\·avclengths from 10 em to 2 .. ) m, Renior and Rieg<'l a' haY<' c·:tlculatPd U e 
effeeii\' <' pcrmitii\'ity nud comlucti\'ity of thr smfac<' to be .2 X 10 '2 farads 'm 
and -±.:) X 10 1 mho 111 respectin•ly. The ddails of Peho fading of short pulses nrc 
capaiJie, in principle, of pro,·iding information on the topogntphy of the lunar sur
face•. Echo fading at meter \\':t\·c·lcngths, on thr otlwr haud, is in part due to the 
Faraday c!Trct in tlw earth's ionosphrre, and an:tl.,·sis of this effect has yirldecl :t 
measure oft I <' total Pied ron rontPnt oft he ionospher<•. av 

J>recisr rang<' lll<'·tsurt'nl<'ttts at l 0 c·m wavrlcnglh using 2 JJ.S pttiSl's ha,-p tT

erntly led to a tH'W estimatr of tlw earth-moon distance with a prt>cision of ±:l 
km.'1r. In addition, thr data prO\·idc indirect measurt>nu•nts of thr nH'<lll equatorial 
radius of tlw earth and thl' mean horizontal pantllax of the rnoon. Th<' ntlucs ol1-
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tainrd show. mall hut clrfinitr drviatiom; from t.he accrptrd valurs ns well a. un
rxp lainC'd monthly and diurnal \'ariationR. 

Tlw o11ly plunrt drtectrd io dntr by radar is \ '(' ntts. It s drtrction at 68-cm 
" ·avriC'ngth, rrportrd by a group at Lineoln Laboratory, 11 requirrd an 84-ft an
trnna , a rccci,•rr uoisr trmpnatun• of 170°K, and the usr of automatic data proc
rssing equipmrnt for statistical ana lysis of the rrsult. Breausr of the marginal 
nature of the ddeet ion, lit tie conclusi\'e information could he obtained on the rc
fkction characteristics of the planrt or on thr prcc·isc range. 

Sine·<' futme ohsctTntions at em wavelcngtlu; will probably rdy heavily on re-
eent ly-dP\'cloped high fi('nsitivily amplifiers a:-; well as on antennas of increased 
arra, it s<'C'ms worthwhilr to rr,•icw briefly some of the new amplification techniques. 
Thr main pnrl of this seet ion will he devoted to a discussion of nul>'<'rs. 

Two di::;tineL appmaches ha\·e heen u:-;ed lo obtain grrater :-;en;;iti,·it y than i:-; 
provided by the conn'ntional superheterodyne t·eeeiYCr. Thr first consists of using 
a bandwidth much larger than the usual 5 or 10 me. By an inerease in bandwidth 
from 10 to 1,000 mc " ·ith the usr of a trt.t.\'eliug \I'H\'e tube amplifier, Drake and 
Ewrn 16 h:we obtained an ordN of magnitude drcreasr in output fluctuation ]e,·e l. 
\Yith an integration tinw of 100 sec, thPy report an output noise JeyeJ corresponding 
to 0.01 ° K in antenna trmperature, eYCll with a recei,·r r noil-lc temperature of about 
-1,000°1\:. ThP upper limit of receiyer band with is drtermined by man-made inter
ference and to a le:,;ser extent by the desired spectral rer-;olution. 

The sreond appro:1ch ir-; to dec·rease the receiver noise tempera[ ure by the addi
tion of a low noise preamplifier such a.· a parametric device or a maser. \Vith 
the usc of a maser radionwtcr on the C. S. Xantl H.esC'arch Laboratory 50-ft 
antenna, Alsop , Giordrnaine, :\layer, and Townes 12 ha\'e obtained a receiver noic;c 
temperctture of 8.) 0 1\:, including lhe contributions of radiation from the ground and 
from the atmosphere. With an an'mging time of 5 sec the output fluctuation le\'el 
was 0.0-1 °K The maser prramplificr m1s de,·eloprd at the Columbia Radiation 
Laboratory. "\.nothrr :-;olid-::;tate maser amplifier \\·ith a system noise temperature 
of 170°1\:'11 was used in the radar drtection of \ 'enus and others haYe been or are 
being installrd on antennas at Jlnrnud CoJiege Observatory and the "C'niversity of 
.:\Iichigan Obsern.ttory. 

The XH L maser ntdiomrtrr ha:-; already bern described else\\' here in detail , 42 

and the follm,·ing is an outlinP of its characterir-;tics. It consist~-; of a superhctero
dyn<' reeci,·er pn•ceded by a three-lcvel 43 ruby maser preamplifier, both mounted 
acljacl'nt to the focus of the ;)0-ft antenna. The ma:-;rr m.rdium is a ;;ingle crystal 
of ruby 11 maintained at liquid hdium trmpernt ure in a multiply-resonant micro
wave cavity, in a magnPlic field of about :3,500 oerstl'ds. Cnder the ·e conditions 
four energy levels sPparat<•d by about 1 cm - 1 arr acC('ssiblc to the Cr+3 paramag
netic impurity atoms. Thr equilibrium population distribution of the Ienis i;; 
clisiurbrd hy continuous saturation of the first (ground ) Je,-rl and the third len?l 
by pmrN at 1.:1 em wa\'Plength. ln this situation the population of the third lenl 
can lw made higher tha n that of the second , and am.plific·,ltion hy stimu latrd 
emission i ~-; pos;;iblc ttt thr difTerenc·(• frequency , in thi;; case, :3 em wa,·clength. 
The microwa\·e cavity is of such dimem;ion as to be rpsonant at both the "pump-
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ing" frequency and the amplification frequency whrn complrtely filled with ruby. 
T lw product of (\'oltage gain) X (hnnchYiclth) ir-; about ;)0 me in t hir-; clr\' icc. This 
quantity remain eonr-;tant as the g<tin of the amplifier is changed hy \·arying the 
strength of the coupling hchn.'cn the input wan'gttick nncl the en\'iLy. 

The inherrnt noise in such a racliom.etc'r is quitP low. Almost all of the 8.'5 °1\: 
noisC' arises from thermal radiation from anrillary rompouents and from the ground. 
The contribution to the noise from spontaneous emission, 1rhieh determines the 
ultimate ,.;cnsit i1·ity of an ideal masC'r amplifier, is only about :3 o K. 

Liquid helium j:-; necessary in this a11d other masers suitable for radio ar-;tron
omy at present, in order to pro1·ide a large population clifTerence for the amplifying 
lrH llKition and consequently a useful gnin-bnnd\\·idth product. "\ruby maser ha:-; 
been operated at dry icc temperature, but only at great expense of gain and hnncl
width.16 In principle, howe\·cr, liquid helium tem.pera(ure i:-; not e:-;:-;entinl to attain 
lo\\· noise temperature, and in future \\·e m.ay exp0ct ma:-;rr:-; for radio astrO JlOnl)' 
that can be used with more COlWenient coolants. 

Th0 Rignal from the feed horn a( the antenna foeur-; i:-; iutrodueed to the reflection
type ma:-;er ctwity through a ferrite cirrulator, which also tran:-;mit:-; the amplified 
signal to the superheterodyne rc·c0i\'er all([ isola (e,; the maser cm·ity from noi,;e 
originating in the mixer crystal:-;. The ma:-;er input i:-; :-;\\·itched at :)0 cps bet ween 
the feed horn and a "refer0nce" born of broad beamwidth pointinp; at the Rk.v. An 
ndj ustahl0 attenuator in the rcfer0nce bram·h <tJlmy:-; the l\m :-;ignals (o he balnneecl 
to within a fe\\· tenth:-; of a degree, :-;o that. the recei1·er act:-; as n null :-;yRtem. \Vith 
the antenna stationary, the nn:-; gain Yariation is of the order of 0.0 L db p0r minute. 

The addition of the ma. 0r preamplifier pro,·icled an impro1·em0nt in sensiti1·ity 
of about 12 compared \\·ith the superheterodyne receiYer alone, accepting both 
image bancb. The noi:-;e temperature of 8.5 °K c·an probably be reduced an order 
of map;nituck by improYementr-; in component and mar-;er design and by precau
tions to reduc0 antenna spillo\'er. A 5.4 em tn:weling 11·av0 maser 11·ith horn 
antenna ha:-; been operated by de Gra:-;se , Uogg, Ohm, and 8co\'il 140 with a total 
noise tempernture of 18°K including contribution:-; from :-;pillo\'er. ·w ith more 
effic·ient cle:-;ign antenna tcm.pernt.tllT KC'JlKitil·itie:-; of the order of JQ -'1° K should 
:-;oon he fea:-;ihk at em. waYeic'ngth:-;. The upper limit of u:-;cful rect'il·cr :-;en:-;i(il·ity 
impo:-;ed by rccc•i 1·er gain flue( uat ion», flueLuat iom; in atmo:-;phcric ab:-;orpt ion and 
background radiation, and KOlli'C'P confu:-;ion in Uw case of all but the large:-;( an
tenna:-; prol>ahly occ·ur:-;·eJo:-;c• to thi:-; :-;pn:-;iti,·ity. 

OBHI-:ItVATl0.\'1-l t ' Sl.\'<i TILE ~1.\HI:: I{ 

The following is a :-;umnutry of :-<ome oft he rc,;ult:-; obtainPd by Al:-;op , Ciordm,ainC', 
:\layer, and Town<.':-; with the tl:-;e of thr ma:-;er radiometer on the :\'HL .)0-ft an
(C'Illl1l. 4b . 4i 

I 'rtw.s. The inerc•n:-;Pd ~< c'n:-;it i1·ity of tJ,<' ma:-;c'r JWrmit ted a mc'a:-;urenwnt of the 
apparent temperature' of Yc·nus 80 cb.vs after t.he c·onjundion of 19.)8 (Tal>it' 1) . 
. \t that tim<' the antenna tPmpNature dw' to Yc'ntt:-; war-; 0.1.) 0 1\:. ln tiH' 80 day:-; 
follo\\'ing conjunc·tion tlw frnc·tion of tl c· l' i:-;ibll' di:-;k illuminated ily the· :-;un in
c·rt'<!KeR from le:-;:-; l han I pl'r C't'll t to ahou t ,).) JX' r tC'nt. During t hi:-; period t her<' 
appPar:-; to be no c·onc·lu:-;in' C'hange in tlw apparent di:-;k tl'mperatun·. There i:-; , 
ho11·c\·er, a :-;ugge,;t iou of a slightly lo11·c·r night t l'mperat ure after conj uuction than 
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lwfon•. ~u<'h an !'ifrd, if eorrohoralt•d, \l·ould IH' ('onsist!'nl with r('trograd<• rot a

tion or \'!'nWi. J{('(mgrad<' I'Oiation has abo JH'en sugg<•s(('d, although incon

<'JUHi\·<'1.\'. by spedroscopic ohs('lYations. Tlw approximate <'quality or the day 

and night t<'Jn]Wraturcs, as mcasur<'d by both infnu·<·d and micrO\rtl\'(' t<'chniqtt<'s, 

indica((•;; that the rotation period is appr<'ciahly difT<·rent from thr pNiod of rcn>lu

tion, and in prin<"iple ean he mwd to srt a low('!' limit to the rotation ]Wriod. 

Jupitcr. ObsetTat.ions of Jupiter were made on 18 clays in the period .\.pril, tn.)8 

to Fehnwry, 1!).)\l in the \\'a\'('Jength nllll!;e :3.0 to :3. ~em. From u total of 1.):) flux 

nwasurenwtlls th<' a\'rrage apparent trmperalure of tlw visible disk was found to 

])(' 177 ± :2:2 °1\:. The ohs<'tTations ar<' summarized in Figure 1. Eaeh point 

represrnts :u1 n\·crage of H nwasttr<•mc•nts of peak antenna lrrnperatur<' on a par

ticular day. The rclati,·e mran rrror is the a\·rmge statistical rrror of each point. 

The absolute mrnn error intludes po:-;sihle systematic rtTors eommon to all thr 

points, for example the ttnct•rtainly in ant<'llll<l calibration. In this work indi,·idual 

drift eutYC'S, representing a peak :tntenn:t lemperaturr of about 0.1 °1\:, \\·ere an

alyzed \l·ith a templat(' and the peak tl'mperatun's combined to form tlw daily 

ayeragrs. 
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FrG. I. Oh~ervalion ~ of .Jupiter al :~ em waVPipngt h. '; 

Behreen :~.:2 and :~.I em mt\·elc•np;th there is a clecTea;;p in appar<'nt tempernturr 

\\'ith inerensing fn'(jli<'IH',\' of 1:2 ± ll o K kme. The U.\'l'ntgc tempemtm<' dmi11g 

this period appears to I><• signifieantly higher than the :werage temJ)('nt(urr nwns

ured in l!J57 (Table 1) . Tlw beginlling of our oh:-;prntlion period, .\.pril Hi, 19;')8, 

immrdiately preeedcd an outl>rrak of :H'ti,·ity in the south equatorial bell, bet\\·cen 

April 18 and April :W.'' The anomalously high (('mpPmt.ure recorded April :m 
to :i\Iay 1, about 270 ° K, refl'rs to the hemisphere of J upiler containing the hend 
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of the outburst. One ran roneludc that there an' dctrc!ablr fluctuation .· in the 3 
em radiation temprraturr of the planet, with tlw ~uggcs! ion that changt•s in !110 
apparent temprra!ure may hr correlated \\·ith ehangrs in thr nppearancr of t.h<' 
planet. 

:\o correlation \\'lUi observed bc!\\'N'n the appturnt !t'mpemlure and the ro!ation 
of the planet nor between apparent tempt'rature and solar ae!i\·ity as mt'asur('(! by 
the 10 em olar flux inte11sity. There \\'a.· no dctecinble linmr polarization. 

The magnitude of tht' :3 em radiation ctm be intcrpretrd 36
• 

15 entirely in terms of 
thermal radiation from :\I1:1 knm\'11 from spectroscopic measurcnwnts to be present 
in the atmosphere. XII3 radiates in the em region through the pressure-broadened 
im·ersion line at L.:2 em \ntvdength. Let us assume that 112, IIe, and CH1 arc 
present in the atmosphere above the cloud 'iurfacc in rclati,·e abundances corre
sponding to the mixtures " (a)" and " (b)" propm-:cd by E:uiper. 40 \\Tc assume 
further that the region abo\·c the cloud surface has an adiabatic temprrature gra
dient and is saturated \\·ith :\ITa. These assumption:-:, togct.hcr \\·ith the nl.cnsur<'d 
XII3 and CII4 abundance. , fix the temperature, pressure, and compol'ition dis
tribution abm·e the cloud surface. The apparent !empcmturc as a function of 
\\'ll\'Ciength can !hen be caJcu]ated from the ::\I[3 absorpl ion coefficient. \\·hose 
calculation as a function of heirrht abo\·e the cloud surface is :-:iraip;htforward. 
At :3 em the expected temperatures are about l(i0 and 18:) 0 1\: for mixture:; "(a)" 
and "(b)" , re:spcctiYcly, in adcquatl' agreement with tlw obsetYed ,·aluc (Table I ) . 
The higher iem.pcrnturl' for mixture "(h)" arises from lower atmospheric pressure 
at a given temperature, reduced pressure broadening, and thus deeper penct rat ion 
into the atmo:-:pherr. 

At longer \r~weleng! hs the temperatures preclictrd on tlw basi:-; of reasonable 
models of thermal radiation from thr atmosphere fall :-:horl of the obscl'\'('d tem
peratures which rise as high as 70,000°1\: tlt (i8 em. Pos:-:ihlc nonthermal mecha
nism~ have already been di:-:cusscd. 

Jfars.- Hadiation from .:\lars was mea:-:ured at :).I I em close to the opposition 
of 19.58. Separate drift scans a! an anteuna temperature of 0.0 °l\: \\·ere readily 
detected and a\'Cragrd in this \rork. The apparrn! black body tempcratmc \\'aS 

211 ± 28°1\:. This tcmpcratmr i:-; about 50° K k:-:s than the apparent infrared 
tcmpcrat ure and prcsum.ably i:-; tlw tempernt ure of a eoolcr c;uhc;urfa re layer. Analy
sis of similar data aL this and other wa\·elcngths will prm'idr a new source of infonna
lion on tlw average :-;urface charaelcristics of l\[ars. 

In addition to the observations of the planets, a number of sources were dctce!cd 
at 3 em waYPlcng! h whieh had pre\·iously been de! c('( cd only at longer \\·a\'<'
lengths. Among !lw:-:c were tlw follm\·ing, for which flux densitie:-; \\'('rc measured: 
Yirgo A, IC-:1 -±:3 , TAr HlXO lA, and the II II region:-: .:\[8, .:\1:20, ami XC:C (i:):37. 

A thorough :-:carch \nls made for scn'r:li pi<1nl'!ary nebulae, including );(:(' 
()8.):~ , XC:C 7000, and X<:C 7:ZO:). PrPiiminary analysis of the data indiea!Ps that 
an upper limit of about 0.1 ° 1\: ean he set for thP an!rnna !cmpcratun's <I SHocialed 
with these objects. 

DIHECTIO:\S 01<' Fll ' l' llJH: C lc:\'Tli\1ETEH \\'AVI•: LI~S<''I' )[ HlcSEAI! C' II 

In conclusion , I would like to list briefly ~ome of the predictable arPas in \\'hich 
em wayclength research is Jikply to proceed in the npx( fpw yPars. ?llu('h of ! his 
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work \\·ill n•quirc the combination of low noi~->e amplifirn; and the largrs(, nntrnnas. 
( I) Extrn~->ion of I he ~->peel ra of t lw brighter :-;ource~-> to the mm region , and the 

~->peel ra of m;lny of t hr \\·eakC'I' so urc·('H to lO nncl :i em; :-;y~->temat i c survey;; at. 10 
and:) em. 

(2) Preci~->e position nwasurements. fac·ilitating eJTort.· toward optieal identi
fication. 

(:3) Search for ~->pectral lines, including the hyperfine trausition in IIe3 II at 
:). -H.i em and the fine struetun' transition in meta:-;table HI at :3.0:3 cm. 00 

(-1) High re:-;oluLion studie:-; of size and hrightnes~-> distribution of extended 
sources. 

(.3) , en~->it i,-e polarization mca~->urements on the discrete sourc·cs, ineluding the 
planet ~->. 

(G) Study of ionized hydrogen regions including the planetary nebulae. 
(7) ~tudy of prohlrms connected with the planet:-; : for example, the nature of 

the c·loud lnyer and surface of Ycuu :-;, the rotation period of \'enuH, the radiation 
mechanism on .J upit<•r, and the structure of planetary atmosphereH as accessible for 
example through the radiation profile of the .JoYia n ::\II3 inwrsion line and the 
absorption profile of the tc•rre::;triallineH of 02 in the mm region. 

*One of four papers pn•,pn(t•d in :• Ry mpo, ium on radio a'tronomy at the Autumn !\Tee ling 

of the :\ational Acmkmy of ~cirntl'S aL Indian a linivcrti it.y, :\ovemher 17, 1\J50. Other 

papers from tlw symposium, by J. II . Oort, and n. :\linkow~ki, appear on pages 1-19 (vol. 46). 

The remain in~ paper, by .\lan :\Tax well , will he publi8hed upon recei pt. 
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In HJ5:1, :\fonod and C'olwu-Bar.irc a.· well as C'ohn, Cohen, and :\Jonocl sholl'<'d 
that an amino acid may repn'ss thP last enzynw in the IJiochemic·aJ path11·ay which 
leads to the formation of that amiuo acid. 

Four ymrs later , ll. J. \ 'ogcl found that arginine, 11·hen added to a growing bac
terial culture, represses the formati011 of acetyl ornithinn~e (one of the early enzymes 
along the biochemical pathway leading to arginine), which com·crts acetyl-ornithine 
into omithinP. This observation provided rather strong eireum~lantiaJ e1·idPnee 
in fan)r of i he viell' that enzyme repre~sion may be parL of the normal regulatory 
mechanism of enzyme formation in bacteria. 

Subsequently, iL occurred to Werner .:\[aas that inducer:-; 11·hich enhanee the 
formation of an enzyme ll'hen add Pel to a groll'ing haeterial culture may perhap~ 
be capable of doing so only because there is a represso r present in the cell, and that 
the inducer might pPrhaps do no more than inhibit somp t'nzymes which are in
volved in the formation of the repressor. Thus the inducer would enhance the for
rna/ion of an enzyme only becauf-;c iL rcdueef-; the eoncentration of the repressor in 
thecell. (Oralcomrnunication , April, 1057. ) 

.\t that time, thP hef-;l investigated case of enzyme induction 11·as the induction 
of the enzyme· {1-gnlactosidaf-;c. .:\Jillon \Veiner helped my understanding of the 
induction of this enzyme greatly by pointing out that itf-; incluet.ion must be con
~iderecl in c·onjundion ll'ith the biochemical pathway leading from galactose to glu
cose-1-P. (Oral communication, January, l\),)7 .) 

The induction of ,8-galnctosidac:c in n culture of haetcria groll'ing on succinate or 
lactate, as the carbon source, if-; inhibited by adding !!;luco~e to the gro1ring cultme. 
From this I was led to infer that some metabolite, intrrmediate in the sequence of 
metabolites lying het 1rccn galaetosc and glucose-1-P, is the prceursor of the re
pressor of ,8-galactosidasc. Further, in line with the abo1·c quoted suggef-;tion of 
\Verner .:\Taus, I ll'as I d to smmise that eertain gala('(of-;ides may induce {J-galacto
siclasc, by inhibiting cnr.ymcs 11·hich lie on the bioC'hcm ical path 11·ay beh1·cen glu
eose J-P and the intermediate metabolite that m<t.)' he i he prccur~or of the repressor 
of this enzyme. 

I bclie,·e that ~omc· sueh gnlaetosidef-; nHt~' in fact inhibit one of these enzymes 
and this may explain, in purl, why the rate of formation of {J-galaetosidase rises 
faster than linearly 1rilh tlw inlrnecllular eoncrntration of the inclueing galactoside. 
Tlowe1·cr, since I was nol able to explain on any ~imilar hasif-; the induction of the 
degradati1·e enzymes by their subf-;tratc, I 1ras led to assume that the inducer mu-;t 
he able to exert. an eJTcc t whieh go s beyond inhibiting the formation of a repressor. 
In particular, I was led to lwliel'(' that a rPprp~sor may reduce the rate of formation 
of the enzyme by combining with an enzyme molec-ule whic·h is still attached to its 
enzyme-forming site, and thai it may thcn'hy somehow prevent the' attached rn
zyme molecule from lea1·ing it s rnzynw-fonning sitr.t .\ccording lo thi~ YiC11· the 
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repressor combines with a l'\pecific Rite, the controlling site , of the "atLached" en
zyme molecule, and an inducer may then enhance' the formation of the enzyme 
by competing with the repressor molecule for this site. 

I \YUS further led to believe that the repressor of the enzyme 13-galactosidase 
might be a molecule compo:;ed of two moieties. One of these (1Yhich \Ye may call 
the metabolite moiety) might be a galacLoside and the other (which we may call 
the R moiety) might perhapl'\ be a polynucleotide. Certaiu galactosides II"Ould 
then enhance the formation of the enzyme 13-galactosidase hy competing for the 
controlling site of the attached euzyme molecule with the metabolite moiety of the 
repressor. 

A model which was based on this mechanism of induction and repression of 
enzyme formation in bacteria was presented by me in a paper given at the annual 
meeting of the Grrman Chemical Society in Berlin (Oct. 7, 1957) and in lectures, 
given in the subsequent :ix month:>, at various institution;; actively interested in 
the problem of enzyme induction. 

The model appeared to be capable of accounting not only for enzyme repression 
but ali-io for some aspects of antibody formation in mammals. It lras not then 
clear, however, \Yhether it might provide a convincino· explanation for the phe
nomenon of la.ting immunity. Such lasting immunity manifests itself in the 
secondary antibody response which may be elicited in mammals such as the rabbit 
when it is ginn an injection of an antigen by which it had been immunized earlier. 
This secondary response can be elicited e\'en if the second injection of the antigen 
follows the firKt injection of the antigen after a very long time inten·al and thus it 
involve. a "memory" ,,·hich fades away only l'ery slowly. 

In the poKt war yean; the study of inducible enzymes receiYed its impetus chiefly 
from Jacques .:\Ionod's studies of th<.' induction of the enzyme 13-!!alactosidase, at 
the Institut Pasteur in Paris. The induction of thiR enzyme turned out to be a 
very complex phenomenon, however, and until rec<.'ntly it could only he inferred 
that it involved enzyme repression. 

Two year. ago, when lhe model here diflcussed ,,·as first presented, it ,,.a, sup
ported only by scattered experimental facts. In particular the tencL that the 
R moiety might be a polynucleotide II'US based on rather tenuous circumstantial 
evidence. 

In the last bYo years. however, very considerable progres: has been made in the 
study of enzyme induction and enzyme repref;sion. Thus an expNiment by Arthur 
Pardee, Francois Jacob. and Jacque'S ~Ionod has proYidcd evidence in ra,·or of the 
view that the phenomenon of enzyme repression may play a major role in the 
induction of .B-galactosidase. Hecent experiments performed by Luigi Ctorini, at 
the l\Ieclical School of Harvard 1Jniverflity, and by George Cohen, Francois GroP, 
Francois Jacob, \Vomer Maas, Jacques .i\Ionocl, and Arthur Parclel', at the Institut 
Pa. teur, supporL the vic,,· that enzyme reprl'ssion may be the k<='y to the under
standing of the phenomenon of enzyme induction in general. 

One of these rec·ent experiments shows that a bacterial gene which is responsible 
for the repression of the enzyme 13-galactosidase may exert itR efTeeL not by enusing 
the synthesif; of an enzyme, but rather by cau:;ing the synthesis of a molecule which 
is not a prol.ein. This remarkable finding is consistent with our notion that thifl 
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gene might cau:-;e tlw formation oft he 1~ moi0ty oft lw rC'pre:-;sor of {J-galacto:-;idasc 
and that this I{ moiety might h<'apolyJJilelc•otidc. 

Apparently, the results of all the•s0 nc'IITr expC'rinlt'nts are, so far, still consistent. 
ll'ith tlw model formulated tll'o years ago, and, in lhis limited sense, th0y lend 
:-upport to the• modPI. 

HIO:PI~EHi-ifO.\' .\.\')) 1.\'I)L'('TlO.\' OF Till•: FOIUI.\'l'lO.'\ OF lc.\'ZY<\H:S ll\ IJ ,\CTimL\ 

1. Hn zym('s L('adinr1 to G!urose-1-J>. There are J1umero11s repressible enzymes 
ill\·o h ·ecl in t hp biocll('micnl pathll'a.\'S 11·hirh lc•ad from a carbon source to gluc·ose-
1-P. In general, lhe formation of such c•nzymps is inhibited by glueose. This 
i:- quite com:istcnl ll'iLh the \·ic'II"S on enzyme rcprpssion IH're adoptPd and may 
be rc~tdil~· unckrstood on tlw hasis of til(' <'onsidPrations presented hy ~eidhardt 
and ~ T agasan i k ( I D.)()). 

I propo:-;e to :-'kip tllC' cli:-;etJs:-;ion of this large elass of cnzynH'" in favor of discussing 
tll'o other large classps of cnzymrs 1rhich 11·c may dpsignate as "c;pccial anabolic 
enzymes" and "d gradati1·e e•nzymes." 

'2. Special Anabolic J~'nz,1;mcs . ThP t'JJzymrs 11·hich lie along thr hiochemicaJ 
pall11m.v:-: that lead to ilw formation of an amino acid. a purine , or a pyrimidine, 
1re shall de•signalc as ":-; t)('Cinl anabolic· enzymes.'' \\'p shall ,;inglc out the enzymes, 
};';, illl·oh ·rd in the biosyntlwci:- of the amino-ac·id argininr as lwing rrprcsentative 
for the enzymrs of this elasc;. 

One of lhc:-:e enzymes, ornithint' transcarlmmyla:-:c , 11·hich c·on\·c·rl:-; ornithine into 
citrulline, ha:-; been c;t ud ied by Luigi (;c ri n i and \Yc•rn(' r ~Ian!'. In a crrtain strain 
of coli, the formation of thi:-: enzyme may I e rrprcsced by adding arginine to a 
growing baclC'rial cull me. lf the in t r:tc·<' ilt'lar concentration of argininr is lo11·e red 
in a mutant which cannot eon1·rrt cit rulline' into arginine by groll'ing it ai a .-loll' 
rate in a chcmo::-:tat, ll'ith arginine as a eontrolling growth fnd cl r. then the rate of 
product ion oft he enzyme' i:-; raised by a factor of about 2.3. 

\Yc shall rde r to e•nzynw:-; whose rate of produc·tion can be thu:-: raised as "boost
aiJ}p" enzyme,;. 

The high rate of enzymr pmdudiou ll'hic·h m<l,V be obtaine·cl in the casr of such a 
"boo,.;tahlc" rnzymr by lclll'e·ring the intracellular concentration of a controlling 
mrtabolit c may reprPs<•nt the "full rate" at whic·h an enzyme-forming site is ca
pable or syn1 hesizing t hC' CnZ,\'me. 

The re a rc other strains of coli in 11·hich ihr ratP of formation or ornithine trans
carbamyla,.;c c·nnnol he hoostC'd by lo11·cring the intracellular eoncentration of 
arginine or any other known metabolite•. \\'c ::-:hall not discu:-::-: these' "unboostable" 
strains in lhr prec;enl paprr. 

\Ve do not assume that tlw moleeulr re,.;ponsibl e for the repression of omilhine 
transearhamyi;J,;e in the " boost able" :-:t mins is arginine it sc• lf. \Y e rather assume 
that the repressor REPt of the <'nr.ymrs h'1 i:-: a composite molecule which consi.ts 
of tll'o moiclirs . One' of tlw:-;r , the " metabolite" moiety, is arginine; the other 
i:-: a moiety which we' slhtll dc•signate h.' ' 1? 1 and lo 11·hich we shall refer as the R
moirty . Thus we may IITite for the clwmical formula on thr repressor REPt 

RHP1 = (a rginine- R t) 

A:-: staled abo\'c , the R moiC'ly of suC'h n repressor molecule mighl possibly he a 
po lynuc leo tide. 
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Our model for the repression of the en;r,ymes 1~';, illvolved in the bim.;ynthesis of 

arginine, i;; as folio\\·;;: 

We a,;:-;ume Lhat the polypeptide chain of the enzyme molecule is synthesized 

along n :;pecilic enzym -forming site, which determines the amino-acid seqLwnce of 

the polypeptide. This polypeptide folds up to form the enzyme molecule, buL tllis 

molecule remains attache I, perhaps through a covalent bond, to the enzyme

forming site. If there arc repressor molecules presrnt in the cell which are specific 

for thi:-; enzyme, thrn lhe metabolite moiety of a rcpreRsor molecule may reversibly 

combine \\·ith the controlling site of the attached enzyme molecule (and the R

moiety might perhaps reversibly combine ,,·i.th the puri11C and pyrimidine base 

of the enzyme-fonni11g site itself). We poRtulatc that an "attadwd" enzyme 

molecule, which is so combined with a repressor molecule, can110t leave its enzyme

forming siie ami accordingly the formation of the enzyme may thus be repres ·ed. 

Conceming the mechanism of the action of the rcpre. ·,;or we may assume- pour 

fi.rer lrs idee ·- that there is some uruven;al enzyme C present in the cell which can 

split the comlent bond that tics ne1Yly-formcd enzyme molecules to their enzyme

forming site. The repre:;sor molecule, whrn it is com bin 'd with an attached enzyme 

mole ule, sets up a ",teric hindrance" and may thus prevent the uniYersal enzyme U 
from splitting the covalent bond. 

We postulate that the enzymes Ei, lying along a biochemical pathway that leads 

to an amino acid, have two specific combining sites, the "catalytic" site and the 

"controlling" site. 

In the case of an enzyme which catalyzes an early step in the biosynthetic path

way, leading to an amino acid, a purine or a pyrimidine, there need be little chemical 

resemblance between the substrate of the enzyme and the amino acid, the purine, or 

the pyrimidine, whi<;h lies at the end of the biosynthetic pathway and which may 

be capable of repressing the formation of the enzyme. The substrate has a specific 

rhemical affinity to the catalytic site of the enzyme, aud the end product of the 

biosynthetic chain, the amino acid, the purine, or the pyrimidine, has a specific 

aff-inity to the controlling Rile. Therefore in the case of these "early" enr.yme:-;, the 

combining specificity of the catalytic site and of the controlling site might he quite 

different. 
In the case of the enzymes wbich lie toward::; Lhe end of the biochemical pathway, 

howei'Cr, the substrate of the enzyme i,; likely to be a chemical analogue of the 

"end product" and we may expect it therefore to have specif-ic chemical affinity, 

not only for the catalytic site but al. ·o for the controlling site of the enzyme. 

:3. Degradatiz•e Enzymes Ei. The enzymef:i involved in the legradation of trypto

phane to /'I-keto-adipic acid hy Psrudomonas .fiuorescens may be taken to he rcpre

scntali\'e for another large clas::; of enzymes, the "degra.clat i ve enzymes." There 

arc seven enzymes im·oh,ecl in the degradation of tryptophane, and the formation 

of each of them can be enha11ced hy adding the Rtil straLe of Lhe enzyme to the 

groll'i ng bacterial cui ture. 

There is a \'ast array of compounds which can be oxidized by bacteria such a:-; 

P . .fluorPscerls. R. Y. f-ltauier estimated Lhcir uumhcr at more than 50 and esti

mated that at least 200 enzymes participate in their degradation. The formation 

of carh of 1 heRe enzymes may he expected to be cnhancc:'d hy adding itR substrate 
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to tlw gro,,·ing hac·lt'rial <·ul t ure, and \H' may t herdore regard t he"e "degradat i \'C' 

enzymes" as "indueihle" c•nzyme,.;. 
\YC' postulate that t lw degnu.lat i\'C' c•nzymes R1 also lul\ 'C' t \ro SJW!'ific r·omhining 

sites, a rat alyt ic siLc• and a controlling sitC'. :-li nee in the ease of the drgradat i l'l' 
enzynws tlw suhstratP of the rnzynw is an inducpr of th<' rnzymP, \\'('assume that 
the su hst rat P of such a dc'g;rnclat i rc pnzyme has a su hstant ial riH'm ical affinity f< r 
the controlling; site a,; well as the eatalytic site. In the case of the clrgradatin· 
enzymes, g h ,,.e may tlwrdorc e:qwrt the hm combining sites to be simi lar in their 
combining specific ity for any ginn metabolite' JJ. 

The nwtaholitr moipty of the rcpn'ssor of a ciC'gradat iYc enzyme might he rit lwr 
Lhe suhstratr it:-;elf or elsr a metabolite furthrr down the clrgradativr pathway 
which is sti ll a chemical analogue of thr substrate. 

If the mrtaholitr moiety of the repressor is the s11hstralc itself, and if the COJICC'n
trat ion of the rpprcssor rises more slowly with incn'asing intraecllular concentra
tion of tlH' substrate than thr concentration of the substrate, then tlw substrate 
must he an i ndurer of the enzyme because it compete::; with the repressor for the 
attadwd enzymr molecttk. 

The conc·entmtion of the repressor would rise more slowly than the concentration 
of the substrate, for instnnee, if the limiting fac·tor for the mle of production of tlw 
reprrssor ,,·ere the rat<' of product ion of the R moi('(y of the repressor. 

-1-. 'l'h1· ( 'ollpling /~'n zt;mes ( 't or (' J· \Ye po::;tulate that there ma.v be pn'sc'nt 
in thr bacterial ce lls a cla,.;s of enzymcs to which \\"('may rdcr as coupling enzymes, 

Ct and (' h which eouplc' a specific H moic·ty, f? t and R." to the metabolite Jf; and J/ h 

ancl thus form the reprcssor RJ_~,'F t and HJIJP1 rcspcctively. 
Within the dass of the clegradativc enzymes E1

, the c·orrcsponding; eoupling en
zymes ('J might he cJo:-:e to being saturated \\·ith respec·t to the mctaholitP mo iet .V of 
the repressor. \Yi th inereasing intrarrllular eone<·ntration of t lw substrate, tlw 

cO Jl ccntration of t lw repressor \\·ottld then rise more slcl\dy than the eoncC'ntration 
oft he su h::;t nttc' and 0 11 this basi::; onC' may then cxpC'd the substrate to be an induc·c'r 

of the enzyme. 
1f a compound .\} is a chemical analogue' of the metabolite moiety JI of the re

pressor RRF, and if tlw <·c'll <·mmot transform it into the metabolite moiety Jl, thPn 
::;uch a compound may reduce the coneent ration of llw n'pn'ssor b;\' inhibiting thP 
coupling C'nzyme ('and t lwreby en hance tlw formation of the enzyme R. 

/;' qua/ i on s /J r:scribill{f 011r Jlodc/ for Enzyme> Repression am! l nduchun.t In a 

bactrrial cult me, gnl\\·ing at a f;xed rate, the total rc'prc's:-;or conc'<'ntration flu, that 
c::;tabli,.;hcs itself in t hP stationary state, i:-; proportional to thr mtC' at ,,·hic-h thp 

repressor moiC'eules nrc formed. 
\\·r may compute' p, the eouee 11t ration of t lw fn'P repres:-;or mo leeule:-;, from 

p0, the total conel' JJt nttion of the rPprrssor moiPc·ulc J by \Hiting 

p I\ 
p = Po - z I+ P I\ ( 1.\) 

,,·lwr<' I\ ciPsignatC':-; tlw equi libritJm ('Oilstant for the dis::;ociation or the repn'ssor 

moiCC'tdC' from the controlling; site or the 'unattadwd " C'nzyme moiP('UIPs and Z tJw 
(·OnCeJtt ration or tlw ('JJZ,Vlll(' f!J in the c(']J. 

In (L\. ) t he first tPrm reprl'sPJlt,.; the total eoJH'<'IJtration of the rt'prt'ssor in thC' 
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cell and the second tC'rm rC'prC'st' nt,; the conc<>ntration of those repressor molecules 

which are combined "·ith thC' controlling sitC' of an " unattadwcl " cnzynw moiC'culc. 

For the sake of kpeping our formulae simple "·c arc disrpgarcling here the fact that 

the repressor may al~o comhin<' 1rith the catalytic :-;ite of thC' "un<ttlnchccl" C'nzym<> 

molecules. Accordingly (lA) must he amplifi<>d "·hen this hccomc:-srelcnwt to the 

issup considered. 
We may m·itC' (L\.) nl,;o in llw form of ( IB) 

z = Po (I - ;,) + I\ (;" - 1) ( lB) 

We shall de:-ignatc by T the <t\'C'ragc time for which a nc"·ly-fornwd Pnzymp mole

cule remains tiC'd to its enzyme-forming ;;ill', 1rhC'n it i;; 11ot com hi ned 1rit h a rc

pr<'Hsor molecttlc at it s controlling ;;itC'. lYe ;;hall as:-;unw that T i;; large c·omparpd 

to the time that it lakps for Uw polypcpt.idC' to he formcd and to fold up to form 

the attached enzyme molecule. ln these cin·umstancc;; In' may ,;ay that there 

is practically ahmy,; an enzyme mokculc allachcd t.o tlw enzyme-forming ,;ilc , 

and this enzyme molccule i;; either combined 11·ilh a reprcs;;or moiC'culc or it i;; not. 

On the basis of our model II'C may then say that the rate of formation of an 

enzyme, when it i;; limited by the prp;;cnc·<> of a rcprcs,;or molcculc in the cell, is 

given hy 

rate = q T per enzyme-forming ;;ile, per unit lime (2 ) 

where q is the probability that t hp attached enzyme molcndc is no/ eomhincd at 

its controlling site with a rcprcs;;or molceulc. 

l VI:' may \\'rite for this probability q, in the prc~cncc of a l'C'Jll'e:-;;or RI~'P and an 

inducer Xl 
J..L K .rr* 

q = 1 + J..L K .rr * + p K * + I + J..L K .rr * + P f\* 

J..L and pare the intraecllular concC'ntratiom; of the inducer J} and the frc•c rC'JJrPHsor 

REP, respectively; K.ri.* and/\.* are the equilibrium eon;;tant;;, for thr rcl·cr;;ible 

cliHsociation of the inclueer molcc·ulc J} and the rep1w;;or molc•cu]p REP, respec

tively, from the controlling ~itc of the attached Pnzymp molc•C'ulP. 

In (:3) the first term giYcs the fraction of the attached enzyme molceuk•;; 11·hich 

arc not combined at their controlling ;;itC' with C'ithpr a n'prcs;;or moleculp Nl~'P or 

an inducer mo]pcule Jf. Tlw ;;c•cm1d term rc·pre;;cnt;; the fraetion of tlw at taehcd 

enzyme molecules ll'hich arc combined at tlw contmlling ~itc ll'ith an inducer 

molecule JI. 
Formula (:~ ) holds true if the ;werage time that it tak('~ an incluce>r molc•c·tde to 

dissociate from tlw controlling ;;ilc of the attached enr.ymc molecule i;; ;;hort in 

compari~on with T. 

We may ll'l'ite fmrn (2 ) and (:3) for thC' raiC' or C'llZ.VllH' form:tlion per enzyme

forming site per unit time 

J + J..L 1\.rr* 
T I + J..L 1\ fi * + p I I\* 

rate (:t\.) 

The concentration of an enzyme in a baeterium that grow;; at a nxcd rate i" pro-
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portional to the rate at which Uw enzyme is formed. Accordingly, 1\'C' may write 
for z, the intracellular concentration of the enzyme 

1 + Jl. / I\. ,v* z = z* --- ,;c.:_ __ 

+ Jl.! KJJ* + pj K* 
(-1) 

11·here z* is the concentration whic·h the enzyme might attain 1n the cell, 111 the 
absence of any repressor. 

In the absence of the inducer 11lwe may write 

I 
z = z* (5) 

1 + pj l{*' 

Equations (-1) and(;)) give the concentration of the enzyme in the cell independent 
of how many enzyme-forming sites are present in the cell which ,;ynthesize the same 
enzyme. In ( -1) and (5), z* represents the enzyme concentration which is obtained 
from these formulae when p. the repres:;:o r concentration, become::; zero. 

It should be noted, however, that when the repressor concentration becomes 
Yery small and the concentration of the enzyme becomes correspondingly large, 
the repressor concentration may cease to be the limiting factor for the rate of enzyme 
production and something else may become rate-limiting. For this reason the en
zyme concentration in the cell might not actually reach the value z*, if the repre::;sor 
concentration goes to zero. 

We may now introduce into our formulae the repression factor}.. which is defined 
by 

.\ = Po/ K*. 

We may then write C) in the form 

z = z* ----+ .\pj Po 

and this \\·e may also write in the form 

Po 1 - zl z*' 
P = ~ z/ z* 

(5A) 

(5B ) 

We shall throughout the rest of our discussion in variably a. sume that '"e haYe 

z* >> PO· (6) 

The Simplified Equations. - For the enzymes E for which we may m·ite 

K. » z* 

the second term in ( I A) can be neglected and \\'e may then write 

P = Po· 

In this case (-1) and (5) may be written in the form of 

* I +Jl./ K .v* z = z --
L + Jl. / IC.v* + Po/ [(* 

(7) 
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and 

1 
z = z* ----

1. + Po /\* 

z* 
(8) 

\Yhen these simplified equations hold, then the rate of enzyme formation is inde

pendent of the concentration of the enzyme in the bacterium. Accordingly, if an 

inducer is added to a gro\Ying bacterial eult ure at a given point in time, the rate of 

enzyme formation will rise to a new value at the time when the inducer is addrcl 

and from then on it willrrmain con:-:tant. This could br nrified by studying the 

kinet irs of the induction of thr enzyme. 
It may be seen from (7 ) that if the prrsrnce of the indueer XI dors not affcet 

p,1, the coneentration of thr repres,.;or molrcules in the crll, the11 the ratc of forma

tion of the enzyme cannot rise any faster than linearly with the int raecllular con

centration of the inducer. 
If it is found that the enzymr concentration rises faster than linearly with the 

intracellular conc<•ntration of the inducer, we may then rxpect either that the in

ducer inhibits an enzyme im·olvrd in the formation of thr metabolite moi('ty of the 

repressor or that it inhibits tlw enzyme(' which couples the metabolite moirty of 

tlw repressor to tlw R moiety of the repressor. or that it does both. 

Predictions BasC'd on lhe "Simpl?jied" Equations. On the basis of the model as 

described by the ::tl>O\'C giycn simplified equal ions we may expect the following: 

(a ) If the cells of a bacterial :-;train arc incapable of COJn·erting X! (a chemical 

analogue of the repressor's metabolite moiety ) into JI (tlw repressor's metabolite 

moiety itsrlf), and if the concent ration of .li is fixed, then th e clwmical analogue J1 
may enhance the formation of the enzyme, providC'd that it can get into the bac

terial cell. 
The chemieal analogue ~l/ may be an inducrr of the enzyme in such ::t bacterial 

strain, either because it comprtes \\·ith the metabolite moiety of the repressor for 

the C'Ontrolling site of the enzyme molecule which is attached to its C'nzyme-forming 

site, or lwcausc it competes with thr mctabolitr M for the coupling enzyme C \rhi ch 

joins the metabolite moiety to the R moirty of the repressor, or for both of thcs<' 

reasons. 
In the case of the bio-syntbetie pathway leading to arginine the substrate of a 

late enzyme is n chemical analogue of arginine. Aceorclingly, we may expect 

sueh a substrate to induce the cnzym<' in mutant bacterial strains whic·h eannot 

f·onvert the substratr into arginine. Thus we may expec;t the enzyme ornit·hinc 

transearbamyln:-'e, which con\·erts omithine into citru lline. to be indueihlC' by 

citrullinr. in a mutant strain which cannot coll\·crt citrulline into arginine. 

Luigi Gorini has obscn·ed that ornithine induces the enzyme ornithinC' trans

earbamylase in such a mutant, if the intraerllulm concentratio n of argininC' is kept 

modfrale by growing the bacterium a/ a fa./ rate in a chemostat with aq;ininP as a 

controlling growth factor. (Oral communieations, I!J;)\J .) (If the intraeellular 

concentration of arginine were krpt low by gJ'O\\·ing thr hn.ctNium at a slow rate 

in the chemostat, then thr enzyme len] would he booslrd to a high ya]ue and thr 

inducing efTect of ornithinr would not be ohl'en·nble. ) Hinee this mutant connrts 

omit hine into c·ilru llin r, C:orini's ohsen·ation is consistrnt with thr Yiews here 

()l'('f'entC'd. 
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(b) There might exi:;t mutants in which the R moiety of the repressor i::; pro
chaced, but it is produced at sueh a low rate that itH production may be the limiting 
factor for the production of the repressor when the intracc!Jular concentration of 
the metabolite moiety of the reprcfl:;or is not too low. On the basis of (7), we may 
then .·ay that in such a mutant the formation of the enzyme should be enhanced by 
adding the rcprcs::;or's metabolite moiety to the growing bacterial culture. Ac
eordingly, for sueh a mutant the metabolite moiety of the reprct>sor may be an in
ducer of the enzyme. 

Thus, in such a mutant, arginine (for instance) :;boule! be an inducer of the enzyme 
omithine tran ·carbamyla:;e and it should be an inducer of this enzyme for one 
reason only, i.e. becnu:;c it may compete with the repreB::;or for the controlling :;ite 
of the attached enzyme molecule. 

(c) There may cxiBt mutants which are 110t capable of producing the R moiety 
of the ropresBor. In such a mutant the enzyme may be produced at the full rate 
and accordingly the enzyme level would be very high. In such am utant it should not 
be possible to repress i.ho enzyme by adding the metabolite moiety of the repro ·sor 
to the growing bacterial culture. Mutants of this type may be de ·ignated a · 
"absolu ie constitutive strains." 

Both Luigi Gorini and Werner l\[aas have obtained from a strain of coli, in which 
the enzyme ornithine transcarbamyla.Be it> repres::;ible by arginine, mutants in 
which the enzyme is always maintained at a high level and is not repros ible by 
argunnc. (Oral communications, 1959. ) Conceivably those might be mutant::; 
in which the R moiety of the repressor ii:i not formed, i.e., they might be abc·olute 
constitutive strain ·. 

The Case of z*»K. - We may pot>tulate here, for the sake of argument, a set of 
constants for "wild type" bacteria which might be as follows: 

z* = 10- 4 mol/1 , 

J{ = JQ - 5 mol / 1; 

Po = J0 - 6 mol/1; 

!(* = 10- 10 mol / ! 

The postulated value of z* = J0 -·1 ruol / 1 would mean that a fully boot>ted enzyme 
amounti:i to about 10 per cent of the cell proteins. 

The value of Po = l 0- 6 mol /1 postulated 'vould be con::.istent with the assump
t.ion thaL there may be one thousand different ropresRors preRcn t in a bacterium 
and the assumption that the R moiety of these repressors is a polyribonucleotide 
of a molecular 'veight of about 2,000, without having to as::;umc a larger amount of 
soluble RNA in the bacterium than i~ usually found in bacteria. 

The postulated value of K = lQ - 5 mol / 1 mean. that the free energy change for 
the combination of the repros ·or with the controlling site of an unattached enzyme 
molecule is about !J.F = 7,000 cal1 mol. This appears to be a reasonable n1lue if 
we assume that only tho M moiety of the repres or has a specific chemical affinity 
to the controlling site of the unattached enzyme molrcule. 

The postulated value of K* = 10- 10 mol/l corresponds to a free energy change of 
!J.F = 14,000 cal/mol for the comhinabon of the roprt-ssor with the enzyme molecule 
that is attached to its enzyme-forming site. This appear::; to be a rca:4onable value 
if we assume that the ~I moiety of the repressor has a ~pcci(ic chemical affinity to 
tho controlling site of the enzyme molecule and that the R moiety of the repreR~or 
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has a specific chemical affinity to the purine and pyrimidine bases of the enzyme

forming site itself. 
For the above postulated set of constants we have 

z* » J( 

and accordingly the simplified equations do not strictly speaking hold. 

Nevertheless, for this set of constants, p, the free repre ·sor concentration, would 

be very close to Po, because the enzyme is strongly repre sed . We may write for 

the repression factor A, for our set of constants, 

A = Po/ K* = 104 

and we have accordingly for the above postulated set of values 

z* 
K.(A + 1) = IQ - 3 « 1. 

In these circumstances p may be close to p1. 

Limiting ourselve. , for the moment, to a set of constants where we have 

K »Po 

we may now say the following: 

If we have to deal with a mutant in which the reprc. sor is produced at a very low 

rate, so that the repression factor}.. is small, and if we have 

z* ---- > 1 
K (A+ 1) ' 

then p, the free repressor concentration, may be much smaller than Po and, ac

cordingly, the enzyme level in the cell may then be rather high. This may be seen 

from (1A) as follows: 
We may write for the second term in (lA) 

pj [( z* PI K 
z > -- __c__c_ __ 

1 + p/ K A + 1 l + pj K 

z* p 
---
t.+lK 

and thus we obtain from (1A) 

Po z* 

; > 1 + K(A + l) 

and from (5A) we obtain 
1 

z > z* 
1 + A/(1 + z*/ [K(A + 1)]) · 

Accordingly, strains of this type may maintain an en ~yme level which may he 

high and which might come close to the fully boosted enzyme level z* of an "ab

solute constitutive mutant." 
Pamconslitutive Enzymes. - If for an enzyme we have 

Po» K 

and if the other constants fall within certain ranges, then the concentration of such 
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a n enz:yme may be ma intained in the cell either at a low stable value or at a high 
stable value- in t he a bsence of a ny inducer. 

An enz:yme for which this holds we shall designate as " paraconst it ut ive." 
The concent ration of such a paraconstitutive enzyme may be main tained indef

initely at a low level in a proliferating cell cul t ure. But, if once the enzyme con
cent rat ion is ra ised to a sufficiently high level a nd main tained there long enough t o 
establish a stationary state, from t here on a high rate of production of t he enzyme 
may be perma nent ly sustai ned- even in the a bsence of a n externa l, or in ternal, 
inducer. F urther, when such a cell , which sustains a high en zyme level, divides, 
then the da ughter cell s which it generates will a lso sustain a high enzyme level. 
Thw; t he property of sustaining a high enzyme level is heredi tary even though the 
inheri tance is not genic. 

It is not possible to say whether paraconstitut ive enzymes exist in bacteria. 
If they did ex ist, it would be somewhat difficul t to recognize t hem , because if they 
have arisen in the normal course of evolu t ion t hen it is likely that by now the en
zyme would be sustained at a high level, a nd the paraconstit ut ive muta nt would 
t hus give the appearance of a co nstit ut ive mutant . 

It might well be, ho,,·ever , that t he co ndi t ion p0 » f( is not ful fi ll ed for any of 
the bacterial enzymes. Perha ps, in order t o have t his inequa lity hold for a n en
zynw, it is not suffic ient for t he co nt rolling site of t he enzyme to have a specific 
combining affi ni ty fo r t he metaboli te moiety of t he repressor, bu t it is a lf'o necessary 
for it to have a specific combining affini ty for one or more of t he units which con
sti t ute the R moiety of t he represso r. 

Paraconstitutil>e f~'nzymes and Cellular D~fJerentiation.-Even though the inherent 
in stabili ty of the enzyme-forming system which is desc ribed by our equations might 
play no role in bacteria, it may still be of great in terest. It is conceivable that it 
might play a major role in certain types of cellular different iation, in higher or~an
isms such as mammals. 

There is no need to assume (and in the ease of amphibia t here may indeed be 
reason to dou bt) that the early c-ellular diflerent iation in volved in the formation of 

• ec-toderm, mesoderm , and endoderm, is of this type. Still , ce llular differentiation 
in the later phases of embryonal development, where an organizer is im·olved, 
might conceivably be based on the inherent instabili ty of the enzyme-forming 
system here discussed. I t is not possible, however, to substant iate this at present 
on the basif3 of available experimental evidence, and it may be very difficult to 
substant iate it even through experiments devised for the purpose. 

E xperimental confirmation of the view that the model here discussed may provide 
the molecula r bafiis of a certain type of cellular different iation in mammals might, 
however, be obtained in the case of ant ibody formation in mammalf3 or birds. An 
an t ibody need not have a ny enz:ymatic acti vity, but we sha ll assume t hat it is in 
some way related to certain degradative enzymes Eh present in the mamma lian ce ll , 
and that t he rate of formation of an ant ibody A j is under the cont rol of the repressor 
which is spec ific for the related enzyme Ej. 

Whether a n enz:y me ma kes its appearance in cellular di fferentiation, provoked 
by a n orga nizer, or whether a specifie a nt ibody is formed in response to the inj ection 
of an a nt igen, in either r·ase we may assume that the event is t riggered by a tra nsient 
reduction of the concent ration of a specific repressor. 
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If antibodies arc paraconstitutive proteins, then, once the concentration of a 

particular antibody iR rai. eel to a sufficiently high level in a lymphatic cell, that 

cell and all it· daughter cells may maintain a high rate of production of that anti

body. Thi. would then represent the kind of memory which may form the basis of 

the , ·o-called secondary response. 

The Enzyme-Forming System of the Mammalian Cell. - We assume that the en

zyme-forming system in the mammalian cell i.· described by the same equations 

which we have postulated for the bacteria. There are certain differences, however, 

bet"·cen the mammalian cells here discussed and the bacterial cells. Under physi

ological condition. bacterial cells as a rule proliferate. Accordingly, in bacteria 

there is no need for protein turnover, nor do we have any reason to assume that 

the R moieties of the repreRsors are hydrolyzed in bacteria at an appreciable rate. 

In theRe ciTcumstances, in bacteria.] cells p0, the total concentration of a particular 

repressor in the cell, and z*, the concentration attained by an enzyme which is pro

duced at the full rate, are both determined by the rate of two procesRc., i.e., the rate 

at which these entities are formed and the rate at which these entities are diluted 

through the growth of the bacteria. 

In the caRe of mammalian cells which are not in a state of rapid proliferation, we 

may in general assume that p0, the concentration of the repressor, and z*, the con

centration of an enzyme which is produced at the full rate, are also determined by 

the rate of two processes, i.e. the rate at which these entities are produced and the 

rate at which they are hydrolyzed. 

The rate of hydrolysis of the proteins is pre. ·umably determined by the level of 

activity of the proteolytic enzymes in the cell. The rate of hydrolysis of the re

pressors i · presumably determined by the level of activity of . ome hydrolytic en

zyme H which may univer::;ally hydwlyze the R moieties of all of the reprcssor'i. 

We ::;hall a. sume that the R moiety of the variou ·specific rcpressOt'R is hydrolyzed 

in the cell at the same rate whether the specific repressor i free or is combined with 

the controlling site of an "unattached" enzyme molecule. Thi i.o:; not an unrea

. onabl assumption because the repressor molecule combines with an unattached • 

enzyme molecule in large part by virtue of the chemical affinity of the repros or'::; 

111 moiety to the controlling site of the enzyme molecule. If the R moiety is indeed 

a polynucleotide, then the first, or the first fm,·, bases of the polynucleoti\lc may 

also combine with the controlling site of ao unattached enzyme molecule, but the 

rest of the nucleotide \Yill presumably remain freely exposed to the hydrolytic action. 

of our hypothetical enzyme H. 

We f'hall presenlly Rhow that if the relevant constants fall withi11 a certain range, 

quoted beloll', then according to equations (1) and (5) t.hc enzyme concentration z 

exhibits the c:haracteri::;tirs which we ha.vc attributed Lo parac:onstituLivc enzymes. 

If we equate z gi\'cn by (lB) and given by (5A), we obtain a cubic equation for 

p. For the below-quoted range of the constants this cubic equation ha. three posi

tive roots which represent the Rolf-sustaining free repre:sor concentrations. Ac

cordingly, there may be three Rolf-sustaining pairs of values for p and z which \Ye 

shall designate (in the order of i1lcreasing values of z and decreasing values of p) 

with Pr, Zr, P2, Z2, and P3, Z3. 

Of these, three self-sustaining pairs of values the first and the last pair, p1, z1 and 
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Pa, za represent stable points. The intermediate pa ir P2, Z2 represents an un stable 
point. 

We shall refer to Z3 as a high stable enzyme concentration and to p1 as the high 
stable repressor concentration . To P2 we shall refer as the "critical" repressor 
concentration. 

In the case of a paraconstitutive enzyme, if p, the free repressor concentration, is 
lowered below P2, the critical free repressor concentration (for a period of time which 
is sufficiently long for the establishment of a stationary state), and if thereafter the 
free repressor concentration is permitted to find its own level, t hen the free repressor 
concentration will decrease to its low stab le value p3• Correspondingly, the enzyme 
concent ration will ri se to its high stable value z3. 

For any arbitrarily chosen value of p which we maintain in the cell long enough 
to establish a stationary state, we can determine from equations (1B) and (5A) 
whether the free repressor concentration would thereafter fall or rise in the cell 
when it is allowed to find its own level. In order to make t his determination we 
substitute the arbi trarily chosen value p (to which we shall refer as the test value) 
into (lB) and (5A), and find from both of these expressions the corresponding value 
for z. 

The rate of enzyme production, for a given free repressor concentration , is ex
pressed by (5A) and if the value for z obtained from this expression is higher than 
the value for z obtained from (1B), then we may say that the repressor concentra
tion will decrease when it is permitted to find its own level. In the opposite case 
we may say that the repressor concentration will increase when it is permitted to 
find its own level. 

We propose to utilize below this simple rule, in order to establish the fact that 
there exist two stable self-sustaining values Pt and p3, if the constants fall \Yi thin the 
range quoted below. 

We shall now show that if we have 

and 

z* 
>3 

K ('A - 1) 

Po/ z* < 10 

(9) 

(10) 

then there is a stable point at which w P have for t he low self-sustai11ing free repressor 
concentration P3 

0 < P3 < Po/ 'A. 

In order to show t his we choose for our test concentration p = p0j f... Substituting 
this value of pinto (5B) we obtain 

.o(from 5B) 1 
z* 2 

Substituting the same value for p into (1A) we obtain 

z(from 1A) 

z* 
~ (1 + 'A) + K('A 1) 
'A z* 
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If we take (9) and (10) into account we see that the value for z (from 1 A) is less 

than the value for z (from 5B). Therefore, p, when it is permitted to find its own 

level (after being held at p = Pol >.. for an adequate period of time), will decrease and 

move to its low stable value, p3. 

For the corresponding high stable value of the enzyme concentration Z3 we may 

write 

z*l 2 < Z3 < z*. 

Kext, we propose to determine P1, t he high stable concentration of the free re

pressor , and p2, the cri tical concentration of the free repressor . We obtain these 

se lf-sustaining values from (1B) and (5A) by writing 

z (from lB) = z (from 5A) 

and by finding the roots of this equation. 

Writing out (11) explicitly \\·e obtain 

Po(1- ~)+K (; -l) =z*1 +~PIPo 
which we may also v•rite in the form 

If we have 

and 

1 

Pol z*(1- PI Po) PI Po + K l z* -Ki z*( PI Pu) 

z* 1 
--- » 1, 

Po 1 - PI Po 

1 

PI Po 

(11) 

(llA) 

(llB) 

(12) 

(13) 

then we may simplify (llB) by lea,·ing off the second term and " ·e thus obtain 

or 

or 

and 

P1 

PC 

P2 

Po 

A = ___________ 1 

Pol z*(I - PI Po) pl pc + K l z* - K l z*(pl po) 

(PI Po) 2
- (I - 1\l pu) PI Po + z*l poA - 1\l po = 0 

l - K I Po + IV[l -l(l pr)2 - -l[z*l poA- K l pcJI 

2 

- K I Po - jV (1 - K l po) 2 - 4[z*lpoA- K l p0 ])j 
2 

(14) 

(14A) 

(14B) 

(14C) 
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The quaniity under Lhe square root in ( l "m ) and (l-JC) is positive if we ha\'C 

( 15) 

A > 3z* Pu- c L u) 

\Ve ,;hall no\\·, for the purpose,; of our diseussion, asc;umc a c;et of constants \rhieh 
satic;l'y the in equalitiec; that \\'C have assumed ahove and actually eompute the 
P1 / PI' and p~ . p11 from ( I -:I B ) and (HC') in order to obtain the ,-alucc; for P1 and P2-

For the purpose of 0111' dic;cussion "·c assume the follo,,·ing set of constants: 

z* = I0 - 3 mol/1; p0 = 10 -s moljl; }( = JQ - HI mol j l ; 
1\* = I0 - ''1 mol I. 

This set of ndueti satislies the inequalities assumed above (which represent a 
c;uffieient f'ondition for an enzyme to be pamconstituti\'e) and, in particular, we ob
tain for this set of c·onstants A. = Po /{* = I 06 and z* 1 !\(A. - I) """ l 0. 

The following c·omment may be made c·onc·erning the particular ndues chosen for 
our constants: 

.r* = I 0 a mol 'l meanti that if, even at zero repressor eonc·entrations, the em~yme 
m)re formed at the rate c·o JTesponding to (:'iA) , then the amount of enzyme in the 
c·cll \\'OUlJ juc;( about equal the total protein c·ontent of thr ce ll. 

]{ = JQ - 10 mol I corrrspondc; to a free energy c·hangc of t::..fi' = J 4,000 cal mol for 
the eombinat ion of a reprrssor molecule with the c·ontro lling site of an "unattached" 
enzyme molceule. It seems likely that both the metabolite moiety and the R moiety 
of the repressor ,,·mild need to have a sub~tantia l c·hemieal affinity to the controlling 
site of t hP unattached enzyme molecule in order to hu,·e a free energy change of this 
magnituclC'. 

For the :lhove quoted values of the C'Onslants we obtain from ( 1-1-B) for the high 
stable represf'or conC'entration p, """ 0.9 pr, and from ( 1-!C) for thC' critieal repressor 
concentration P2 ~ 0. l I po. 

This mean,; that it would he suffic·ient to lower the free rcprec;sor c·onccntration 
to about onC' tenth of Po in order to trigger the enzyme-forming system and cause the 
cell thereafter to maintain, indefinitely, the enzyme aL a high concentration, i.e. 
at a concentration lyino· some\\·here between z* 2 and z*. 

The set of ntlues which \\'C ha,·e a:-;sumecl for our con:-;tants was :-;clec·ted because 
it appear,; c·o11eeivablc that a quite s imihu set of ,·alues might hold for ant ibodi ec; 
formed in the lymphatie cells of the adu lt rabbit that are capable of forming anti
bodies \\'hieh an' specific for an antigen injected into the rabbit. 

Thec;e C'e ll s might he c·hamct<'rized in comparison to the lymphatiC' eells of the 
11e\rhorn rabbit and the non-lymphatic somatiC' c·e lb of the adu lt rabbit by an 
inrTt>ac;ecl b ·cl of ac·tivity of the hypothctiC'al hydrolytic enzyme If. On this 
basi:-;, \\·e nut? a:-;:-;ume that t lw value of Pn a11d of the repression factor A that holds 
for Lhe lymphatie !'ells of the adult rabbit whic·h arc capable of forming antibodies 
is perhap:-; te11 time's lm,·er than the c·o JTe:-;poncling \'a lues in those other eells, which 
;u·c' not c·apable of forming ant ihodic's. 

This possibility is disc·uc;scd in detail in the follo,,·ino· paper, "The molecular basis 
of antibody formation ," ,,-]Jieh attempts to explain a number of phenomena in-
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vuh·ed in antibody form<ltion on the ba. is of tlw phenomenon of enzynw rc•prcssion 
in bacteria. 

Jt is c·oJweintbk that in attempting to build a theory of antibody formation on 
this foundation 1re may be building a houfie of eal"(!s, for in spite of the rapid progres · 
made in the last two years 11·ith rcspec·t to enzyme repression in bacteria, many of 
the eondusions drall"n from the experiments nrc still largely based on c·ircum
stantial c1·idencc. This holds in particular for the conclusion, here adopted, that 
the repressor c:ontrols the rate aL "·hith the enzyme is formed by the enzyme-forming 
site rather than the raLe of fmmntion of the enzyme-forming site itself. 

Clearly, \\"e cannot attempt at present to say holl" antibodies arc actually formed; 
at best 11·c may he able to say h01r antibodies might coneeil"ably be formed. But 
to he <.tble to say e1·en this muc·h might be of some 1·alue. 

I had the pri1·ilege of discussing Lhe thourrhts expressed in thi,; paper with Dr . 
.:\lauriec S. Fox, The Horkcfeller Institute, :\ell" York, and it is a pleasure to ac
knOII·lcdge his help in clarifying the issues in1·oh·cd. 

* Tlw author starl!'d 11·orking on thi~ papt•r 11 hile ~erving as a consultant to tlw Basi<' H<'st•areh 
Program, :\:ttional lm•titute of :\lc•ntal Ht•alth, :\ational Institutes of ll<'alth, F.:-1. l'ublic 
Jlealth i-lNvice, i)Ppartnwnt of llt•alth, Education, and \\"plfan'. In latt•r phast'~ lht• work was 
supportrd hy a Ht•sparch Grant of tlw :\ational ln;;titut<•s of llt•alth. 

t .\ similar model 11·aB proposed indt•prrHlrnt I~· b.'' 0. :\lualoe and pn•st•ntPd at an informal 
seminar at the Cavendi~h Laboratory in Cambridge in lU58; it will he descrilwd in JficroiJial 
Gcnclics ( CamhridgP Cniver~ity Pre~~. 1\)()0). 

t :\otation,·: 

HE!' i~ tlw R]l<'t'ific rrprP~sor which eonlrols tlw rat<· of formation of tlll t•uzynw and which i~ 
eomposed oft 11·0 moictit·~, an .1{ moiety and an H moit•ty . 

.1! is a nwtaholitr, which forms tlw nwtabolite moit•ty o[ the n·pn•,sor. 
R is the R moiet~· of a rcprP~~or, which iH specific for enzymps lying along a crrtai11 ~\retch 

of a given hiochPmical pathwa.1·. 
/{* is the equilibrium constant for thr dissoeiation o[ a rcpre~~or molt•<·trle from thr control

ling sitP o[ tht• corresponding enzyme molrculc that i~ alttu·lwd to its enzynH•-forming 
~it e. 

1{ is the rquilibrium con~tant for tht• dis,o<'iation of a n'JHPssor molt•c·trlr from tlw control
ling site of I hP "unattaC'hed" enz~· me molt-cult' , pn•,-t•nt in tht• c·t•ll. 

K*.li is thr equilibrium eonstant for the dissociation of a chemical analog;ue j[, of thr me
tabolite ,1!, from the controlling; site of an t~nzymc molrcult• attached to its Pnzyme
forming sitr. 

K .\i is the equilibrium t·onstanL for the di~soeiation of the c·hemit·al analogut• ,i"j from the 
controlling sitP of an una\ \ached Pnzynw molt•cult• c•ontairwd in I he cell. 

p11 is I he conePntration of thP molt•cttlt•s of tht• repressor REP in thP n •ll. 
p is the c·onc·pntration of tht• frrc rt'pre~sor mol<'ctdes in the ecll , i.l' . of thost• l"l'PI't'""or 

rnolt•eules which art' not combined with an una\ l:tt'hcd t•nzyrnc mole{'uiP. 
!J. is a conrcn\ mt ion of I lw rlwmit'al metabulilP Xi in I lw erll. 

is thr <·unc<'ntmt ion of thl' " unatt.whcd" enZ.I' IIH.' molt•rtrlt•s in t lw t'ell. 
z * i~ thr t·ont·t•ntration that lht• t'nz.l'mt• 11·otrld at lain in t h<' ('(•II, for p = 0 1 if\\"<' di~n·g;ard 

the fa!'\ that fa<·torR, which our formulat• do not take into account, rna~· limit thP rate of 
the forma lion of the <'nz_,. me for high values of z. 
is the rcpn•ssion fn.ctor dt'fuwd by A =Pol h. 



THE MOLECULAR BASIS OF ANTIBODY FORJ!ATION*· 

BY LEo SzrL.uw 

1'11E l~ !'>llf('O FER,\! I J'IR1'J'l'l' 'I'E FOR Nl ' CI ,EAR S1' ('1)Jiii. 1 TilE l :-/1\'ERRI'J'Y OF 'III('AOO 

Comnwnicalf•d by 'J'hfodore ShedloLwky, J antiCII'!J 1.?, 1.960 

In a preceding paper we have diHru:secl the phenomenon of enzyme repression 
in bar'tcria and presented a model for a kind of cellular differentiation which might 
conceivably play a role in embryonic cle\'elopmcnt. In the present paper we pro
po:,;e to discu:,; the molecular basis of antibody formation in the light of this model. 

ThP Experimmtal Facts. - vVc :hall list in the following the major immunological 
phenomena that we may regard as \Yell established. Throughout this paper we 
shall restrict our diHcu:sion to one animal, the rabbit, and to one elass of antigens, 
soluble proteins. 

(1) When a soluble protein antigen is injected into an adult rabbit for the first 
time, the rabbit reHponcls after about 5 days with the formation of autibodics "·hich 
arc specific for this antigen. Any remaining antigen will he rapidly eliminated 
from the circulation, and for a while there will be a substantial concentration of 
antibody present in the circulation. , 'ubsequently the concentration of the anti
body in the circu lation will gradually decrease and after a "·bile it may become no 
longer detectable. ThiH is the so-called primary response. 

(2) If, a few weeks after \YC have injected into the rabbit a soluble antigen, surh as 
a foreign :erum protein , we inject the same antigen again, then three days later the 
rabbit may respond with a copious production of antibody and the antigen will be 
rapidly eliminated from the circulation. The concentration of the antibody in the 
circulation may reach a high level, then fall off rather slowly and remain appre
ciable for a long time. This i the secondary response. 

In re ponse to the amc amount of antigen injected, a much larger amount of 
antibody may be produced in the secondary response than in the primary response. 

The ccondary response can be elicited even a ,·cry long time after the antibody 
has disappeared from the circulation, subsequent to the fir -t injection of the antigen. 
The readiness of the rabbit to exhibit 1-il!Ch a Hcconclary response represents some 
sort of a memory which fades away only very slo\\·ly. 

(3) Albert Coon. ha. found in the rabbit that if one evoke. the secondary respon. e 
in the manner described above, then, after .J8 hours, clusters of reliH which contain 
antiboclics specific for the antigen may be found in the lymph nodes which are in
volved. The clusters found 4 days or 8 day after ihc injection are on the awrage 
larger than the clusters found after 48 hours. The cells which compose these 
clusters are small and round and ha,·e the appearance of plasma cells. l\litotic 
figures can be seen in the clusters, indicating that there is proliferation of the cells 
producing the antibody. The clusters vary in size; the larger ones conRist of 
about a hundred or perhaps a few hundred cells. 

(4) For a few days after birth, the rabbit is not capable of forming antibody in 
re:ponse to the injection of an antigen. If a newborn rabbit is injected with a 
larg quantity of a soluble protein antigen, then later on when this rabbit becomes 
an adult and is capable of forming antibodies in general, it will still remain inca
pable of forming antibody against the antigen which was administered to it immecli-
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at ely after birth, e\·en though by that limP the c·onc·pnlration of thP antigen in the 

c·irculation may ha,·e fallpn to a \ 'NY lo"· lpvel. This is thP pllPnonwnon of f' ll(luring 

immune toleran<:e. 
(5) lf an adu lt rabbit is giYcn an X-ray do:-;e of about -lOO r to its whole body and 

a fc\\' days lat er an antigPn is injec·tcd into the rabbit, then thC' rabbit will not form 

antibodies against this antigen. "\.ftcr a "·hilc tlw effec-t of the X-ray exposun' 

will wC'lU' ofT and tlw rabbit is then again capablC' of forming antibodies. 

]f aftpr thC' X-ray exposurc', at the time "·hen the rabbit is not ('apabl<' of respond

ing with the formation of antibody, a large quantity of an antigen , such as a foreign 

serum protein, is inj ded into the rabbit, then the rabbit will remain inc·apable of 

forming antibodies against this particular antigen, even after the ciTe('( of the X-ray 

C'xposure has \\·orn ofT and the c·oncentration of t lw antigPn in tlw c·irculation has 

fallen to a len' l whic·h i.· no longer detedahle. Thus tlw X-rnyed adult rabbit 

exhibits the phenonwnon of enduring immune toleran('e. 
((i) If the antigen is injf'C'ted into the rabbit prior to the exposlll'<' to thC' X-ray 

dose, then this exposure will not pre\·ent the rabbit from formin!! anlibodie"i to tlw 

ant igf'll. 
(7) If a rabbit has been pre-immunized with an antigen , then exposure of the 

rabbit to an X-ray dose of 400 r a fp"· day. prior to the injC'dion of thC' antigen 

will not bloc·k tlw secondary response, i.e. in suc·h a rabbit the injpction of the 

antigpn will C'\'Oke the SC'condary rpsponse p\·en though the inj C'C'l ion is gi\'C'n a few 

days following the administration oft lw X-ray closC'. 
The Enzymes of the Lymphatic C'rlls. \Ye postulate that, in gPnC'I'al, the somatic 

cells of the rabbit c·ontain a number of di,•crsc bioc·hemical path\\·ays, j , j + I 

j + 2, C'Lc., and that a number of C'IIZ,Vme::; lie a long pa('h such pathway. This might 

he rC'pl·esented symboli<'ally by \\·riting 

/ Jl; 
E! 

Jl] 
E; 

J/] 
E? 

Jl~ 
E7 llk+ l ~ ~ 

E~ E~ E" E l • J 

. ' 1 I I 

.117+1 
I Jrj+ , /' I 1 k I ll k+ l 

,11 ~, ' 1,+ 1 . I J + I ' 
~ • J + I 

'-, 1 I E~ ' .117+2 E~ ' J1]+2 E~ .: JIJ+2 E ' ll k+ I . I 1 + 2 ' • j + ~ 

As this sehemc indi<"a(C's, the nwtabol ites J1J 1 ; J/ ;+ 1; J/1+2 ; de. of scvC'ml of t lwsp 

stray bioehemic·al pathways might ha,·e a common prpc·ursor Jl. 

LC't us now <·onsidcr one of thC'sc enzymes, for instanc·p E/. \\\'assume that this 

enzyme is und<'r the ('Ontrol of tlw rppressor 

We further assume that there' is a C'Oupling enzynw C'/ pr<'i"C'nt iu the <"ell whi<·h 

joins the R moiety of the rcpi'C'SSOr, Ri> to the Jl moiC'ty of the r<'PI'Pssor, Jl r 
Symbolically this might l><' incliC'atC'cl by \\Tiling 

k 
CJ 

\Ve shall assumC' in our discussion that t lw <"Oupling enzymps ('are not undt>r t hC' 

('On trot of any of the rqJrC'ssors herC' considC'red. 
\\'p shall further assume that both thC' c·atalytic· site and tlw contro ll ing sit<' of 

all these dcgradati vc pnzymes, E1, C'an spp<·ifieally com binC' \\'it h .11,, the su hst mt p 

of the enzyme. (• 'ee prcc·C'ding paper. ) 
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'The Genes G* and the :1 ntibodies 11. We shall designate by Gi the genes whic-h 

determine the identity of these clegradativc enzymes Eh and we postulate that for 

each enzyme E 1 there is only one c-orresponding gene 0 1 contained in each of tlw 

two haploid sets of ehromosomeR. The total number of genes of this category might 

perhaps be of the order of I 0,000 per haploid chromosomal set. 

One might be templed at this point to assume that the enzymcR E arc themselves 

the antibodies. We prder, ho11'e1·cr, to postulate the following: the gene. G have 

a lenclrney to get doublrd and in the eourse of evolution each gene 01 may have 

doubk•d many times. \Ye assume that 11·hen a gene G undergoes doubling, the 

gene G* which arc formed will in general lack a part , presumably a .·mall part , of 

the gene G. We assume in particular that the gene:; G* differ from the genes Gin 

two respects, 11·hich are a· follows: 

(a) the genes G* lac-k the tendency of the gene. G to undergo doubling; 

(b) the proteins 11·hic·h are determined by the genes G/ resemble closely the en

zyme E1 whieh is determined by the corresponding gene G1 but they may 

lack the c·atalytic aetivity of the enzyme. IV e postulate that these proteins are 

the antibodies A 1. 

The controlling site of an antibody 11 1 has the same specific combining affinity 

to the metabolite M 1 as has the controlling sitC' of the enzyme E1. Also the eat a lytic 

.~itc of an antibody A1 may have the samC' spC'eific· c-ombining capacity for the 

metabolite M 1 as the catalytic site of enzyme E 1, to which it i · related, and if this ~·s 

the case then we are dealing with a di1•alent antibody. 

The spontaneously oec·uJTing doubling of the genes G might be balanced by 

~pontaneou:;ly occurring delct ions of the genes G*, and an equilibrium might be 

maintained on this basis, in thC' a bscnc·e of genetic deaths. In such an equilibrium 

there might be present a number of genes G* c·oJwsponding to each gene G. How

ever, deletion. of the genes 0 and their mutations to incompetence would ha\'C to be 

balanced by the oceurrence of genetic deaths, in a tate of mutational equilibrium. 

There is a limit to the amount of genetic dcathfl which we may a:;sume to 

occur per generation, bcc·ause no species of mammals eould remain in existence if 

the amount of genetic deaths were too high. Thi · eonsidcration doC's not permit us, 

ho1Ye1·er, to set an upper limit for the number of gene;; G* present per gene G, be

eausc 11·e are as. uming that with rC'speet to the gene: G* mutational equilibrium is 

maintained in the absence of genetic deaths. 

We may set an upper limit for the total number of genes G* on the ba:i. of the 

amount of DNA present in the cell, but this comes out to be very high; if we assume 

that the weight of the mammalian gene is about the same as the weight of the bacterial 

gene, then the amount of DNA in the mammalian cell would be sufficient to account for 

one million genes. 
TheN ature of the A ntigen. - For the purpose of our discu:;sion an antigen P1 may 

be represented as a moleeule which i. composed of a non-antigenic protein molecule 

P0 to whieh are coupled m identical groups .A.-]1 (to whic·h we shall refer a a hapten). 

Accordingly, we may represent such an antigen P1 symbolically, by writing 

P 1 = {Fo - (M,)m} 

One can prepare rather simple artifieia.l antigens of this type by diazo-coupling 
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a hapten, f\omc small molecule, arsanylic acid for in tancc, to a protein which is 
not antigenic in the rabbit. lf m, the anrage number of such haptrns prr protein 
molrcule, is made large enough (m ;::.: l 0) we may have a good antigen whic-h will 
elicit the formation of antiboclie. specific for the hapten. 

If the hapten Jf1 is a chemical analogue of the metabolite M" thrn the antibody 
molecule .- l1 is capable of combining with the antigen molcculr P1 by virtue of the 
specific chemical affinity of the catalytic site and of the controlling site of the anti
body molecule .I 1 to the hapten Jf1• 

In the case of a natural protein antigen, such as a foreigu serum protein, we have 
a more complicated situation bccauf\c one protein moleeul might carry a certain 
number, m1, of one kind of determinant group and also a c-ertain number, m2, of 
another kind of determinant group, etc. To these determinant groups we , hall , 
for the sake of brevity, also refer a, hapten . 

More complex artificial antigen. may be prepared by coupling a hapten to a 
natural protein \Yhich is itself antio-enic in the rabbit. 

The Rabbit Antibody-A nligen System.- If antibody ,,·hieh is obtained from 
the rabbit i~'> mixed with the antigen for which it is . pecific, then within certain 
concentration limits a precipitate may be formed in \Yhich each antio-en molecule 
may be combined \Yith a number of antibody molecules, and caeh antibody molecule 
may be combined with two antigen molcc:ules. The concentration limits within 
which sueh a precipitate is formed define the .·o-ealled equivalence zone \\·here the 
supernatant O\'er the precipitate contain only small quantities of both the antigen 
and the antibody. The free ru1tigcn concentration is exceedingly low in equilibrium 
with such a precipitate. 

A precipitate may also be formed if the rabbit antibody iR pre~-;cnt in large exec · .. 
Ru('h a precipitate may be represented as consisting of units in \\·hieh a number of 
antibody molecules (the number depending on the size of the antigen molN·ulc) arc 
C'Ombined with one antigen molecule; the precipitate forms because ,·uC'h unit. 
stic·k to each other. The free antigen concentration is low in equilibrium with a 
precipitate of this typ also. 

Xo antigen-antibody precipitate is formed if antigen is present in great excess. 
Presumably in this case each divalent antibody molc<'ulc ii'i <'Ombined with two anti
gen molec·ules. One of the antigen molec·ules is C'Ombined with the antibody rnole
C'ule at the C'Ontrolling site, and the other is <'omhined \\·ith it at the catalytic· site. 
Ea<'h antigen molecule i combined, however, with one antibody molecule only. 

Proteins \\'hich may have a tendenC'y to stic·k to gamma globulins may be co
precipitated when an antigen antibody precipitate is formed in their presetH·e. .\n 
exampk for proteins which may be eo-precipitated in this manner are tlw ~-;crum 
"complements"; whic·h arc "fixed" \\'hen an antigen-ant ibocly prPcipitate is formed 
in their ]Jl'CSCllC'e. 

'The Coupling Hnzyme-A nti{Jm System. If the hapten JlJ J of the autigen Pi is a 
chemical analogue of the metabolite .1!1, then the antigen can re,·ersibly c·ombinc 
with the C'oupling enzyme C1 by virtue of thP sppcific c·hemical affinity of the 
hapten to a part of the catalytic site of the eoupling enzyme. 

We postulate that the coupling enzymes n'semhle those antibodies of the rabbit 
whic·h form a precipitate with antigen when the antibody is in PXC'PSS. Ac·<·onlingly, 
at low antigPn c·onc·pntrations a number of c·oupling enzyme molecules might he 
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combined with 011e antigen molecule and such unit» may then stick to each other 
aud form a precipitate. We may assume that the free antigen concentration can 
be very low in equilibrium with such a precipitate. 

The "Sensitive" Lymphatic Cells.- We assume that the cell. · of the lymphatic sys
tem go through a maturation process that carries the eell from ih; initial form, pre
sumably the stem cell, to it. · mature form, presumably the plasma eell. When a 
lymphatic cell reaches a eer·tain phase in this maturation proccs. it becomes "fiensi
tiYc" in the sense that it become: capable of responding to the exposure to a soluble 
antigeu with the formation of a r:<pccific antibody. We assume that what render· 
the cell sensitive, when it rca('he. this pha e of it .' maturation process, is a general 
lowering of the repression factors to a value of perhaps A = 106• (For definition 
of the repression factor sec preceding paper.) This migbt be brought about by an 
increase in the activity of an enzyme which can universally hydrolize the R moietic.
of the reprcs:or . In tbe preceding paper we have postulated the existence of such 
an enzyme and designated thiR hypothetical enzyme as the "hydrolase." 

The set of constants assumed in the preceding paper, for the enzyme-forming 
syst.em of the mammalian cell, lYe assume to hold for the antibody-forming system 
of the "sensiti\'C" lymphatic cells. In the immature form of the lymphatic cells 
and in the rest of the somatic cells the concentration of the repressors Po and the 
corresponding repression factors A preswnably have a much higher value. 

The Primary Response.- We assume that when a soluble antigen is injected 
intravcnou ·Jy or intrapcritoneally into the rabbit, it penetrates into the cytoplasm 
of all the lymphatic cel ls. We further as.-ume that if the antigen stays in the circu
lation long enough, tbc free antigen concentration in the lymphatic cells will be the 
same as the free antigen concentration in the circ·ulation. This mean that the 
chemical potential of the anticren in ·ide the cytoplasm of the lymphatic c:ell is 
the same as the chemic·al potential of the antigen in the circulation. 

According to the views here adopted, the primary response comes about in the 
following manner: when a soluble antigen P1 is injected into the rabbit it will 
diffu;;c into the lymphatic cell · and precipitate the coupling enzyme C1. As the 
result of this, the rate at which the repressor REP1 is formed will be reduced, and 
the concentration of thi.- repressor will begin to fall. As the concentration of the 
repro ·1:3or fall s, the rate of formation of the antibodies A 1 will increase. 

Antibody molecules A J present in the cell bind moleculci:i of the rcpre sor REP1 

bec·ause of the specific affinity of the repressor molecule to their controlling ·ite. 
Acc·ordingly, in a sensitive cell, as the concentration of the antibody molecules 
.11 rises and the concentration of the repressor molecules REP1 fall , at some 
point in time the enzyme-forming fiystcm ,,-ill lock and from then on the cell will 
produce the antibody molecules A 1 at a high rate, even in the absence of antigen. 

Thi sustained antibody production, by the cells in which the enzyme-forming 
system has locked in the primary re;;ponse, rcprese11t. a kind of memory, and it may 
account for the sustained immunity manifested by the rahbit. 

Po~sibly a cell might lock simultaneously for the production of antihodie specific 
for two different hapten . But once a cell has locked for the production of an 
antibody, which is thereafter produced at a high rate, then subsequently a new 
stationary state establishes itself in the cell. The cell is then no longer "sensitive," 
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so that if it is expo eel to another antigen it will not lock for the production of the 

corresponding antibody. 
The C'omple:cities of the Primary Response.- \Vhen thl' primary re~ponsl' is elirited 

in the rabbit by injecting an antigen which eonsi.ts of a non-antigenic protein Pr. 

to whirh are coupled m haptens iii> there will combine with an antigen molecule 

not only moleeules of the coupling enzymes C1 but also moleeules of the enzyme .81 

and of the antibodies .t1 1. 

The phenomena. accompanying the primary response arc even more complic·ated 

if the artific·ial hapten is coupled not to a protein which i. non-antigenie in 

the rabbit but, for ini'itaner, to a foreign Rerum prokin which is antigenic in the 

rabbit. \Vhen sueh an antigen clifTufies into the lymphatic cell., \ 'ariouR coupling 

enzymrH correHponding to thr various determinant groups carrird by the antigen 

moleculr, and alHo the corresponding enzymes E and antibodies A. may combine 

'rith the antigen and form a precipitate. 

On this hafiiR it is possib le to explain why a conjugated protein carrying an arti

ficial hapten elic·its more antibody directed against the artificial hapten if the pro

tein i. a foreign protein which is a good antigen in the rabbit, rather than if it is 

one of the rabbit's om1 ·erum proteins. 

The , 'econdary Response.- We shall po. tulate that lhe c·ells of the lymphatic 

system eontain a hypothetical enzyme 8 which, when present at high concentra

tion, will inhibit cell division. We shall further postulate that this hypothetical 

enzyme 8 rcHembles <·omplement, inasmuch as it can he co-prec·ipitated if an anti

gen-antibody preeipitate is formed in its presence. 

\Vhen an antigen P1 iR injectrcl into a rabbit for the first time, a certain number 

of the Rensitive lymphatic cells will lock and henceforth produee the antibodies 

.1 1 at a high ratr. When a lymphatie eel! locks and produces such proteins at a 

high ratr, it will from then on produce mo;-;t other proteins, including the hypo

thetical enzynw 8, at a low rate. ThuH, following the loc·king of the lymphatic 

eell in the primary response, the concentration of the enzymeS "·i ll fall, and it may 

reach a new ;-;tationary level within a few day.· or weekA. 

If, about four weeks after the first injection of the antigen Pi, the same antigen 

is injected into the rabbit again, it will diffuse into the lymphatic ce lls and it will 

form a precipitate with the antibodies A 1 in those lymphatic eclls whir·h have 

lockrd at the time of the first injection of the antigen. By thr process of co-pre

cipitation a certain quantity of the enzyme S will thereby be fixed, and, inasmuch 

as at the timP of the second injection the level of thiR enzyme in the locked cells 

i. low, the concentration of the enzyme may fal l to the point where it can no longer 

inhibit cell division. 
Thus, lhf sPcond injection of the antigen will/Pad to prol1jeralion of those cells which 

hal'e locked at lhf lime of the .first injection of the mlligen. 'fhis is our e:rplanation of 

lhf secondary re.sponsf. 

lf the views ht>rc adopted are correct, we may expect that the secondary response 

would be elic-ited by any eompound carrying a hapten, which forms a precipitate 

with the twtibody that iR directed against this hapten, whet her or not the compound 

iH capable of eliciting the primary response. 

The finding of compound. which are weak antigens, in the sense that they will 
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elic·it only a IH'ak primary n•sponsP, hut are p;ood antigens, in the sense that they 

will elicit the full secondary rc";ponsc, II"Otdd lend ::;upport to our theory . 

. \. conjugated protein, obtainpd by coupling an artificial hapten to rabbit serum 

albumin, i: suppoi:i<'<l to he a I'<'I'Y WPak anti!l;Pll in thP rabbit, in tlw sense that it 

docs not Plic·it in tlw primar~· response tlw formation of an apprpciahlP quantity of 

antibody dire('tcd against the' artific·ial haptPn. On the other hand, a conjugated 

protrin ohtainPd by c·ouplinp; an artificial haptPn to a foreip;n sprum globu lin , which 

iH antig('ni<· in the rabbit, is supposl'd to he a I'PI'.)' good antigen in the sense that 

it will <'licit in t lw primary rc. ponsc the formation of a substantial quantity of 

a ntibody dircc·tcd against the artificial hapten. (Oral c·ommm1ication, IIcrl)('rt 

~\.nkcr, 19.)!J. ) 
On th is lmHis, our theory predicts that if II'<' pre-immuni7.(' the rabbit ll"ith a c·ott

jugatcd foreign serum globulin and <'l·okp the sc'<·ondary rt'. pon. e 11·ith the conju

gated rabbit semm albumin , " ·e should obtain in the secondary respon::;e a substan

tia l quantity of antibody direc·t C'd against the hapten. If, holl"ewr, 11·e pre-immuni;~,e 

the rabbit ll"ith the conjugated rabbit serum albumin and el'oke the secondary 

rpspon:e ll"ith lhe eonjugatNI foreign serum globul in , then we should obtain in the 

secondary response• a lc,;s substantial production of the antibody clircc·tcd again. t 

the hapten. 
In interpreting the results of an <'XJWriment of lhi:-- type, one must keep in mind 

that 11·hc'n an an tig(•n is injected for the spc·oncl time Oil<' obtains nol on ly a secondary 

rc•sponse hut also a "primary response," in which sensitive lymphatic· e<'lls will lock 

for llw formation of tlw SJWC'ific· antibody. lt should be possible, however, to diH

tinguish these t 1\"0 rcsponsel', lwcausc tlw rc!Ntsc of the antibody into the eircu la

tion from th<' st'c·onclary response' presumahl.\' precedes its relcas0 from the "pri

mary n·sponse." 
The Decay o/' the J>n·nwry He~]Jonse. In lhe primary response thC' release of ant i

body into the c·irnllation docs not pertoiist long at a substantial rate after the antigen 

has been eliminated from the circulation . It is c·onceivable, thongh by no means 

eertain , that, as far as the release of antibocl)· into thE' eirculation is concerned, the 

phenomena whieh d1ttracterizP the sceondary rrsponse may play a part in the pri

mary response also. 

'Vh en <l cell locks for the produdion of <lll antibody in the primary response the 

coneentmtion of tlw atdigen prespnt in the eirntlation might be high enough to 

lead to the formation or an antibody-antigen precipitate in the locked rell and to a 

co-precipitation of thr enzyme S. This might c·ause a proliferation of the locked 

c·e ll as drscribed above, in connection with the sceondary response. 

The lockE'd <·ells 11·hich divide may disintegrate as fa,;( as tl1E'y are produced and 

release their antibod.v c·ontent into the circu lation. 

Soon aftE:'r the antigen dil<appears from the c·irntlation, this enforced proliferation 

of the loc·kc•cl eell s may c·ease, but \\"e nut)' assume that the locked cell s ''"ill keep on 

di,·iding, ('YC'II though rather "lmYly, and rcleaf' ing their protein content into the 

circ· ulation . The amount of antibody produt:ed which is specific for any gi,·en 

antigen may not be appre('iablc , but the total gamma globulin prodnetion of the 

adu lt animal may be a measure of the rate at 11·hieh the locked lymphatic eell s 

divide and di . integrate. 

Xewbom rabbits arc not ('a,pah lP of forming antibod ies aud we may pcrhap 
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assume that in the lymphati(' ('ells of th<' newborn rabbit hydrola,.;c acti,·ity is low, 

and therefore thC' repression factor,.;/.. arc hiv;h. On this basis we may undC't':"tand 
\\·h.v lymphatic· cells of the lie\\· horn rabbit cannot lock for the product io11 of an 
antibody when they are exposc•cl to an antigen. 

Tlw fart that in the young rabbit, just as in many othc•r young animHls , the rate 
of produrtion of gamma globulin is low supports th<' ,·iew hen• adopted that the 
gamma glohulills are produ('NI by the Joe· ked lymphatic· c·clls. The lymphat ir· C"ells 
which ha,·e 110t loc·kcd might not di,·id<· at all or might di,·idc• c•xr·C'cdinll:I.Y s lo\\· 1~ · . 

Immune Tolrrancr fnduc('d in the X rwbnrn Hahln't. If a large• amount of an anti
gen J>1 is injC'ctcd into a newborn rabbit, whir·h cannot form arrtibodirs, the antigc·n 
will diffuse into thr lymphatic r·r•lls and there will be a C"ondition of antigerr exC"ess 
both with resp('(·t to the couplin~; enzymes ( '1 and tlw antibodiPs .\ 1 . 

. \.t the tinw , IJ<'rhaps 1\n> "·eeks Hftcr birth , when ,.;omr of tlw lymphatic· c·ells of 
the rabbit bC'r·ome "sensiti,·c" and c·apah}(' of forming ant ihodies, the antigen 

concentration in the cirrulation will still be high . 

The prescnc·e of a high c·otH·c•ntration of the antigen P1 will pre,·rnt tlw loc·king 

of these eells \\·ith rC'sper·t to the• production of thP antibodies . If> bec·ausc the hap
tens XI1 of the antigen 1'1 compete 'rit h the rcprC'ssor N He, for the ron trolling site 
of the antibodies il 1. 

The concentration of the anti~;<'tl i11 tlw circulatiorr of the rabbit \\'ill slowly fall 
and aftC'r se\·cml morrths it might n•ac·h a ,·cr·,v low nlluc. :'\c,·prt heir. s, the rahhit 

may still exhibit at that time sp<'<"i fie immune· tolcn.trH·c• with rc•spc('( to the ant ig<'tl. 
\V e may attempt to aC'count fort his phenonwnon as follcl\\'s: 

If an antigen molec·u!co i,; c·omhincd with tlw c·ontrolling site· of tlw "atLaC"hcd" 
enzyme moiE'rule \\'('may assume that it "·ills('( up a strri(' hirrdrarH·r and repress 

the formation of thp antibody molecule in mtH'h the same mty as " ·ould the spce·ific· 
rcpre. sor molr<"ule. 

We. hall drsignate the errzymc'-forming :"it<' \\'hir·h is spec·ific· for the fonnatiorr of 
an antibody A 1 as the ribosom<' B/ . For t lw pmposc• of our di,.;c·ussion \\'('may 
assumr that rorresponding to C'ac·h gene G/ \\'hil'h determines an a11tihody .11 there 
is present in the cell one and just one• ribosome B/. SirH·P \\' l' han' assumed that 
there are a number of genes U/ \rhich c·otTrspond to the• ~;ertc• 0 1 , there \\'ill also be 
a number of ribosonws 13/ for eac·h gene 0 1 • (Tiw antibodiC's . 11 \\·hic·h arc made• 
by the di!Terent ribosomes B/ may diffe-r sonw\\'hat from c'aC'h other in t hPir specific 
combining eapacity with rcspp('( to the nwt a boli tc J/ 1 and the hapten .\f1.) 

\Ve shall assume that <•aeh antibody .11 is formed inside the c·orTesponding ribo
fiOme B/, and that 1lw ribosome i:-; a ,.;emi-closed structure. 

\Ve asRdme 1 hat \\'a(N , salts, and small protein molec·ulps, irl('luding t lw hypo
thctir·al enzyme [ ' postulated in the prec·c•ding paper, may all difTu,;p fr<•ely ir1 and 

out of the ribosom<' . The antibody molecule. t 1 whic·h is produced in the ribosome 
ran, hOW!'\'(' I' , not d i f'f USC Oll t of ( ]l(' ri bOSOillC, and its C'OIH'en t ration wi lJ ( lwrC'forc 
rise until the osmotiC" pressure inside the ribosome' cxC'ceds the o::;motic· pr('ssur<' in 
the cytoplasm outsidP of tlw riho,onw. At that point water will lll'!!;ill to dif'l'usc· 
into the ribosome and al-i the hydrostatic· pressure inside the ribosome illcrc•asC's, the 
ribosome may open up suffiC'irntly to permit c•sc·ttpc of a few antibody mole('llit'!'. 
On the basis of suc·h a model \\'('may cxpcc·t !hal c,·cn in c·C'lls whic·h ar • not loc·k<•d 
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for tlw produc·tion of an antibody rac·h rihosonw c·oJJtain,; tlw antibody, for whjrh 

it i:; sprcific·, at a high c·oJIC'entrntion. 

Thr c·onc·c'ntratiou of 1 lw antigen inje·drd into the IH'II'horn rabbit" ill remain high 

in the !'in·ulation for an rxtended pPriocl of time, and clming thi:; time enough anti

gen F1 'rill dif'fuse into tlH' ribo:;onw 11;* to form an antigen-antibody precipitate. 

Tlw "attached" antibody moleeule J 1 in the ribosome may be eombined at its 

controlling :-;itC' 1rith an antigrn molec·ule and may form part of the precipitate'. 

Bemuse the concentration of the fn•c· antigen in equilibrium with such a precipitate 

i:-; low, thr prec·ipitate may still persist in the rihosonw at the time when the c·on

c·entration of the fret' antigen in the c·ireulation has fallen so low a to be unde

tectable. In this mannPr 11·c may ac·c·ou11t for enduring immune tolerance. 

Accordingly, C'nduring immune' toleranee requires the pre>;enee of the antigen 

in the lymphatie eells, hut doc: not rccp1ire the antigc•n to be present in the c:ireula

tion at a dc•tpdable c·onc·eJJtration. 
Specific immune tolerance could not c'ndure for lono· if the lymphatic· cells of the 

rabbit ll'hic·h huxe nol lcwkNl for the production of any antibody were to di1·ide at 

a substantial rat<' , bpc·ause ne11· ribosome:; B/ are pr0sumably formed by the genes 

0/ when the edl di1·icles, and antibody procluc·tion in these new ribosomes n-ould 

not be bloc·kecl. (Cells ll'hieh have' loc·ked for the production of an antibody may 

bC' <li-iHUnwd to undNgo clil'isions at an appreeiahiC' rate, but these cells are not 

<·apabiC' of r0sponding to the' exposure• of an antige'n 11·ith the formation of the spe

c·ifiC' antibody, and would ther0fore not aholi,.;h immune' tolcranec. ) 

'l'hr Cas!' of lhr X-Raurd Rabbit. \\\~may attribute thC' inability of the rabbit to 

rpspond ll'ith the formation of antibody, if the antig<•n is injected several days after 

the rabbit ha:; been Pxpo:;('dto <cUl X-ray do:;e of -100 r, to the inability of it:; lym

phatiC' C'ells to loek for the formation of an antibody. 

On this basi,.; we may expeet that, if a largr quantity of an antigen is injpcted into 

the rabbit , sei'C'ral days after the rabbit has b0en exposed to an X-ray dose of 400 r 

the rabbit 11·ill exhibit enduring immune toiC'I'aneC' with resped to this antigen. 

If an X-ray do:-;e of ·~00 r is admiui:-;tcred to the rabbit after the iujeetion of an 

antigen , thpn by tlw time the X-ray exposure takes effeet many of the lymphatie 

eclls of the rabbit 11·ill hal'e loc·ked for thC' production of antibody directed against 

the antigC'n . ThPse lor· ked <·ells " ·ill proe·ced to form antibody, unaffected by the 

X-ray expoi-iure. Ac·c·ordingly, in t hi:-; c·a:;C' the X-ray exposure will not prel'cnt 

the rabbit from responding to tlw injection of the antigen 11·ith the formation of 

anti body. 
Hinc·C' tlw antibody released into the eireulation in th<' ,;ec·ondary re:-;pon::;e i: re

leased by c·C'IIs that htwe loek0d for thC' formation of the antibody at the time 

of tlw primary rC'sponsC' , or by their dC':-;c· •ndants , th('l'e is no reason to 0xpcct that 

C'xpo:ing the pre-immunized rabbit to an X-ray dose' of about ·WO r should inhibit 

tlw SeC'ondary re:-;ponSC'. 
Concluding Rrmarks. If the model for c·ellular difTerC'ntiation , pre::;cnted in the 

precC'ding pap0r, should in fact COJTPetly deserilw tlw mokcultu· basis of antibody 

formation, then "·e !'Ou ld he rather confident that thP abo1·e gi1·cn explanations for 

the major immunologic·al phenomena arc C'ssentially c·one('t. Thi:; hold in par

ticular for the role IH' ha I'<' attri but cd to the "loc· king" of sens i ti 1·c lymphatiC' cell:; 

in thC' primary r<'sponsc and for the notion that tlw primary r0sponse and the second-
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ary response are basically difTcrent phenomena. \Vr eannoi b0 equally confident, 

hmrcYrr, :Jf the corrrctnC'r-;s of nlrious assumptions \\·hich r0latC' to d0taib and 

which WC' introduced for the sake of the concretcnrss >f the dir-;cul-'sion. .\mong 

thrsc are the assumptions \\·hich relate to the mechani:-;ms by \\·hich tlw ant igcn 

lower;; the reprrr-;sor concentration and the a!-'sumplions which relate to the struc

ture of the ribosomes H*. "\.::;far a;; such details arc eonccrnrd it might wPil be 

that our a;;sumptions will ha\'e to be modifil'd bter on, in the light of futurl' rxpC'ri

nwntal data. 

In t 11C' proc·e•ss of formulating the thought;; cxpresse•cl i11 this pa)wr I had the 

pri\·ilege of dise·ussing the subject with Dr. :\Iauric-e ~- Fox, The Hockrfeller ln:-;ti

tute, Xew York; Dr. Howard Green and Dr. Baruj Benaeerraf, Xew York l~ ni\ · ersity 

College of :\Iedicine; and Dr. Herbert "\.nkC'r, The Cniver:;ity of Chie·ago. It is a 

pleasure to :wkno\\:ledge tlwir helpful suggC'Htion::; and c-riticism. 

* ThiH paper i~ the rnntinuatin11 of a papPr Pntit IPd " Tiw Control of the Formation of Hpt•cific 

ProtPinH in Bact<' ria and in Anim:tl C.\· II~ , .. page~ 277 2!12 of this isstH' of tlwse PnoCEJWI:\c; s . 

The concPpts, nolalio11s, and equa ti o ns of the fir~ I paper earr.\· ovN Lot his papPr. 

t Thi~ 11·ork wa' snpportc·d hy a rp,parc·h ~ra11t of tlw :\atio11al InstitutPs of Health, U. H. 

Public llralth SC'rvicc•. 

PCIUF!C.lTJrJ.V OF . 1 .VEHTE-GROWT!l FROJ!OT!.VG PIWTE!.V 

FROM '1'/JE il!OC8E 8.·1UI' ARJ' GL'IND . lXD 1'1'8 

NECRO-CT'l'OTOX!C 11XTISERCJJ* 

I)lo;p \.UT~ll-~:\T OF ZOOLOGY, \\' \ S lll:-\(1'1'0:\ l NI\' EHS I'l'Y, ST. !All IS 

( 'onwlllnicaled l>y 1 ' iktor IT amb11 r(Jer , January .',, 1[)60 

fnlToduclion. We• han• reported the isolntiou of a protein from snake Yenom 

1Yhich specificn.lly promot<•s the growth of sensory and sympathetie n01Te cells, 

both in tis ·ur c·ulturc and in the li\·ing ehie·k rmhryo.• .u The cliscov0ry of a 

i':iimilar faetor in the :-;aliYary glands of tlw moLL C', rat , and ham:;ter,' cxtendccl the 

in \'est iga.t ion to i ncludc• mammals. 

Th<' first part of this pap<'r is c·on<·cnlcd with (a) th<• purifirution and natur<' of 

the nN\·e-growth factor in tiH' submaxillary ~~;hwd of th<' mouse , and (b ) its e•f'fpct, 

when inj<•ctccl into the n1ouse•, on tlw gro:-;s C'hrmieal e·ompo:-;ition of thP sympatlwtic 

u;anglia. 
In the course of thi;; ;;tucly 11·e 11'('1'(' able• to prepare a11 antis<'nlln to the purified 

gro1dh fae·tor i:-;olatc•d from the salintry gland. Th<' ant is<'rum inhibi t<•d , in 

tissue eulturr, the biologieal adi\·ity of tlw antigen. This gave us an opportunity 

io examine• n qu<•:-;tion rai:-;cd in our pn'\' ious 1\·ork eonccrning the po:-;sible physio

logical role (if any) of the growth fnC'ior in tlw normal orgnni:-;m. Jf a similar factor 

operates iu th<' normal mousc•, th<'ll tlw injc·ction of tlw anti. erum might interf<'l'e 

with its function. \Ve ha\ 'l' incked found that th<' :-;uheutall<'OllH injection of this 

antiserum in vivo rc:-;ults in a spc•cific atrophy and destnwtion of the• sympathetiC' 
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nerve cell:-:: nol only of the moU>'l', but abo of the rat, cal, and rabbit. The cytologi
eal rffrcts on the Jwn·e cell of both tlw growth faetor and the specific antiserum arr 

drscrihed in two communications by Levi-l\[ontaleini and Bookrr (in this issue of 

the PROC'J•: I~ or:-.rGs). Thrse oh~o;en'ation. suggeRt, but, do not prove, that the growth 

factor or an antigrnically similar molrcule is irwol vrd in tlw maintenance of t hP 

rl<'rve cells of the sym pat lwt ic systPm. 
Apart from this point, thr more or less completr elimination of the ::;ympathetic 

ncn·ous Hystcm h.v a specific antiserum opens up new areas for physiological re

S('arch. 
,1/ aterials and M !' /hods. The ·uhmaxillary glands " ·ere isolated from adult (over 

22 gm body IYeight ) malr Swiss micr. The carboxymethyl cellulo. e (Ci\I-ccllulose) 
and dirthylaminoelhyl rellulosp (DEAE-cellulose) prPparation s have hPNl de

sr ri llC'd. 3 

The asRay for nerTe-growth promoting activity was made using sensory ganglia 

from 8 \) day ehirk embryos rxplantecl in hanging drop t.isRue cultures. The 

amount of fiber outgro11"lh was ob. ervcd after 18 hr of incubation. The details 

of the proc0clurc ha\·l' b0en preRl'ntrd elsewhcre. 1 •3 Thr assay was sensitive to 

twofold changes in r·onrr'nl rat ion of t lw arti vc material; smaller changes werr not 

dctect.able. 
The protein clct<' rmin ations wrrr made using the Folin phenol reagent4 with 

bovine albumin as a standard . Thr total nueleie acid c·ord <'Ill of the ganglia wa 

eRtimalpd by the ultr:wiolrt absorption of a hot arid rxtrnd. 5 Tt was assumed t.hat 

both ]) JA and HXA hn.Yc an ~ (P) of \18:"50 at 2o8..') 11lJ.l . Tlw protein was cletrr

min(•d on thr rr~o;iclue aftrr the hot acid Pxtraction. The DNA r·ontent of ganglia 

was cletNminrcl by a fluoronwlric procedurc 6 

E.r wrim('n/al Results. Distribution orthe growth faclor: In a S<' ries of experimrnts 
the c·onC('nlralion of tlw factor in th<' :-;trlmmxillary gland, obtain(•d from both male 

and fpmaiC' mic<' ;ll 1·arious ages, was <'xamined. Thr glanlil' 11·ere excised , ho

mogenize'<! in isotonie :-;odium ehloride, a nd aliquols werr ar;<;ayrd for ne1Te growth 
promoting arti1·ity in tis:-;ue c·ultmf'. TIH' rrsult:-; an· :-;hown in Tahir 1. Up 

TABLI~ I 

\"ER\"1•: c:nn\1"1'11 l" u "l'tJ it C'o:-.:TE;\;T ()~''!' liE St · R~I AX II . I. .·\ 1{\' (:1.\ .") "" 
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50 
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:\ liquot!-i nf rru dc honwg(•ntLl<'8 of the subm::t.xillary ~l und wrre a~-;ayf.-'rl for bio
logical acti\·ity. 

t.o approximatrl.v 1/ clnyti of agC' only traces of acti1·ity eould llP delrctecl. During 

the period of 25 to 50 dayR of age, when adult le1·e ls arc reachrd , thcr<' iR a sr1·rral 

thour;andfold increa. r in the spee irir activity of the homogpnates. In all agr 

groups the Rubmaxillary gland from malr mice showed a highrr specific aetivity 

th a n did Lhe corresponding gland of fpmale micr. 
TTnmogrnatrs of llw submaxillary gland isola ted from ad tilt rats and hamstrrs 
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were aetivC', but pos:-;p,;:-;ed a specific ac·ti\'ily of only 1 1.ooo of that of thr adult malr 

mouse gland. Activity was also detC'ctcd in thr ,;alint of a mouse injrcted with 

pilocarpine to inducr ,;ali\'ation. Only trac·es, if any, could hr deteetrd in crude 

homogenate. of the :-ubmaxi llary g land of the cow at Je,·els up to:) m12; of prot0in 

per ml of tissue culturp n1C'dium. 

The sub! ingual sali nLry gland of the mouse has regularly shown a ,;pec·i fie aet i ,·ity 

of approximatrly 11
100 of that of the submaxillary gland. ln o ll l' of thrc'c at tPmpts 

the parotid gland was found to contain a trace' of actiYit.\·. 

The presence of the growth factor in eertain rodent tumors has been px(('nsi\·C'Iy 

reported.7 - 11 E\idence hafl been obtained that a similar aC'ti,·it.v may he present 

in very lo\\· eoncrntmt ions i11 other normal mousp tissu('s. Lc' \·i-:\lontalc·ini e/ al9 

have reported its JWPsenc·c in tlw heart muscle of embryonic mice. Tmc·p,.; of 

aet.i\'it.y have occasionally been found in homogenatPR of thr st riatrd muscll' of 

adult. mice, 10 and in Cllle of four attempts it has brrn detc•ctpc[ in the blood S('rum 

of a normal mouse. ,\! though at lr\·rls of:) mg of protein prr ml of tissue cult ur(' 

medium crude homogenatE's of a Yariety of other n1ousp tissurs ha\'C' shm,·11 no 

dptectahlP aeti\'ity, 1 Buekrr12 hm; drtect.ed some act i,·ity in partially pmified 

prrparation. of thymus, kidnC'y, and muscle'. lls presencr has rpcentl.v al::;o hern 

not.ed in the serum and in thr urine of the mouse (H. Lr,·i-:\Iontalcini ). 

\Vhere rxamined , the specific acti ,·ity of t issurf' ot hpr than t hP sal i ntry gland 

was nrver more' than 1 o.ooo of the lat Ler. 

It has not bPrn ascertained whether t lw growth fac·tor is synti1C'si;;ecl in the Rali

vary gland or is producpd elsewhere and is c·oncentrated in that organ. In any 

case, there is a striking parallelism lwtm•pn the distribution of the acti\'ity as 

shown in TabiC' 1 and the cytological changes which occur in the :<alinLry gland of 

t h(• mouse during its po:-:;t-natal clevelopnwnt. 13 

l'unJicahon or t'u' growth fartor: Adult male miC(' (:22 gm body \\·eight or m ·cr) 

,,·ere killed using chloroform . Thr submaxillary glands \rerc pxeiscd and frozen 

until a sufficient quantity had be0n accumulated (8 gm ,,·et ,,·eight from 70 0 

miee). The frozen tissue was homogenizc·d for 2 min with 50 ml of co ld distilled 

wat.er in a \Varing blendor. The homogenate ,,·as centrifuged for 10 min . The 

supemat.ant nuicl was dec:antPd and the r0sidue was ,;tin·ed with 22 ml of distilled 

water and recrntrifugPcl. The supernatant fluids \\·ere combinrd and the residue 

cliscardrd. All eentrifugations in this procrclurP ,,·rre pNformrd at 0 2° at 1;),000 

X (I in an Tnt rrnational cc'nLrifuge. 

To H volumrs of till' combined suppmatant fluids was addrd I , ·olumc• of a stoc·k 

st.rl'ptomycin solution. (Stock :-:>Lreptomycin sulfate solution: 0.2 Jl, adjusted 

to pli 7.8 with XaOfl. ) The final plT of the mixture mts het\\'C'C'Il G.!J and 7.1. 

The mixture was allowed to stand in the refrigerator for:~ hr and then was cPntri

fuged for 5 min . The <' lear rrcl :-:; upernat.an t was rC'tai11C'd a11cl tlw rpsicl ur (ntiC'Iro

prot.einfl) was d isearded. 

Ahsolut<' aleo hol was then addrd in a ratio of 0.07 ml per ml of ,;upprnaLant 

fluid . The mixture was a llowed to stand for 1.) min uL 0 ° and mls then crntrifugrd. 

Thr small precipitat<' was disearded. To the supematant 1nts added absolute 

aleohol, 0.3:) ml for each ml of original so lution. The mixtmr waH ull ow('d to Htand 

for 45 GO min al -5°, and was thrn CC'nt rifugc'd for JO min . The supernatant. 

nuid was discarded. The precipitat.C' l'Oiltained most of the rrd pigment and tlw 
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gro\\·th factor. Tot he preeipitate \\'aH added :2:) ml of distillt>d watPr and the pasty 
rt>sidue was stirred until uniformly disperr;cd. \Ye found it eoll\·enient to free>~e 

and store the material O\'el'llight at this stage. 

The frozen mixture was then thawed and centrifuged; the precipitate was dis
carded. The supernatant \nLS fract ioned by the addition of a saturated ammonium 
sulfate solution, pll 7.:{. The fraction prec:ipitating behreen 52 .. 5 and 71 per cent 
saturation "·as rC'tained. (.\time interval of 1.5 min at 0° ~ras allowed for the pre
cipitation after each addition of the ammonium sulfate ;;olution.) The active 
precipitate \\·a;.; dissoh·ed in :2.5 ml of distilled water to form a clPar red solution. 
The solution m1s dialyz0d. \rith stirring, for :~() hr against repeated changes of 
dil'tillcd ~rater. The mixtmc \\·as then eentrifuged and the slight precipitate was 
di,carded. 

A short column of C\\I-cellulose was prepnred as follows: 1 gm of the powder, 
in a 2 em diameter column, was washed with a mixtme of 0 .. 5 M NaOII, 0.5 }.[ 
x~~CI, and then "·ith 0.00.5 JI ::\aC'I until the eluate waH free of alkali. The di
al.'·zed ammonium sulfate fraelion was then passed through the column at a no"· 
rate of:)- -± drops per minute. Cndrr thes0 conditions the active material was not 
absorbed. The cellulo~c \\·a~ washed with 2 column volumE's of distilled water 
and the water clear eluates \\'Ne combined (Cl\I-1 fraction ) . All of the red pigment 
rPmaincd adsorlwd to the column . 

. \ column of DK\E-cellulo,·c was prepared. :) gm of the powder, in a 2 em 
diameter column, \H'rC' successi,·ely wa;;hed with solutions containing (a) 0.5 M 
~aOH, 0.:) M XaC'I, (b) 0.1 Jli XaCI , (c) 0.1 JJ phosphate buffer, pH 6.0, and (d) 
0.00.- J£ XaCI. The C:\1-1 fraction \nls then pas;;cd through the column followed 
hy 80 ml of 0.01 J/ XaCI. The eluates were discarded. The active material was 
then eluted with 10 ml of 0.1:2 J/ XaCI (DEAE fraction ) . 

A second column of (').1-cellulose was prepared. :3.5 gm of the powder, in a 
:2 em diameter column. \\·ere successively washed with solutions containing (a ) 
0.;5 J/ XaOII, 0.5 XaCI , (u) 0.01 JI XaC'l, (c) 0.1 M Hodium acetate buffer pH 
4.:38, and (d ) 0.01 J/ XaCI. The DK\E fraction was 110\\' passed through the 
column. The column "·as then wa~hcJ with -lO ml of 0.1 J/ XaCl and then with 
100 ml of 0.:3 Jll XaC'I. All the C'luaLes thus obtained were discarded. The active 
material " ·a;; then eluted "·ith 70 ml of 0.75 Jl XaCl (Cl\I-2 fraction) . 

. \.third column of C:\1-cellulosc was prepared as follows: 500 mg of the powder 
in a 1 em diameter column was \ntshecl as directed abo,·c for the Cl\I-2 fractiona
tion, except that the fin:tl 'msh is made with 0.1 ill XuCI instead of 0.01 M NaCI. 
The Cl\I-2 fraction wai-i dialyzed O\'ernight against 0. L JI X:.tCl and passed through 
the column. The column \\·as then washed ~uccc~si,·ely \\·ith 15 ml of 0.1 JJl NaCl, 
15 ml of 0.:3 JJ XaCl , and 20 ml of 0.:35 llf 1'\aCJ. These eluates were diRcarded. 
The acli,·e material wa~ then eluted with 15 ml of 0.75 JI N'aCI. This solution is 
stable at least for SCV('ral weeks when kept fror.en , although a gradual flocculation 
of the acli\'e material orcms. 

Typic a I yields and biological acti \'itics at the \'arious fractionation steps arc 
shown in Table 2. A l 00-f old purification was ach iend with an over-all yield 
which \'aried between I 0 and 20 per ccn t. 

PTOperties or lhe growth factor: The biological adi\'ity of the pmified material 
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was nondial)•zabiC', hC'a1 labile (5 min at H0 °) , destroyed by acid (0.1 N HCI for 
1 hr at :W 0

) , and stable to alkali (0.1 .Y .:\aOil for I brat 26°) . 
Th<' ult ra1·iolet :1 b:-;orption spC'ctrum of t]l(' material showed a peak at 27!:.) mJ..L, 

a trough at 2:) 1- :2:)2 !l1J.<, and n 280 '2(i0 absorption ratio of 1..):~. 

TABLE :2 

l't·nu·I< -.\no:-.: oF Till' x~;n,· ~>: c:nowTn F .\( 'Ton Fno~l '1'111·; Hl 'H)1AXIL.LARY 
GL.\:-i!J 

Frn.cti on 

I [omog;<•mt!P 
AI eo hoi 
.\mmonium ~ nlfal!· 
(';\ [-1 
I H:AE 
(':\1-2 
c :\ r -:\ 

T otal 
Pru t C' in , mg. 

I ,800 
-1.')0 
1110 
J 16 
54 
14 

:3 

The Pl'<•p:t tat ion o f PUI'h frac tio n i~ d<"; (•rihed in th <· l t·x t. 

Protein Rcq uirNl 
for:~+ Rt•spo nJo;e, ~g per lll l 

1.5 
o.u 
() . :\ 
() . :3 
0 l.j 
0 . 0-1.5 
() . (JI?i 

The b(•ha1·ior of thC' material ll'a:-: cxaminNl in a Spinc·o an;dyti(·al ullracC'ntrifuge 
u. ing a \\'augh-Yphantis partition c·cll. The rt>sult is shm1·11 in Figure J. Only 
a single peak 11·:u.; detcrtahiP, with an ~>"zo of 1.:n S; thp molpc•ular II'Pight was psti
mated to be on thp ordpr of I ~ , 000. Til(' (·pntrifugation was eontinuNI until the 
boundary passed into tlw loll'cr sq~;mt>nl of tlw c·c•ll. Tlw C'OIH'(•II!ration of protC'in 
in the uppC'r C'ompartmpnt ll'as found to be -1 per cPnt of lh;It oft hf' starting matC'rial , 
and it contained approximately -1 pC'J' cent of the biologiml aC't i1·ity. The remaining 
pmtein and biologic;LI activity 11·as recoYC'rable from t hp lm1·<·r eomparlnwnt. 

FIG. I. Cltrucen!rifuga!ion pat tr rn of tlw purifi<•d pro((>in a( iill./80 rpm. Th r pro!rin 
ron<·<•ntration wa" ~.(i mg pN mi. in 0. 1 .\· :\aCI <·ont a ining 0.01 .1/ pho~phat<• hufT<'r . pll /.6. 
Tlw pietun•" \\'<'l'l' ta lwn at minnl<' intPrvaJ, . 

( ' pon acid hydrolysis (G.\' J f('J for 10 hours in an autoelai'P) and iwo-dinwnsional 
paper chromatography of 1.)0 !lg aliquots, lht> amino arid patt(•rn oblainpd was 
found to he qualitatii'PI_\' idpntical to a similar (·hromatogram prepared with crys
talline bol·ine albumin. Lpss than o.:~ per ('('Ill lwxos(' was present in the prepara
tion as determinC'd h,v the orei no! proePdure 1rit h galnc·t osp as a standard at 5"10 
I11J..L.14 

Two additionallinC'S of C'l'idence support the l'iPII' that thC' salintry gland factor, 
lik<· the snake venom factor , is a protein. First , tlw biological activity is destroyed 
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upon incubation with proteolytic enzymes, and ,;econcl, the :,;alintry faeLor is anti
genic and the ant isrntm thus ohtainrd inhibits its biological activity. 

The biological aeti\'ity of thr purified material is completely destroyed upon 
incubation 11·ith crystalline pepsin or chymotrypsin. In thesp cxperinlf'nts 40 11g 
of the C.:\[-:3 fmction \\'f're incubatrd with either 0.4 11g of pepsin in 0.2 ml of 0.02 
ill sodium ncetate buffer pll :3.:3, or 8 11g of chymotrypsin in 0.2 ml of 0.02 ill phos
phate buffN pll 7.n. The incubations \\·ere carried out for-~ hr at :30° and aliquots 
thrn were assayed for biological acti\'ity. Under these conditioni', over 95 per cent 
of thr acti\·it.v was destroyed, \\·hereas no diminution of acti\'ity was detertrd in 
control tubrs lacking the enzymes. Other eontrols were run in which additional 
amounts of the grO\d h factor \\'CJ'C added to the enzymatic digestion mixtures 
after incubation had !)('en compleLed. No inhibition of the added faetor wac· de
tected, indicating that the dige,;tion mixtme did not interfere with the assay system. 
Crystalline trypsin \\·as less effective in destroying the biological activity. Under 
conditinnl-i identical to those of the chymotrypf'in experiment, 8 11g of trypsin only 
cle.-troyed approximately ;)0 per cent of the acti\·ity. 

The preparation of a specific antisrrum and its biological effects arc discussed in 
a later sect ion. 

Comparison wilh lhe snakr l'r' nom factor: Although the biological properties 
of the pr0viously isolated ,·enom proteitt and the mouse . ali vary gland protein 
arc very similar, the specific actiYity of the most purified mouse fartor was ap 
proximately 10 l imcs grrater than that of tlw best ,·enom preparation. Other 
diA.crettce:-; arc also apparent. A c-ompari:,;on of the isolation procedures will show 
that their hrhavior on the ion-exchange columns was quite different. The ultra
rent rifugation pattem of the ,-cnom protein sho\vecl a single peak with an s20 of 
2.2 S, \Yhcrea,; the -'~o of tlw mou;;e prot.:-itt was found to he 4.:n. It should be re
membered, hcJ\H'\·c•r, that during the purification of the \·enom protein, but not of 
the mou,;e factor, a DO-mitt exposme to urea \\·as included. There also appear to be 
antigenic dirff'n'IICe~' heh\·een the bn> proteins a,; de:-;eribecl in a later section. The 
biological ncti,·it ies of both proteins \\·ere rc·sistant to the rather drastic alkali 
treatment used. 

Biological aclt'l•ily of lhe (Jrowlh faclor: It baH been reported that in tisHue culture 
the Ralivary gland factor will stimulate the growth of neJTe fibers from sensory 
ganglia isolated from chick, mouse, and rat em hryos. 1· 2 It \I' ill be shown in a 
,.:epamtc communication (H. Le,·i-:\Iontaleini ) that senO'ior_,- ganglia isolated from 
human embryos will also respond. 

Prrvious ti.-sue culture experiments, using the snake venom protein, ha\·e shO\\·n 
that coneomitant \\·ith the stimulation of ner\'C fiber outgro\\'th, there is an in
CTeased incorporation of lyRine into protein and of adenine into ribonucleic acid. 
X o data \\'ere prc:-;ented to distingui:;h between tH't syntheHis and turno\·er. 

In the prrsent experiment· it i:-; shown that the injection of the sali,·m-y gland 
growth factor into ne\\·born mice results in a marked net increase in the protein, 
ribonucleic acid, and clesoxyribonucleic acid content of the superior cervical gan
glion of the mouse. The details of the experiment and the re.·ult.· are :,;hown in 
Table 3. It may he seen that aftrr 12 days of injection, the protein content of the 
experiment was more than six times greater than that of the control ganglion, and 
more than two times greater than that of the normal adult (male). The DNA 
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contrnt of thr exprrinwntal ganglion 11·as approximately (11·ire that of thr c·ontrol 

and again mueh greatrr than that of thr normal adult. The approximate l{XA 

pho::-:phorus cont ent of thr ganglia may [)(' estimatrd hy iiubtracting tlH' a1·eragr 

DXA phosphoru::-: eontent of lllf' ganglio 11 (fifth eolumn, Table:~ ) from the total 

nucleic aeid phosphorus (fourth column, Table :~ ). TlH' IC\.\ 1·alur for th<' rx

perim<'ntal ganglia (Q.:~!) '-'g) is approximat ely threr tim<'s greater than that of thC' 

control ganglia (0.1:.? '-'g) and morC' than (\\·ice th<' ntluP for tlw normal adult (O. Ifi 

"'g) . 
The detailed cellul ar chttllgC's aeeo111panying thC's<' gross anal.vt ical clifTerenc·es arr 

described in a SC'pamk papC'r (H. Lr1·i-:\lontaleini). 

The injection of the C:\I-:3 fraction at thC' lC'n•ls indicated in Tah[(' :~ did not 

result in any obSC'ITabiC' dif'fC'rC'IH'<' in the body ll'l'ight from that of control mice or 

in other symptoms. Iloii'C'I'C'I'. attempts to inject [('ss purifi('d fmc·tions r('sulted in 

a Yariety of side effects. The daily injection of the ammo11ium sulfatC' or C:\f -1 

fractions (Table 2) into neiYbom micC' rPstilt<•d (in addition to the c•fTect on the nerYe 

cell>:) in the follo11·ing gross anatomical ehanges: (a ) pn•cocious opening of the ryr;; 

(at ()- 7 clay. in;;tcad of the usual 12 1-l clay:-;) ; (h) Jli'C'C'oeious rruption of tlw treth 

TABLI·: :~ 

I ~ F t ·' ECT oF Tilt; 1:-. .II' L'TlCJ:\ <H' Til E (:nowTII FACTOR o--: TilE l'non•; t--: , H\",\ , A :\D 

1):\A C'o:O.: ' I' ":\T'< OF Til~; Hl ' I'ERHlH ('"RI' I (' \1. (;A'\(:1 ,10:\ OF TilE \"E\\'BOR:\ :\]OL' >-E 

(' ontC"nt p<'r (~ an g li on * 

Age TrPutmcnt Prot c· in , IJ.g T otnl .:\'u rl<·ic· Ac·id , JJ. Il. P D;.J'A , p.l( P 

1'2 da.\·s C'onlrol 1.') () 18 0 05G 
( l:l II) (0 II 0 20 ) (0 . 0-1 0 Ofi2 ) 

12 days ExpNiml'nl:tl !) 0 51 () 1'2 
(8() lUG) ( 0 -l(i () .'j/ ) (0 . 10 0 I :3 ) 

Adult C'onlrol :3G () '2:3 O.OGG 
( :~:3 --10 ) (0 21 0 '2.5 ) (0 .05:3 0 .07G l 

Duilysubrutanr ous inj ec ti ons of 10 J.l. g. of th e r.. I -3 fru('tion per gn1. bod.'r' weight were marl £' into the c.xpf' ri 
nwn tal newborn mir e. 

* gach ~f't of Yaluf'!-1 ~ho \\ n is the av<•ragl~ obta inr d fr01 n four E''=Pl' rimrntal aninn\.1::.:. Tht• fi gu rr~ 

in part• ntht· ~c· :o:c 1-how thr rall J,!,f' o f vu. lu c-:3 obtai ned. Tht' J} I'Ot<·i n nnd R:\ A u.nalysPs \ \ '<' f f' C" a rri l'd ou t 
on th t• su ulP l!,tl ll ll lion. Th(· n. -. \ an aly.-;f'!-1 Wf;' rc m uci c• on r-r paratt> gan uliu of idPnt iC" ally t rc·tH Pd m ir1•. 

(at :) ()day;; instrad of thr normal 8 10 days; (t ) a markrcl stuuting of thr animals 

1rith an inhibition of normal hair ~:;rOirth. Th<>s<' rc:-;ults suggested the pre;;encr 

of other physiologieully active compollPilts in thr suhmaxillar.v ~land of the adult 

mouse. Preliminary exprrimrnts indicate that thr faetor (s) responsible for these 

effects is lwat stable but is nondialyzahiP, and is 1n•eipitab le 11·ith ammoni um sul

fate. It is completely srpamblc from llw IINI'<' grm1·th factor. 

Prrparalir!11 and pnipl'rhrs of a rabliil anlisrrum lo lhl' growth .fatlor: One mg of 

thr C:\J-:~ fraetion 11·as injc•dpd into the foot pads of each of two rabbits using 

Freund';; acljunmt (0 .. ) ml of isotonic sodium ehloridc• <·ontaining thr nnti~?;<'l1, 

0...1- ml of Bayol F 1rilh -10 '-'!!of :\lycolmctNium hutyrieum , and 0.1 ml of Arlaeel A). 

The antibody titer was assayc•d 11·eekly. The a:-;say, bas<•d on the• inhibition of thC' 

biolo{!ical aeti1·it.v of thP groll'th fac·tor in tissur eultmc, ll'<lS pNformcd as follows: 

0.2 '-'g of thr most purifird matNial (C:\1 -:3 fra<·t ion ) i11 0.2 ml of isotonic sodium 

ehl01·idc 11·as ineuhatt>d with 0.:2 ml of a serie;; of t ll'o-fold dilutions of the rabbiL 

serum . The mixtur<' ll'as incubat<·d at ~zu o for I hr, diluted to I ml \\·ith isotonic 

sodium chloride and a liqu ots were testrcl for nc•n·C' growth promoting aeti1•ity in 

t i>:suc c·u lt urc. 
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In thi~ manner antibody was ddeetcd in hoth injf'cted rahbils. l{a bbit A 
rPached a maximum titer in -1: week~. The biological activity of 0.2 J.Lg of the growth 
factor was nompletely inhibitf'd by 0.001 ml (or mor<') of anti~erum. The maxi
mum titer in rabbit B was reached in (i weeks: the titC'r of the antisen1m was ap
proximately one-half of that in rahhit A. The n1bhits havr th11s far been kept for 
10 wPek~ followin).!; tlw initial injection \\'ith no dC'LC'etable decrease in titer. 
Serum obtainPd from both rabbits prior to immunization showed no inhibitory 
d'f<:'ct~. fn all c·ases the animals were hlPd from the Par vein. 

The following Pxplomtory experinwnt indieaL<'d that the obsen•('() inhibition 
of biological adi\·ity was duc' to thr pr<'scnc·e in lhc antiserum of normal precipitat
ing antibodies. Ton series of tubes containing I ml of antiser11m (rabbit B) were 
added in('rea.sing amounts ( 1- 10 mg) of ('rude antigen (alcohol fraction, Tablc' 2) 
in isotonic: sodium chloride. Tlw mixture was allowed to st:md at :26° for two hr 
and then the precipitate whieh had formed was centrifuged. ,\.lictuot:; of the i':iUper
nntant Auid were assn~red for biological actiYity. Acti\·ity was absent in all tnbe~ 
containing:{ mg or less of the crude antigc'n. Th0 precipitate (fmm the:) mg tube) 
mli':i washed t\\'ice with isotonic sodium <'hloridc• <tlld finally dispersed in 0.9 ml 
of distilled water. Then 0.1 ml of I N ?\aOJI was addC'cl and the solution was 
allo\wd to stand for I hr at :)0° It was nPutrulized with I ,V J [('! to pii 7 using 
phenol rrd as an internal indieator. OvPr 50 per <'ent of tlw initial activity was 
recm·rred in this solution. Control solutions t.o which alkali had not been addPd 
\\·ere inactivt>. Since a similar alkali i.rPatnwnt of the growth factor did not alter 
its biological actiYity or its ability to be inhibited by lhe antiserum, it appears 
that thr rc'generation of hiDiogiC'al act i\·ity by tr0atmcnt of ihe antigen-antibody 
precipitate \\·ilh alkali \\·as due to altC'rntions of the antibody molec·ules. No pn'
cipitation occurred in control expNiments u~ing normal rabbit serum. 

From preliminary expPriments, there' also appears to be som<' cross reacti\'ity 
between the rabbit antiserum and the nC'n'e growth promoting protein present in 
snake Yenom. Defining onC' unit of biological activity as that amount.j ml required 
to show a :1+ response in tiss11e cultun' , I ml of the antiserum inhibited the biologi
cal effect of 8:) units of snnkC' \'e11om acti\·ity (500 J.Lg of cruel<· \'C'nom. Agkistrodon 
pisci\·orus) . This mixlme, although unable to inhibit the biologic·al effect of any 
fmther additions of \'enom, \nl.ii still c·apablr of neutralizing the ef'fec·t of approxi
mately 8,000 units of ;;ali\·ary protein ( 120 J.lg of tlw C\[-:) fraction). 

\Ve han previously reported thal lhe nerve ()'rowth promoting effect of snn kc' 
YC'nom wn: inhibited h.\' a, c·ommercinl preparation of antisnake venom serum. 
100 11g of the antiserum preparation inhibited :)0 11g (approximately 8 biologic·nl 
unit:) of the crude \·enom. In the quantitic:; <:'mployed, the prrpamtion did not 
inhibit lhr hiologieal effect of the mouse salintry fnctor. In these experiments, 
amount. of nnti\·enom up to I ,000 J.LI?; had no inhibitory effec·t on -1 biological units 
of activity deri\·cd fmm the mousc'. 

J~:ffecl of an.li:>erum on the .sympalhei1'c chain ganglia: Up to this point in our 
stuclirs tlwre \\' <IS no e\·idPnC<' that the sali\'ary growth factor played any role in 
thC' normal m;tintenancc of the sympathetic system. If ~uch a fnetor was pr0sent 
in the general circuln.tion of thc' normal animal, it \nts concci\'ahle that its remond 
m· depletion by the injection of the i':ipccifie ant.i .·<:'rum might re. ·ult in i':iOmr ob
SCI'vnhle cffeC't on tht> ncr\'c cells. 
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The daily subcuLaneous injectiou of the antiserum from rabbit. A into newborn 
(or adult) mice at a le\'el of 0.05 ml per 1.5 gm of body weight resulted in a rapid 
and extensive destruction of the nerve cells of the ,·ympathetie chain ganglia. The 
injection of normal rabbit serum had no eA'ect. No external abnormalities were 
observed in the mice, and after 21 clays of injection the body weights of the ex
perimental and control mice (either injected with normal serum or uninjectcd) were 
very similar. 

The biological evidence for the destruction of the sympathetic system i pre
sented in a separate communication (R. Levi-Montalcini, these PROCEEDINGS, 

this is ue). The same antiserum causes ,·ery similar destructin effects when in
jected into the newborn rat, cat, or rabbit. TheRe reRults suggest that there is in 
the general circulation of the species examined a nerve gro\\·th factor , imilar (identi
cal?) in chemical . tructure and biological activity to that isolated from the mouse 
submaxiUary gland. It is also possible thaL the antiserum interacts with the 
antigen (or antigen-like material) on the surface of or within the nerve cell. 

The finding that the antibodies produced in the rabbit de. troy the rabbit's 0\\'11 

sympathetic chain ganglia makes the question of the identity of the mouse salivary 
factor with the hypothetical rabbit gro\~ih factor of great interest. 

The role of the alivary glands with respect to the nerve growth factor is not 
clear. The possibility that the growth factor is produced elsewhere in the organism 
and is merely concentrated and , torecl in the sali\'ary glands must be considered 
(seeR. Levi-Montalcini and B. Booker, this i. sue). 

Summary.-A prot.ein with specific nerve-grO\\ih stimulating properties has been 
purified from the submaxillary gland of the mouse. Upon examination in an 
ultracentrifuge, only one component was detectable with a sedimentation con
stant of 4.33 S. The protein, when injected into mice, resulted in a marked in
crea. e in the protein, RNA, and DNA contents of the sympathetic chain ganglia. 
A rabbit antiserum to the growth factor was prepared and was found to inhibit 
the effect of the growth factor in tissue culture and to have specific neurocytotoxic 
activity when injected into a variety of mammalian pecies. 

The author is greatly indebted to Dr. A. Holtzer for the ultracentrifugal analy
sis, to Dr. H. Eisen for aid in the preparation of the antiserum, and to Dr. E. Robins 
for aid in the DNA analyses. The technical assistance of Miss Jean l\lacnish is 
gratefully acknowledged. 
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contribution from an Institutional grant of the American Cancer Society to Washington Univer

sity. A preliminary report has been published in Federation Proc., 18, 205 (1959). 
t Present acldre~s: Drpartment of Biochemistry, Vanderbilt Univer ity, Nashville, Tennessee. 

1 Cohen, S., Chemical Bas1:s of Development, ed. ,V. D . .1\frElroy and B. Glass (Baltimore: 

Johns Hopkin Press, 1958), pp. 665- 676. 
2 Levi-Montalcini, R., in Chemical Basis of D evelopment, eel. W. D. McElroy and B. Glass 

(Baltimore: Johns Hopkins Pre s, 1958), pp. 6-*6- 664. 
3 Cohen, S., .!. Biol. Chem., 234, 1129- 1137 (1959 ). 
• Lowry, 0. H., ~. J. Ro ebrough, A. L. Farr, and R J. Randall, J. Biol. Chem., 193,265- 275 

(1951). 
6 Logan, J. E., W. A. Manncll, and R. J. Rossiter, B-iochem. J., 51,470- 482 (1952). 
o Kissane, J. M., and E. Robins, .!.B1:ol. Chem., 233 , 184- 188 (Hl58). 
7 Bueker, E. D., Anal. Rec., 102,369- 390 ('1948). 
'Levi-Montalci.ni, R., and V. Hamburger, J. Exper. Zoo/., 116, 321 362 (1951). 



Bf0('lfi-J.llf8T!n: ~N ES('() . 1.\ 1J • I UiEN'J'S 

9 L<'vi<'dontail'ini, H .. H. :\1('.\'Pr, and \ '. llamhmp;N, ('ancer h'i'NNLI'rh, 14, If! 57 ( 1!!51 ). 

w Colwn , S., uml H. LPvi-:\lont,ll<'ini , ('amw l?e~eal'ch, 17, 15 :W (1!157 ). 
11 Buck(•r, I·: . D. , ( 'ancer H1search, 17, 1\lO IH\l ( 1!)57). 
12 Buek<'r, E. D., l. ~chcnklein, and J. BatH', .Ina/. Necortl, 133, 2.')6 (1!)5!l ). 

tal [arvC'y, I L, Physio/. Zoo/. , 25,205 '2:2'2 ( 1\)52 ). 
11 \\'iu zll'r, H. J. , in .llelhod8 o.f Biorhe111ica/ .\naly8is, \ ' ol. '2, Pel. D. Clil'k (:-\p11· York: lnl<'r

sriPIH't' J'uhli~hpr~, lnl'. 1 l!J55 ) p. 2?!). 

TilE .WCOJJJJ0f).l1'IO.\ ' OF .VO.VCOJJPLKllEXT.lRY 

BASES J.V 1/EL!('.lL POLYRIBO.\TCLEOT!DES .1.\'D 
1)1~'0.\T IU BO.V CCLEJ(' .tC:I DS*t 

BY J .\CQrEs H. Fimt5<'ot .\:"\D BtwcE :\L ALBERTf:i 

Communic!llert by Paul Doly, December 28, f.'J.'jfJ 

It is ll0\1' well rstahli,.,hrd that droxyribonuclric acid* is the molrcular <·ouuLer

par'L oft he genetic apparatus. ln thi;; t ll'o-;;tranded helical polynucleotidr the per

fect cry;;tal line geomrtry which normally pre1·ails requirrs Lhat adcninr residues in 

onr chain be hydrogrn-bondrd to thymine r0sidurs in the other; similarly, guanine 

residues can on ly he hydrogrn-bonclrd to cytosine residues.~ -~ Thus, onr chain j,., 

nrcrssarily the comp lement of th<-' other, and it appear;; likely that each c·hain scryes 

as the trmplate for the ;;ynt h<'sis of its eomplcment. 1- 6 

Current ,·iews on the molecular basis of mutations hold thaL thc•y are due to a 

nuirty of alterations in the nucleotidr srquence 11·ithill the ( IYO-stranclrd DX.\ he

lix. Prrsumably. many ot' these nltrrntions arise from mistakes made during its 

replication. It appears from studies of fine structme geneties7·" that sueh mistake..; 

could in \'oh·r Lhe substitution of noncomplemrn tary basrs, and also the add it ion or 

deletion of one or a sequrnre of nueleotides, during the "ynthesis of a pmgeny chain 

on its template. In Yiew of these plausiblr mrcbanisms of mutation, 11·r ha1·e 

examinrd thr possibilities \YhNeby noncomplenwntary ha"r pairs C<ln be accommo

dated within the two-strandrd helical framciHJrk of DX.\. We first ill\·estigntecl 

the efTrct s of \'::trying pro port ions of noncomplemcntary bases incorporated into 

pairs of complemrntary polyribonucleotides 11·hich nrc knowu to form i\ro-strandecl 

hrlices like DX.\. The rrsults of such experiments allowed us to exelucle the no

tion that noucomplementary bases remain within the intrrior of the helix. InstC'ad. 

thry sugrrested thaL noncomplementary nucleotides of opposite chains rotate out of 

the helL...: in such a manner· as to ennblr normal hydrogen-honclecl base pairing of 

subi-iequenL regions of nuclrotides which arc in register. This struetrtrnl ;tltema

tin• was thrn explorrd by model building and found to be rcadil.Y plausible. 

Krperimcnta/ .lpproach. Polyaclrnylic ;tnd polyuridylic acicb* are single 

stranded polyribonucleoticlri-in . 1u containing ha"c resiclur,; equi\·ale>nL to the comple

mentary pair. ndcninr-thymine. present in DX.\. Indeed, in neutral saline solu

tion they form a I : I two-:'trandecl h0lical compl x 11·hich ha.· e~sentially the ~nn1e 

structure as DX.\ . 11 - 13 l ' nder appropriate conditions, n second strand of poly l

ean be indw·ed to wrap around this poly(.\+ -C) helix, HJ thai a lhree-strnnclrd com

plex i formed in 11·hich the molar ratio of acleninr to uracil is l: 2. 1 ~ 
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Jhring cw·l•es: The interaction of polynucleotide strands to form helical eom
plexes i:; accompanied by a marked decrease in ultraYiolet. ab.·orbance. 10

• 
11 · Ja , 

15 

For long chains. this hypochromic change can be expected to reflect in a linear man
ner the number of nucleotides involved in the interaction. Thus, by titrating one 
species against another. it is possible to locate the mixture of maximum hypochro
micity , and thereby to accurately determine the molar ratio of the reacting specie:
in the complex being formed. 13 

In the pre:-;ent iil\'estigation, such mixing curYeR were u;.;ed in order to study quan
titati\·e aspects of the interaction of poly A. or poly l ' with u :-;cries of single stranded 
poly .\.C" copolymers. 16 Complex format ion hNe necessitates j uxtaposit io11 of the 
mismatched bases, adenine-adenine and macil-urucil , at eertuin levels of the helix. 
The manner in which these pairs are structurally accommodated will influence the 
molar ratio at the point of maximum hypochromicity. 

The underlying as;;urnption behind these interaction experiments is , of courf'e, 
that polynucleotide chain;.; have the capacity to explore and find the partm'rs which 
permit the complete fulfillment of their hydrogen bonding potentialities. This was 
preYiously shown for the interaction of poly A and poly L 13 · 17 The results to be 
de:-;cribed belm\· abo bear out thi;.; assumption. E\·en those single-stranded i\T co
polymers which exhibited a high degree of in t ramoleculur hycl rogen bonding (a~ 
e\·iclencecl by a large re\·ersible hyperchromic change on heating) were found to in
teract optimally with homopolymer to form multiRtranded complexes. 

1l bsorbance-temperalure projiles: Helical macromolecules, being highly ordered, 
are found to denature or 'melt" over relatively narrow temperature ranges. 1 · 19 

In the case of polynucleot ides, the profile of this Lran:-:ition can be followed spectro
photomctrically by measuring the increase in ultraviolet ab::;orption (re\·ersal of 
hypochromicity) as a function of temperature. In a given soh·ent, the temperature 
of the midpoint of thi;.; transit ion (T,) will reflect the relati\'e stability of the com
plex.1 5 This property was asf':cssed for the complexes formed bet \\·een poly A or 
poly e and sc\·eral poly At' copolymers in order to evaluate the effect of the mi:-;
matehings on the strength of the interaction. 

Jfelhods.- Polynucleolide samples: Ham pies of poly A and poly r, and samples of 
poly AC differing in their content of adenylic and uridylic residues were synthe
sized in this or other la,boratorics as prcviou:-:ly described, 20 employing the reaction 
ea talyzed by polynucleotide phosphorylase. 21 

Polymers were generally isolated from their polymerization reaction mixtures by 
precipitation with ethanol, and 1rere purified by repreeipitation with ethanol from 
elarified neutral saline solution, follo11·cd by extensive d ialy,;is agni nst neu t ra I 
saline containing vcrsene or citrate. Stock solutions of polymers were stored at 
-20°C. 

Base analysis of polymers: Duplicate determinations of the ratio of adenylic to 
midylic residnes in the copolynwrs \H're made according to a modi(ieation of a 
method of .:\larkham and Hmith. 2 '! AbouL 0.5 mg of polynuelcotide was hydrolyzed 
in an alkali resi:-:tant glass te,;t tube in 0.-l- ,V KaOIT at :~rc for 18 hour:;. The 
hyclroly,;ute was neut ralizecl and divided into t \\' O parts for chromatography on 
\Vhatman :\o. I paper. Descending chromatograms were cle\·e loped nt -l- °C ~rith n 
solvent containing saturated aqueous (XH4 ) 2R04 [79 voll, water [19 vol.], nncl 
isopropanol [2 vol.]. At this low tempemt.ure sharper spotR were obtained, so 
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long a:-: the chromatography paper wa:-: dry when the run wa:-; :-:tartcd. After 
thorough drying of the paper, the aclenylale and uriclylate :-:pots and cotTe:-:ponding 
paper blanks were eluted quantitati\'ely and their amounts determined :-:peetro
photometrically. 

Polymer concentration detPrmination: Duplicate aliquots of :-;tock ::;olution:-: u:-;ccl 
for mixing curve:-: \\'('t'e hydrolyzed in 0..-1- N KaOII at 3rC for 18 hour:-:. It wa:-: 
found neee:-:sary to incubate :-:imil:.u· Aask:-: containing 0.-1: N 1\aOIT in order to 
provide proper blank:-:. The hydroly:-:ates were then diluted lo a con:-:tant ,·olume 
and final acid concentration of 0.1 .V with IICI. Knowing th nucleotide compof'i
tion and the extinction coefficients of the monomers at 259 m,u, the molar nucleotide 
residue concentration of the homopolymer:-: and copolymers ,,·a:-; raleulated from 
the absorbance at 259 m,u. 

Jlfixing CW'!'(' S.' Polymer ::;lock i-iolutions werf' mad<' up to the same nucleotide 
residue concentration. li or t \\'O-st randed complex formation. the ;.;olYent u:-:ed 
was either 0.15 M KaCl + 0.015 Jf sodium citrate, pH7, or 0.15 JJ :\aCl + O.O..J.5 
Jf sodium cacodylate, pH 6.9 the latter being preferred becau;.;e of its ability lo 
deter bacterial contamination. For each homopolymer-copolymer combination. 
a series of mixtures was made such that the total number of nucleoLid0 residues 
was kept constant while the ratio of homopolymer to copolymer wa;.; \·aried. The::;e 
mixtures were allo\\·ed to equilibrate at a constant temperature, and their ab;.;orb
ance at 25!) mp then determined, again:-;! a ;;olvent blank, in a Beckman DC spectro
photometer adapted \\·ith a thermostated cell chamber. Additional mixture;.;, \\'iLh 
polymer ratios clustered about the observed minimum, were then u"ed to preC'ii-iely 
locate the optimally interacting mi.xture. To detect any hypothetical three
stranded strueture which might form, similar mixing cun·es were performed in 
soh·ent also containing 0.05 Jf .:\IgCl2. 

TABLE I 

AX.\LY'I'l( 'AL PROPERTIE>'\ OF SIXGLE- 'l'RAXDEI> l~OLYRIBOXl' CLEOTIDE:< 

~-lol~ % A pproxi ma tc 
Adenylic ~Jolccular 

llolymc r R t"sidu cs S0 :!u .w* \\'eight 

Poly A 100 9 .0 600,000t 
Poiir u 0 -1.:3 150,000t 
Pol)· AG' "HO" !10 :~ ' 0 50,000t 
Pol.1' AU " 6() " !i6 l..J S,OOOt 
Poly AU "5:3" 5:3 3 .0 ·IO,OOOt 
Pol.'· AU " 37" :37 2 .9 25,000t 

* Th es<' mca.n fiedime ntation <'On stant s we re dcte rn1ined in 0 . 1.~ .lf NaCl + 0.01 5 JI sodium c it ra t P, pH 7 . 
t Extrapolated fro m 8 ° ,-ersus ~f.\\'. calibration run·e for Poly A. 
t ExtrapolatPd frorH f' 0 ,·c rsu s ~J . \\·. calibratio n cun·C' for RNA_ . 

. 1 bsorbance-lemp('l'atur!' profiles: 1\ bsorbance mea;.;uremenls were made at ~59 
m.u on solutions contained in quartz stoppered CU\'elte::; with a thermostated Beck
man DL" spectrophotometer controlled to ±0.:3°C. 

Sedimentation constants: Sedimentation ,-elocity measurements were made at 
about 22°C in a Spinco :\1odel E ntracentrifuge using the ultraviolet absorption 
optical system. The mean 8 ~2o . w was calculated from the mo,·ing boundaries 
traced with a 8pinco analytrol. 

J/ odel builrhng: Pauling- Corey ;.;pace-filling nucleotide models , 23 (I" = 2 .\.) 
\\'ere ur;ecl to explore po:-;sible configurations for I hP heliC'al homopolymer-copolymer 
corn plexe::;. 
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Results. Properties of polymrrs: Jn Table l arc preRent<'cl some analytical 

properties of th<' single-stranded pol)'nucleotid<'s u.·('c[ in the interaction studieR. 

The compof-;itional data ar<' f-;uhjPc·L to an a\'erage clcYiation of ± 1..5 per cent. 

~ot<' that the id<'niif·ication numhpr following each copolymer is derived from the 

mole P<'l' cent of ad('nylic resiclu<'s that it contains. .\.pproximate molecular weight 

Yalues " ·ere deri\'<'d from the sedimentation constantR using <'ith r the calibration 

f-;Cale of W versui' molecular 11·eight for JC\ .\. 2 1 or that for poly A. 9 It i. recognized 

that tlwse extrapolation;; may be subj<'ct to errors of as much a~-; :50 per cent. ::\eyer

thelesH, it i:-; apparent that all the samples are of sufficiently high molecular weight 

so that hypochromicity can :-:PIT<' as a linearly proportional mca:-:ure of complex 

formation. 
l!omopnlymcr-copolymer inlcrarlions: A 

Complete Hel1x Model 

A---U 
I I 
u u 
I I 
u u 
I I 
A---U 
I I 
A---U 
I I 
u u 
I I 
A---u 
I I 
A---U 
I I 
u u 
I I 
A---U 

(a l 

Helix With Loops Model 

U -A---U 
I I 
U-A---U 

I I 
A---U 

u/ 1 

'A---U 
I I 

/A---U 
U....._ I 

A---U 

(b) 

lcH:. I. Htrudural alternative for acrommoclat.
in~ noiH'omplementnr.'' n·,iclue~ in ]):\A-like hrlicPR. 
(a ) In any raRP of thP Complctr liC'lix l\lodrl tl1C' 
molnr rat in of pol~· L' : pol .1· AU ll'ill a I wttyH br 1 : J for 
tlw t 110-~trandrcl rnmplc'x. H a . !'<'OIHI ~trancl of 
pol_,. l' i~ adclc•d, thi~ ratio IweomeR 2: I. (/1 ) ln the 
Jll'lix-\\"ith-Loup~ :\lodPl th molar ratio of poly 
l": pol_,. ,\l · variPR 11·it h !"Opolytn(•r rompo~ition. In 
tlw <•xampi<' sho11·11, this ratio is 6:10 for tlw L\\'0-
stranth•d !"ompl<•x and 12:10 wlwn a R<'<' OIHI Rtraml 
of pol.\' l T is adclPd . 

priori, one might concei\'e of t 11'0 
possible ways in which noncomple
mentary base pairs could be accom
modated into the Dl'\A type of 
helical Htruct.ure. 

The first possibility is that .-ueh 
nonmatching ha:-:eR coulcl be held 
within the helix <'ilher with or with
out hydrogen bonding. Conceiv
ably this would involve occasional 
clistort ions of the helix to comp<'n
Rate for the st ric Yariations in
Yolved in pyrimidine-pyrimidine and 
purine-purine pairings. 

The aliernatil'e i:-; that these 
noneomplementary nucleotide resi
dues could in some manner rotate 
out of the helix to all01r a continuity 
of complementary base pairs along 
its entire length. 

These two pos:-:ihilities arc illus
t mtNI schematic·ally for poly (. \T 
+ 1 T) in Figure I a and b. From 
Figure 1 it i;; elcnr that th<' over
all composition of the two com-

plPxes ll'ill lw difiercnt depending on the m<'thod by which nonmatc:hing bas<'. 

are ac·c·omnHldated. Jf th<'se arC' retained within the helL-..: (Fig. la "C'omplet<' 

Helix" model ), ilw mixt me of maximum hypochromicity in a mixing CUI"\'C' ll'ill 

ahrays contain equimolar amounts of homopolymer and copolymer for the (\1'0-

:--:trandC'd compl<'x<'s poly (.\r +A) and poly (AlT + r). In the alternative case, 

11·hC'r<' th<' non matching residue!' in the copolymc·r clo not r<':-:ide ll'ithin ill(' 11C'lix 

(Fip;. l b "helix-with-loops" modC'I ) , the homopolymer content of the complex II" ill 

he /rss than .)Q mole's 1wr cent. .\.sis apparent from Figure I (II), the exac:i com

posit ion of such a eompiPx ean IH' caleulat.c'd fi'Om the proportion of noncomple

llH'ntary ha:-:ps to lJp accommodated. Tf eompl<'x format.ion is complPt(', this 

:-:chenw predicts that the mixinp; <'UIY<' minimum ll"ill lie at. the point where the 
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Fw. 2.-:\Tixing rurv<>s for poly AU "66" + pol)' C. Open circle points 
are for two-Rtranded c-omplex formation at 21 °C in 0.15 J[ Xa('J + 0.045 J/ 
racodylat<>. pll G.fl. Filled circle points arc for LhreP-~trandPd <·omplpx for
mation at l'i °C in lhC' H:tmP solvenL + 0.05 ,1[ :\lgCI2 • The rompo~ition at 
tlw point of ma:-.imum hyporhromirity did not changt• whpn the tcmpcraLure 
wa~ loll'erPd to ·l 0 C'. 
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moles of homopolymer equals t lw mole. · of complementary re:-.iclues in the copolymer. 
Similar considerations can be usrd to analyze mixing run·es inYolving the forma

tion of the Lhree-str:wdrcl romplrxes, poly ( \.1.' + LT +e). 
:\Iixing CUITes, such as l hose in Figure 2, were obtained 011 combinations of the 

copolymrrs and poly lT or poly A. The compol::lition of the various homopolymer
copolymer complexes wc•re detcrminrcl from th mixturrs of maximum hypochro
micity, and arc comparc·d in Tahir 3 " ·jt}1 the theorctical values calculated for the 
two models described above. Two sets of the dat<.t included were derived from 
mixing c·UJ'\'CS publish cl in another connection by Steiner. 25 It can be seen from 
Table 2 that in every ease ,,·here two- or thrcC'-strandecl complexes were found, 
their eom positions agreed ,·ery closely \rit h t hose• ex pee· ted for the model of l he 
helix-\\'ilh-loops. This is also e,·icknt from the examples in Fi<run' :3 which show 
that in Pl!N!J combination, ma.rimum comple.r formation occurred at lhe point where 

'L\BLE 2 

C'o~II'O,;ITIII'\ oF I f~o:I.I<' \I, l'oLYRIBOXLTLJo:OTllli·; C'o~II'LJ·;XEs 

Pols uH'r ~IJ.xttl r<· 

Poh· A + Poh· C' 
l'o!\· .\ l. "90". + Pol\' l ' 
Pol.y ALT ''()() " + Pol\• l ' 
Poly Au ".'>:3" + Pol.v u 
*Poly A lT " G2" + Poly lT 
* Pol\• A l " 2" + Pol\· LJ 
l'oly. ALT ":37'' + Poly. A 

.:"\lol<• c, CJf llcJinopolymf'r in )lixtun• of ::\laximu111 llypochromic·i t.\ 
2-~trHndNI Comph''\(~s a-;-)trandf'd Comph•x(•S 

- Th<:'or('tieu l Throrf'ti<'ul 
E\.JWrinwutally ll<•lix \\"1th ('omplNf' Exp<•nnwntally ll<'l ix \\"ith ('onq•I(·U· 

Found l .oops ll ('li x Found LnOJ•~ ll elix 
.')() 

:3 ± :3 

X W ~ X ~ 

-10 
:34 .5 

50 
50 

50 

().')±I (i-1 . 5 G7 
.5-l ± 1 57 ()7 

.'j/ 
(it 
X 

l'i5 
G2 
X 

()7 
(i7 
X 

* Th<'sP s<'ts of data wf'rc dPrin•d fro111 the work of Stf'incr. 26 
Dots in pht<·c of a value indirat£• the data \H'r£' not tt.\·ailablc, while a u .\ indintlc.s th(• 'alii(' is not mcanin~ful. 

I 
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' lhc moles of homopolymf'r either quals the moles <~(the complemf'ntary residue in the 
copolymer (two-stranded helix) , or equals twice that amount (thn' c-stranclcd helix). 

The~e results rlcarly demonstrate that llw noncomplcmrntary residues of the 

opolymer strands do noL remain within the lwlix. The on ly other way to explain 

our observations would be to assume sirnil'icant compositional heterogeneity among 

the copolymer chains. In this C\'C'llL only a fraction of the total numbrr of chains 

could participate in the interaction with llw homopolymer. This po"sihilit.y was 

e\·a luatecl and ruled out by t.hc following considemtions: ( I) Chemical dcgmdation 

of AU copolymers and isotopic studies of their enzymatic synt.hcsis20 • 26 have sholl'n 

~ 
E 

C]l 
U'l 

N .90 t-
W 
u 
z 
<( 

ro 
0:: 
0 
(f) 

ro 

: .80 ~ 
> 

• POLY(AU"37"+A) 

o POLY(AU"66" +U) 

"" POLY(AU"66"+U+U) 
a POLY(AU"90"+U+U) 

j_ 

.60 

Moles Homopolymer 

2 : 1 
I I 

.70 
l 

.80 
I J 

.90 1.00 

Moles Homopolymer + Moles Complementary Res1due tn Copolymer 

F1G. 3.-Mi:xing curvrs for thr formation of homopol.vmN-c·opol .l' ln<'r 
polyribonuciPotide eomplrxc·s. H.rlative absorbance• is lh<' ratio of thr ah
sorballc·(' of lhr mixture to that of t.lw ltvNagr of tilC' Ullmixrd c·onstituelltH. 
f t should lw notc•clthut the drpt h of thc•sc• mixin14 c·t trvrs will d('pc•nd in part on 
t.hc initial hypochromic·it.1· of th<' rraeting sprri<'H. The rxlrpnw shallo\\'ne~s 
of Uw (A l ' ":H '' +A) curvp C'Hn h<• rxplainrd by the fad that both poly A 
and tlw Al' ('opolynwr~ ar<' highly h,vpochromi<' , wlwrc•as poly U i~ not. 

Lhat the sequcnrr of adenylic and midylic re::;id ucs is csscnt ially random . ~fore

over, the chain IPngth" of our samples arr suffic ir nt to avcrngr out small composi

tional difTerrnces. (2) The srll'-con"istcncy of a ll tlw interaction data argues 

strongly for a C[Uantitati\·e reaction. It is especially reflcetrd by the cquivalcrwr 

of thr amount of homopolymer r·ectuired to form t.hc poly (Xl ' "GG" + l') two

slrancled complex, and Lhe additional amount required to form the thrcr-stmndcd 

complrx. This rules out the pm;sibility Llmt, the original copolymer so lutions 

contained any stable two-strand eel helical eomplexcs \l'hich cou ld not he tit rated. 

(3) The fact that the hypochromicit.y increase · in a linear manner as the copolymer 
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i~ tit rat Nl 11·it h homopolymer ind irate~ that all t hP tn-ailahle copolymer molcc·ules 
lut~·c an equal eapacity for intPrnC'!ion . If ~ome copolynwr molecuJp~ had a prcf
c•rcnt ial tendency to intPrnet lwcausc of more fanmthk re~iduc scquenee or eom
position , the initial phase of the titration II'Ould result in a greater hypochromic 
change than that oecurTing 1rhcn the> titration ~ra :-; nra rer to completion. In Lhis 
('l·c•nL, the mixing C'LIITC would ha\'C a readily dPtcctahlc c·on('HI'e character ex tc>nd
ing to tlw point of maximum hypochrom ieity. 

Jfodf l building: lla\'ing co ncluded that the nonc·omplcm entary re:-; idues in the 
copolymer mu:-;t loop out of the helix , 11·c then proc·ecdt>d to exam ine ho~r !hi~ 

eondition could be sat isfied struc·lurally. .\poly (. \ + l' ) ~pac·e-fi lling lwlix 1ras 
built aeeo rding to the D.:\ .\ c·oordinate:-;. 27 It ~ra~ found that 11·hen a uridylic· 

I 
• • 

Fw. -J. (a).\ pol_\'( .\ + l' ) lwlix c·ontaining a 'ingle nll(·leotid<' loop in Pach chain. Thi, 
port ra_,- ~ tlw ~ituation 11·hich might oc·c·ur in J)\"A if c·yto~inr and thymi ne arp hasp~ locatC'd in 
oppo~itl' c· h ain~ at the ~anw lcvl'l , whiiP a ll t lw otl•c•r rc·~iduc~ arc• in rc•gi~lP r . \"ote that thr 
loop~ point awa_,. from tlw back hone• and do not obstruct citlwr groove. 

F1c;. -1.-(IJ) A poly (A+ l ') lwlix containing in tlw .\-c• hain a loopc•d rrgion of two uriclylic 
rp~idu rH. 

residuC' is incorporated into the A-cha in , it can be read ily looped out of its position 
within thC' helix , mcrr l_y by rot a tion about its t 11·o adjacent phosphodiester bonds. 
This l eal'('~ the uraci l ba~<· pointitw radially out from tlw helix ax is. and allow an 
adj acent nucleotide residur to 1110\'C into the l'acan<·y erC'ated without stra in . 
(Fig . .fa). In addition, ;;imi la r loops containing t\1'0, thrC'r or more nucleotide;; a rc 
a lso po;;sible (Fig. -lb, f). J ndred, there appears to he no st ructural limitation on 
the number of nuciC'otidc re~idues which can be incorporated into a loop. It 
shou ld be noted , hoii'C' \·cr, that whcrcm; a loop of one r(·~ idue is rigidly fixed in 
position except for the rotation about it :-; phosphodie~tN bonds, la rger loops hccome 
increasingly more flexible. 

Exactly the same con:-;idcratio ns a re inYolved for an_v, ot!H•r noncomplemenlary 
base resid ue whic h might lw incorporated into ithcr ehain. In a ll ca 'e ', the 
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regularity of the heLix in the vicinity or the loop is unaffcetrd, both the 3.--1 X separa

tion and 36° translation of successive nucleotides bring maintained. Further

more, the loops do not int rfere with either the "deep" or "shallow" groove. which 

explains why it is possible to add a second poly l.' chain to the poly (ALT + C) 

complexe . 
The only significant alteration in the helical backbone is that for each loop the 

separation of one pair of PO - groups i::; reduced from 7 3 .. lo approximately 6. 

IIowe1·er it i apparent that other l hermodynamic considerations such as the max

imization of hydrogen bonding and the increased entropy brought about by loop 

formation tend to ofTset this small inerease of charge repulsion. An additional 

factor favoring loop formation would s0em to b that removing noncomplementary 

ba. es from the interior of the helix <'tmbles them to form hydrogen bondR with 

solvent molecul0s from IYhich they would be othen1·is0 inaccessible. 

J 

FIG. -1.-(r) A poly( .\ + l 'J hPlix containing 
in the A-chain a loojll'd region of three urid~· lil' 
n•oidu<'. 

Although th<' stcreoehrmical con-
sideration,.; just dr,.;crih('(l require 

further <'X<llnination \\·ith the more 
prcrisc modr],.; in usc by rry,.;tallog

rnphcrs, it would appear that the broad 
xtructural fcntur(',.; or the lwlix-with
loops mode I are cor reel. 

8/abihty r(/' homopolymer-copolymer 

comple.rcs: The introduction of im per· 
f0ctionx into a (11·o-xt rnnd0d h0lix can 

br expect<'Cl to proclm·<' a wraker, more 
hcterogen0ous compl0x. It is not. sur
prising thcrdore that the homopoly
mer-copolym<'r complexes examined 
melt mor(' bro<1dly and at loll'<'!' tC'm
peraturC's than t.hc perfect poly (A + 
~) lwlix. For example, in th<' saline

citrate solvent, whereas poly (A + C) 
melts almoxt entirely between 57 and 
62 °, poly (Al' "5:f' + l') melt:-; from 
;) to 46° a11d ha~ a T,n of about 2-!0

•
2 

Thr latter h0lix contains :11 j)('r cent un

paired, looped out bases. Sinre its complete formation requires S<'l'<'ral hours at 

2° , it would ~erm (.hat a limit to thr number of tolerable impNfections is bC'ing ap

proaclwd under tlwse experimental conditions. ]n fact, for an At· copolymer con

taining .)1 p<'r cC'nt adenylir residues, no intemction with poly l ' could he obxen·ed. 

In any <·ax<', the number of mismatehingx which can lw incorporatNI into aD:\.\

like hC'Iix is surprisingly large. 

Discnssion. The helix-with-loops model add~ a dimenxion of freedom to roll

figurational conxid0ral ions of h0liral polynuclrotidC's. In the case of H. X .\, the model 

offer:-; a mran:-; for sat ixfying the requirement for the xhort lwli('al n'gions which have 

been recently suggcsted. 15 In addition, it in1·olves th<' generation of a new Lype of 

tC'l'tiary structure which could have biological significance. A molrculm st ructur<' 

for RX.\ incorpomting the. e featurC's will he d<'scrihcd in a subsequent r0port. 
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Tlwrc arr scwml <·ont<'xts in whir·h the helix-with-loops modrl might be :ignifi
cant for D:\ A. ln ,·iew of the similarity of <'SS<'ll tial st ruct.u ral fC'aturrs hrt w<'en 
the poly (.\ + C) hrlix and 0:\A, it scC'ms likcly thaL any hasP pair mismatchings 
arisin~ during Dl'\,\ synthesis would also bc ar·commodaLed by loop formation. 
From the foregoing it is apparent that the looping nH'chanism does not require any 
si~nificant alt0ration in the structural parameters of t.he poly (, \ + C) helix. It 
also dors not re:-ndt in signifiC'ant crowding of th<' grooves, 1\·hirh in the case of 
DXA mu:-;L remain unohstructrd in order to contain protamine or histone. 29 The 
homopolymer-copolymer system docs not provide an entirely aunlogou:-; model to 
a DXA molecule with ddcetive base pair:-;. t:linre one of the strands of th syn
thetic hrlix is a homopolymer, this strand need never form a loop in order to keep all 
uucleot ides in rcgist<'r. Further, this helical complex is the resultant of an inter
action beL ween two already 
existing polynucleotide (·hain:-;. SUBSTITUTION DELETION ADDITION 

In DX.\, on the other hand, 
not only is therr a speeific sr
quenec of residues, buL it is he
lie,·ed that the h lix is formed 
by one chain being synthesized 
in a linear fashion upon its 
complrmcntary lemplaLe 
chain. 1 6 1'ndrr t lwsr cond i
t ions, tlw accidental addition 
to thr growing ehain of a nu
cleotidr which is noL eomple
mentary to its partnc>r in the 
template chain will lead to one 
of threr obvious consequences. 
Any of t hcse would appear to 
he a possible mokcular coutJt-
erpart for point mutations. 
These models showing how 
mutational events might be 
accommodated arc represented 
schema( ically in Figure 5. 

In the fir:-;t case, Figure 5a 
(compare " ·ith Fig. Ia), both 

G 
I 
c 
I 
c 
I 
T 
I 
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I I 
A---T 
I I 
G --- C 
I I 
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I I 
A---T 

(a) 

G 
I 
c 
I 
c 
I 
T 
I 
A---T 
I I 
A---T 
I I 
G---C 
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I I 
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I I 
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I I -
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l•'w. 5.- ll ypotlwt ical mod<>ls for point mutations. 
In (•ach cas(', t lw tPmplatc chain is t h<' one on the left . 
:"\otP that 11·hiiP llw IPmplatc~ art• idrntieal in each c·asc, 
llw R('(tll<'ncc in tlw growing chains varies, depend in~ on 
I lw kind of " mistakp" madp dt trin g rf'pliealion. The 
"mi~take" in the growing chain is indi('atcd by a dotted 
circle. 

the etTonrous base tUlcl its noncomplementary partner have loopc>d out of th gro\\·
ing helix, thus enabling the succeeding regions to pair normally. This type of ac
commodation merely inYOh'es tlw substitution of one residur for another, and re
sults in no differencr in chain lrngth between the chains. 

In Figure 5/J, howc,·n, the erroneous base has paired 1\·ith a :·mcceecling base on 
the template , causing the interYening template residue (s) to loop out of the helix. 
Chain growth then r·o1dinues, lending to a progrny ehain which is shortened by 
one ot· more residuN:. Conceivably, such a rlflehrm in the growing chain could 
also he C'Hused hy t h presence of a pre-exi~>ting dis tort ion in the template chain, 
rendering, ome of its rcsid ue · inacc S'-ible. 
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In the last case~ Figure 5c, the error:-; made on the growing chain hu,·e been 

remo,·ed from tlw helix to enable succeeding chain gro\\·th to eon! inue normally. 

This addition of residues to the gro\\·ing chain re:-;ults in a progeny c·hain longer 

than it.s template. 
While it \\·ould sc{'m that the suu~:;tilution mcchnni:-;m eould produc·e re\·rrsiblc 

mutation:,; (including those induced hy base analogues in hactcriophage7• ) , the 

addition and deletion mechanism:,; could account for tho:,;e mutational c\·ent:,; which 

ha\'0 been found to be it-re,·er:-;ible. 

It i:,; \\'Orth noting that the:,;e model:-; for point mutations can :,;et'\'e equally well 

to explain th incorporation into D:~\;\. of unnatural or unusual nuC'leotides in

capable of forming satisfactory hydrogen bonds with any of the naturally occulTing 

residues. 
Finally, it i:-; important to recognize that the helix-with-loops model may pnl\·ide 

a basis for the molecular interpreta.tion of :,;uch other genetic pheJJomemt a:-; recom

bination. 30 

Summary. ;\. quantitatiYe :-;tudy has been made of the helical complex formation 

behwen polyriboadenylic acid or polyuridylic acid and copolymer:> containing 

residue:-; common to both members of this complementary pair. The interaction 

oecur:,; in :,;uch a manner that the L\\'o-stranded helical complexe:-; formed allmys 

contain equal mob; of homopolymer rer>iducR and complementary residues in the 

copolymers. Thi:-; indicate:,; that the noncomplementury re:,;iducs in the copolymers 

loop out of the helix . :\Iodel building shows that thi:-; can be done \\·ithout altering 

the essential structural feature:,; of lhe helix, and that loop:-; of one or more residues 

are feasible. \Vhile these loops do \Yeaken the helix, it is apparent that the number 

of mismatching:,; which can be tolerated in a D:\' .\.-like helix i:-; quite large. 

The reiC\·ance of these finding:,; to DX. \. i:,; eonsiclcred. and hypolhet ical :-;chemes 

for the aecommodation of point mutations by forming such loops arc presented. 

" Te should like to express our appreciation to Profc:-;sor Paul Doty for encour

aging and supporting this investigation. \Ve arc al:-;o indebtrcl to Dr. E. Freese 

for stimulating discus:-;ions, to Dr. Leon lirppcl, Dr. H. C'. Wamer, and Dr. .\.. Hich 

for the poly .\.l- sample:-;, and to ;\l r. Hi chard Blake for capable a:-;sist ancc'. Thi:-; 

work has been aided by grants from The American Tleart "\.ssocintion, tlw rnitecl 

'Late~ Public Health Hen·iee, C'-:Z 170 and the Xational Hcience Foundatiou , G-7 -19. 

* Tht' followin~ abbr<>viations have hr•<> n u~ed: TI :'\ .\ = rihonucleir arid; DX .\ = dc•oxy

rihonucleir ac·id; A = ndPnirw; U = umc·il: (' = <'ylosirw; (; = f!;Uaninc'. Thl' prc•fix poly 

i~ used to indicat e a homo or· c-opol.nner of nuC'Ieot idC'(s) of thr indir·alC'd basC'{s). l'ol.nnrC'IeotidP 

romplexPs arc• indic-ated by thr pn•fix poly followrd in part'nlhPsc•s h .\· the summnlPd homo or 

c·opolynwr r·hain s.Yrnhols. 

t This papc•r is :'\o. I1 J in :L ~PriP~ C'ntitlrd J>ofytwcleo!ide.,, of 1\ hi ch the last wash\· J . H. Fn•sr·o, 

J. ,1/o/. Bioi., 1, ltn {195\l). 
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Cytoplasmic or soluble H::\ A (S-R::\' , \.) <.>xhibits the uniqu<.> biological prop<.>rly 

of functioning as an acceptor for acyl-acti\'n.ted amino acids and as a donor of the 

amino acyl group to microsomal proteins. 1 · 
2 It has bpcn establish<'d that the 

amino acid is linked to the polynucleotide chain through the 2' or :3' hydroxyl group 

of the terminal nucleotide ha,·ing an unestcrified :3' hydroxyl group, 3• 4 and further

more that the t<.>rminal nucleotide is adenylic acid. 3• 5 For a gi \'en S-R::\ A prepa

ration there are a finite number of acceptor sit<.>s, presumably one for each poly

nucleoliclc chain and it has been shown that yarious amino acids can be bound indc·· 

pendently of one another, but in fixed amounts, to a gi \'en S-HX A preparation. 2 • 7 • s 

From thi s obs<.>tTation it has been concluded that the numb<.>r of acceptor sileR for 

any one amino acid is . mailer than the total num bcr of acceptor . itcs . In a few 

instances it has been possible to achieve a partial separation of the accepting species 

T .\.BLE 1 

f::iEDn l lcXT.\'I'lo N C'o I" J''I' IClEX'l' >\ CALCL J,ATE D FHOlll 1'.\H1'I'rrox CE1.1, 

EXPICHHI E:\'l'S * 

Lc·ucine 
Proline 
\ 'a line· 

~:o, w 
('"= R:\' .\ - A111ino Aridt 

4 .4 ± 0 6 (G) 
4 .2±0. 7 (7) 
4 .0±0 .70) 

O.D. = Tot"l R"'.\ 

1.:3±0 5(U) 
I :3 ± 0 5 ( ) 
4.5±07 (-1) 

* The figureS~ in parenth('~t'S inditatc the numbe1 of rxpcrim<'nt ~ whi<.'h wrn• 
an~ragt•tl. All scdi rn ~ntat ion coeflident~ have bt•en corrPctrd to htanda.rd cond a
tionl:'!. The ionic !:<lrcngth n~rit•tl from o.oa to 0.20. UH· ll' lllflC'ratur(' from~ l O 2:! 0 (' 

and the concentration of Jl)..f .-\ from 0.01 to 0.1 gut tOO mi. ~one of tlw:-.c nui

ationH were found to caw;c larp,c changt·~ in tlu• mcasurt•d H•dimt· n tation cot•ffici(• n t~. 

The pll wa8 approxiii\O.tC' ly 7 .0. 1\""o rxperinH•nt:-:~ w<•re di:icardcd in ea. lcu lnti n" tlw 

U.\"('ru,gc valu e>!-' ~iven nnd mean de ,·iations are indicated. 
Amino ucid-la.bP l<'d S- RN .\ was prepan•d by incubating t!l ·:10 m g: of rabbit 

liver S-RXA,u in a pp roxi 11W.tc ly 10 rnl, with the appropriate" ami no acid a('ti\•atillJ.! 
c nzymeu in the pr<'Hcncc of .-\TP . tO m:\t: :\lgC iz, :w lft.:\1; 1\nC'I :?. m~l ; K 

phosphate buffer 11L 7.G. 2.8 mi\l ; and C"' proline, leucinC', or ntlint•, 0.0:3 m':\L 
The nonrcarted arui no acid wa:"i r(•mo\·cd b.v prccipitu.tin~ th<• S- ltXA -a m ino acid 

with 0 per ceut perc:h loric a<'id and <•xhaustive acid wa~hinJJ; followt~d hy t•xtraction 

"·ith 1\aCt-pho;;pbat~ buffc•· pIt 7. \ and dialy;;is of lht• labclt•d RXA . The S-R:\ A
arnino acid preparation thus o bta in rd is capable. und<'rap propriatc l'Xpt•ri n• t> ntal 
condi t ions . or tran~ferrin .'!; tlw bound ami no arid to micro~omal protein without 
dilution with fr ~camino acid . 

S-HXAfrom one a.nother. 9 • 10 Any given S-H.~A-amino acid prrpamtion Lhrrcfore 

consists of a mixture of polynucleotide chains only some of " ·hich arc charged with 

the specific amino arid whilE' otlwrs, which arc unchargrcl, will acL as aeceptor for 

other amino acids in the prcscnec of the appropriate enzymes and substrates. 

Thus, it is cslahlishcd that S-H:\'A rxhihits ::;pr<'ificity toward clifTcrcnt activated 

amino acid. but thr basis for this specificity is unknown . 

The possibility that pecific:ity for dif1'erent amino acids might be related to the 

length of the polynucleotide chain was in,·cstigated in the ultrarrntrifugc by means 

of the moving partition cell of Yphantis and Waugh. 11 T his technique providt' a 

powerful tool for the study of the relation ship bel wern molecular size and biological 

activiLy. Ina:much as each 8-HNA sprcirs can be charg<'d wiLh nn isotopically 
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labeled a mino acid , both the sediment a ti on cocfli cienl of t he am in o acicl-la he!Nl 
S-H N A cornponent a nd that of t he tota l S-H~A pre:-~en t ca n be cl c•te rminecl inde
pendently in the :-~ame experiment . 

The :-~edime n tatio n coefficients, (in T a bl e l ) ll'erc obt a ined from pa rtiti on cp ll 
cxperimeu ts using the equa tion c!C'\·eloped by Yphan tis aud \Vaugh. 11 The' ll'cight 
averages va lues for t he to ta l HXA prC'sent in t he so lution ll"ere calcula ted from 
ul traviolet a bsorpt ion measurements, ,,·hile t he values of s fo r the indi,· idua l 
species were calcula ted from C 1'1 cle t.crmin tt ti on:-; of t he :-~amc ul t raee nt rifugal sam 
ple:;. 

Average values of 1he sedimentation coefficients of three S-HXA preparations 
charged respectively wi th leucine, proline, or va line ar<.' li:.;ted in T ab le l. It iR 
clear that in each case t he sedim entation coeffic·i ent of the speeir:-; which canies 
t he amino acid is the same as that of the tot a l 8-HXA; moreonr, it ca n be Ree n t hat 
there a re no signi ficant diffrrcnces in s among t he t hree species examined. 

On t he a::;sumption that t he sedimentation coeffi cient of S-H.l\A i :-~ a mea:-~ure of 
its size, it may be concluded from these studies t hat t he spec ific ity of 8-H~A as an 
accepto r for difTerent amino acids il-l not rela ted to molecula r weigh t. C lt racentrif
ugal studies with U. V. optics 1 1 have :-~hown t ha t thi::; prepara tion of ~-HXA ex
hibit ;; a reasonably smooth cii ;;tribut ion of ;;cclimentation coe ffi cient;; around a 
Hingle ;;ha rp peak at -! .2S, ll"i th 85 per cent of materia l scdimcnt iug wi t h .s of lee;;; 
tha n 8.0. While this distri bution of :-;cciimentat ion coeffi cients is due in large pa rt 
to heterogeneity wi th respect to chain lengt h, t he preparat ion i.· rclati\'ely more 
homogeneous in this respect than other HX As. 

It "·oulcl appear therefore t hat the ba:-~ i s for lhe b iological specificity of S-HXA. 
must r e:-~ ide in it:-; nucleo tide compoRition or in the :-~equ e n ce in ll'hich t he unit :-; a rc 
a rranged . 

1 Hoagla nd , :\[.B., P . C. Za nlC'c ni k, a nd :\[. L . :-; tPp hPnRon, Biorhim . Bioph.IJS . . lela, 24, 2 15 
( ID57). 

2 IIoaghn I, M . B , :\1. L . :-;te ph<' nRo n, J. F. Nc-o l l, L . I. lfr rht , :u 1tl P . C. Zanwc- ni k, J . Bioi. 
Che111. , 231, 2-11 ( IH58 ). 

3 Zac- hau, II . c:., <.: . Acs, a nd F . Li pmann , t hese PRucEED l:-IGR, 44, 885 ( ID58 ). 
1 P reiRs, J ., P. BPrg, K J . Ofcngand, F. H . BNgma nn , a nd :\I. Di (•c•kmann , tlwsc P ltoi'EI:: urxas, 

45, :~ 1 0 ( 1959 ). 
6 Hed 1l, L ., :\I. L. f-; te plwu~on , a nd P . C. Zamec-n ik, Biochim. Bioph ys . . leta, 29, 160 ( 1958 ). 
u Sin g;<' r, :\1. , and c:. L . Can toni ( in p reparation ). 
7 Be rg, P., a nd E. J. Ofengand , these PRo CEI::DINGs, 44, 78 ( HJ58). 
8 Sc- hwf'el, R . ti. , F . C . Bova rd , E. A llen, a nd E. (: Iassma n, t heRe PRUl'I::ffi DL\"<:S, 44, 17:3 ( 1058 ). 
9 H olley, R. \\' ., B . P. D octor, f-;. H . M errill , and F . :\I. f'aad, Bioch im. B iophy.s . . l ela, 35, 

272 ( 1959 ). 
10 :-;m it h, K . C., K Cordes , a nd R . S. Sc lmeet, Biochim. Biophys . . leta, 33 , 286 ( l fl5U ). 
11 Yph:wtis, D . A. , a nd D . F . \\'a ugh, J . Phys. C'hem., 60, 62 :~ , (i;~O ( HJ5G ). 
12 Can t.o ni , ( ; . L ., unci R :\fo rri Ro n ( to he publi shc•d ). 
1 3 C:c lboin, H., a nd U. L . Can toni (to he published ). 
" Luho rsky , :-; .,and( :. L. Cun Lo ni ( to hf' published ). 



TilE MRC'H.'lli/JSM OF BACTBR/.1L FRAG!L!'JT PRODU'RD BJ' 
ii-FU 'OROCRACI!~: 'J'!JE AC'C['MCLAT/0.\' OF C8LL 11'.-UJ ... 

PRECCR80R8* 

BY ALEX.\XDl~ It Toi\I ,\szt AXD EilXERT BoitEK 
I 

Conmwnicaled bu Dm•id Rillmberg, J anuary 22, 1!160 

In a previou:-; c·ommuniration we ha,·e reported that therC' iRan early phase in the 

badPrial action of 5-fluoroumeil (Fl') on 15. coli I\:,2 which produces an "osmotic 

imbalance" in the cells. 1 

Further ::-;tucly of thi: phenomenon rr,·ealecl that Fl' C'XC'rts it s lethal action only 

on growing bacteria. 2 Inhibition of growth during the time of FC trPatment by 

metabolic inhibitors or by omission of gro\\·th fadon; from thC' media of a uxotmph .: 

prevented the de,·elopment of osmotic imbalance. 
When exponentially growing bac·teria w0re treated with FC and incubat0cl on 

nutrient agar plate: for Yariou: times, 90- 95 per c·ent of the cell:-; did not gi\'e rise 

to c·olonies. ITowen'r, it was pos:-;iblP to reco,·cr these cplls by a transfpr from the 

nutrient agar plates to Hucrose-supplementE'd agar prO\·ided the replic·a platino- " ·as 

done b(•fore a critical 25 minutes of incubation on the nutrient agar. After 25 

minutes of incubation , 90 per cent of the cells c·ould no longer ])p reeovered by this 

method, pos:o; ibly since they had already disintegrated on the nutrient plates. 

When the Fl'-treated bactpria were plated on a thin layer of agar, obser\'ation 

under a phase contrast microscope revealed a series of anomalous cytologic·al change. 

\\·hich culminated in the sudden di:integration of the cell:-;. a 

The disintegration of VC -treated bacteria c·otdd also be demonstrated in fluid 

medium: after 25-:30 minutes of incubation in broth, about 90 ppr cent of the cell. 

abruptly disintegrated and sedimented out of the medium. Tlw timing of these 

eYents . uggests that a great part of the population must have beC'n synchronized, 

possibly by the FU treatment it self (thyminC' starvation). The disintegration of 

the cells at the end of a normal generation time suggests a possiblE' connection 

hPh1·een the di,·ision process and the e,·ents of disintegration. 
The fate of the bacteria treated with FC depends fully upon the conditiom: of 

growth during a r·ritieal period following the exposure to the drug. ~[aximum ratE' 

of growth during this Lime inevitably leads to cellular disintegration unlpss the 

osmot ie pressure of the medium is raised bPfore t hP cells reac·h some iiTC'\'ersible 

stag(' in the process of disintegration . HupprC'ssion of the metabolic rate during 

this c·riti<'al pC'riocl also " rescups" the cells from FC-indueed death. This can be 

ac·complished by keeping the nutrient plates at low tcmpC'ratures for prolonged 

p('l'iods or by plating on minimal medium. Hlow rate of metabolism apparently 

enabiP. the cells to "heal" thC' lesion introduced by Fl' and thus to rpstore full 

Yiability. The length of the critic·al period during \\·hich the C'C'IIs JlE'ecl the pro

!C'C'tiou of high osmotic environment \\·as found to I)(' GO minutC's . There was no 

<·ell di\'ision during this tin1C'. 
Tlw preYention of eellular disintegration by high osmotic milieu suggested the 

in,·oi\'Pillent of sonw c·C'II wall abnormalit:v. Our rC'cent findingf' that FLT-treatecl 

32-1 
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('ells also exhibit an in<Trasecl srnsiti,·ity tmmrd heat and 111t'C'hani('al slrv:-;, < uuld 
abo be intNprrted as C'Onsequen<·cs of diminished rigidity of the C<.'il wall. ( Fl~

lreat<.'d eells also show high l iY :-;ensitivity. 4) 

In ordc>r to lest this hypothes i:-; \\~e have searched for the aceumulation of epJl 
wall preeursors," and found a signifieant in<Teasc of X-ae<.'lylhexosaminP c;; t('l"s6 in 
the FC-treatrd !'ell :-;. Table 1 summarizes the result;; of experiments designed to 
e;;tablish a possible <·onelation bdweC'n the aeeumulation of X-aeetylhexo:amine 
esters and the presence of osmotic imbalanee in bacteria. The data cil'ariy e:o
tablish sueh a eorrelation. 

In cuba tio n 1ncdiu 1n * 

Complrtc 
C'omplrtc 
Compl<'tr 
~o gluro~r 
:\"o gluroRe 
Com plPtP 
Compll'te 
Com plrtP 
E. coli, n, <"omplctr 

TABLEt 

Hupplemcnt addC'd 

l\onr 
FU( 100 l'g/ ml ) 
FU ( 5 l'g/ ml)t 
F'U( 100 l'g/ ml ) 
;\'onr 
JcU( 100 l'g / ml + ura!"il ( 100 l'g/ ml ) 
F'l~( 100 l'g / ml + thyminP ( 100 l'g/ ml ) 
2-thiora<"il ( 100 l'g/ ml ) 
F'll ( I 00 l'g/ ml ) 

p.:;\1-s of N-a('('
tylbexo8anline 
estr rs uccu m\1 -
lat<'d pPr I 01 2 

cell s 

:3.8 
a:3 . (i 
15 .0 

1.0 
.5 . :3 
2 .0 

28 .0 
2 . 5 
I 

Os1110ti<" t.· ITC'c·tt 

1 
21 

1. 5 2 
l 
I 
I 

18 
l 
I 

* 13netcriu at !Jalf-rnaxiulum growth in f'xponentiall!:rowth pln1sc in synthetic lliPdium (C:ray and Tatu111 ~ ) "c r·c 
iiH'Ubat d with FU for no lllinutPS at J7 ° C. 

t ;) ~Jfl. 1111 FL~ is just nbo\'e the threshold c·o n ·cn tration which induces "o motic imbalance" under the standard 
r-e ndit ions of inC'ubation . 

t Osmotk rfTect was quantitat iYcl.r f'xprcss£'d as thr ratio of numbC'rs of coloni£'s r£'rovC'r£'d o n suC'rost- supple
nH•ntC'd pln.tf'S to the number of coloni C's rCCO\·ered on nutri('nt agar plates: S, N; in normal hacteriu. S N = I. 

The accumulation showed linear increase with ineubation time: 4M:\I-s at 0 
minutes, 8.5 M:\I-s a t :30 minutes and I() MI\1-s at GO minutes of inc-ubation (expres;;ecl 
per 10 12 eel!.). J>rdiminary experiments with an amino acid auxotroph of E. coli 
K 12 (C' -G00-25 , Leu - , Threo - ) showed that re;; ting populations of thes<.' bacteria 
(produced by amino acid ~ tarYation) arc al·o able to accumulate these compound;; 
in the presence of O"lucose and FC. 

In a ttempt to i;;olat e the ar·cumulatccl compounds, large batches of FC-treatecl 
bacteria were extra<· ted a nd fractionated on Dowex-1-Cl column;; ac-cording to the 
method of Strominger. 6 UO per cent of the X-aeetylhexosamine este r:-; adsorbed 
were recovered in two peaks, a major and a ;;mailer one, both eluted ,,·ith 0.05 J/ 
X aCI 0.0 l J/ JICI (Fig. 1). The peaks \rere located on the basis of CY ahsorlmnee 
and the quantita ti\'e Elson-~lorgan reaction. Xo ::\'-aeetylhexo;.:amin e c·ontaining 
<·omponcnt carne ofT the column with any of the ;.;uecessive cluents. 

The t ,,.o peaks were not homogeneou;;. Paper chromatography re.·olvcd eac h 
peak to at least;) components all having typical nucl eo tide sp<.'ctm in !he l ~ \ '. T\\"0 

of the eomponent:-; of the major pea k on . ·trong acid hyclrolysi;; yielded diamino
pimelir· ac·icl, glulamie acid, alanine, and "CY-absorbing ;;pots hut no hexosamine. 
Another component of the same peak on strong ac id hydrolysis yielded a "CY
absorbing f·omponent ,,·hich had CY spectra and chromatographic mobility identi- ' 
cal with those of an authentic sample of FC The fourth and largest com
ponent of the major peak eontainecl ~-aeetylhexosamine, urac;,il but no amino acid;;. 

It will be of interest to determine at what site F"C intc·rfere;; with the assembly 
of the eel I wall mueoeomplex. It appears likely that small quantities of FLT beeome 
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metabolized to some cell wall precursor and this product may inhibit the whole 
enzyme complex of cell wall synthesis. This may lead to t he accumulation of 
relati1'ely large am6unts of the normal precursor('). The re 'toration of cells to 
viabi lity IYOuld then involve the slow removal, by some means, of this interfering 
compound from the synthetic patlHmy. 
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0.0 I m H Cl - L..__t _ _l.l O_..J__3...!.0:--....~.___5:'0:--....L--7:'0 

TUBE NUMBER 
0.05 mNaCI 
0.01 mHCI 

FIG. 1. - Isolation of the nucleotide 
linked N-acetylhcxos:unine e. ters on Do
wex-1-CI. 15 lil<'rR of bacteria at half 
maximum gro11·th in synthetic medium 
were trpa.ted ''"itb FU(lOO ,ug/ ml) for one 
hour and then harvested, e;...-tracled, and 
fractionated on an ion-exchange column.' 
The figure only bows the part of elution 
diagram 11·hcre the N-acetylhexosamin<' es
ters were elutC'd. f--:olid lines indicate UV 
absorbance at 260 miL, dotted lines show 
the quantitative El on-:\Iorgan reaction. 

These findings seem to confirm our earlier suggestion 1 that the mechani .. m of 
FU-induced "osmotic imbalance" involves a metabolic imbalance between cyto
plasmic and cell wall syntheses. This condition is in itiated by an early injury of 
the cell wall synthesizing mechanism by FU and is acC'ompauied by relatively un
inhibited cytoplasmic growth. As a result, after the removal of the FU from the 
medium the bacteria may resume a sort of unbalanc-ed grmi"Lh whic·h soon leads to 
the disintegration of th cells. · 9 

*This 11·ork was supported by a grant (E-1181) from the Kational JnRtituk• of Health, G. S. 
Public Health ~ervire, and by a contract (AT (30- 1) 2:358) from the U. 1-'. Atomic Energy Com
misRion. 

t Predo<'toral Fellow of thC> Xational InstituteR of Health, U. S. Public Health f--:ervice ( Jt:F-
9085 ). 

1 Tom:JRz, A., ancl K Borek, thPRC PuocEEDINGs, 44, 929 \IU5!l). 
2 ThC' 1t<"tion of FU n•scmhlo~ in t,hiH reRpect t,hP a.etion of penicillin a,nd of a number of ot.ltcr 

;\n t.i biotit:s. 
3 Tomasz, A. , and K Borck, Federation Proc. ( 19GO ). 
• (to be publi. heel ). 
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• R<•<·<•nll~· , Obuji and TakaJ.~aki hav<' r<'port<•rl thP aC'f'umulation of thpsp c·ompouncb in li-

azattnwil tn•atpd baC'!Nia, Jo11rna/ of Biol'hem. (Japan ), 46, i9l ( LH.'J!l). 

6 ~tromin!(t'r, .J. L., J. Bioi. ('hrm., 224, 50!l ( I !)57 ). 

7 <:my , C'. II. , and E. L. Tatum, tlw~P PRo<'8Eni:-..c:s, 30, 10~ ( l!lll). 

' HP~umption of llw D\'A synthP~is ma.v havP a dl'C'ioiV<' rol<' in making tlw ttnbalanePd gro"·th 

oft lw org;anisms irrevc·r~ihl<'. 
9 Tlw GO minut<'R' inc·uhation tim<' 1\·ith Fl ' a otandard condition u~ed in our <'xperinwnts

may n•prPsl'nt tltP C'ritieal tim<- up to which t lw ahov<' m!'f'hanism of a('(ion of t lw drug prt•domi

natc•s. On prolong<'d incubations inhibitions of other phas<'R of pyrimiclinP metabolism may lw

conw dPC'isivc . 

. ICTJO.\' 8PH(''J'R.l OF C!JROJI .- l'l'f( ' THAXSIENT,' AXD T!JE 

EJJI<)RSON EFFECT IX J!.IR.J:..rE .lLGAE 

BY L. H. BLIXKS 

llOPKI:\':; )1.\RI:O.E :;T.\T!O:\' 01-' 1-i'l'.\'\'Jo'URO l ' :\'1\'ERSITY, P.-\CIFIC (;IW\ E 1 ('ALIFOH:\'lA 

Comnw11icalrd Jrwunry 28, 1.'160 

C'hrom;ttic transients arc the changes in oxyg<'n <'Yolution rate recorckd on alter

ing ih<' color of lig;hL incident on a tissue, enn though the intrnsities are adjust<'d 

to gi,·e equal Ht<'ady rates of photosynthesis at both \van:-length,.. Thc:-;e were 

fir:-;t obsen·ed 1 on exposing a red alga (Porphyra) alternately to red light ((){;) mJ.I) 

and green light (MiO l11J.1 ) . They ha\' ' be<'n reportcd 2 in a gre<'n alga (Ulm) on 

altemating illumination between (a) -100 and 5-1.0 mJ.I; and (h) G-±0 and G88 111J.1. 

The location of these regions coin cided fairly clo:-;cly to thr absorption in vit•o of 

seYeral pigment:-;: c-h lorophy ll a n t (i7 5 G88 mJ.I; n ixecl c·hlorophylls a.t 5-1:0 n1J.!; 

ch lomphyl l bat G-10- ti.)O mJ.I; phycoerythrin at ;)()0 ll1J.1, and carotenoicls at -HJO mu. 

(Alte rations of wa,·elcngth ,,·ithin the absorption JTgion of a single pigment produce 

li ttl<• or no transient. ) 
The earlier studies were made by rapid ch,lngc of :-;clting on a monochromator, 

and the region:-; were limited by output energy and action spectra. of the tissue 

to a few pairs of ,,·avel<'ngth~. In orciN to obtain a more accurate delineation 

of the entire action spectrum for the transients, Lwo sources of light have 110\\' 

been <'mployed , one a f-i.xc•d or refcrPnc·e waYelcngth, deri\·<'d from a scparat<' lamp 

with interferen<'e filter, the other the high-<'nergy monochromator pre,·iou:-;ly de

s<Tibed. 3 The image:-; of the two lamp filaments were foeu:-;ecl earefully upon the 

tis:-;ue, usually an algal thallu:-; one cell (or a f<'w cells) thick, tightly held a<Yaiili-it 

a brighL platinum rleetrodr by mean:-; of a cellophane .:;trip. 3 . l naiJaena, a blue 

grern alga, was studied by lifting mat:- of filaments \\·hich had grown out \·cry 

uniformly at Uw Ht Jrface of :-;ea \\·ater, <tnd spn•adiug th<'m as smoothly as possible 

o,·rr the electrode. 
Oxygen arriYing at tlw electrode \\'as reduced to IT20 2 at an applied potential 

of O.;'i , ·olt, tlw curr<'llt 1Jei11g recordrd by a Spe<'Ciomax potentiometer conned('(l 

acro:-;s a fixed r<•sisla11ec (usua lly I ,000 ohms) i11 the ('ir~·uit. F!owi11g or n'cir

culnted :-;ca water, usually <'qui librat ed against 3 per ernt C02 in air, quickly es

tablished a ba::sc line \\·hid remained wry steady in the dark , frequP11tly at <U'ound 



:328 B01'ANL L. /?. BLJ.Vl\.S l'HO<'. X. A. S. 

2 or:~ J.LUmp, due to the passage of 02 aeross thC' tissuC'. l! was increasc·cl in the 
light to a much a. 8 or 10 J.Lamp, due to the arrin1l of photosynthC'tically pro
duced 0 2 at the electrode, thC' len"! being dependent upon light intensity . This 
is therefore read as a rate of photosynthesi.- and, by mC'ans of the <'iectrodwmical 
equivalent of J-I+ i6m; oxidized, can be made an abso lute mPasun• of 02 diffusing to 

+560 +678 

620 b 

-vv 
678 

678 

560 
D 

560 

D a 

678 
10m in. 

FIG. !a.- Chromatic transientR and tlw Emrr~on en
hancement due to alternation and addition of n·d (Gi8 ml' l 
and grPt'n light (560 ml'), in thr rrd alga Porphyra ,\ ·rreo
cysli.,. b.- Chromatic I ransients on altPmation of 678 
and 620 1111'. Explanation in text. 

the eiC'C"t rodC'. Furt hcrmorc, 
due to the short diffusion di:
tance (a fC'w microns only, the 
thickm•ss of the eel! wall ) , the 
ne\\· c•quilibrium Y:till(' 1s 
quickly cst:thlishC'd, in a mat
ter of OIH' or 2 minutc•s (Fig. 
1) . This makes it pos~ibiC' to 
follow tmnsients fairly scnsi
tivdy. 

One precaution in recording 
chromatic transients is that 
the tissue (or the light })('am) 
be Ycry carefully restricted to 
the surfac-e of the electrode. 
lf the t issue• projects hcyon I 
its C'dges , t herC' may be a RI011· 

dill"usion of 0 2 from the sides 
to the elect rode (despilC' good 
flow of SC'a water) whi(·h givec; 
spuriou: tram;ients if the 
hea!lls of light do not exactly 
coincide. Careful adjustn1ent 
of the bC'ams and tissuC' to the 
e lectrode c;izc or, in some cases, 
masking \\·ith black pnpN or 
hb1ck cellophane obYiat~d this 
"edge cffC'et " (which may be 
readil_\' tested by altcmating 
an identieal w~welength from 
the two sourees) . 

• \.nother source of spurious 
chromatic trnnRients is poor 
synchronizatioll of t hC' light 
shutters. While C'iectricnl 
switching partially oin' i:tlcd 
this trouble, it was found best 

to utilize a Rliding shutter "·hich very accurately interruptN! one ])('am as it ex
poRed the other. A check with photocdls ic; dC'~irable. 
Emerson E.ffect. This phenomenon, discovered by the lalC' Robert l ·~merson, 1 • 5 

signifie the more than additive effect of two supC'rposcd wavC'lt'ngths: thus the 
far red (700 mJ.L), which is u:-;ually inefficient in lhC' pholosyn!lwsis of green plants, 
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becomes much more efTcct iYr when shorter wavelengths are given simultaneously. 

Thio; i,; ascribed to the low activtty of chlorophyll a. which is markedly enhanced 

when light abso rplion hy chlorophyll b or c, phycocyanin, phycoerythrin, fucoxan

thin, or othrr carotcnoicls occurs simultaneously. Since two alternating light 
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Fro. 2.- Enteromorpha tnbulosa: reference b0nm (a) 702 mu ; (b) 6-+7 ll1J.L. FIG. 3.- Punctaria 

ocridentalis; reference beam 702 m.u. Fw. 4.- Porphym 'l'huretii; refere n<'e beam (a) 702 ffiJ.L; 

(b) 5GG mJ.L. Fw. 5.- P .. \ -ereocystis; (same). Fro. 6.- P. perjorala; reference beam (a) 702 

mu ; (b) 6 L-+ TilJ.L . Fw. 7.-Anabaena sp . ; (same). 

, ources were found drRirable to trace the transient action spectra, it was a simple 

matter to combine two \Vi1Velengths (o rdinarily adjusted to give equal photo

synthesi. separately) and observe the enhancement. (Had' such a double source 

been em.ployed earlirr, the enha ncement would no doubt have been ob erved orne 

time ago.) 
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Recording.- Figure 1 show a characteristic :-;equPnce of exposures in a red alga 
(Porphyra Nereocy tis). The initial le,·el of current (2 /-Lamp) is due to oxygen 
arriYing at t.hc electrode across the tissue in the dark (D). Hed light (67 mJ.I) near 
the absorption peak of chlorophyll a is then given; the polarographic current is 
increased to about Lwice the dark \'alue. This represeut;.; the :-;tC'ady photoRyn
thetic rate in red light; the wtwelength is then changed to green (560 11lf.L) with
out an intcncning dark period. A characteristic chromatic transient en:-;ucr;; 
following the notation earlier employed 2 there i. an initial cusp (a), a deprC'ssion 
(h) - often below the steady sttlte lewl- followed by a rC'co,·ery (c) equal to the 
red Yctlne (to which it has been previously adjusted). On return to red light (G78), 
there is a depression (d) usually sm.nller than the cusp (a) followed by a re
covery to the steady sLate. There arc somewhat different time courses found at 
different \\'aYclength. ; thus on alternat.ing from chlorophyll a absorption to that of 
phycocyanin (!i20 mf.L) the cusp (a) is often very much smaller, or almost absent, 
while the depression (b) is ,-ery large (Fig. 1, b). The next event in a typical se
quence is the addition of the two light sources, prc,'iously alternated.' Here green 
light ( +560) is added to reel. A very abrupt ri e occur , with a new cusp, de
pression and rcco\·ery, to a steady state of about 6 /-Lamp. This is an increment 
of 4 f.L:l, compared to the original red or green value of 2 lla ; taken just on itt; addi
ti,·c yalue the cnhancemellt is 100 per cent. But it is probably better to compnrc 
the expected responr;e (twice the green or reel value) wilh the observed one, giving 
an enhancement of 50 per cent for the combined lights, or an Emerson factor (E) 
of 1.5. 

Decreased enhancements are found when ,·ery differC'nt relative intensities of 
Lhe t\YO light r;ourccs arc added; on the ll'hole, the bPst tot.al enhancement occurs 
when wavelengths of approximately equal cfTecLivenc:;s are added. There if> no 
evidence of a "catalytic" eiJect6 at very low intensities of added light, even in the 
blue region. 

Jlction Speclra.- The values for chromatic· transients could be based on the height 
of the cusp (a). But in a few cases (as in the region of phycocyanin absorption) 
this was abnormally small, f>O it was decided to take the eli. ·tancc from this height to 
the depth of the depression (b); i.e., the greatest total ,·tuiation, both upward and 
downward. This is plotted as percentage of the steady state photosynthesis. 
Figures 2 to 7 show action spectra for transients in a number of marine algae. 
with different accessory pigmc11ts. The majority of these were oblnincd by alter
nating a reference beam of far red light (702 mf.L) with a variable beam from the 
monochromator. In these cases, the maxima for chromatic transients arc fotmd to 
coincide remarkably well with the ab ·orption peaks of the accessory pigment .. 
Thus in the green alga (Enteromorpha) the highest actiYity wa. found at 6-l-0- 650 ll1f.L 
(chlorophyll b absorption) and 480-1-90 mrt (carotenoid absorption). (The latter 
cou ld conceivably be due partly to chlorophyll b, and the somewhat lower activity 
in the micldl • of the Rpe ·tmm mu~t also rC'prel-ient predominant ab:Sorption by 
chlorophyll b.) The peak~ for the brown alga (Punctaria) mui:iL represent chloro
phyll c (G:10 and 580 mil), fucoxnn thin (520-5-l-0 mil), and other earotcnoids (480 
region); again, chlorophyll c might be eontributing to the latter maximum. 

The red algae, haYing uo chlorophyll b or c (chlorophyll d seems to be nearly 
ab. eni from mosi. red algae as well), show little or no activity in the regions charnc-
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tcrizing .. uch pigments; hut they do display trunRicnls in tJw region G20-1J50 mil 

depending upon lhc phycoeyanin (and allophyeoeyanin) <·ont<'ut. J>orphyra 

'l'lwrelii has llw lt'ast or these pigments (il is a deep rwl eolor) , and sh<ms little or 

no tranRient activity until the phyco<'r-yt hrin regiou i:; approached (wa\·Plcngllu; 

lcss than GOO mil, " ·ith maximum at ;)tiO mJ.l). P. XNeucytsi.s (a more purple 

species) has a shoulder indicating Honw phycocyanin aet ivity (()20 mi.L), though 
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.\ rlion Rpcclra for c·nhanremcnl (l~mer8on pfferl, 1 ~): 

Fw. 8.- Enti' IOmorpha. Ji'w. \l.- Punclaria. Fw. 10. J>orphyra Thurelii. 

FJG. 11 .- P. X ercocy81iS. Frc. I "2.- P. pc•t:{omla. FIG . 13.- . t llftllanw. 

( \\"avelenglh~ as in Frc;,;_ "2 7 for the c-orn'sponding algae. ) 
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again t he major actiYiL)' 1. at 560 ffii.L- Only in F. p('lfurata (of <l Rlate gray color) 

doc:; the tram-;ient aetiv ity hceomc ,-cry la rg<' in the phycoeyaniu region; h err it 

<'xtend well toward ()50 mil, corre,ponding to the high content of a llophycocyanin 

in t.hi :--; speci<'s. It Rhould be noted that. the transient act ivity is w ry slight in the 

blue end of the spect rum (-WO 500 mil) for a ll tlH'se S[W<' it's; quitr dearly , the 

caroteuoids are unable to o·cneraLc transients agnin:;t the far red (nor, obYiou:;ly, 
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can chlorophyll u in thi,; region of its absorption). Ilmrryrr, as Fi<rme ..J indicates, 
thr blur end of the sprctrum is prrfedly mpahiP of r;enPmting good transients 
\\hen alternated \rith green (or omnge) light ab:.;orbed by tlw 1Jhycobilin8. This is 
clrarly shmn1 in sc,·eml of the figtm's, \\·her(' a rcfrrenee i>Pam of !)(j() or (iJ ~ mJ..I 
was employrd. .\gainst ;.;uch a rcfPr<'nce beam good actiYity is sho\rn in both ends 
of the ;.;pectrum (the intrn;.;ity of blue light has to br \·cry high, due to its lo\\· photo
synthetic eH-iciency in red alg<te). 'l It must lw ;.;tressed that either absorption region 
of chlorophyll a i:-; cffccti,·e against the phycobilins, whether in genrrating tran
sients. or in thr Emerson enhancrnwnt. 

The situation in .lnabaena is partieularly intrresting, ;.;ince (a;.; in the photo
synthetiC' aetion spectrum of a marine blue grcm alga 3) it displays low chlorophyll 
ncti,·ity. Thus good tr:tnsients are genemted again;.;L a far n'd refl'rencc beam 
(702 111J.L) 0nly at the phycocyanin maxim (():20 nw). :\one apprars in tlH' blue, or 
eYen in the green , rrgion of the :-;prclrum (there is lit tic or no phycorrythrin in 
thi;.; blue-green alga) . If, ho\\·eyer, onuwe light ((il-l ll1J.L ) is made tlw rdcrrncc 
then, as with thr rrcl algar, good transients appear in both thr red and blur region 
of chlorophyll absorption. 

Hnhanccmnzl 8pectra. These arc sho\\·n in Figurrs 7 I :2 for thr same ulgar. Thr 
action spectrum for the Emcr,;on effret is almost identical with that of the tr:w
sients. Quit(' clearly the s:tme pigment;.; nrc implicated in both plwnomena, and 
it is tempting to speculate abouL a common mechanism for both. What t.lti~ may 
be is not yet clear; but it ;.;hould be emphasized that enhancement occurs rqually 
well when chlorophyll a is ahsorbing blue light as when it absorbs red. The 
enhancement in the former case is therefore due to absorption of a longer 1\"H\'e
length by other pigments, it i;.; apparently not 11ecr;.;;.;ary that a <lwrtcr w:we 
length be supplird. In a red alga, green or omng<' light can enhance the dTef•L of 
Yiolct or blue light. 

YNy ;.;imilur enhancement ;.;pectra arc bring reported for a unicellular fresh water 
alga7 and a number of other marine algae.' 

Discussion. H scents too early to ascribe a cause to either the chromatic tran
sient;; or the Emerson enhancement. .\ hypothesis wa:-; propo~rd for the former~ 
(following a Ruggestion by l~mcrson ) which im·oh·ecl increased rc;.;piration during 
the absorption by Yarious accessory pigments. There is something to commend 
thi;.; in the light-dark transients at thr chametrristic mtvdcngth. , 1• 2 as well a;.; 
in the time eourHr of the cnhancrmcnts t hcmsel\·es (Fig. I). .:\ ot only is thcrr a 
eu,;p (Ycry like that of " a" in the transiC'ni) when green light is added to red 
and missing ,,·hen red is adckd to •rrr<'n; hut thcrr arc nearly as marked difTcrenees 
when tlw Hupplementnry li~l t is remoYrd. On turning ofT lhe red light (lra,·iug 
only grern), there is a marh'd dC'pre. sion (enhanced rrspiration':) , while this iH 
not observed wh<'ll grC'en is turned ofr (leaving only rrd). l~xpl'l'inwnts at higher 
and lowc'r tc'mpemtur<' , and with a vari<'ty of respiratory and photosynthetic in
hibitor;.;, are under way to ebrify thc'se c{Tpct;.;. 

Summary. .\diem spectra arc presrntcd for eh romat ir tran~irnts and the 
Emcr;;on effect ("enhancc'nwnl") in ilw photo;.;ynthe:-;is of a numlwr of marinr 
alga<'. Whrn far rrd light (700 11lJ.L ) i;; alter('(] or Hupplrnwntc'cl with otlwr wtt\'C
lengt hs, the great<'sl C'fTec-ts oeeur at t hr absorption maxima of t hr acees;.;ory pig
mrnts: c·hlorophyll b and c-arotrnoiclH in gn' n algae; c·hlorophyll c an<l fueoxtul-
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thin in hro\\'n alga(•; phy('ohilius in n•d and hluC'-p;n•pn alp;aC'. Both pf'fC'cts also 

OC'CUI' PquaJJ_v \\'(']]when thP <·hlorophyJJ a is absorbing in the• blue end or the spec

trum (-I:H) nw). 
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Yery little has hC'en done in the pasL in th way of de,·C'loping partition fun('

tions to predict thC' thermodynamic properties of fused Halts. Csing the \\·ork of 

\\'alter and Eyring, 1 \\'heeler2 formulated a partition function for molten alkali 

halides and hC', as \\'C'il as Parlin and Eyring (unpublished), !'ai!'ulated successfully 

many of the thermodynam i(' properties of salts. The part it ion fund ion used here 

is a f urt hN Rt<•p in t hC' a.ppl ic·at ion or sign ifiean t st ruc-tmes a;; de\'elopcd carl iN a 

For a mole of alkali halide moleculcH it is 

J (27rmkTJ'hr~· s1r ~IkT t .. }(t -::") s (L) 

( .Yha lz 2 ( 1 _ r - hv/kT ) 

n,, = ll c~ .. -t) (2) 

The \'a rio us para met erH arp explainPd as follows: 1~', i" the potent in. I ('nNgy of 

the "olid at the meltin!l: point; 0 is the Einstein temperatun• of thC' solid; 1· .• i~ 

the YolunlC' or thC' solid pc·r molP at the melting point; 1· is the molar \·olume of 

lhP liquid; nand a are parnmet<•rs to bC' fittC'd to tlw cxpC'rimcntal liquid data; 

m, 1, and v are the mass, tlw moment of inertia, and thC' ground stat(' \'ihrational 

frequ<•nc·y, n·sr)('c·t i\·ely, of the gas('Otls diatomi<· alkali hafide moi('<·ule; 't is thP 

absolute tc•mr)('rature, R tlw gas !'onstant, .\' .\Yogadro 's num\)('r, k i~ Boltzmann'" 

constant , and hi · Planek's eonstant. 
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The two . ignificant structures described b:v the partition funrtion arc solid-like 
and gaRlike. In the solid-like structure as far as the partition function is con
cerned, the alkali metal ions are a. c;umed to b<' C'quivalent to the halide ions. In 
other 1\"0rcl , the alkali metal and halide ions nre com;idered to be vibrating with a 
common EinRtein frequency. The s lid-likC' portion of the partition function is 
raised to the p011·er 2( I '.,/ I ') X because n mole of alkali halide c-rystal contain::; 2N 
partic-les when all of the ions arc assumC'd to be C'quivalent. Also l~' ,jN is the 
potential energy per alkali halide molecule. , ince the desired potential energy is 
the potential energy per ion, .l!Js must be di\'ided by 2. The gaslike significant 
. tructure i composed of diatomic alkali halide molecules whoHe moments of inertia 
and ground state vibrational frequencies arc assumed to be the same as for the 
vapor phase. To acc-ount for the long range nature of the coulombic interionic 
potential, the potential energy for the solid Es has been multiplied by the factor 
(F / T' _,) 'h 

Caleulations of melting point ancl boiling point data and critical constants have 
been carried out for four alkali halideR, "X aCl, KCI , :N aBr, and KBr. The method 
of calculation was the ~mme as that of Eyring, Reo and Hirai. 3 

The parameters E ., and e for the solid can be determined by various techniques. 
The value of e may be cal·ulated from the equation e = 3eD; -± where eD is the 

1 T ~~ ('(' 

E,. k("al / mol 
0 OJ\: 
LC11:m cm 2) 

w = v/c, rm - 1 

n 
a 

N ul' I 
:30 . J \) I. * 
50 . 075 

2157 

l . 2fJl X lO - 38' 

::180' 
n 
0 . 1000 

TABLE 
KCJ 

"lJ . 57 cc' 
,)·L 15' 
1707 

2 . Hl5 X w-as• 
:30.5 ' 
(i 

o.mooo 

N an r 
;J{j . [)2 CC I 

51. \J 16 

1"15" 
I . 856 X 10 38' 
:302 '" 
7 
o. 05:300 

* Tlw rderr ncr nund)('rs for ex prrimental quanti ti c& are> li ~ t NI in the tabl C' . 

KBr 
48 06 cc 4 

51 . 5:3• 
118" 
3 . 46 X w-as• 
:.-:31 ' 
5.5 
0 .02:300 

Dehye characteristic temperature determined experimentally at low temperatures. 
With e known a value forE, is ("hoscn in the Rolid partition function to give an ob
served property of the :olid at the melting point such a. the vapor pressure or the 
energy of sublimation. Alternatively since the Dchye tempC'rature of a ::;ojjd is 
usually lower at the melting point than for low temperatures, two independent 
experimentally determined parameter::; of the Rolid at the melting point can be used 
to find both J{, and e. 

Fori\ aCI and KCl e and E ., ''"ere determined by the fir:t method. That is, three 
fomths of the C'xperimcn tally dctcrmi ned e D IYas used for e, and thm1 the vapor 
pressure of Lhe solid at the melting point was Llsed along with the already deter
mined e to fincl E., . For XaBr and KBr e and E., wcrC' determined by using t.he 
expcrimC'nLally dcterminrcl cnrrgy of sublimation and the Yttpor pre.'sure at the 
melting point. The results obtainC'd by the t1ro methods will in general be slightly 
different but lead to about equally good values for the liquid propC'rtiC'~. This is 
true since the parameters 11 and a in thC' liquid partition function can be varied to 
offset t>mall dcYiations in thC' vahtC's of E ., and e. 

The ndtt('t-:> usrcl for t.hC' various parameiC'rs arc given in Table]. 
All of the properties calculated for the salt: arc listed in Tables 2, 3, and .f. As 

one can ob. ervc, the meltiug temperature was predicted for NaCl and 1\:Cl, while 
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for NaBr and KBr tlw mcltinl:!: temperature wa~ filled exat:tly by adju~ting the 

parametrn; 11 and a. 
In Table :2, Tm, I' m, and ,;;,81 arc the nH'lting tempcmtui'C, Yolume of the liquid, 

and the entropy of fusiou, resJX'ctively. In Table,; :3 and -~ these ~ame propcrties 

carry the subscriptf' B and c to indiealc the boiling point and ihc criti<·al point 

respectiw•ly. Hcference to <•xperimcntal quantitie~ are agai11 li~ted by the par

ticular value. The eritieal eon~tants are, of course, 11ot kn0\1'11 experimentally. 

Thus, Uw agrccmenL with the oh~ciTCd data for nil of th · :,;alts in,·estigalcd i~ 

reasonably good, and the order of magnitudP of 11 i~ \\·hal might lw (•xpedcd from 

pre,·ious " ·o rk . Thcre are one or t\\·o point~ whir·h nl'ed to bl' diseus~<>cl, howe,·er. 

Fin;t, a:-> nm be ~el'n from re<·enl publieation:-;, 1• 11 the l'xperimenlal value of 1', is 

uncertain. ~lon•on•r , a re<·l'nl publieation 12 indir·atl's that th<• ntpors of the 

a lkali halidl':-> are f't rongly a~soeintcd to fom at om and C'\'l'n six atom <·om plexp,;, 

ln till' prl'sent trcatment on ly diatomi<· moleeub; \H're a:-;~unwd to r·m1stitule the 
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gaslikc significant strudur('. Taking areount of po lymer~ of tlw sail molecule::: 

in lh<> ga::;eous part of the partition fund ion requires no nc\1' parametcr~ but ~hould 

improve 1 he partition function. 
Hecent lit('l'aturc' also ha~ gin•n 11('\\' experimental nllues for tlw ground stat<' 

, ·ibrational frl'qut'JH'i(•s of tlH• diatomi<· alkali halide~. 111 In this ea~<·. hO\\'e,·er, it 

ha~ bel'n verified that the new value~ afTeel llw calculat,ed result~ but ~lightly. 

In c·oJwlu,;ion it tan be ~aid thai a lthough some signifi('ant structures httv<' been 

negleded and un(·Ntaintil's in the values of ::;ome expprimcntal parameter~ exist, 

11 ('\'t'rl lwlcs::; I he rl'~ult~ pro\·<' that t lw ~cncml method of approneh ('an be ,·er~· 

fruitful and r<•adily applied to mleulal<' the thNmodynamic propertics of sa l t~. 

Yery rl'c·ent ly , Blomgren "1 applied thl' ~iguifir·ant stru('( ure tlwory of 1 iquid~ to 

molten K('l in a ~lightly difTc•rent manner from our approach. But he obtaincd 
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reasonable agreement 11·ith experinwnt for the molar Yolume. An extcnsiYe reYiew 
" ·as made for fused salts h~· Blomgren and Yan Artsda1Pn. 1 1 

The authors wish to thank the National Science Foundation and the Office of 
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8JG.VIF!C'ANT STRCCTr .Rf(S ! 1\ LTQliD8, IF. UQ['JD CHLORJNF* 

DEPAR 'I':-IE :\ '1' OF C IIH::IITS1'RV 1 1":\ 1\"l::R iiTTY 01' !'TA ll 

Comm unicated JOil!W ry 2.'!, 1FI60 

Earlier investigators ' · 2 attained con 'idrrable success in fitting the liquid state 
through the use of the "holeR-in-solid" model. Extending thif-1 theory, Eyring and 
cO-\\·orken-; 3• 4 ha1·e recently proposed the theory of :;ignifirant :-;tructures in liquids 
and have thus obtained a relatively :-;imple and accurate partition function for nor
mal liquids such as neon, argon , krypton, xenon, benzem•, methane and nitrogen, 
and also for fused Baits and moJtpn metal s. 

According to the significant structure theory a liquid molecule possesse,· both 
solid-like and gm;like decrrees of freedom. The relative contribution of the t\\'O 
types i. given by I', V and (T' - F ,)/T, respectively, where V, is the molar volume 
of the solid at the melting point and F is the molar volume of the liquid at various 
temperatures. Thu:-;, the partition function for the liquid is given by 

(1) 

where f . and .fu arc the partition functionR for thE' solid-like> a11cl gaslike parts. 
The halogem; seemed a particularly intere:ting oToup of C'i('ill<'nts on which to 

apply the theory, all(! chlorine wa,; cho~e11 to b0 the firs t of the halogen group be
c·au:-;C' or its general interest and thE' availability of ample data again:-;t which ealcu
latcd l'alues might be c·hcckecl. 
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Partition Function for J.~iquid ( 'hloriltf'. In writing t lw nnious 1 C'rms of 1 he 1'<'

::;pectiYC' partition fLmdions of tlw solid-likf' and gaslike parts, <'l'rtain assumptions 

had to lJC' made concC'ming the ckgr<'C's of frC'C'dom of the chlorinf' molecule in thcRC' 

l wo statf's. Tlw lllHisually high !'nt ropy of fusion rC'portC'cl b.v C:iauque and 

Powell" and the absen<'<' of transition pPab in th<' hPnt capacity curv<' for solid 

chlorine' gi\'C'll by the latter indicatl's that the chlorilll' moleculp probably docs not 

rotate freely in tlw solid state. Also the density data on liquid chlorinc6 · 7 ;;uggcsts 

that rotation is inhibited in the liquid stat<'. This quC'slion is cliseussl'd further 

below. 
Rather than com pi icat <' the part it ion funetion by eonsidPring li hration-typ<' de

gree,· of freedom, the solid-like part "·as treat('(! as a fivf'-clegrc<' Einstf'in oscillator, 

\\"ilh the internal vibration being the sixth degn•e of freedom. Free rotation \\"as 

aRsumed in the gaslikf' part of the partition function. 

The resulting partition function for the liquid, then, assum<•d the following 

form: 

Equal ion (2) contains two para met Ns which ha ,.c the follo\\"ing con notal ions. 

nh rcpr<'Rf'nts the number of "holes" or equilibrium sill's aeressihlf' to a moleeulc in 

addition to its single most stable position. This could also lw c·on"idcrecl to be the 

moles of holes per mole of normal ~ite.'. The latter drscription can be equated to 

the total Yolume available for hole~ c]i,·idecl by the ,·olume per mole of holes, or 

(!' - T'.) 
11" = . , ) === n (.r - I ) 

c r .• n 

where n is the number of holes whose combined volumes equal the volume of one 

molC'culr, or ( I 'n ) is the fraction of the \'Oiume of a single molecule required per 

ne\1· equilibrium site. The term .r is a reduced , ·olume used to expre~::; thr ratio 

(Y/ 1'.). 
The second paramrter a' repn•srnts thP rnergy put into the systrm by expansion, 

and i.' related to the hrat of sublimation E. by the exprrssion 

a' = a" H, (-t) 

ThE' strain rnergy, or Pncrgy e011t ributed per hole , E 11 , then, is a"E, n,,. . 'uhsti

tuting the ,·alue for 11 11 from equation (8), " ·e thrn obtain, 

, a"J~'x l 

1~, = = al~., (.r - I ) (3) 
n(.r - I) 

The degeneracy term, thrn, h<'comps 

l + ll(.r _ I ) c -n E RT(.r - 1) 

and the P<lrtition funet ion takes its final form, whieh now includes the t\\"O new 

parameters nand a: 
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r ------;-~ (l + n(?; _ l )e-aE,/RT(x- l ) ] { 

eE.,jRT 1 }N/ x 
· L = (1 _ e- 0/1')' l _ e - hv/kT · 

{
(2nmkT) '12 8 n 2lkT 1 eV, x}l\'(l - l / x) 

h3 2 h2 1 - 6 - hv / kt N • (6) 

The Helmholtz free energy A is perhaps the most useful function related to the 
partition function, as it is readily cmwerted into the other thermodynamic func
tions. Since it involves the logarithm of the partition function, it "·as found con
venient to adopt the following abbreviations for component term : 

RT ( ]) A = - - (crt + uz) + RT 1 - - ('Y + ln :r) 
X X 

(7) 

where, (Sa) 

(8b) 

(8c) 

H will he noLecl that cr1 a11cl 'Yare free of any .1: Lcrms, and hence can be treated 
as constants, if Tis kept constant. 

The ob ·erved Xm = l.J 98 (V, = :34.34], Y = ..fl. 145) at the melting point 
(17] ..± 0 IC) is abnormally high, since mo. t solids increase about .10 per cent upon 
melting. This value of :r.,., however, is probably correct, although a small uncer
tainty exists due to the fact that density data for both pha. ·es had to be extrap
olated to the melting point. The anomality for chlorine is probably clue to . ome 
transition in the .·olid beginning at a temperature near the melting point. Thus, 
we had to choose a molar volume for the solid state larger than that observed and 
more of the order of what it might be for the complete tmn ition mentioned above. 
By a trial-and-error meLhod, we obtained :r,. = J .05. 

Equation (6) was solved for u 1 and u2 for Xm = 1.05 (Y. = 39.1757 cc/ mole), 
according t.o the method developed by Fuller8 in fitt.ing benzene. This yielded a 
value of 1-!.3 for n, a 8-value of 41.48°K, a.n E. value of -6,075.9 cal/mole and 
an a-\ralue equal to O.OOJ 2977. 

Results.- (a ) PropNh!'s at the boiling and the critical points: The equation was 
tested at the boiling point (67 degrees above the melting point) and yielded the 
following results, listed allCl compared with obHerved values in Table J: 

TABLE 1 
BOJLTl\G-POJN'l ' DA'l'A FOR CllLORLJ'o:B 

Liquid volume, cr / mol e 
Vapor pressurP, atm. 
TempcraLtu·c, 0 J( 
Entropy of Vaporiz 'n, c.u. 

Calc. 
-1-L856 

0 . 9084 
(2:3~) . 05 ) 

20 .-16 

Ob". 
45 . :32.1 

1 . 0000 
2:3\l .05 

20 .cl0 

J)'; ri'OI',% 

-1 .0:3 
-0 . J6L 

... 
0 .27 

Critical point properties were ca.l ·ulated by setting the fir.-t and second deri \'
atives of P with respect to V equal to zero, P being equal to -(oil / a V)T. The 



VoL. 46, 19GO ('HEMIS'l.'RY. 'I'HOJ1/SON, El'R!NG. J1 ND REE 33\J 

rcsultH arc show11 in Table 2. The relatively larger error compared to ·imilar cal

culations prcviou:,;ly reported for the incrL gases3 • 4 is Homcwhat to be expected 

con ·idering the longer liquid range (2-•5 degrees) of chlorine. The error i. large 

enough, however, to conclude that the theory still needs some modification to take 

care of the critical point 
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:t: 700 
E 

~ 600 

Cl) ... 
:::1500 en 
en 
Q) 

... 400 a.. ... 
0 300 
Q. 
c 
> 

200 

100 

o obsQrved 
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180 190 200 210 220 230 240 

T ( °K) 
Fw. 1.-Vapor pressure versus tempemture. 

(b ) Vapor pressw·es and molar uolmncs: A further check on the accuracy of the 

function was made for temperatures between the melting and boiling points of 

chlorine. Figure 1 ·hows a comparison of calculated and observed values for the 

vapor prec;sure over the liquid range illdicated. The observed data is from the 

TABLE 2 

CRITI CAL POINT PROPER'l'!Efl FOR C'HI~OiilNE 

Critical LempNature, °K 
Criticnl volumP, cc / mole 
Critical pressure, atm. 

Calc. 

4G:3 .5 
r:31 .2 
l0-l.7-l 

Obs. 
-117 . JG 
J 2:3 8 

76 . J 

11 . J 
5 .B 

:37 . 7 

work of Giauque and Powell." In Figure 2 calculated molar volumes arc compared 

\Yith those observed by Johnson and l\Jclntosh7 over the range from the melting 

point to the boiling point. 
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(c) Heat capacity: The heat capacity of liquid chlorinr was caiC'ulated by dif
ferentiating the expansion for the liquid entropy, equation (9) , \rith respect to 
temperature at constant vo lume, and multiplying the ckrintt ivc by T , i.r. , 

Here the first and ::;ccond derivatives of a-1, a-2 and -y arc readily obtained from equa
tion (8) ; consequently the numerical value::; arc easily caiC'ulated . Especially the 
values for the terms including the Planck-Eim;tcin oscillators in a- 1 + T(oa- 1 o'i')x, 
2(oa-1/ oT)x + T(o 2a- 1/ 01'2)x, "' + T(o-y j oT)z, and 2(o'Y o'l')r + T (o2-y o1'2) 7 arc 
facilitated by u::;ing tablrs. 9 

~ 

0 

0 

50 

40 

2: 20 

-

____.c _________ ~-e-_J--o 0 
_.... 0 

o observed 

calculated 
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180 200 
T 

FJG. 2. ~ T olar volume vcr~uR tPmprrature . 

240 

Since the partition function yield. Cv rather than (' 1,, it \nl.~ coll\'erird lo tiH' 
latter through the use of equation (11) : 

(I I ) 
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Tirn' a is t h0 corffiri<'n t of t hrrmal c•xpansion for liquid chlorinr, and {3 is it::; c·om

prrssihility. Thrsr two corfTici<'111s are as follows: 

I (o T') 
a = l ' (}7' I' 

(12) 

I (() '") 
f3 = - r ae 7' 

Tlw litrraturc> is quit<' lac·king in data for tlwse rorffieicnts. Richards and Rtull 10 

reported a valur of II X 10 6 atm. - 1 for {3 at :woe and over a pre ·surc range 

from !l!J to !) .7 atmosphc•res. Thrir work indiratc•s that {3 decreases with pres

surr. c:cncrally speaking, it also incrrasc>s with tcmperaturr, although this it> more 

dirrrtly due to the effect of trmperaturc on drnsity . Thr reported figures could 

hardly lw extrapolatrd to conditions existing below thr boiling point without c:on

sidrrablr uncrrtainty. This is trur, to a lrsscr c>xtent, for the coefTicient of ex

pansicm, whic·h would han• to he dc>rivrd by difl'rrrntiating rmpirical rquations 

givrn for liquid dc•m:iti rs. 

Sincp the difl'rrrncr in thr hrat capacitirs at constant prrssurc and con. tant vol

umr amounts to a largr corrrction (about :35 7o) , it waR drcidcd to ca lculatr it from 

the part it ion function itself. This would constitute an rxtnmw test of the func

tion , sinc·P thr etTors in (' v, a, and {3 would be compounded. 

Thr ntlues for {3 \\·err ohtainPd by ealC'u lating (oP o V)r from the partition fune

tion and substituting its rec iprocal into equation (1:3) . Tlw coefficient of expan

sion, a, \Yas calculatrd by a morr circuitous route i1wol\'ing the following equat ion: 

(or) (oP) j (oP) 
o'l' I' = - o'l' 1· a I ' 7' 

( l-1 ) 

T lw nepe:-~ary <'quai ions for calculn t ing a and {3 ar<' givrn lwlow: 

(cP) 
o'l' ~ · 

(oJ>) 
ol ' 7' 

P = ':
7

_'2 [-u 1 - u2 + .r (~~2 ) + 'Y + (.r- 1) +In .r] (15) 
I ~ w 7' 

T:.2 {- [CTt + 'l'(~;:)J- [0'2 + 1' G;~)J + .c G.:2)7' + 

.r T[0~ , (~:.2)Jr+ 'Y + 1' (~;)r+ (.r- 1) +In .r} (16) 

RT [ (o 2u·•) (O CT·> ) , ., . .r 2 . - - :2.r , - + 2u2 - .r + :3 - 2('Y + 
l , ".l''l Q.t' ! '/' U.l' 7' 

In x- u1) J (17) 

Tlw ('fJ data thus ohtailiC'd is entirr ly thPorPtical and caleulatPd from the parti

t i011 l'unrt ion . Tahl<' ;3 gi\'<'s the rc•sults of thi s eulculution and compares CP with 

t hP obs0n·ed \'alues from C:iuuqur and PowPlJ.b 
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T.\13LE :3 
C .ILt"l' L .\TEil \ ' ALL" I>s FOR a, !3, ( '1· , \:XU (' " FOR LrQl 10 CliLOHI'<l, A:\U OBsER\" l' D 

\" ILCES FOR (' 1, 

Temp. , 0 E. 

180.000 
190 .')1:3 
:wo ... lJ :~ 
210 .000 
21H 90\l 
nH .H5 
210 .050 

a X 103 

I .301 
1.2Hl 
J . 2Hi 
I 2.J.J 
1 25-~ 
1 . :3()-1 
1. :356 

f3 X HY 
1.7 ."1 
50 0 
.55 ;{ 
62 1 
(i :3 

•) •) 
< - -

H 

c,. 
10 . 1.2 
10 . 0:1 
JO 1:~ 
10 . 11 
10 . 11 
J0 I l 
JO . ll 

c,, 
16 59 
l5 81 
15 67 
15 .56 
1.') 17 
15 .-17 
1:) . 51 

C'p (obs.) 

16 02 
15 !}\) 

15 H5 
15 8\l 
1.5 -! 
1.') 77 
15 . 70 

Error, r·.;, 
:3 . 5U 

-1 1a 
-1 7(i 
-J ~5 
-2 :31 
- 1 HO 
-1 21 

Discussion. In viPw of thr assumptions made concerning ckgrees of freedom 
in writing the partition funetion, it srem:-; appropriatr to now eonsider nuious way.· 
in whieh chlorinr molecules call pac·k in the solid and liquid states. Once n pattern 
is C'stablishecl, tlworetical molar YolunlC's can be caleula(('(} by in . cribing whateYer 
part icular-shapecl Yolume thr molt'cule ciC'sc·t·ibt's ill its modes of motion inside a 
polyhedral-shaprd figure that paeks \\·ithout yoicls. Tlwse Yaluei'i, thrn , can be 
comparrd \Yit h the obsen·ed molar Yolumrs of the solid and tlw liquid at 1·ariou", 
tC'mprratures, in <mlt•r to g<'t somr idea about 11·hat might br happrning. 

Tlw molar nllue for solid chlorinr, :~-t.:H ee, was pstimatecl from the figmes given 
by Rapper :md Biltz,l 1 who extrapolated the density obtained by IIeuse' ~ at liquid 
nitrogen temprralur!.'s to absolute zero. This datum has recently been eonfirmed 
by X-ray studies of solid chlorine by Keesom and Taconis, La and by Coli inl 4 The 
latter find :-;olid chlorine to be orthorhombic instead of tetragonal , as rc•ported h,v 
the fornlC'r im·rst igators. Smyth 15 concludPs, from thP specific hPal data of 
Euck<'n and K anmt,L 6 that rot at ion of chlorine moleculrs is not pos::;ible in the 
so lid state, in agre(•ment with calculat ion s gi1·C'n below. 

LTsing Collin'.· figures of 2.02 .\and l.G7 X for the bond distance and the , ·an 
cler \Yaals rad ius of chlorine, respectively, a molar volume of :3 1.19 c·c is obtained 
for thr solid from the formula, 1' = 2v:3r~ l.V, assuming thC' structure to eonsist. 
of hexagonally-packed hexagonal cylinders. IT Pre, r( = I .1)7 .\) is the radius of a 
cireu lar cylinder eontacting the inner surface of the 11C'xagona l eylincler, l ( = 2.02 + 
2 X J.G7) is the length of the lntt<'r, and.\' is t.he ,\vogadro number. Pau ling's 17 

figmes for thp bond distance ( l.H8 .\) and for the mn der Waals radius ( !.80 .\) 
give a value of :37.!i ec. Both agree roughly with the obsen·ed YaluP, provided 
the molrcuiC's in the solid state pack as mentioned aboYe. 

For a minimum Yolume eorresponcl in g to free rotation for all the molecule::;, 
we can a:-;sume liquid c·hlo rine to c·ons1st of face-centered, c·ubically elos<:-packed 
spheres of 2.G8 ,\ radius. This calls for a molar \'oiume of .J. v'2r 3X ( = (j,).:) l ee), 
considerably abon' the Yolume of liquid chlorine, C'Yelt at it.::; boiling point ( l ' = 
4;).:)21 cc). 

If we coll;;idC'r the armngrnwnt where the molecule pxecutt's two-dimensional 
rotation, thus forming oblate f' llipsoids rather i han spheres, and if we inscrib0 
each ellipsoid in a hexagonal titlr-shapecl Yolump that packs without yoids, we ob
tain a molar \'olume of 2 v':3 r~Dx ( = 50.2 PC). Here r = 2.()8 ,\ and D is tlw 
depth of the tile which equals t wic·c• l.(i7 X. This molar \'Oiunw compares fan>rably 
with the value of 1;) .:~~)9 c·e obscn'ed at the boiling point. 

One must conclude, then, that chlorine cannot rotate appreciab ly i1t tlw solid 
slate, alld that on ly some of the molcculeH ean rotate two-clinwnsionally at a rriven 
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timP in the liquid stale. The high entropy of fusi011 cannot he attribute I to a 
grnrral oncet of rot at ion at the mrlt ing point, hut rathrr would seem to indicate 
considerable association of the chlorine moleculC'ti with onC' another in the fiOlid 
state. During its long, 2.t5-<.legree liquid range chlorine docfi expand COllsiderably 
and rrachrs a molar ,·olumr of 1 :H.76 ('(' at the critical poinl , where rot at ion is 
definitely possiblr. l\Iellor' ~ list s lictuid chlorine as ha,·ing the largest eompressihil
ity of all the elrmentfi at :woe. 

8ummary.- A. simplified partition funet.ic)l} for liquid chlorine had been de
\·eloped through the "holes-in-solid" model in aceordancc with the theory of fiignif
icant structures. The function is made to fit only at the melting point and giYes 
excellent agreement with observed data for vapor pressures, molar volumes, and 
Cp from the mrlting point to the boiling point , over a 67-clegrce range. Good 
agrecm('11 t is also obtained for the ent ropirs of fusion and vaporization, and calcu
lated values of comprrssibility and coefficient of rxpansion are of thr right magni
t ud(•. 
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'l'HR GENIC CONTROL OF :lfA'l'ING 'l'YPRS IN PARA ilJECIUM 
BURSAR! A* 

BY R. IV. Srn;GEL i\J\D L. L. LARrso:-; 

IJJci'ART)1El\"T OJ" zmnoGY, l'XIYICRSJ'J'Y OF CA LTFOR!\lA A'l' LOS ANGEI,Ef; 

Comnwnicatecl by '1'. Ill. Sonneborn, Jannary 13, 1960 

Jennings' 1 discovery of a system of multiple mating types in Paramecium bursaria 
in 1938 followed closely Sonneborn's2 initial description of mating types in P. 
aurelia. The detailed and brilliant experimental analyses carried out by JenningR 3 

and directed toward an understanding of mating type inheritance and determination 
in this organism did not ref'lult in a satisfactory explanation for the various pheuom
ena. The ne11· inveRtigation~:> to I c reported here , howe\'er , permit a resolution of 
some of the major difficulties. In particular, they dcmonstn1.te t.hat the four com
plementary mating types long re~ognized for Yariety 1 arc detnm in eel by specific 
combinatious of complemcutary genes at hYO unlinked Jo~i. Cells who.·e ma 'ro
nuclei cany dominant genes at both loci arc mating type A; mating t.vpc C is 
brought about by the combination of homozygous recessiYes at both loci. The 
two altcrnatiYe combinations of homozygou · reeess iYc allele: at one locus and at 
least one dominant gene at the other determine in a specific ll'ay mating types B 
and D. 

Jennings considered a similar t'ro-gene hypothesis untenable because it faileu to 
account for certain of hit:> observation,;; but since the ne1Y and more extensive results 
to be reported here support the hypothesis \rithout ambiguity, an attempt will be 
made to reconcile, at least formally , the apparent exceptions originally discovered 
and reported by .Jpnnings. 

Since in ciliate" the micro- and macronuclei of a clone <.trc formed from mitotic 
products of a single initial nucleu:, it can be infcrre>d that they arc isogcnic. It has 
also been established that the micronuclei alone furnish the nuclear appara(u: for 
new clones and that the mating type expressed by a cell is ultimately go1'emed by 
its macronucleus. \iVithin this framell'ork, two systems of mttting Lypc control 
have been recognized. In I<;uplotes patella' and 'l'elrahymma pyriformis (variety 
8),0 (aud perhaps Faramccium caudalum), 6 ~onveutional genetic anal)rses reYcal 
that specific mating types arc determined by the genes brought to get her at the 
origin of the clone; thw.;, cells with a particular genotype exprcsi'i a preclidable 
phenotype. On the other hand, in P. aurel-ia, 2 P. multimicrrmucleatwn,l and 1'. 
pyriformis (Yariety l )R manonuc!ci 1rith presumably identic·al genotypes arc c·har
ar-teristieally found to govern the expression of different mating t~rpcs; a single 
clone c-ommonly eontains <·ells exprefising complementary Lypes. llcrc a given 
mati1w type is not determined by a uni(]ue genotype per se, but instead the geneti
<·ttlly pluripotent macronucleus is induc·ed to expresR only 011e of the two (or more) 
possible types. The mc<·hani:-;m of nuc·lear inclurtion or "mutation" and rinal 
mating typ expression have been studied by Sonucborn 9 and Nanneys 

Establishment of the two-gene hypothesis for mating type determination in P. 
btlr aria aligns thi: organism with I!J'uplote::; and 'l'. pyriformis (variety 8); as a rule 
each mating type reflects a specific genic c-orn bination. However, in certain ex
ceptional clone;;, Jennings reported mating Lype instability ("sclf-difTcrrntiation"), 

:14-t 
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i.e., the production, within a sexual ly mature clone, of erll:,; C'xpres:-;ing a ne"· mating 
type. ~loreover, qualitativrly uncxpeetrd mating types appear infrequently 
among the progeny of vnriow.; erossc;;. These facts suggcHt that "nuclear in
stability," :-;imi lar to that in newly developed maeronuc:[('i in V aurelia and T. 
pyri(onm·s ( varirty I), may occur rarcl.v in V bursaria. If so, the mechanism of 
mating type determination in V bursaria would appear to combine clements of the' 
t\\'o major classe:-; of dC'terminativc :,;y:-;tems in ciliates. .\. s imilar eva luation of the 
svstem in T. pyri(onm·s (\·aricty 8) has been :-;et forth recently by Orias. 5 

Materials and ,1[ rtlwrls. The taxon om ie specie;; f>arrtrneciurn bursaria includes 
a large number of (·Iones collected from nature and their :-;cxtml progeny . .Jennings 
showed that each clone is normally se lf-steri le and t hut fertile interelonal conju
gations occur only according to a recognized pattern. Interfertile clones belong 
to a common \·ariety; six reproductively i:-;olatcd varictie:-; arc presently knmm. 

The strains studied by .Jennings arc no longer availabl e. Four clones were iso
lated from ~falibu Lake, California, and each was identified as representati\'C of 
one of the four Rtandard mating types kno1Yn for ntriety 1. 10 It was important to 
establish at the outset that these clone. conform in a ge>neral way to those pre
viously employed. Comparisons of the two groups of clones with reRpect to the 
(1) cytology of sexual and ase>xual reproduction, (2) the diumal periodicity of 
sexual activity in mature cells, (:3) the "life cycle" stages, and ( ..J ) the deleterious 
effects of inbreeding as oppo:-;ed to outcros:-;ing, gaye no indication of important 
differences. 

Culture methods for P. bursaria han' been d('scribecJ3 · 11 and follol\' elosely those 
for V aurelia. 12 Exeonjugant clones were maintained in serial isoln.tion. per
mitting maximnl fission rates, and were found to attain :-;('xual maturity 50 to 100 
fissions after their origin. ".\fuss cu ltures of mature and sexually reactive celiR were 
made a\'ailable by tratmfC'rring exconj ttgant clottC'H to test tubes, thereafter kept at 
25°C and afforded diurnal periods of light. Bamplcs of each cxconjugant clone 
1\'ere mixed with samplet:i of each of the fottr :-;tandard mating types in order to dis
cover the mating type of the clone. The un knmm clone wa:-; cla:-;:-;ified as a particu
lar type if it failed to mate with thP :-;tandarcl of that type and formed pairs with 
the remaining three standard type:-;. The• prec·aution:-; describ d by .Jenning. for 
avoiding aborti\·e conjugations in selecting pairt:i for genetic annly:-;i;; 1\'C're followed 
throughout. 

Cytogenetics. Chen 1 ~ has provided the cytological dC'tails of nuclear reorgani
zation during conjugation in P. bursaria. The micronueleus in rach animal of the 
mating pair undergoes two maturation (meiotic) di\·ision;;, one daughter nucleus 
disintegrating after eaeh diYision; next. the sun·i\·ing haploid nuclem; di\·ide:-; 
mitotically to form migratory male and stationary female nuclei. With the 
exchange of the male nuclei and reciprocal fertilization , a ne\1' diploid clone is 
initiated from each member of the pair. The post-zygotic mitotic divisions of the 
syncaryon produce two macronuclei and bYO micronuclei; a.t the fir;;t cell diviRion 
of the new clone, these are segregated so that the t"·o daughter cells are supplied 
with the normal nuclear apparatu:; of the vegetative cell, a single mncronuclcuR 
and a single micronucleu.·. The macronucleus of the previous sexual generation 
appears to waste away. Chen has demon trated reciprocal fertilization in variou. 
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ll'ays; his work leads to the conclusion that the two exconjugant eloncs produced 
from each pair mating arc regularly isogenie. 

The fact that at leaf't 97 per cent of all conjugations proYidc a pair of exconju
gant clones expre»sing identical mating types led Jennings to propose that mating 
type is genically determined. But Sonncborn7 and Xanney8 have suggested that 
cytophu;mic factors, responsible for mating type determination and reciprocally ex
changed during conjugation, might bring about this result. Their argument is 
weakened, but not invalidated, b.v the observation that intracellular particles and 
symbiotic algae ar0 not regularly exchanged during mating. 11 

Jl.fat1·ng Ty7JI' Dctcnninotion. The two clones ("syr1eloncs' ') descended as sister 
exconjugants from a single original pair of conjugating cell» are regularly found to 
express a common mating type (Table 1 ) . Since the synclonc;; arc i;;ogenic and 
massive exchanges of cytoplasm arc infrequent , lhese data prm·iclc the first evidence 
consistent with gC'nic cktC'rmina tion of mating type. The rare exceptions to 
synclonaluniformit.v an' being ,;tuclicd and 11·ill be discussed in full in a later publi
cation. 

Jennings' data 
~Ialihu clones 

Totals 

Total Pairs 

587 
1:35 
722 

T.\l.lLE I 

Pairs \\"' hi<'h Yie ld<>tl Clones Be lon g ing tu 
One ;\bting Type Two ;\fating Typos 

570 17 
~~ 2 
703 10 

The four i\lalibu sto ·ks, mating types A, B, C, and D, were crossed in all six 
combinations of twos; conjug;ants were isolated from each mating and a single 
clone from each pair was raised to Hexual matmity and tested for mating type. 
The results, presented in Table 2, agree 11·ith the ratios expected if it is assumed that 
the genotypes of the stock~ are as follcm::;: ,.;tock 8, type .\, A aBb; 25-B, aaRb; 
:)2-C, aabb; :3-D, A aM. 

TABLI·: :2 

Ttl!; OBSERVED AND .EXPECTJ"'J ~fA'I'I:\G TYPES OF Tille DESCENDAN T S tH' P A IRS FROM I NnJHSTOCK 
CROSSES 

~ - -- Mating Tyi)CS of Fl Clones ---
- Ob~ern•d - - ~ - -- -- - ExlWC Lr d 

Cro~~ A B c D A B c [) p 

8-A X 25-B 2-+ 21 10 .J 2:2 .') 22 .5 7 5 7 .5 0 fj 0 .:3 
8-A X :~2-C 56 7() 5.5 ·II 51 57 .51 .51 0 .02 0.01 
8-A X :~-D 4-1 II 1\l :3:3 -10 2 I :3 -1 t:l -10 . 2 0 . :3 0 2 

25-B X :32-(' 0 -10 :31 0 {) :35 :35 0 0 .8 - 0 . 7 
25-B X :3-D (j 8 1 I 10 n 5 \) 5 \) 5 \) 5 o .:l - o . 2 
n-c X ~-D 0 0 -15 -15 0 0 15 -+5 I 

The cross 8-,\. (AaBb) X 2.5-B (aaBf,) Hhould produce mating type B FJ clone. 
ll'ith two genotypes, aaBb and aaBB; similarly, the ero::;H 8-A (A aBb ) X :3-D (A abb) 
is expected to yield both homozygous and heterozygou. type D progeny (AAbb, 
Aabb). While heterozygous B and D clones crossed to type C should yield 1:1 
ratios of the two parental mating types, the homozygotcs when crossed to type C 
\rould be expected to produce only type B or type D progeny. These predictions 
are verified by the data presented in Table 3. 

Further crosses of the derived homozygous type B and D clones have been 
rarriccl out. The data in Table -J. are consistent with the hypoth<'His that Fl eloncs 
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8-B, 2:3-B, 98-D, and 10-l-D arr homozygote::<, for they yield only type .\.among 

their sexual progeny, and, when cro:-;sed to :-;tock -.\, the parental type., A and B 

or A nne! D , appear in a 1: l ratio . 

TABLI•: :l 

:\L\TJ'\<: Tn•J'" H .\:\'D D: Ho~JOZYGOl ,.; .\'\ll lfJ·:TJ"wzn;on.; <'u>:>J.;s 

Parental 
Cross 

8-A X 25-B 

, -A X :l-D 

Fl 
Clone 

!i-B 
8-B 

20-B 
2:3-B 
2 -B 
41-B 
!l -D 
LO:~-D 
10-l-D 
122-D 
12()-]) 
l2!.l-D 
1:3 -n 

A 

Progeny Prodlll't'd 111 Test 
Cru", Fl X :"t. :!~-(· /uabb) 

B C 
() lJ .) 
() 14 () 

() 8 8 
() II () 

() 12 () 

0 8 I 
0 () () 

0 () 8 
0 () () 

() () ,) 

0 () 0 
() () () 

0 (l I 

TABLE I 

Genotype 
or 

D Fl Clone 

0 aaBb 
0 aaBB 
() cwBb 
0 cwBB 
0 aaBB 
0 aaBb 

18 AAbb 
5 Aabb 

18 A.Abb 
8 Aabb 

17 AAbb 
15 AAbb 

!) . \abb 

:\fATING TYPES OF TilE lh;sn ; :>J>A:-.;'J'K VHOM C~tos><J·:" 1:\YOJ.\' J:\(: lfo\J<>Zr<:on. ll \:\ll IJ 

CJ.o:>F.P. 

Cro:-s 
C:Pnot_vp(•s of Prof.!:l'ny Oh~('I'\"Pd 

( 'Iones ('rn:-.s(•d \ B (' j) 

Fl 8-13 X Fl 10 1-D aaBB X . L-Ibh t:l 0 () () 

Fl2:l-B X Fl !l8-D aaBB X AAbb :2:l () () () 

~T. -A X Fl , -B . \a8b X aaB8 I L L!l () () 

~T. 8-A X Fl 2:l-B , LaBb X a.aBB I :l I :3 () () 

~T. 8-A X Fl US-I) . \aBb X :1.\bb :H () () l(i 

~T. 8-A X Fl I 04-1) .·laBb X A 11 bh 17 () () ].j 

As expected, the CTOss of sto<·k 8-A X F I 8-B (aaBB ) mu-. found to produ('e 

spme mating typP A clones with the genotype JlaBb and others with thr o-enotype 

AaBB; the genotyprs .1 aBb and A A Bb (both mating type A) were formrd in the 

c-ross of stock 8-A X Fl ~)8-D (AAbb). In C'ac·h c·ase, these genotype's \\'P re iclcnti

fipcl by crosses lo tllC' double rccrssii'C, stock :n-C. 
Disc11ssion. ThP results of the crosses described abo1·c :ern' to establish the 

following hypothPsis : mating type A i~ ckterminPd by the grnotypes AABb, AaBB, 

and AaBb; mating type B is fornwd hy cells genotypically aaBB and aaBb; the 

double recessive, aa!Jii, is mating type C; finally, the combinations .·lAM and _j abb 

determine typr D. The data provide no evidence for linkage brt\1-rC'n thC' tim loci. 

A curious consequence' of the breeding systrm is that the genotype _l ABB, which 

Hhould determine mating type .\, cannot bC' formed since any mating im·oi\'CS a 

parental cell which is a reces. i1·e homoz:ygotc• for at least one locus. Can these 

formulae account for the data prrsc·ntrd by Jennings'? One is immC'cliately im

pressed by the fact that most of Jrnnings' crosses producrd progeny predicted b_,. 

t lw hypothesis and that genotypes can he rradily assigned to the majority of hi. · 

initial clone:--;. But. as Jennings realized, the hrh:tYiour of pxceptionnl clo1tcs must 

be satisfactorily ('xplainrd hrfore thr tim locm; hypothesis is final!_, estabJi;;hcd. 

The following interprptation shows that thrs(' cases do not npc·c>.·sa ril.\· contradict 

the hypothrsis. 
The genot_vpr of tlw mnnonuelcus is revealed only by llw phenotype exprc sed 

by a cell; on thr othrr hand, thr genotype of thr micronucleus i~ brought to light 
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by thr re:=;ults of a breeding analysi~. The re~ult . de~cribcd abo1·e establish that, 
regularly, the genotypes of the two nurlei are found to agree; the present explana
tion of aberrant c·lones a~sumes that rare exeept ions to this rule may occur. "\s 
an cxtenHion of iclcaH earlier He( forth by Sonnrborn and Orias, 11·c suggest that in 
certain clonrs the t IYO knmm loci concerned IYith mating; type determination lw
comc tran. iently unstable• in expression or dominancP, and that such instability 
may lead to an hcn•ditary alteration. .\!though tlw~e alterations arc faithfully 
transmitted through numerous cell gcnerationH, thc•ir fr quency and re1·erHibility 
tend to set thrm apart from typical gene mutation~. HeprcHcntati1·c exceptional 
rloncR 11·ill be cli~cu~sc•d in the• next paragraphH in light of this interpretation . 

.Jennings' clone 1:3 undcn1·c•nt ~elf-difTerPntiation to form mating; types A and D. 
Frima facie pvidence for instability of macTOIIUCiear g;t'IH'S i~ pro1·ided by the fact 
that the maeronucleus is known to d tNminc' mating type. \\'hen tllC'sc• t II' O 

hranclws of clone J:l \\"CI'C' allowNI to eros:-;, t Iw prOI!;('ny c·onsistl·cl of :~2 A's, 11 B's, 
no ("s, and 17 D 's. If the parc•ntal .\and D suhcloncs arc hoth assigned micro
nuclei 11·ith tlw genotypP .I a8!J, thpn the obsc!Tcd result~ arc' in good agreement 
11·ith the expected !)::L I ::3 ratio; but if' the D suhelonc i~ pr01·isionally assigned 
t llC' micronuc lear genotype .I abb or . 1.1 bb (in ngreemen t 11·i t h its expressed or 
macronuclear "genotype") then the oh~eiTCd rc~ults do not agree with the expectPd 
ratio . lienee, this clone prm·idcs e1·idC'nce for instability of expression for gene's 
in t h macronucleus. 

Aberrant results from other clone's analysed by .Jennings are brought into line 
with the two locu. hypo! hesi~ if' instance~ of \'a riable or unHtable allelic cxpn'ssion 
arc as,;umccl. For example', cl01w,; :3:2 and :n, both originally type B, produced sub
clones of types D and .\ rci-ipccti1·cly. Crosses invol\'ing these sclf-dif'fercntiatcd 
D and A lines n·,·cal that their miemnuelear genotypps arc /l.Abb and AaBb. L'n
fortunately, the ptu·C'ntal type B clone~ were not bred further but at lea;-;( the C'X
prc'ision of macmnuclcur gC'ne~ \\'Ul-> altC'red in thcc;e clonC'R. 

:-;c,·cral apparent alterations in mtu·mnudear expre~sion ha1·e been clisCO\'C'I'ed 
in c·rosses of the :\lalihu ~trains. .\:-;in .Jennings' 11·ork, sublines from a gi1·en clone 
were found to con~ist of cells exprcs~in~ complementary mating types. H docs 
not seem fruitful to comment furthc•r on these and other 1·ariants ~o far unc·OI'<'rcd 
~incc they arc few in numhc•r and arc, at present, incompletely analysed. The 
point to he stressed is that the appE'amnce of exceptional elonp:-; in our material 
afTordR the opportunity to analyse in a more satiHfadory way the hypothcHis of 
herPditary alteration in gene expression. 

A eomparison of mating type mechanisms in the more fully Htudied eiliatC'R 
suggeHts a series of variations about a central theme. The simplc~t and perhaps 
most primitive (in Uw evolutionary sense) situation iH to bP found in Ruplot ,·s 
patrlla, where the genotype of each clone iH directly rcveak'd h:v tlw cxprcs~ed 
mating type and by appropriate c·rosse~. P. bursaria and 'l'. pyriformis (nll'icty 

) rq~;ularly c·onform to this pattem, and hence g;rnic mcc·hanisms for mating type 
control have been UIH'o\·erecl by breeding Rtud ieH; the evidence HuggeHts further that 
rare' nniaLions in the <•xprc>:sion of alleles conccmed with mating typP det<:'rmina
tion oecur. But in otlwr eiliates, these inRtanccs of inHtahility arc not rare , instead 
they haYc become the ntlc•. Con.·cqtwntly, gc·netic loci concerned \\·ith the de
Yelopmen t of ~1wei fir mating lypP>: ran not bP clcfi npcl; Son neboru 2 · 9 and N annc.v~ 
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postulate "mutational" changes rec;pon:-;ible for the macronucicar di!Terentiation of 
complementary mating types in P . aurelia and T. pyriformis (variety 1). Here 
the ge1 ,otype of the micronucleus would (if it could!) permit the expression of two or 
more mating types, whereas the macronucleu. in each cell become:, early in its 
development, restrieted to the expression of but a single specificity. Finally, in 
P. multimicronucleatum, un;;table macronuclear expreRsion continues throughout the 
hi:-;tory of the cloue. 15 

The diA.erential exprcsf-iion of alides determining antig('nic specificity ha.- been 
d iscO\'cred by Sonneborn et a/. 16 ; in that case, the observed phenotypic variation i 
brought to light only in aged clones. The dominance of serotype genes in hetero
zygote· of T. pyriformis it=> apparent.ly indeterminate. 17 The question remains 
as to whether the basis for these hereditary tran. itions in gen function lies in an 
alteration of the primary genetic information (DNA) or only in the degree of ex
pression of an unchanged genetic code. The difficulties in distinguishing genetic 
from "epigenetic" alterations have been discussed recently by others. 18 

Summary.- 1\lultiple mating types have long been known in Paramecium bur
saria. It has noiY heen established that a sy:tern of complementary genes at two 
unlinked loci controls each of the four mating types in variety 1. Thus specific 
genotype: can be assigned to mo:;t, but not all, clones. The exception. do not 
nece:-;sarily im·aliclate the t11·o-locus hypothesi· for they may represent instances of 
altered genic expression or dominance. If so, the mechanism of mating type deter
mination in P. bursaria requires the operation of both "genetic" and "epigenetic" 
control syAtem ·. An evolutionary sequence originating in the genetic control of 
mating type, as in E'uplotes patella, through the conditioJJ exemplified by P. bur
saria and Tetrahymena pyriformis (variety 8), to epigenetic control, as in P. aurelia, 
P. multimicronucleatum, aud T. pyriformis (variety 1), may he suggested. 
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f'lRILJS GROUP OF DROSOPIULA * 

BY \YILSO:\ ,'. ST0::\1<;, \VrLLTAM C. CL·Es'r.t AXD FLORJ~::\CJ•; D. WTLSOX 

C'ommllnicaled by J. T. Pal/Prson, Janullry II, /.'160 

In J938 Professor J. T. Pattcr;oon embarked on a very intensi,·e collection of 
Dro. ophila species becau;;e preliminary inve;;tigat.ions had eom·inced him that this 
fauna 1ms \'Cry ri(·h, comparati1·ely unknmrn, and most. suited for the study of the 
evolution of a genus. The inn::;tigations of these species fully jusiifted his con
,·ietion (Patterson and Stone 1). T11·o of the r;pecies group: be and his colleagues 
im·est.igated extensi,·ely were the Yirilis and the rcpleta group.· of the subgenu. 
Dror;ophila. Both of these groups hm·e added and continue to add greatly to om 
understanding of evolution. Flies such ar; Drosophila lea,·e no fossil record, 
f'xcept for a fe1r recognizable specimens in amber. .:\Iut.ations are repetitive so the 
presence of the same allele in different species is hard to pro1·c or to evaluate. 
Ho1rcver, Proff'ssor T. R. Painter's2 demonstration of the characteristics of the 
chromosomes of the salivary gland cells of Drosophila and their unique usefulness 
in analyses of chromosomal abnormalitie: ga,·e us a tool to analyze the direction and 
degree of cytological change. \Yith thiR tool the chromosome phylogeny and 
variability ran be determined and rompan'd to ihr gcnf'tir rhan~es within n spceies 
group. 

J[ werials and JJ elhods. A recently described species. Drosophila ezoana (Takada 
and Okada 3), nnd llC1\' strains of Drosophila montana 11·cre :wai !able for our r;tudy. 
Genetic all([ eytological analyse;; were madP by erosscs within< ud between strains 
of a species together with crosses behYeen different Rpecie . The details arc to be 
found in c:uest's4 manuRcript and will be published in full later. Thi. paper will 
present the critical features of the cytological C\'olution and diver. ity of thi. 1:>pecies 
group, and only a f0w crosses showing the genetic difference.- \\'ill be presented. 
The cytological differences between spec·ies and the cytologieal polymorphism 
within strains were dPtrrminecl in the heterozygotes or hybrids or by comparison 
to the standard maps of Drnsophila 1'1.rilis by IT sn" and the st a ndarcl Drosovhila 
montana by 1\loorbe:t<J.6 Strains of all the speeies of the virilis group 11·ere llfi ('d in 
the c·rosses. Iu some cases two st.rains of a species \\'ere cro,.;sed and the F1 test.ed 
to a third species in the hope that viable offspring would lw more prohabl<' from thP 
h tcrotic F1. Th0 new members of t.Jw montana spccic•s lr<'re compar<'d to t he• 
standard aud giant montana for. ize. 

Resnlts.- The ne11· strains of ihr monlano from Alaska and Canada. pro1·ed ap
proximately the same size [estimated using l<'np;th from head through folded wing 
tip (mean 4.9 mm. <;!)]as ·tandn.rd montana (mean -LS mm, <;! ) and smaller than 
giant montana (mean 5.:~ mm, <;! ) . l\loorhcad 6 shO\H'cl that. giant. men/ana (which 
might have been designated a uew su bspecics) was larger than standard montana 
but did not ot.herwi:e differ phenotypically from ih(• standard Pxcept for the in
version pattern. The nmr strain. from Alaska a!lcl Canada do not differ appreciably 
from standard in sir.e or other phenotypic charaderist ics hut might he rlnssf'cl as a 

:l.50 
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different subspecieR on inversion pattern differences. Ta hiP I bows tests Lo the 

closely related ::;pecieR of Lhe montana complex, Drosophila lacicola, D. borealis nncl 

D. jiw>omontana. The Alnskan and Canmlian strains were test mated to the other 

members ol' the virilis group illcluding Drosnph1:1a litwralis (the F 1 female hybrids 

between the latter and the Smithers' strain 11·ere fertile ). The 1·arin.tions in fertility 

are similar to those found by Patterson/· 8 by ::\ioorhead,f> and reported from 

ear liN work by Patterson and Stone. 1 

DroBoph1:La ezoana proved quite unusual in that it is by far the most effectively 

genetically isolated Hpe ·ies in the group. lieciprocal crosses were made with all 

other memlwr. of the group (involving OYer 20.000 pairs of each sex, including over 

6,000 11·ith Drosophila virili.s and ±,000 with ]) . littorahs). Only four offspring, 

all Ft from litLoralis male· to eznana. females, survived e1·en as far as large lttrvae. 

Table 2 shows that insemination also occurred in the reciprocal cro. s, and that 

vir-iii females were more frequently inseminated by ezoa.na males than ezoana 

females were by litwralis male:; (in this cross the a lien ezoana. sperm remai11ed 

motile in the semill<11 receptacles of the virilis females ten clay.· aftN the flies wen• 

placed together). 
The cytological variation in the t•iri!is species group including these new forms 

TABLE 1 

CRo:s:s1cs oF STRAINS OF' DTosophila 111011lana FRO;\L ALAf\KA AND CAN.o\IJA wt'l'H 0'l'HER SPEnEs O>' 

'1'11 [,; :\loN'l'ANA SuBGROUP 

u. T. No. 2;)01.2:t Yukon U. 'I. 1 o. 2503. 1 Alaska U. T. No. 2514.1 filnithers 
:-lo. No. of No. To. of No. No. of 
of OITs~ring F<•rtility of OfT spring FPnility of OITspring F't•J·tility 

Pairs <;! d" ofF, Pu.irs <;! d" of F1 Pairs <;! d" ofF, 

borealis ~ 130 25 :31 ]i'<?rtile 120 ~ 1 RLerile 120 0 0 
boTealis r:J' 120 0 0 1:3o 0 0 L20 2 0 Sterile 
lariro/a ~ 150 2 6 FcrLile 120 () 0 120 8 8 Fertile 

lncicola r:J' 190 256 283 Fcrti!C' 150 108 !)4 Fertile 120 2:30 248 Fertile 

jla1•omontana ~ 120 25 2:3 ~Lcrile 110 0 0 120 -10 +:3 Fl•rtile 

jlauomonlana r:J' 120 0 0 120 0 0 120 () 0 

All f'rossc-s \\('rr 111Hd(' in srnallwass maLings of 10 pans per Yial. 

pro1·edmost iuformati,,e ( l•'ig. l and Table :3). The mnnla.na complex " ·hich eYohecl 

from PrimitiYe III, Figure l , in X orth America consists of the three subspecies or 

forms of Drosophila montana., standard , giant, and the Alaskan and Canadian 

forms, plus three species descended from ;;tanclarcl montana: D. lacicola, D .. flavo

monlana. and D. boreaLis. l."nfortunately, many of the ehanges in gene sequence in 

Lhe X-chromosome in deHcendants of Primitive III haYe not been analyzed. \Ve 

do not know the basic sequences of genes in the X-chromosomes of ezoana, liLt ora lis, 

montana, or lacico/a. It would seem probable that fi1'C or more inversions were 

preseut in hybrids between ezoana mlcllittoralis, fittoralis and montana., montana and 

/a.cicola., and montana. and viri/is. Therefore the total number of inversions an

alyzed, 92, plus the unanalyzed inversions in the X rhromosome, would mean a 

total of perhaps 120 known in the e\'olution of members of thi species group. The 

inversions in Drosophila. novame.uica.na and the two subspecies D. americana amer-i

cana and D. america.na IP.rana were \YOrkccl ouL especially by Hsu, 5 who also studied 

liitoraiis, ba.ic montana., lacicola, jla.vomontana, and borealis, and proposed the three 

primitive types, modified slightly in Figme 1, to account for the cytological phylog

eny of the gmup. The cytological analysis of the giant montana. strains was 
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mad<' by :\loorhead .6 Sine<> no re~tJT:cmgement s w<·re fonml in chromosome (i , it 

~rill not. he referred to further. 
The chromosome phylogrny inrluding the postu latrd primiti1·e typ<'s is shown 

in Figure land Tubi<' :~. 1 n these illust.rat ions 11·c ha1·c indi ea l<'d the iiJ\'cr:-;ion s at 

th0ir origin (in a primiti1·e typ r>, a spcci<'s, o1· <l suhspC'<:i<>s) by rapitallctters. l.l>ln' r 

<·usc lett ers indicate t lwt the inn'rsion occ·u1Ted in a n a neestral form, 11·hil<' lette rs 

in itali c·s indi eat.e that tlw inversion is not fix <•d but is hete rozygo us in :-;onw in

eli' idua ls. For sample, a pa rticular in v<• rsion , B , in ti'e 2 chromoso nw ~rould be 

ll'ritten 2B, 213, :21>, or :.?b. We' ha1·e u;;ed on·rlapping im·<•rsion:-; 11·h<'r<' they 

occur to gi1·e direetion to the phylogcny as did 1-!t urt e1·ant. and Dohzh a nsky,!l 

Dohzhansky and 1-!tmtel·a nt , 111 ;tJH.l Dohzlmnsky, 11 1\'ho re1·i<' 11'ed lhc ext<' nsiv <' 

work done by him and his colleugll<'s. These ar<' not suflic iC'nt to esta bli sh all 

relations and \\'(' ha \'(' US('d tJw pres(' I)('(' or addc•d nell' ill\ (' l" ei iOll S, het ('J'OZ,YgO US 

and especiall.v homnzygous, lo establish th e tlin•ctio n of eytologieal e1·olution. 

ITsu5 and Patt erson and Ntone 1 ha1 c• presentc•d com·incing C'\ idcnee that D. z•iri/i.<. 

(o r Primiti1·e I ) ~ras anc<'s( ral to the group. The prc'scnt pa per placel'i D . Pzoana 

:tl:i an intermediate betiH'('Il Primiti l'<' Ill a nd D. lilloralis, \'P ry close eyLologiC'all.v 

to the formPr. The arrows on Figure 1 indi<"utc the direct ion or more prohahl<' 

T .\ BI,E :2 

1 :-.;sE~ Jl'- \TIOX oF F~; .\1 \J ,l>s 1:-.1 C'rtos,.; J's oF 1Jro8ophi/a ezoana WJTJJ 0TJmH ~I'Et 'JEs rn• THE Vmu. I s 

GrtOL' l' 

~umbPr of Nn111lH•r c,r ~umlwr \\itt. 
FPIIH\11·~ F1•mal1•s ~11111I H•r .\l oti lo 

ll a' :llutP<l * j)j~g(•(·t<•d fn s('lllin:ttl'l l Sp1•rw 

I'ZOfliUl X l'iri/i.~ .')00 tOO 0 0 
t•irili8 X ezoana 500 100 :2D 1-1 
rzoa1w X lillora/i.~ 260 50 2 0 
lillom/i.~ X l'zoalw 260 ;){) 2 0 
('ZO(l/l(l X montana 260 ,j() () () 

11/0nlruw X ezoww to.IO ,')() () () 

* C'rol'l!if's made· in MIIJU il nut~R n lrLtinu~ of :thou! :?0 pair~ l'a(·h. 

direr·tion of cytologiC'al <'1·olutio11. Then' is 110 reason to think that\\'(' ha1·c found 

nil the in1·ersio11 .' in any HJ)('cies for example', the fc•1r slrn in :-; of D . nwnlana from 

Alaska a nd Canada had 7 nell' illl Prsions het erozygous. \Vc know -1:~ inversions 

whieh arl' fixed in Oll(' or more s])('<" i<'s, -11 ll'hieh originatPd in a spec ies or the Primi-

1 in' form 11·hich ga1 <'rise' to it , 11 nd :2 11·hich were only lwt rrozygous a t their origin 

but wpre fixed in a des<'PIHiant form (2f and -lh ). There a l'(' additional im·erHion :;; 

fixed in X", XJ,;, X .u, a nd XLr· Bc•c·au:-:e tlw complex it ics oft lu'sc im·ersion lun <' 
so far dc•fied analysis, 11·c (·an on ly estimate that ther<' arc perhaps :20 to :~ 0 additional 

illl·ersion: fix<•d in t hesr X c·bromosonws. l•' urthermorr , thrre arp fi l ue11· illl·crsions 

heic• rozy~o us in the• spPc ies in ll'hich they firs( o<·cuiTed. as well as 8 im'crl:iions 

carried Ol'f'l' from an anc<•st ral form hut ;;t illlwle rozygou;; . 
. \IJ or tlws<' !J:2 ( + una nalyzed X ini'NSions) :tl'(' pamcPntri e ('X('('j)L the 011(' 

pPriePn1ric in ehromosonw 2 which occurred in Prim it il'(' n J and is present in all 

dcsct' IHl an ts or that form. Tn addition there al'(' prC'fiCllt ill th ese sppc ies threP 

centric· fusions (sel' J>att prson and Stone 1 for f; Ul11mary of a11alysis): th e :~ ~ 

fusion of D. lillmahs , till' 2 :3 fusion of D. omPricana omerirana and D. americana 

lP.fOIW, and the X-..J. fusion of aml'ricana not found in le.wna <'X('('j)t hy gem' int er

Or11r in their overlap ZOII<'. Xo ot her tnmHioeations and onl y a fc11· minor shififi in 
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heterochromatin are known. It is intNe ting to note that the X-4 fusion "·ithout a 

Y and 4 fusion gives americana a multiple sex ch romosome complex. :'\evertht>less 

t lli is fixed in americana and absent from the subspecies te:rana except for gene 
exchange along the band of overlap of thC' two uhspecies, while 110 one of the many 

uew paracentric inversion is fixed in one subspeciN; and absent in the other- Xc 

of americana approaches it most closC'ly. Another interesting ohsen·ation is that 
2F occurrC'd only heterozygous in PrimitiYe TIT (this is the only modification we 

found necessary in the primitive types as first postulated by Hsu5), remain, hetero

zygous in D. ezoana, wa. lost in the e,·olution of D. littoralis, but was fixed in the 

other line of descent of Primitive III in standard montana and its descendant . 
Discu.<sion.- SturtevanL and Dobzhansky 9 · 10 fi1·st used a chromosome phylogeny 

to establish i.he sequence relationships in the :3 chromosome of Drosophila pseudo

obscvra and D. persimili.o. They also indicated that tl e :3 chromosome of D. 

mimnda waR related to the other sequences through their hypothetical sequence 
\\·hich dif'fcrs from the Standard gene sequence hy one im'crsion. .}Iany other 

inversion differences nrc present bet\\·een these three species. Dohzhansky 12 has 

compared the chromoRomes of Drosophila willisloni and three of its sibling . pecies 

and Cnrson13 ha compared three other members of this species group. Stone14 

has reviewed the stud ies of chromosome polymorphism in t he genus DrosophiiR 

and listed most of the extensiYe im·estigations up to that time. Despite these 

many investigation· only hYO real phylogenies that represent major analy. es of the 

chromosome eYolution of large species groups rxist- the ' 'irili. group a.· discussed 

here and earlier by I-Jsu5 and Patterson and Ston(', 1 and the rep leta group in

vestigated especial ly hy \Vas.-erman 15 and \\ asserman and vVilsonJ 6 The rca ·on 

for the f'Ucces. · in these two groups and relative lack of , uccess else·where is not hard 

to determine. The innrsion changes often involve .-mall im'crsion ·,the number of 

inversion difference · het\Yeell clo;;ely related form:-; is Rmall, nearly the full serie 

of intermediate forms is ;:;till in exi;,;Lence, and finally these are quite good species 

groups for bboratory studio.- includi11g cytological analysis. For example, com

paring pseudoobscvra and persimilis with miranda is like attempting to compare 

novamexicana and le:cana \Yith giant montana without the known interYeiling forms. 
By far the moRt remarkable chromosome phylogeny i.- that of the repleta group. 

Wasserman and \Vilson 16 reported the analysis of 22 species of this group. ~,J ore 

recently \Vnsserman ti hao; extended the analysis so that be ha;:; the cytological phy

logeny of :)9 Rpecies of the more than 60 in the group. Furthermore, he has been 

able to show the cytological evolution of 7 other species not at present included in the 

group from the common cytological stem gene sequence. The ancestor(s) of the 
repleta group achieved :-;orne basic adaptation to de:-;ert conditions \rhich led to a 

tremendous multiplication of specie::; in the spar ely populated South·west and es

pecially l\Icxico. In these species genC'tic e.-olution was rapid. cytological evolu

tion \Vas not. For example, \Vnsscrman ha now recognized 100 inYersions in chro

mosome 2, which is homologous to element E and hence to chromosome 2 of the 

virili group; in the latter, consi~:>ting of nine spccieH plu::; three subspecies or separate 

varieties, there are 2-1- invcr:;;ions in t.his ehromo::;ome. The general prohlf'm of 

chromosome homologies in Drosophila waR developed by l\lullcr, 18 and Sturtevnnt 

and Xovitski. 19 Inversion phylogenie,' haYe a unique advantage in that they 
I 
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show the steps, but not the number of. peci<'s in the st<'ps, in the evolution of a 
group even if members and their steps are missing. 

The chromo ome variability in the genu· has been reviewed by Stonc 14 so only a 
few added comparisons with the data on the vir& group will be given. 1\Iost of 
the inversion variability in pseudoJbscuta i;; in chromosome :3, element C. This 
clement is not especially variable in the virilis group. There nrc 50 know11 inver
sion. fotwd heterozygous in willistoni alone and one individual \\·as heterozygous 
for 16 of them, (da Cunha, Dobzhansky, Pavlovsky. and Spassky20

). The e authors 
point out that there are now known the following h<'terozygous inversions in this 
species, given by chromo orne arm and element: XL(A) = 11, XR(D ) = 7, 
2L(B) = 8, 2R(C) = 6. 3(E) = 18. The most Yarinhlc speci .·of the virili~; group, 
montana, con. isting of three varieties or ub.·pccic. ·, hn;; the following series of hetero
zygous inversions, given hy chromosomes and elements to fncilittlte comparison: 
X(A) = 4, 4(B) = 14, 5(C) = 2, 3(D) = :3, 2(E) = 7, total = 30. The thrc 
sibling species of montana nrc also quite variable, as arc the ;:;il ling speci es of wilLi-
toni. The largest number of hetcrozygou inversions prc:cnL in one ;:;train (per

haps involving more than one pair as parents) of gia11t montana wa8 8 (l\Ioorhead 6) 

in contrast to 16 in one individual in willistoni. Da Cunha <'I al. 20 repeat their de
duction that chromosomal polymorphism of pnraccntric inven:;ions e:\.'ist because 
of selective advantage. With this conclusion we mw.;t agree. The simple t general 
observation supporting it is the paucity of periccntric inverl-iiOllS and trnrslocations 
(even the relatively innocuous centric fusions) which like paracentric inversions ar 
two-break rearrangements and should therefore occur in a. great numbers. How
ever, the infrequent and absenL type are known to have varying degrees of dis
advantage when heterozygous (and they would originate heterozygous) becau ·c 
most of them produce aneuploid gametes at meio ·i · (Patter on and Stonc 1). 

Even pamcentric inversions involvino- the heterochromatin which so often gives rise 
to position effect mutations that are often detrimental arc very rare in Drosophila. 
The theoretical basis was developed by Fisher21 over twenty years ago, who pointed 
out that slightly les than 2 per cent of unique mutational cYeut8 would survive 
even with 1 per cent selective advantage, " ·bile no mutation without selective 
advantage would survive indefmitcly from a single occurrence. 

Da Cunha et al. 20 state: "The question which unavoidably presents it.sclf, is, 
what causes some populations to be so much more polymorphic than other.·'! 
Da Cunha, Burla, a11d Dobzhansky (1950) 22 advanced the working hypothesi;; 
that the chromosomal polymorphism is adaptive, nnd the populations which ex
ploit a greater variety of ecological niches in the territory which they inhabit arc 
more polymorphic than populations restricted to a 11arrow range of ecological 
opportunities." 

It might be well to 8tate the relations somewhat differently. Hcgions with mtlny 
varied ecological niches have these filled in time hy living systems, sometimes by 
several species and sometimes by one with great aclaptiYe capacities which may de
pend on genetic polymorphism, whereas regions with serious ecological r strictions 
must impose similar restrictions on the vnrinbility of the gc·notypes. Furthermore, 
genotypes from a marginal restricted habitat might be able to invade an area with 
rich and varied ecological niches much more effectiYely than a oenot)'pe from a rich 
area could invade an area of much more restricted and intense selection, de pite 
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population pre:-;:-;urc which <'UllKC'K major migrations from denRC'ly populated c0nters 
to JWripheralrC'gions. 

:u·:-;on 23 (and Parlier public:aLion:-;) hns suggested that. marginal populations arc 
homozygou, bccnus(' homozygo:-;ity allows maximum recombination. This is 
undoubtedly true but C('J'tain additional fact. must ])(' considered. For example, 
the reRtriction of crosi'iingover in sonw chromo:-;ome regions by hetNozygous in
V('rsions ha repeatedly ])('en ckmonstrated to increase recombination in others, 
f-!chultz and Hedficld. 21 Fmt I1Nmore, t hP mC'I'e cfl'0et of difTPrC'ncc in popuL'ttion 
size must han• an eff0ct. In a \'C'ry large central population the number of indi
,·iduab with any chromosome or hrge segment of a chromof'lomC' homozygou must 
bE' \'C'ry much Iaro-e,· than in t h(' peripheral populations. Therefore, the number of 
recom binat.ions will he much grc•ut ('I' in the central population (although not as 
grC'at a per cent.), than in peripheral areas. In fact, if these new combinations are 
0sp0eially beneficial nnd dominant in their cfTect, they may he multiplied as inversion 
hetcrozygotes protected from imnwcliate breakdown by croK. ingover until they can 
build up in frequency. .J. F. Cro11· (personal communication) pointed out a second 
and more important reaKon for q ucstioning the greater importance to sun·ival of 
homozygosity of p0ripheral populations. The importance of a se}..ual system and 
of recombination over an asexual . ystem increase with population number. 
Further consideration str ss(':-; the importance of the role of selection against the 
ill-adapted migrants from tlw population centers in establishing the genotypes of the 
prripbcral populations. The e,·idence that necessarily peripheral populations 
c·oniH'Ct<'d to parent populatioll:-: give riRe to new forms and. pecies docs not ·eem 
sufficient. As Carson pointed out, Drosophila robusta docs not have :u ·h hudcl0d-ofT 
Rpecies. Hat her it s0ems t.haL iRolat ion plus restricted population size arc both 
necessary. This has been diRcuss('(] and the genetic effect.· rlaboratcd and illustrated 
in bird 01·olntion by .:\Jayr2; and for insect:> and im·crtebrates in general by White. 26 

Doth of these Hecm to be necessary factor. in the e'·olution and elaboration of the 
repleta species group in Dro. ophila in addition to the desett adaptation of the 
alleet-i! raJ form. Probably most of the more than 60 species in the repleta group 
eYolvecl in th0 desert ami scmideRert conditions of .:\Iexico and the South\\·c t, an 
0nvironn~ent where both isolation qnd initial r0striction in size would occur fre

quE'ntly. 
ThNc an• sonw int0r0sting eonclu;;ions to be drawn from comparisons of the 

cyt,ologieal evolution and polymorphism of diffNe11t sp cics groups IYith very dif
ferent populatiotl distributions and dcnRitics. \Vharton 27 made the fir t extensive 
analysis of the role of fusion:-;, ]Wric0ntric im·erf'lions and changes in heterochromatin 
in thr genus. Furtlwr arlcquate disCURRion 'are to be found in Patterson and Stone1 

and Stonc. 14 We, hall deal 1\'ith the role of paracentric inversions, both fixed and 
heterozygous, in th0 e\ olut ion of the :-;pecies group. \Va serman Lf> -

17 ha in
\ 'estiga1ed the replcta group, particularly in the south\\'cst United ~hte , :\Iexico, 
and Central and South America and the Antilles around the Caribbean Sea. These 
an' usually small populations, particularly in the de:,;ert area , where mo t of them 
occur. The :39 analyzed member:> of the group are characterized by relatively 
few im·crsion differences IJPLwecn species. Even so, there are decidedly more 
inversion differences fi;xed bet ween spceics than occur as heterozygotes within 
sp0cie . The virilis group include specie with very sm~tll populations (e.g., 
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nmame.ricana), thosc,which arC' small, and ririlis \rhirh in A ia seems to have large 
population. . This last species and the most. r0st rirtc•d spC'cies, nm ame.ricana, 
seem to be cytolop;irally homozygous, wher0as the olhC'rs are \'ariable. f-!pieth 2~ 

demonstrated that /acicola and borealis, "·hich nrc sympatric in northern 1\linnesoln, 
li\·C' in a rC'~tricted high humidity belt around lakes. Other members of the group 
found in :\orth America are also reHtrirtecl to banks of ;.;trC'ams and lake;;. Along 
de:;;ert stream:;; of the southwest the collections of nouame.ricana have been few so 
we must defer final drcision so far it i:;; homozygouH for gene arrangements al
though the threr oopulatiom; investigated for heterotic· properties by ~lonC', 
Alexander, and Clnyton 29 prove to ha\ c somr very int0resting genetic diiTerC'nces. 

Drosophila 7Jseudoobscura and persimilis have more inversions heterozygous in 
their populations t.han the number of fixed invrrsion differences. ITowc\'er, the 
restricted species with comparatively small populations, Drosophila miranda, 
diiTers from these two by many more fix·ed inwrsions than the total of variable in
versions in the three spC'cioo. GnfortunatPiy for an analysis, the Rpecies of the 
" ·illistoni group arc too diverse cytologically to determine the number of inversion 
difference fi:xecl between them. The species willistoni hax one of the larger if nol 
the largest population distribution in tl'c genux, pNhaps b0ing the largest species in 
numbers and largp population distribution of any amenable to genetic annlysit>. 

Perhaps the most significant finding is that there is no dirPct correlation between 
number of indi\-icluals in a ~pecies and number of hetcmzygous (unfixed) ill\·ersions 
in a species. Drosophila pseudoo/)scura. with a \\·idespreacl di!:itribution and large 
populations in wext0m X orth America, has somewhat fewer im·erxions lwtero
zygous than monluna, although the latter sp0cies is at present characterized by 
small linear population.· spread over a com;idcrable area. A guess, \\·hich certainly 
overestimates the rei at ivc num her of montana, would estimate thPir ratios af' 
monluna: pBeudoi,IJscura: willislom· = l: 104 : 10~ . X e\'Crthelcss there arc known 
only 50 heterozygous im·ersions in the Iutter species but :win montana, evc11 though 
willisloni has been sampled much more extensivdy. PerhapR this is good evidence 
that the difficulties discus. ed by Haldane, 30 · ~ 1 in terms of the conditions for co
adaptation in polymorphism for inwrsions together with the cost of natural 
selection, limit the numbc•r of cumulativc·ly heterotic gene combinations associated 
with invPrsionx that may be expected in a population. Dobzhansky and Pavlov
sky32 claim thaL Lhc invcrHionH in certain populations of pseudaobscura are heterotic 
because of genes with specific combining abilill;, and that clifTcrent populatimls 
differ in thiH rc:;;pect so that the same invcrsionR arc not necc . arily Huccessfully 
interchangeable between populations. This can hardly be Lhc case in the tremen
dous populations of willisloni with a number of im·crsion~ heicrozygouH in each 
chromosome for cla Cunha et aU0 point out that indi\'iduals \rith the same set of 
inversions are rare. In willistoni inYerxions muxt he retained by heterotic gene. 
which have general and cumulatiz•e combining abihcy. This xeems to he the case 
also in rnonlana. ~everal inversions may he heterozygous in a stt"1in but we do not 
find consi tent hcterozygol('S between certain geJlC' sequences in a population, so far 
as our more limited Hampling allo\\'. us to determine. 

The efTcctive uniqnriJes. of each inversion and its losx if it lacks selective ad
' 'mltage (Fi ' hC'r 21 ) allows us to mak~ xomc interer-;ting c·1lculations about the num
ber of inversions which has been utilized in the evolution of the genus and al ·o 
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the numbrr whirh oerurrcd hut waR lost. Atonc 14 estimated the number of inver
Riom; fixed in the t'\'Olution of the genus using t.hc number fixed pC'I' ;;pecies in the 
virilis and rcplcta groups eompared to the •umlwr hPterozygous in those and other 
group:-;. The number of Yariahlc (hetPmzy~?;ous) ill\'(·r:-;ions thf'll numhNed ,)92 
in the -~2 species which had lwen studied. The ,·irilis anclrepleta groupi-i differ in 
ratio of fixed to heterozygous im·rrsion:-; from 1.2: l for the former to 2:1 for the 
latter, as now determined by \Y:tRs<•rman. 17 The number of Rpecics in the genus 
1nts earlier estimated at (i;)Q but :\f. H. WhPelcr llOW estimateH that there arc two 
to three times that number. On the basis of the 650 spcries, the number of inver
sions fixed in the C'Yolution of the genus \nts estimated at het ween(), tOO and 36,500. 
This \\'aS a 1•ery conser\'ati1·e estimate aH no additional a,llowauce ·1ms made for 
greater cytological differences between than within species groups or suhgcmera. 
With the larger number of specie. now proposed for the genus. the number of pam
centric inversion differf'nees fLw l in its e\'Olution is prohably bet ween 22,000 to 
56,000, while perhaps 18,000 to 28,000 are now heterozygous in the many populations 
around the \YO rid. If we assume that the selective adYa.ntage of the inYersions in 
their initial struggle to be 0stablished was one prr c211L, this ,,·oulcl mean that from 
1.1 to 2.8 million inversions with this much selective ad\ antage occurred, but the 
remainder were eliminated. This !raves the ntRt majority of inversions, con
servatively ten or one hundred times as m·my. \\·hich did not have selecti,·e ad
Yanta.ge, or were cli.-advantageouH, thnt al.'o were eliminated. \Vhen we remember 
that inYcrsions arc relatively unique events whereas mutations occur and recur 
time and again, we get some further idea of the tremendouH llumbers of trials of 
rearrangements and mutationi'i in difTerent eombinations and sequences which 
have gone into the e\·olution of e\'Cn this small genus. These repeated and varied 
trials with natmal selection and time enough to abHorb the cost (I-Ialdane 31 ) make 
e\·olution inevitable, as Fisher21 pointed out. \Yright 33 has reviewed his concepts 
of the necessit.y of a. balanced array of forces (mutation, Helection, population 
structures, etc.) and of the importance of complex balanced genotypes and their 
shifts to higher srlecti,•e peaks. We h:we pre:-;ented Home e,·idenee on the result 
of variation:,; in population structure and the tremendous <trray of variability avail
able through time t.o make possible the ch:wges necefisary to reach more highly 
adapted genotypes. 

Summary. The virilis group of tlw genus Drosophila has been reYised and ex
lellded. Strains of Drosuphila czuana from IJokkaido anclne\1' strains of Drosophila 
montana from Ala:;ka and Canada ha\'e been teRted and compared to earlier testH 
ll'ith members of the group. D. czoana is isol<ttecl genetically more than any other 
member of the group. Cytologic<tlly it is 1·ery clo:,;c to the postulated PrimitiYe 
JJJ in gene arrangement allCI in part \ 'niidates this postulated anceRtral form . The 
strain;; of montana from Canada extend the known range and cytological yari<lbility 
of this .'prcies. The several strn.iuR proved to he genetically di\'er e as had other 
:-;trains of montana. The Yirilifl group consist" of nine species. The chromo. ome 
phylogeny has 1 een " ·orked out so that 11·e knm1· the lines of e' olution and the nec
C.'Sary primitive forms (cytologienlly) to fill out the phylogeny, Figure 1. Dro
sophila virili, has been demonstrated to be both genet.ica.lly and cytologically neare,;t 
the primitive ancestor of the group. Jn addition to tbc normal 1•irilis arrange
ment of genes in the X and the four major autosomes, there are 92 known and 
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analyzed heterozygous .or homozygous inversions in thi group (plus 20 to 30 more 
which are fi;'{ed, i.e., homozygou , in the X chromosomes of Drosophila ezoana, 
montana, lacicola, and litioralis). There are 43 analyzed plu ·these added X chro
mosome inversions which have been f1xed in the evolution of one or another member 
of this species group. There are now known 49 inversions which are present some
times in some species but not fixed (plus 2f and 4h which are variable in ome 
species but fi.xed in others). The amount of cytological variability cannot be pre
dicted from the present population of a species sin ·e more unfi'<ed, sometimes hetero
zygous, inversions occur in montana than in psevdoobscum but less than in willisloni. 
Drosophila montana is much less frequent than the other two species and, like other 
members of the virili. group, i restricted to the high hmniclity belt along streams 
or hkes. 

There exist now two extensive chromosome phylogenies in the genus Drosophila 
where the direction and extent of cytological variation in t,he evolution of the species 
bas been thoroughly established. These arc the vi.rili group discus ·eel here, con
sisting of 9 species plus 3 ·ubspecies or varieties (FiglU'e l) and in addition, there is 
the remarkable repleta group and its relatives which has been analyzed, particularly 
by Wasserman. He will soon publish a revised phylogeny which includes now 39 
species in the repleta group plus 7 species in closely related groups. The extensive 
genetic evolution but very conservative cytological evolution has made this possible. 

] t is most remarkable that only 100 years after Darwin published The Origin of 
Species we have established so many of the genetic mechanisms involved in evolu
tion. Perhaps it is even more remarkable that we have hcen able to establish the 
direction and extent of cytological changes in the well-established cytological phy
logeny of 9 species in one species group and 46 species in a complex involving several 
other species groups. 

We wish to thank Dr. Eizi Momma who brought us the strains of Drosophila 
ezoana from Hoklcaido; Dr. D. D. Miller and Mr. Chris Dahlic, who collected tbe 
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who allowed us to include some of his unpublished data on the rep leta group; 
Dr. M. R. Wheeler, who discussed these general problems and checked the manu
script; and Dr. J. F. Crow, who read the manuscript and made several suggestions. 
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H. P. L\SGL.\::\Di5 

llEI'AH'l'.\JEN'l' ()[< ~L\ 'l' li ~~ I A'l' l ('S, YA LE l "I.:I\"EH8 1'1'Y 

Conllllllllicalccllly Einar H ille, Janua ry25, 1960 

ln thi~ n• ll<' we ~tate some ba~iC' spec-tra l 

eiatcd wi th a rcpre~entation of a Lie group. 

intend to gi \ 'C deLai h-; in another context. 

properties of a class of operators asso
\\' c merely indicate the proofs ::; inee we 

Let T (.) be a strongly continuous rcpn•sentation of the Lie group G.l in the BanaC'h 

space :t. For a in W, the Lie a lg bra of N, let .. t (a ) IJe the infinitesimal gcnrmtor of 

thr one-parametrr group, 'l' (c.op( la)), -co < l < co, and let A*(a) be the adjoint 

of A (a). lt is known that 

Q.Tik = j.rE:t l.oED oma in (. l (at) ...• l (ak)) for all a1, .. . , aHW} 

is dense in X and that 

Q.Tik * = [.o* E :t* !.G* E Domain (J *(a1) . ..• l *(ak))Jor a ll a1, ... , ake?rj 

is dense in :t* in the weak* topology. Lei ( c1, .. . , Cn} be a basis for ~1 and tiet A 1 = 
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A(et) . :1 ;* = . l *(c ,) . If a = (a1, . . , ak), l :<:; a; :<:; n, is a srqur nce of integers 
''"e denote a procluc·t stlC'h'as . I.,, ... . Ia, by . I,; Ia I = k is llw lrngth of a. The 
operator B 0 = ~a S m a.,A, (thr <'Oeffi('ients are eompiC'x numbers) is defined 
On QTI 111 and, denoting a in re\·e r;.:rd m·cier by a*, thr openttor ]1 ° = ~ a S m a.,Jl *a* 

is defined on QTim*· The (' losure B of B 0 and the IH'ak* elo,; ur E' 11 of f1 ° are well
defined operator::;. rr ror <m.v real ~~-~·rc·tor , ~; = c ~;l, .... t; .), 1 ~ " s ,,a.,t;., 1 > 

plltl:"'(p > 0 is fiwd and 1/t; ll is the ordinary Eul'lidE'an norm) then 
THEOREM 1. The adjoi1.t B* r~F B is k 
To proYe this 11·e ohsen·c that if B *.rt* = .r2* then, 1 for .r in X, .rt*( 'J' (g).r) is a weak 

solution of thr equation 

~ at::; m a,R,*[.rt* ('l' (g).r)l = .rz*( 'l' (g).r); 

R1 is the infinitesimal transformation 

RJ(g) = lim 1 1 l.f (<'-"P (LC'; )g) - f(a)l. 
t-O 

\Ye u:-e the propertie t-: of 11·eak so lution s of clliptil' equations to sho11· that x1* is itt 
® m-t* and then apply an adaptation ~ of the mollifier t.ed1nique. 

If the stronger ('Onclition 

with 'J.j = m, is fulfilleclthen 
THEOHE?Il 2. 'l'hC' opr' ralur B is the iJ.jiJl?.lesimal OC'IINalur of a se1111:-grmlp, H(t), 

of class II ( </>t, <1>2) , for some <1>1 and </>2-3 

The theorE'm is eq uiYalent to a n inequ a lity IIH(/\, B ) II :<:; J/ [p(A. ,S) ] for the norm 
of the re;;okent of B; Jf is a <:onst:wt a nd p("A , 8) i;; the distance of A. from a sceto r 

8 = l r l·h :<:; nrg cr - tn) ~ •.vt) , ; < •h :<:; 7r :<:; tPt < :)7r :2. 

To obtain the inequality ll'e ohsen·e that 

x*(T (g)( 8 - 1\).r ) = ~ Ia sm aaL.,.r*(T(g).r) - "A x*(T (g)x), 

with 

LJ(g) = lim I 'tf((J e.l' JJ (lei)) - ,((g) j; 
t-O 

partially in1·ert this equation in a ne ighborhood of the identity u:-;ing a paramctrix; 
and then estab lish appropriate estimates 1 for the pa rametrix . It is of interest to 
note that if a" is rea l \1·hen Ia I = m , 8(1) is holomorphic in a ha lf-plan e. 

The semi-groups, 8 (1), ha\ 'e a c·anonienl represent a tion. Let 11 be a left-invariant 
IIaar measme on 6l, then 

T!!t·;o HI~ ~~ :3 . Th ere i.· a uni(Jilc,{unclion h (t, g) (rh:fi ned.fur tin an opC'n .·('c/or ron
taining (0, oo )) in L, (ll ) .for each t and such /hal for a/lrepresenlations T (.) of ()j 

S(l ).r = f <ll h(t , g) 'l' ((!)X!1 (do ) . 

The integral is a Boduwr integnli and h(l, g) is analytiC' in I ami (1. \\'e remark 
finally that, when l is in tlw int erior of th e dom;tin o r 8(. ) and .r is in.\' I S(l).c is 
an analytic· 1·c·etor. 



VoL. 4(i, 19GO .1!.L'J'JJE.1f.l 7'1('8: .J. P. L.t8.1 U .E 

The aho\'C rc,;u lts gcneraJizc theoremfi of .l\dfion5 and l\0bon and 8tinespring. 1 

• Il.l'H<'arch supporLed b.'· the Of!ice of Ordnanel' H c~~·ar('h und!'r ('Ontrarl SAH-I)A-HJ-020-

0H.l)-507·1. Tlw author thanks C. T. lonc•se11 Tul('(•,t for hiH advieP durin!!; the pn'p<ll'ttlion of LhiH 

paper. 
1 Nrlson, K, and\\'. F'. Stin(•Rpring, . \ 111e1 . .J .• 1/'ath., 81, .5"17 .560 ( IH.'i\1 ). 
2 Lang lands, fl.. P., On Lie Senti-Groups (suhmitlC'cl to ('ruwd . .}. Jfath. ). 

3 For Lrrminolog_\· st•e Hille , K, nnd H..~. Phillips, Ft<ncliOI,al . \ na/y.'<i.s rul(/ Semi-Gro11ps. 
1 Thc·sr an• l'SHrutially cstimat!'s for tlw rPsolvcnts of Hlrongi,· <'il ipti C' difl'Pn·ntial opPralors 

\\'ilh conRlant eodfi('iL•nls and arC' ohtainc·cl from CHtimates for thr funclanwutal solut ion of the 

ussoc i,Lt eel par,'Lbolif' eqtw lion ~imilar to thosr of 1-'ilov G. K, ( {'sp . .\{a/. X auk., 10, Sf! 100 ( 1955 )). 

': l nn.J frllh ., 70,572 615 ( 1D.5B). 

Tf!E EX'l'f.i}NT OP ,"lSYJJPTOT!C STJBni1T* 

J3y J. P. L.\8 .\ T~L8 

lHAf;, BALTIMORE 

Conwwnicaled by S. Lejschelz, Jomwry 8, 1.960 

In studying the stabi lity of a s~rstem it is never complete ly sa ti sfactory to know 

only that an equi librium state is asymptotir·ally stable or for t hat matter to know 

only that it i · unstable. In a mathematical sent:ie it. may be asymptotically stable 

but from a prac·tical point of view be unstable, and, c·onvc:rsely, it may be mathe

matically unstable but practically ~:>table. Both stabi lity and instability are local 

concept ·. An ectuilibrium state of a system may be unstable, and yet it may be 

true that the syslem al\\'ays tends to return, perhaps not to the equilibrium state it

self, hut sufficiently near the equilibrium ,;tate. An equilibrium state can be 

asymptotically stab le and yet perturbations which \Yould he considered small 

compared to the pedurbat ions to be c:xpcctc:d may C'ause the t>ystem to drift away 

fmm the equilibrium never to retum. .\.s a pntctir·al matter, it if' ncl'essary to 

have some idea of th0 t:iize of the region of asymptotic· stability. lt is ne,·er possible 

to do t hi s by exam ining only the lin ear approximation to the system. The effect of 

nonlincaritic:s must be lakeu into al'count, and LiapunoY 'f' ,;tabi lily method1 pro

v ides a mf'<tll::i of doing this. The purpOi-:iC: of t hi,; paper is to report some mathe

matiC' a] theorem,; that underlie methods for Ci':itimating region ,· of asymptotic 

stabi lit y. The,;e methods, with examples illustrating them , are to be discussed 

elsewhere in greater detail. 2 

The system \\·hose stability is being im·cstigated is described by t he vector dif

ferential equation 

x = X (.r) . (1) 

The slate of the system at time lis an n-nctor .r (l) = (.l't (L), ... ,.r,(l)). The phase 

velocity d.r l dt = xis defined by the Yeetor Jielcl X (.!) = (X1 (.r), ... ,X" (.r)) . For 

each initial state .t: 0 \\·e nfisume there it:> a unique solution .r(l) of (l) satii':ifying 

.t:(O) = .&
0

, and that thiH solution dcpendH continuously on the initial .·tate .l.:
0

• 

The equilibrium state being iuYe~tigatc:d i::; at the drigin: X(O) = 0. The Lia

punO\' method depends upoH the c·o1vtruction of n suitable domain 0 and a. suitable 
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Liapunov function Tf(x), which is a kind of generalized energy function. \Vr as
sume throughout that V(.~) has continuous first partials in n. With reference to 
the system (1), we define 

I 

l ~( ) o T' ,. 
X = - . \.1 + 

OX! 

If x(l) is a solution of (l), then 

ov 
+;-X, 

u.r n 
(grad V).X. 

d V(.r(t)) = l·.(.r(t)). 
dt 

No knowledge of thr solutions of (1) is required to compute T'(.r) . It i::; computed 
directly from a knO\Yledge of the difTerential equations which describe how the sys
tem changes. The difhcully lie::; in eonstruC'ting V(.t). This requires exper ience 
and technique- a technique in which Hussian mathematicians and engineers excel. 
The theorems stated below describe what arc suitable Liapunov function::; for de
termining the extent of asymptotic stability. The basie reRult is 

THEOHEM l. Lei fl be a bounded closed set with the property that every solution of 
(1) stmHng in fl rema1·ns for all future time in fl. Suppose there is a scalar funrUon 
V(x) with the property that V(.J;) ~ 0 1·n n. Let E be the set of all7Joints in fl where 
l .'(x) = 0. Let J[ be the largest £m•ar1'ant sel 1·n E. Then et•ery sul11hon starting in Q 

approaches JJ[ as t - co . 

In some instances the construction of a Liapunov function V(.r) will it, elf guaran
tee the existence of a set n. For instance, 

THEORE:\1. 2. Let fl denote the closed region defined by V(x) ~ l. If, in addition fl 
is bmmded and !r(x) ~ 0 in fl, then ez•ery solution starting in fl approaches Jf as t- co. 

(M is set defined in Theorem 1.) 
Note with regard to Theorem 2 thaL if Tf(.r) -

defined by V(x) ~ lis bounded for all values of l. 
bounded for all l < lo. 

co as ll.r/1 - co, then the Ret. fl 
If lim inf F(.t) = lo, then n is 

llx ll ~"' 

Thus, under suitable circum. 'Lances, the set fl i:; an estimate of the region of 
asymptotic stability. Acc·ording to Theorem 1 the procedure is to find a region 
fl and a suitable function V(x). If V doe:; not vanish identically along any solu
tion starting in Q except the origin, then every solution in Q approaches the origiu 
at t - co. It seems in some exampb; to be easier to separate the problems of 
finding n and c·onRtructing a Liapunov function V(.r) although as Theorem 2 
points out Lhe Liapunov function itse lf may determine fl. 

If the origin is stable and every solution approachrs the origin as t- co, then 
the system i.· said to be completely stable (asympLoiically stable in t.he large). 
The region of a:-;ymptoLic stability i:; the whole spare. The hasir theorem leadin!!: 
to methods for establi~hing complete stability is 

Tm,;on.EM ~- Let V(.r) be a scalar fuuclion with continuou. first partials for all :r. 
Assume that 

1. V(1:) > 0 .for all .r ?"= 0 
JL . lf(.r) ~ 0 for all x. 

Let E be lhe set of all points whrre ) i (.r) = 0 and let JI be the larg st inmriant set 
contained in E. Thrn every solution bounded for t > 0 approaches }1,1 as t - co. 
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To establish the complete stability of a system one need (i) Lo establish that all 

solutions are bounded for t ~ 0 and (ii) Lo construct a function V(:c) satisfying 

the condition,' of Theorem :3 and such that, M is the origin. Here again one may 

be ab le to con!'lude from the Liapunov function V(.t) itself that all solutions are 

boun led for t ~ 0. This is true, for instance, if V(x)--+ ro as llxll - ro, although 

it often is easier to consider (i) and (u) a Reparate problems. BotLndedness i a 

type of stability and C'an itself be investigated by Liapunov methods. 3 

* This reRearrb was partially supported by (.he United States Air Force through the Air Force 

Office of Scientific Rl'searcb of tho Air ll search and Development Command, under Contract 

:\lumber AF ·J9(G38)-3 2. Reproduction in whole or in part is permitted for any purpose of the 

United States Government . 
1 Amon!!: the availablo references on Liapunov's method may be mentioned, (ct) Hahn, W., 

Theorie nnd "lnwendung der Direckten Methode von Ljapunov (Berlin: Springer-Verlag, 195\J). 

(b) AntoRicwicz, n. A., "A survey or Liapunoc's SC'cond method," in Comribut·ions to the Theory of 

Nonlinew· Oscillations IT', AnnalR of l\1alh. Studies No. 41 (Prin<'et.on University Press, l\J58). 

(c) Cesa1·i, L., Asymptotic Behcwior and Slabilily Problems in Ordinary Differential Equations 

(Berlin: Springer-VNlag, 1959). (d) Malkin, I. G., Theory of Stability of Motion, AEC Transla

tion Reries, AEC-t.-:3352 (tranRhticd from a publication of the State Publishing House of Technical-

Theoretical Li terat me, M o:co\\·-Lcningrad, 19.52). . 

2 ln a paper by the author to appear in the l<ttter part of 1\J60 in a Hpccial Nonlinear Issue of the 

Proc. o.fihelRE. 
3 Thi ·has I een tudicd extensively by Taro Yo hiza"·a. Sl'l' his paper on "Liapunov's Function 

anclDotmdedneRs of Rolu Lions," Funlccialaj Ekvacioj 2, 95- 142 ( 1959). 

VIRUS-CELL JN'l'ERA CTION JVJTH A 'l'Ul\IOR-PRODUCING VIRUS* 

BY :i\LulGUEH.rm \ 'oGT .\.1'\D H.EK.\TO DuLBEcco 

D!Vle<ION 01' BIOLOGY, CALIFORNIA IN~T!TUTE 0~' 1'ECilNOLOl;Y 

Communicald by George JV. Beadle, January 18, 1960 

The polyoma(PY) vims or parotid tumor agent 1
• 

2- a D~A-containing virus3 • 4 

- i::; characterized by a duality of action: it produces neoplasias of variou ·type in 

differ JJt species of rodents,5 and cause: cell degeneration in mouse embryo tissue 

cultures. 6 In the experiments to be reported here, it was possible to obtain in 

cellular cultures in vitro the oncogenic effect of the virus; this afforded the pos ·i

hility of studying the rclation::;hip between the oncogenic nne! cytocidal effect of the 

virus. The results so far obraincd reYeal a Rituation novel in animal viru ·es and 

c;uggest the existence of a host-virus interaction with characteristics reminiscent 

of temperate bacteriophage. 
Material and llfethods.- The PY virus wa::; obtained from Dr. Howe of the 

~ ational Im;titutes of Health. A tock was prepared from a single plaque and serial 

passages of this stock in mouse embryo tissue cultures were used for the experi

ments. In these passages, the Yirus maintained both the cytocidal activity in 

mouse embryo ti:sue culture and the property of eliciting heart, liver, and kidney 

:arcomas within a few week· after injection into newborn Golden hamsters. The 

viru::; was as ayed by plaque formation on mouse embryo monolayer cultures by 

means of the technique previou:ly described. 7 ' 
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Culture;; from trypsin izcd whole em hryos of cit h<'r ~~~·iss m iec or Goldrn hamstrn; 
\H'rr prepared as prc,·iously ckscribrcl. 7 All cxperimrntal cultures wen• srcondary 
cult me;; at the time oft he first exposure to thr virus. Plaque assay::; werr donr on 
monolayer cultures of mouse rmbryo cells 11·hieh had brcn serially transferred t.wo 
to (i,·e times. The growth medium for the cells c:on,.;istcd of rcinforecd Eagle's 
mediumo supplrmrnted 11·ith :?0 per ecnt e<tif sc•rum. Experimental cultures were 
grom1 in Eagle's medium supplemrnted \rith 10 prr cent calf, horsc•, or fetal bovine 
serum, as indieated later. 

Results. 7'h c multi]Jlication ~~r lhc t•inu;: Conflu<•nt mo11ola)'c'r eultun•s of either 
mouse or hamstrr cells were infrded \rith ,·in J,.; ala multiplieit.\' of about 10 mou:-<e 
plaque-forming unit,; per cell. .\Jtrr an acborption period of forty minute,;, the 
layer:-< 11·ere washrd to rcmo,·c• mo,.;t of the Jion-ad,.;orbecl virus, and 11·err eon•red 
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FIG. l. Extra-piiiR inlni<·PIIular vin1R ppr (·tdliiiP at variou~ linws aflN infl'dion. - ;\loiiRP 
Pmbryo C'Ulturr. HamRl <' r Pmhryo rulturc•. l•' luid c·hang;PR 1n•rp donp on thl' third and s ixth 
day nfter infPclion. The 1/:i'OII"lh nwdium ll'as Eaglp'~ mrdium ;-;upplc·llll'IIIC'd ll"ith 10 pl'l' ern! horRe 
Rl'I'Ull1. 

with Eagle's medium ,.;upplrmrntcd with 10 prr eent of cit her C'alf, horsr, or fct;ll 
bovine ,.;crum. The culture,; 11·rre suh,.;equent I~· inc·uhatC'd at :)7° C' and the virus in 
the ;;u pernatan ts nne! in t lw cC'IIs (aft cr d isn 1 pt ion h.'' t hrce cycles of f J'Przc-t hawing) 
cleterminNl at yarious time inten·a],.;. 

The gro11·th cutTPs ohlainrcl an• reported in Fip;ure I, "·herr the titrr of intra
pitts cxtracC'Ilular ,·inJ,.; per eulturr i,.; gi,·cn. Thr c·un·c,.; ,.;ho"· a long latrnt pc>riocl, 
as found for anothc'r tumor-producing ,·inJ,.;, the [{ou,.;,· irus. n ThC'Yiru:-<produ<·tion 
11·as initially mueh gn•ater in t lw tttou:-<c• cult un•,.;; <~fter about a wcrk thr clifTc>rrncr 
deercasC'd. "\ t that t inw, however, the ham,.;ter culture,;, which had COlli inued to 
grow, eontainrd many more (•ells than thP mou:-<0 cttllur<'~', so that the HT('J'age 
procludion of ,·inJ,.; ]J('I' erll was almtys much smaller in the hamstrr ettllut·rs. 

/~'arty IJcharior r~( the infccterl cul!ltrr·s (Jtrst 1V('('k): Tlw mouse• eult un•s appcarrcl 
un('hangc•d for thc• first day after infc•dion. lttfc•dl'd eulttm•s c·ontaining a number 
of cells ,.;ufficic•ntly l<m to allow tlw ('(Hill I ing of tlw cPlls in situ ,;hcmcd after :Z..J. 
hours a threefold innra~c· in e<'IIJIUmhc•r, equal to that of uninfeC'Ied c·ullurcs. The 
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cell numb<.'r stopped incr<.'asing on the second clay after infection. Degenerative 

change~ became vi~ible in the majority of the cells during the third and fourth day, 

~imultaneously with the increas(' in virus Liter. A proportion (about 20%) of the 

cells, howe\·er, remained unalt<.'rccl as alr ady observ<.'d by using fluorescent anti

bodies.10 These unalterrd cell1-nnultiplied in the subsequent days in fact, frequ<.'nt 

mitoses were obsen·ecl \\·hile more cells underwent degeneration: a balanrc of 

these two proc<.'sses maintained thr culture in a 1-'trady state. 

The harm;ter culturrs, in contra:-;(, continurd to inc·n'asc in c·ellnumber during tlw 

whole week after infedion. Cell counts orr paraiiPl culturrs with low('!' cell concen

trations showrclno differencr in the division rate of infected and control cultures for 

six days of obsrrvation. :\rither did the infecL<'d hamstrr cultures sho,,· oll\·ious 

sign:-; of degenprat ion. Sine , by plating the c·clls sc,·rral hours after infpet ion, mo~-:t 

cells pro\·ed to he Yirus-yiclders, it must he eoneludcd that tlwy released \'irus in 

small quant.itics \\'ithout dcgc'ncmlion. 

Late bfhaz•'ior of the il~(fcled cullurfs: The mouse cultures remained in the steady 

statC' for about four \\'eek,.;. During this period tlw virus titer in the supernatants 

remained eonstant at a lenl of about 10~ J>Fl' per culture, in spitP of the fluid 

changes. Thi:-; prolonged existence of the steady state in the cultme:-; is hy itself of 

special interc~-:t and is being invrstigatecl in grcatC'r dPtail. The obsernttions ean, 

at present. be interpreted a:-; follows: It is unlikely that the multiplying cells be

longed to a ,·irus-rcsistant typ which was originally prcsrnt in the culture, since 

such cells would have rrplacC'Cl the sensiti\'e cells in a fe\1· days. It is also unlikely 

that the multiplying ec•lls rcprrsentcd either partly resistant crlls likr tho~-:e 

occurring in :<e\·cral ,·irus-carrying eultrrres of polioviru:-; 11 and X C\\'cast le disease 

Yirus 12 or a non-infected fraction of spnsiti\'r cell,;. In both cases, iu fact, they 

would have been infcc·tccl aftN n fr\1· days by tlw pro~~;eny ,·irus accumulating in t.hc 

medium in largr amounts. It is therefore concluded thai the ~-:ur\'i\·ing cells arc in

frctPd cells \\·hich do not undergo drgrnPration. The C'Onclu:<iorr that the surviYing 

CC'lls arc altrred cPIIs is also in licatccl by the finding that all cells of a mouse embryo 

culture infected with J>Y virus become resistant to vesicular stomatitis \'irus. 10 

It seems, furthermore, that the cells carry the Yirus in a :-;tate in "·hich the fate of the 

\·inrs-ccll complex is undetermined (scc below). Cells containing the virus in this 

"uncommitted" :-;tate ran cli,·iclc hut haven considerable chanc·c of being killed hy a 

shift of the' Yirus to the state of extrnsi,·e, cytocidal multiplieat ion. 

A gradual change was obscn·cd in the mouse C'Uiturc:-; af(c'r four wcC'ks. Thr pro

portion of clcgC'ncmt ing cell~-: decreased significantly togetlwr with the titer of 

intra- and extnwrllular virus of the culture:-;. The c·ell number increased and 

\\·rekly transfrr,.; bceanw pol'siblc'. The outgrowing cell,; were of a nC\Y type, morr 

rlongatecl than the original cells and with a tendency to form intcrwoYcn net-like 

st ruetures when the eult ures bccanw more cro\\'decl. Ten weeks after infection, 

the cult.urcs appC'arcd to he made up entirely of the nr\1· cell type. They could bC' 

t ransferrecl (\\'icc \\·cckly, con tainecl no more degrnerat ing cc•lls than normal ones, 

and produced little virus. 

ThP hamster culturrs. at thC' end of the first \reck after infcc·t ion, \\'CI'e made up of 

a single dense layer of cells indistinguishable from the eorvtrols. During the second 

week a striking diffcrcnce het\\'C'C'n the infC'etcd and control cultmcs became ap

parent. \Vhcrcas the number of cells in thr control C'ulturcs appParcd to inC'rca:-;e 
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only slightly during this time, the infected cultures continued to increase in cell 
number to a value approximately three times that of the control cultures. Thi. 
led to strong ac:idif1cation of the medium of the infected culturcR. The new cell.· 
were more elongated than the control cells and had a tendency to grow in interwoven 
netlike structures similar to those described above for the iufectecl mouse cellf>. 
Whorls of heavy cell strands became noticeable above the continuous cell layer in 
the infected culture;;, but not in the control cultures. 

After fourteen clays, the cultures were di;;per. ed with tryp:-;in for injection into 
animals ( eo belo,v), or for further transfers. No difrercncc between the gro11·th 
rate of control and infected cultures wa::; obselYccl during the fin>t week after the 
transfer. In the second week after the transfer, howe1·er, ll"horls of heavy cell 
strands again appeared in the infected cultures but not in the ·outrol culttues; aL 
the same time the medium became strongly acidified. The virus titer clecrea.·ed 
drm;tically in the tran. formed cultures. Frequently no extra- or intracellular 1·irus 
could be detected; in other cases titer of 103 PFU or less per J 06 cells 1rere obtained. 

This proliferative response in hamster embryo cells to PY virus was fin;t observed 
in experiments carried out in collaboration \\·ith Dr. G. Freeman. It. has since been 
observed and followed in four independent experimental series, occurring in calf or 
fetal bovine serum medium but not in horse :-;crum medium. The prolifern,tive re
sponse failed to appear in bro other experimental series. The observations tend to 
show that the occurrence of a proliferative respom;e depends on the physiological 
state of the cells at the moment of infection, a point "·hic:h i:-; under further investiga
tion. 

Nature of the transformed cells: As to the nature of the new cell which bcc:::unc 
established both in infected mouse and hamster cultures, it iR Lmlikel.v that they 
were originally present; in fact, no, elective conditions favoring multiplication of 
such cells were present in the hamster cultures in which no cell de:-;tructiou took 
place. It is more likely that these new cells were cells of the original type trau ,_ 
formed or converted by the virus. Since the transformed cellfl of the mou~:>e cultures 
became established in the presence of high viru::; concentrations, it can furthermore 
be as.-umed that these cell. are resistant to superinfection with PY virus. Thi · 
conclusion iR al.-o supported by the fact that superinfection of transformed hamster 
celL with PY virus failed to give evidence of virus production during the first week 
after infection. 

The ability of the transformed t:cll~.; to grow under conditions unftwornhk to the 
growth of the control cells , uggestcd that they were of neoplac:tic nature. To tc::;t 
this possibility, 106 to 4 X 106 cells of c:ix independently tmnsformed hamster 
embryo cultures were inoculated under the skin of 18- 20 day old hamster::;. j..l! 
six cultures ga,'e rise Lo tumorc: at the site of inoculation; fiYe tumors 1\'C're palpable 
six days, one tumor two wecki::i, aft.er the inoculution. r\ II t>ix tumors grew pro
gre 'ively without any signs of regrc.-Riou. ln three caHcs, the animals 11·cre killed 
when the ncoplasias had reached a diam 'ter of about :3 em. The ncoplasias \\·ere 
well localized; no metastases or tumors at other I neat ionc: were found. Histologi
cally, the ncoplasias were COlL'titutecl by fuRiform cells. Fragmeuts of the tumorc: 
were trypsinized, ::wei tic:::;ue cultures were prepared from the cell suspen,iolls. 
The outgrowiug tumor cells formed \Yhorls similar to tho:-;p of the origintd cultures 
whenever the cell layers became crowded. Frequently no virus or only ' 'ery small 
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amouttl:s (100 PFl' )lC'r 106 ('t'll:-;) of virus could be demonstrated in these culturel:i. 

,\.:-:controls, mon·lhall sixty hamster:-: of the same age were inoculated with 106 to 

107 eells of uninJceted hamster embryo eultures from the :same culture bat('he:; in 

which the transformed cultures had been contained. Tn none of the haml:iters were 

nodules formed. Four infected cultures in whic·h no in vitro t ran:-:formation had 

been ohsrt-vcd likewise failed to induer tumor formation in the animal. Xeither 

did len hamsters inoculated with .j X 107 to 10~ PFC of PYviru:; form any tumor;; at 

thp sit<' of inoculation . Tlw ham:-:tcrs nrC' sti ll ali,·e and iL is then•forc unkn0\\'11 

whP1 her they fornwd tumors of the organs normally afTeetC'd by PY virus. 

( 'onrlllsion.·. In th0se experiments, tlw PY virus gave rise to two typps of virus

c •II interaetiotl: a cytoeidal intcraetion, leading lo extensive virus synthesis and ce ll 

clegenerat ion , and a mudc•rnte interaction leading to tlw transformation of the cell:; 

into neoplastic <'Pib·, usually unable to produce' dctectnble virus and resistant to 

superinf<'etion with the ::;ame ,·irns. Tlw c·ytocidal interaction is most frequent in 

the mouse cultures, the moderate intenwLion in the hamster cultures. The diJTer

ent react ions of the mouse and hamster eult un•s reproduce and clarify the rvents 

occutTing in the animal: it is in fact kn0\1"11 that in the nrll'horn mou:-;e the virus pro

duces extcn,;ivc cell clcgencrat ion and on ly later after severa l months tumors; 

ll'hereas in tlw ne\rhorn hamster tlH' virus produccsfe\\" dcgencrati,·e phenomena but 

ll'it hin a fell" II'Ceks lc<uls to formation of tumor:-; . The results obtained extend those 

of Daii"C and La1\' 1a in sho1\·ing that cliff rcnccs in vint:;-ecll interact ion explain the 

,·arious cfTeet~ of the virus in the animal , including th<' di:-;appearance of the 1•irus 

from hamster tumors. 1·1• 10 1s 

The follfming hypothesis is put forll'arcl to rxplain the results of our experiments: 

upon entering a cell, the Yirus assume:; an "uncommitted" state in both hamster 

and mouse cells , during which it may undergo a limited multiplication \\"ithout 

appreciably affecting the normal propertie::; of the cell. From this "uncommitted" 

stale, Uw , ·iru::; ha::; the choice of entering e ither the state of cytocidal multiplica

tion or tlw integrated state. The late transformation of the mouse cultures would 

be due to tlw selection of a fc11· transformed cells. In the ham ter cultures, on the 

other hand, thr choic·c 1\'ould he almost exclusive ly to\\"ard the integrated state, 

hot h in the animal and in lll<' tis,;uc cu lture. 

The stale' of the ,·irus in lhr trunsfornwd eclls is unkll0\\"11. Tll'o properties of 

cult urcs of these cells, i.e. , tlw absence' or loll' IC'\ 'el of virus production and the re

sistance to superinfcetion , arc similar to the properties of lysogen ic bacterial cu l

t urC's and stti!:gesl l hat the intPgrated ,·irus exists a:; provirus. Other hypotheses 

a rc, ho\H'\"('r, not cxduclPd : the virus emtlclultimatcly be lo:-:t from the tran:;formed 

ce ll s anclrc•sistancc' to supcrinfC'c·tion could he a secondary f'Onsequencc of the trans

format ion . 

The tram-formed, n0oplast ic eclb are able to gro\\" above the monolayer to ,,·hich 

the normal c·ells are usually confined . This suggests that 1·n uilro t h0 normal cells 

are :<till subj<:'ctecl to groll'th-rPgulating mechanisms from ,,·hich the transformed 

c·01ls can C:-'l'ape. Thi:-; property of PY-t ransfornwd c<>lls, which is a lso eharacteri::tic 

of cells transfornwcl h.\' tlw Hous 1·irus, may be grneral for neopla~t ic cell~ in 1•i/ro; 

if so, it may open a ll'idcr approach to tlw study of neoplasia,..producing viruses. 

These exprrimrnts ,,·ill he rC'ported in detail elsewhere. 
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T!IE STABILITJ' OF XON-DJSSIPATJFH C'OCE'l'TE FLOW IH THR 
PRESENCE OF .LV AXIAL J1.1G,VWI'IC' FJELD 

BY W. II. RGID 

lHWWN NI VEmWrY 

Communicated by S. Chandm~;ekhar, J arwary 18, 1960 

l. The effect of an axial magnetic field on the ~tabi li ty characteristics of Couct.te 
flow in the limi ting case of zero Yiscosity and infinite conductivity has been ex
amined recently by Chandrasekhar. 1 He showed that an ad,·erse gradient of 
angular velocity can al\\"ayc; be stabilized by a suffic-ient ly strong magnetic field 
and that the required fie ld strength can be derived from the solutions of the related 
nonmagnetic problem. \Vitl1in the frame,York of Lhe "small gap" approximation, 
the nonmaguetic problem has recent ly been so lved exact ly, 2 and in thi:-; paper, 
therefore, we present a determination of the magnetic rield strength required to 
completely stabilize the flow. 

2. In the small gap approx imation it iR as:-;umecl that the gap, d = R2 - R,, 
is ~mall compared to the mean radius, Ro = '/ 2 (R2 + R1) . The angu lar veloc ity 
distribution (·all then be approximated by the linear profile 

n = n, fl - ( 1 - J..l )sl. ( I ) 

where 

(2) 

In the absenee of a magnetic Jicld, Rayleigh'H nit.erion Hhow::; that the angular 
velocity distribution ( J) i:-: uustable for J.L < I an J we wish to determine, t herefore . 
the magnetic field st rength required to stabi li ze Lhe flow under these conditions. 
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:3. J3y considering an axisymmcl ri<· pcrturbaLion of l he velocity clistribution 

( 1) \rhot>e l- and z-dcpcmlcnce is of l he form 

cxp [i(pt + kz)], (3) 

we fiucl that the linearized equation for v, thC' radial component of the perturbed 

velocity, cau be reduced to the form 

(±) 

where 

a = kd and JJ = d/ c{'f. (5) 

In equation (-~ ), the magnetic permeability ha;; been set equal to to n.,·oicl confu

;:;ion with the present u ·e of /l to denote the ratio of angular velocities of the cylin

ders. The boundary conditions arc 

u = 0 at s = 0 and 1. (G) 

For the related nonmagneti c problem, we h~we the equation 

(7) 

with 

(8) 

Thus, if tho charadcristie values 'A(a; !l ) of cqLlation (7) arc known, then the 

solution of equation (±) can be written in the form 

[ 
If2 ')0. 2(1 - )R d] •) 7 ? -"· . /l 0 p· = ,..,. - - . 

il1rp a 2'A(a; /l) 
(9) 

From the solution of equation (7), ·\\'hi<·h can be exprcsHed quito ca. ily in term of 

Airy functions, it is found that for all positi,·o chnraetcristic Yalucs of 'A, a2f.. is a 
monotonic increasing function of a. Accordingly, if we let 

(10) 

then the minimum field strength, Hmi11 , required to ·tabilize the flow is given by 

!I . 2 

~ = 2 £h 2Ro cl A(fl). 
47rp 

(11) 

-:1-. For small values of 1 - /l , A(M) has the liuear behavior 

A(M) (12) 

where 

E = (13) 
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and n = 1, 2, ... d notes the mod . For large Yalues of 1 
totic behavior 

I 
A (p) ,...._, ( - .r n) 3 (1 - J.L ) ' 

PRO('. X . A. s. 

p., it has th asymp-

( 14) 

where .r, are thC' zeroR of the Airy function .\i (.r) in ~filler's notation 3 and n = 
1, 2, ... again denoteR the mode. For YalueR of J - 11- intcrmediat' bet\\·cen theRe 
two extremeR, one muRt employ the detailed Rolution of equation ((-i). 

5. For the lmreRt mock of inRt a bilit:v (n = 1), a n entluation of ,\ (J.L ) from the 
exact. olution of equation (7) kac!R to the rcRult ~ Rhown in Figure 1. TheRe results 
would not appear to be unreasonable when we rceall that for L - Ji. < 0 the flow 

0.06 

0 2 3 4 

I - f.L 

Frc:. J. - Tiw behavior of A (I' )= (!! ,, , 2/·l.,..p )/('21!, 2/?0rl) for tlw fir~lmod(' of inRtahility (n = 1). 

i:-; already stable in the absence of a magnetic field and !.hat for large values of 
L - 11 the region of in:-;tability is c·onfined to a muTow region adjacent to the 
inner cylinder. ThuR, for both small and large \'alue;; of I - 11 , the magnetic 
field strength required to stabilize the flow bcc·omes vanishinj!ly small. 

From Figure 1 it is seen that there exists a. c·ritic·al value of the magnetic field 
strength whic·h is just :suffi('ient to Rtabiliz(' tlH' flo\\' for arbitrary rates of rotation . 
This c·ritical value of the field strength is 

( 15) 

and occurs for 

I - U. cr + 1.1275. ( 16) 
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The ratio of 1£21·1-rrp to n1
2Hod is a mC'asun' of thC' relalin' importanrC' of magnelie 

and inertia fort:C's. The rC'stllt ( 14) shows, therC'forC', that if this ratio C'xc·eC'd:-; 

the <Titical ndue of 0.10(}:3, t hC'n the flow \rill akays b<' stabiC'. 

I am indebtC'd to ProfC'ssor R. C'handrasckhar for :onw lwlpful c·omments. This 

work was supportC'd by thr ()(fie-(' of :\aval HPsear('h. 

1 ChandrasPkhar, H. , ''Thp Stabilit_,. of~ on-1 )i,~ipativp C'ouPttP Flo\\· in I [ _,·dromagrwtic-~," thrsc 

PnocEEnrNos, 46, :l5:l 257 ( t\HiO ); sPP also VPlikhov, 1 ~. P. , "Htabilit~· of an idPall_,. r·onduf'ting 

liquid flo\\;ng h<•tw<'P il eylindPrs rotating in a magrwtir· fipld, " SOt·i1•f Piry.,. - ./Wf'P, 36, H\l;j \)\) 

( 195\l ). 

'Reid, \Y. H. , '' lnvisc-id modPs of instability in C'ouPt\P flow ,'' J . .1{ a/h . . I nal. and rl pplication s 

( to appPar ). 
3 Miller, .J. C. P ., The .I iry in/ gral, yh•ing tables of tir e solutions of the difl"erential equatior! y" = 

:ry, BrifiRh . l.~.,ocialir,n .l!wirnnr,liml 'l'ablt•s, Part B (Cambridge·: The• l · nivN,ity PrP~s , l!llfi ). 
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PROTJ~'fiv· !80f.JIITJW PJWJ! JJOl '8H S.-1Lf\'.1R1' (]L i LVD8* 

BY HIT.\ Lt·;vr--:'1 [oxT.\ LCLXI .\ xo B .\R13.\ 1u BooK81t 

D8PAH.'I'~ I EN'l' OF ZOOLO(;Y, \\"Af; IIING'l'OI\ l "I\ 1\"E RSI ' I' Y, !-;1'. LOl'IS 

rommunicalerl by Yiktor 1/a m/mryer, January 4, 1960 

The discovery Lhat mouse sar<·omas procluc·e a diiTusihle agC'nt " ·hich sdeelively 

promotes the gro,,·t h of the sC'n!'OI")' and sym pat hC't ic· ganglia in the c hie k embryo, 1 · 2 

c·onfronted us with three major problems: (a) the c-haracterization of the growth 

agent, (b) the analysis of its mode of action on the embryonic· nerve C'ell:-; \\·hich were 

increased in number and in size under the impac·t of the agent to an extent un

matche I by any previous experimental de\·icP , and (c) tlw question of the signifi

cancC' and distribution of neLTc-growth agC'nts in tumors and other tissues. 

These problems were in\'C's tigatccl using the nwthocl of pxplanting C'mbryonic 

ganglia in 1•ilro together ,,·ith the tumor or other ti!'sues to be testC'd. The finding 

that fragments of tumor explantccl in proximity to the ganglia eli c-ited C'xubera.nt. 

nern fiber outgro,,·th, and that this effC'ct is apparPnt \\'ithin ;)-(i hours, grC'atly 

speedC'cl up and simplified thC' bio-assn.ying procedures, thus making possib[(' the bio

rhemieal approach to our problem. 3 The isoh1tion of a nen·e-gro\\'th promoting 

protein frac·tion from the nC'oplaslic tissue was the first step in this direc·tion. 4 In 

C'xperiments ainwd at the fmther c·harac-lerization of the ntlturC' of tlw agent, Cohen 

made use of f>nake \'enom as a :-;ource of protPolytic enzymes. This led to the dis

c·overy that the snake vPnom also contains a nen·C'-gro\\'th promoting fac·tor ,,·hic-h 

rcplic·ates in a ll respects the C'lfects of mouse sar('omas on t hC' senso ry and s_vmpatht'tic 

ganglia of the c·hick embryo in 1•ilro and in l'it•v .5· 6 Rinc·e the• snake venom is pro

duced in a moclifiC'd :-;ali vary gland, the> mouse sa livary glands WNC tpstC'd as another 

possible> sour<'e of the nc'tTe-gro\\"th promoting fac·tor. ThE; extrac·t of tlw mouse 

submaxi llary glands proved to eontain <t nC'rve-growth promoting agC'nt C'\'C'll more 

potent than the two mentioned aho\'e. 7 • • It \\"as found that this agent likC'\\"ise pro

motes the growth of the sensory and sympa.t lwlic embryonic ganglia of the chick 
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embryo, leaxing other .·ystems unaffected. The similarity extends also to other 
fac·ets of the phenomenon such as the massi\ 'C neurotizat ion of the Yisccra of the 
chick embryo. The potency of this factor, its ready availability, its presence in 
variow; ti.'sues of different vertebrate::;, suggested an inYesligation of its ef'fecL::; on a 
wider scale. In all pre,·ious exprriment · the chick embryo \\'as the lest object. 
\Ve haYc no\Y inYcstigatecl the effect::; of the neJ'\'C-grm\i.h factor in mammals. The 
results of 1·n l'itrn experiments 011 mouse and rat sensory and sympathetic ganglia 
were rcportod. 7 • 8 \Ve will report in this p<.tper the results of in 1•itro effec·ts on 
human fetal ganglia and of in v1·11o experiments on the sympaLhetic ganglia of new
born, young, and adult mice. \Vc ,,·ill also reporl on experiments designed to es
tablish the relationship beL\\Telt sali\'ary glands n.nd nen·c-growth agents. In a 
second paper, 11·e \\'ill present cYidcncc of the ncar-total disintegration of the sym
pathetic ganglia in mammal::; as a re::;ult of daily injections of the antiserum to the 
nerTc-growth factor. The agents used in all these experiments were prepared by 
Dr. S. Cohen and they are de. crihcd by him in another paper in this i:. ue. 

In vilto E.[Fccls on Sen ory and Sympathetic Ga:nglia nf IImnan Fetuses. Four 
human fetuses, three about two-and-a-half months old and one about three-and-a
half month: old, were obtained from the l\Iedif'nl :-lC'hool of vVa:-;hington University. 
They re~>ulted from hysterotomy for therapeutiC' rthortion and WCI'e made aYailable 
as soon as clelivcred.t Tho sensory aud ,;ympalhctic ganglia of these fetuses "·ere 
explanted in tissue culture: the same hanging drop tcc·hniquc ""'"used as in all pre
vious experiments. a, 5 · 7 The medium consisted of one part of c·hicken plasma, one 
part of .'.)'ntbetic medium, and one part of the purified salivary fraction. Control 
cultures were prepared using one drop of phy:-;iological ~-;olution in:-;ten,d of the sali
' 'ary fraction. A total of forty Pxperimental and forty r·mttrol cultme::; \H'I'e pre
parcel; in each cull me a large m1mber of ganglia were explan ted. Tho efJects 
of the salivary extract on ganglia of the two-and-a-hal[ month fetuses 
were similar in all respects to the effect:-; elieited by mouse sarcomas, snake 
venom, and the mou;;c kalivary oxtmc·t on gaJ1glia of chic·k embryos (Fig.:)), mouse, 
and rat embryos. A dense halo of nerve .fibers ~-;urrouncled lhP g<.tnglia in tho ex
perimental cultures; it was already apparent 12 hours after the beginning of the ex
periment and inc·roased in density <tlld in size at the end of the flrst day (Fig. 5). 
A comparable, but Rome what , lower, react ion was obscn·c·d in gauglia cxplantod 
from the older fetuR. A considerable degree of liquefaction o[ the cultural medium 
took place on the second and third day of c·ultmc; the experiments were then dis
continued. Coutrol ganglia showed few or no nerve ftbcrs iu tho area surrounding 
the explant 2-! hours after Lhe preparation of the C'ulturc (Fig. 2). 

In 1•ivo E,O"etts on lhe Sympathetic Ga•ngl?·a of Newbnrn and Adult Jllice. (a)1lia
terial and methods: The effect of the salivary extract was tested on newborn and 
adult mice. Solutions of the ncLivr extract at clifTerent conccntmtions and diffe
rent degree of purifi('nliou were at first af'S<lyed in three gmups of nciYbom mice and 
then on adult mice. 

Group 1: Ten Jlcwhorn mire \YCrC' injeded d:1ily wi Lh the salivary c•xtmct re
fen·ecl to in Cohc•n's paper ns frac·tion Cl\[-1 (these PlWCI•H~Dl:\'0 , ihis issue). 
This solution was injected subcutaneously in t,Jw amount of 0.0.'5 ml per gm of body 
weight at a concentration of 1,500 units of hiologic·al ac·tivity per ml. Oue uniL of 
biological activity is defined as thaL amount per ml required Lo elicit a 3+ rcspon e 
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PL.ITI; 1.- :'llic·rophotograph:-: of 'en,or.1· ganglia after 2 J hours in cilro. :-;iJvpr impn•g;nation. 
Jc,c;. '2. ( :anglion of a '2 1 , month' hillll:tll fplw; in liH• "landard C'ont rol nwdium. F1c;,.. _ :3 , 5. 

( :anglia of a l-ela-'· c·hic·k Pmhryn ( Fig. :3 ) and or a 2 1 ,-month ln1111an f('(us ( Jcig .. 'i ) in a medium 
c•ontaining tlw pmifit•d "alivary prot!'in at a c·onec·ntration of I: IH,OOO. F1c;. ·1. C:anglion or a 
I-da~· <"hiek <'l111Jr.ro in a nwdi11111 <"OIItaining llHIW'l' St'rlllll ala <"Onc·<·ntration of I ::30. 1-lhorl and 
dcnsl' halo in Figs . . J and 5 c·harac·trri,.,tic· of :,I rong and slightl,v inhibitory <'IT<•c·ts of t.lw growth agent 
at high c·oJH·Pntralion . 
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Pr,ATrc II. 
Fr(;s G, 7. - 1\' holc mount~ of the ,ympatJwtie lhorarif' ch;tir r gangli;t of experime ntal (E) 

and eont.rol (C) m ice J\) and 12-da.v old n· ·pcctivf'ly. J ~xpNiment,al mice injected 11·ith the 
C:\1-3 salivar)· fraction since birth. li'r .. 8.- Transv(·r·sc sceLiorr of str llatc ganglia in expcri
nwntal (E) and co ntrol (C) ganglia of Fig. G. i::)p(·tions through Jpvcl: inclirn.tcd by upper arrow~ 
in i>olh chains of Fig. li. FJG . 9.- Transversf' Acction of Huperior cervical ganglia. of two a dult 
mil'e. E, mouse injeclPd for J week with the C:\ 1-1 ,alivary fraction. C, control g;anglion. 
FIGs. lO, 11.- Sympatlwlic nerve trunk of enntrol und cxpPrimental chain gangli;t of Fig. lie 
at highN magnification. Low arTows in Fig. G indi(·;ttp an•as PnlagPd in Fig" 10, ll. 



l'L.\ 'l'B III. 
FIG~. 1 ~. n . Compari~un or ('l' ll ~ ir.c • in ('Olllrol a nd l'X JlPrinll'nlul s lt'llalP ganglia rt•presc nlt·d 

in Pigs. (i, 8. Toluidin hhic' sta in. F' 1 c:~. I 1, l.'i . Compari:<on of sizP of s.\'lnpallw li (' nc• rv<' a long 
th l' rt•n:tl a rtl'l'y in conlml ( l•' ig. II ) a nd t'X IH't·ime ntal J\J-day old mou"<' (Fig. 15 ) inj cted daily 
11·ith the• (':\ [-:{ ti:tl iva r.1· frac·lion :<itH'l' birth .\r roiYti point to lll'rvc· in both figure~. Cajal D e 
Ca~lro sil\•p r imprPgnut io n. 
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in ti:;"ur cult un•. Thr injc•c·tPd and r·oJlt rol mic·<' of t hC' :-anw litlC'r,.; WPrP :-acri
fic·ccl bet ,,·cpn t lw It h and the 1 It h ria~· and examined for effect" on the JIC'tTou,.; ,.;~ · ::;
trm and othrr ,.;_y,;jpm,.;. \Yht'll it 1nt" found th<tt :-~wh trl'ntnwnt had r·on:;i,.;(<'Jltly 
p\icited a ,.;ignificant,ilHTC'a:-e in th(' ,.;~·mp:ttlwtic· gangli:1, a :-t•r·olHI :-:Nil':< of rxperi
mrnt:< 11·a,.; JJC'rfornwd 11·ith a nHlr<' c·oJwr•nt rated -.olution. 

(;mllp 2: Thirty n<'ll·hom mice IH'rl' iJ1je<-ted 11·ith thC' ('.\I-1 fr;tdion at a c-oJI(·('Jl
tmt ion of (\.000 unit:< per mi. Tlw :-olut ion 11·a,., inje<-trd dail.1·. in tlw :-am<' amount 
a:; u:;ed in pn•1·iou:- r•xp<•rinH•nt:<. ThC' iJI.i<·c·l<'d and lllltrratl'd mi<T of I lw ;.;nnw 
litters 11·r rr :<ac-rifir·Pd <'n•r.v day or <'l·rr.Y otlwr da.Y lwtm'<' ll tlw :<rcoJHI and the 
thirtieth cb.1·. 

(;roup 3: Te11 nC'II·hom mic·e II'C'rl' injec-tC'd dail.1·, from birth, 11·ith a more highly 
purific•d fral'l ion rdl'JT<'C! to a:- C'.\1-:~ fra('{ ion in the paper h_1· ~- Cohen. Th<' :<olu
tion mt:-: injPctecl in the ,.;anw anwunt and in tlw c-anw c-oJH·r•ntration a:; in th<' cx
!JC'rinwnt:< or C:roup '2. Tlw injc•cted <ll ld ('Oil{ rolmic·c m·n· ,.,anifir·('d })('{ \\'('('11 1 and 
\1 day:; and at 1'2 and I \J day:; re,.;pec-t i q·l~--

(;rollp .; : l;ifty adult mir·P II'C'I'<' injl'l'led 11·ith tlw ('.\J-1 frar·tion at thP sam(' 
r·onceJJtration and in proportional do:-c•,.; 1wr hod_,. ll'<'igln a:< in group,; '2 and:~. The 
injc•ded and r·ontrol mir·c 11·C're :-anifir·ed in group,; of:~ to 1 ll<'IIH'<' JJ th<' end of th<' 
fir:;( ll.<'<'k nne! the fourth II.<'C' k and comparr·d ll'ith controls. 

Tlw injr<'led and r·ontrolmir·p of all I group:; IH'r<' dis,.;e('(ed and u:;<'d for inl·r•stiga
t ion of thc ,.;ym pat h<'t i<· gang! ia: otlwr c·om pon<'Jl t,..; of t lw IH'n·ou:; ,;y,.;(em ,,.<'r<' a !so 
examinrcl. Tlw s.nnpatlwt ic gang! in 11-eJT eithC'r di:-:,;c•r·t<'d out and stainC'd with 
hC'nuttox.vlin and toluiclin hlu<' for r·ount" of mitotic fi.gun•,.; and of JJ<'n·e cl'l\,;, or tlwy 
were ldt in si/11 <llld studiC'd after ,.;ih·<'r impn•gnat ion and sc'c-l ioning of t lw 11·hcJIC' 
orgnnJ,;m. Thi:; matNial 11·as U:-<('(1 for the study of tht• neurofihrillar difTN<'ntia
tion of nrJ'I'C' <·pl\s and of the pNiplwral di,;t rihution of "ympat lwti<' JJcn·r· filwrs in 
injC'ded and r·ontrol animab. 

Counts of mitotic· figur<'s ll'l'l'l' madr in ".nllp:illl('tic ganglia of micP of the third 
!!:roup bcl11·ecn 1:2 hours and \l days. Tlw mitose:- II.<'IT count<'<! in Par·h ,;('('(ion of 
the supC'rior or :;tellatc• ganglia in control <tile! tn•:tl<'d mic·P. 

:\n•a mc•a,;un•m('Jl(:< 11'<'1'<' mad<' in g<tnglia dis,-ed<'d from mice;) to 27 da.v old, of 
groups :2 and:~. Eac·h ,;('('(ion 11 a,; projected 11·it h t hr lwlp of tlw c·;tmNa lur·idn and 
the c-ontour of t hl' ,.;('c·t ion was d ra I I' ll on card hoard. Th<' tot a! numl)('r of >'C'<·t ions 
ll'<tS ( lwn \l'l'ighed and the 1\'C'igh ( c·om parC'd lrit h (hat or I he same ('Oil( rol l!;a!lglion. 
Sinr·e thl' ll'<'ight i:; proportional to thP Yolunw, thC' figure,; indicat<' a :;imilar ratio 
hetwc'<'ll the YoltmH' of PXJ)('rinwntal and <·oJJtrol!!;<tnglia. .\total of IR r·ontrol and 
IR expC'rinwntal ganglia 11'<'1'<' nwasurC'cl and comp;u·C'd. The• same ter-hniqu<' 11·a" 
u"<'d on a small numlwr of ganglia of tlw fourth gro11p. 

C'c•ll c-ounts ll'(' rC' pNfornwd in sympathl'!ir· ganl!;lia of groups:~ and I, by in
:;erting a minonwtl'r disk in t lw oc·ular and r·ount ing nil llNI'(' cell,; in l'l'<'l)' otlwr 
sed ion of lh<' expC'rinwntnl and control g:\llglia. 

Two additional ,;c•rie,.; of c•xppriment,.; 11'('1'<' JWrfornwd. l11 tlw fir:-<t ,;erie,; IH' 
((',;(pel the serum of adult and 11·r•anling mic·e for tlw prp,;('IH'C' of tlw JIPITC'-gro11·th 
far·tor. .\ total of 1;)0 adult mir·e of both sews and of :l() weanling mice' wcr<' 
tc·stC'd. Th<' hlood wa,; eithn coller·lcd from tlw blood n•,;spls imnwdial<'I.Y aflC'r 
ckcapitation of mice in light <·hloroform aJlC'stlw:;ia, or it 11·a:; drained <lirPdly from 
the aorta and lh<' !wart in mi<·<' an<',.;t\wtizC'd 11·ith ll<'mhutal. The hlood lnts 
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allowed to clot ::tt room temperature and then stored for half an hour in the re
frigerator. The serum war:; th0n collcC'lC'cl in SC'paratcd vials and cac·h sp0r·imen 
t0sted on sensory gangli::t of -day c·hick embryos cxplanted in 1•ilro with the u:-;ual 
hanging drop technique. All ;>era were also test0d at dilutions of 0.1, 0.01, and 
0.001. 

In the second ~eric:-; of cxpcrim0nts \\'C' extirpat0d the submaxillary and sublingual 
salivary glands in 25 adult and 5 weanling mice, and 11·c im;pected the sympathetic 
ganglia of the operated and control mice betw0en 2 weeks and 6 months after the 
operations. t 

(b) J~O'ects of the pllrijied salivary e.rlmcl on newborn mice: The newborn mice in
jected with the CM-l fraction in the weak and even more in the strong concentra
tion, exhibited side cfieC'ts which will be mentioned but not deseribed in detail. 
From the third day on, the groii'Lh rate ch·opped sharply and at the end of the first 
month, the mice were barely larger than at the end of the first week. The hair 
growth was severely impaired, the lids opened G to 7 clays earlier than in eontrols 
aucl the eutting of the inferior and superior inc·isors and their ealeiftcation took 
place 5 dayR earlier than in control,. The animals recm"ered if the injectionR were 
cli~continu d at the end of the first month; d11·arf mice resumed growth and three 
months later they did not differ from untreated controls at a macTORcopical in
spection. The effec-ts mentioned above did noL affect the vitality of the mice in the 
doses used. 1\one of the forth injected mice died as a result of the treatment. Ko 
side effect were observed in newborn miee injected " ·ith the more purifted fraction 
C:L\1-:3. They were healthy and vigorous as controls. Obviously, "·e are dealing 
with 2 factors, one of "·hieh was removed in the proceRs of pmification. 

Both fractions C:i\1-1 and Cl\1-3 evoked a marked overgrowth of the sympathetic 
ganglia (Fig.·. G, 7, 8, 9). In the following "·e ~~-ill consider only the results of the 
injection. of fraction~ C.i\1-1 and Cl\1-:~ in the eoncentration of G,OOO units per ml 
(groups 2 and3). 

The average volume increase of the superior cervical ganglia in group 2, u~ deter
mined by comparison of 13 experimental and 1:-~ control o-anglia was :3 : I. The 
corresponding figures for the same ganglia of mice injected with fraction C.i\[-3 and 
controls (group :)) were higher: measurements of :1 experimental and 3 control 
ganglia at J 2 day.· gaYe a ratio of 4.1 : 1 and on 2 experimental and 2 control gan
glia at 19 clays gave GA : l. More long range experiments are planned to establish 
the ceiling of this effect. 

The results of cell counts in 12 control and 12 experimental ganglia of miee in
jected ince birth with the Cl\1-3 fraction are given in Table ] . The increase in cell 
number in the injected mice over the controls averages 2.5 and 2.18 respectively in 
one 12- and one 1 9-clay old mouse. The result~ of cell counts in adult mice, as gi\·en 
in the same Table for 5 controb and 2 experimental ganglia, show no increase in cell 
number in the injected adult miee o1·er the controls. It is of interest to note thaL 
the total cell population in the normal stellate ganglia is 13,000 \Yhereas the ame 
ganglion in an experimental mouse has a population of OYer 30,000. The mecha-
nism of this cell increase will be dealt with below. , 

The concomitant increase in cell size in injected animab is shown in Figure. 8 and 
9 for the stellate ganglia of the 19-day old mice and adult mice respectiYely. No 
size measurement were made. Sinee the volume increase in the ganglia wa~ 4 to G 
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times (sec a bon•) wheren::; the i nneafie in cell num her in the snnw ganglia 11·as about 
twofold, we <·ondude that <'ellular h~' pertrophy has a greater share in the Pnd effecL 
than the innea,.;e in c·ellnumbcr. 

Cytological c.raminalion sh011·ed that the hypertrophic neurons differ from controls 
also in the more intense ha:-;ophilin and in the size of the IIUC'Ieoi whic·h arc much 
larger than in controls (Figs. 12, t:~ ) . .:\parallel in<Tea,.;e in neurofibrillar material 
in the hypertrophie neJTe cell,; is apparent in the sih·er-:-;taincd ganglia. Obser\'a
lions of ganglia disseetccl from three-day old mic·c injPcted with the C'"\I-1 or Cl\'I-8 
fractions ,.;inc·e birth, inclicalP t hal the size imTea,.;e is already e1·ident al that l.ime. 

It was of interest to deride 11·hethcr the inereasc in cell number in the injected 
mice is dnc to an innea;;e in milolic aclil'ily or to other mcchani,;ms fiurh as the pro
due-lion of a larger number or sympathetic nerve cell:-; at the expense of germinal or 
pluripotPntial cells present iu the ganglia. The presence in the ganglia of a fairly 
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Fw. I. J~ffpd of tlw nrrvp-growt.h fac·tor on milotic :wtivity. C'ros~('K and dolH indicate 
numiH•r or mitos!'H pPr g:w~lion (sup!'rior <·<·rvieal gan~lion ) in eontrol nnd PxpNimental mice 
J'(•Rp<•r\ i V(' ,, • . 

large number of :-;mal l-sized r·ell:-;, beside the satel lite crlls, <'oulc.l suggest this 
possibility. 011 the other hand, Kincc the mitotic· activity i:-; still high at birth and 
come.· to an end at \) days, t hr injeetion of the netTe-growth fador in newborn miec 
could abo affc<'l this procc·ss. Counts of mitotic· figures in control and experi
mental ganglia betw<'en 1 and\) clays showed a sharp inncn:-;e in the mitotic activity 
o( the experimm tal ganglia bet \re<'n 3 and 7 days with a peak at 5 day ·. These 
results, present •d in Figure l, favor the hypothesis thai the in<·rease in nerve cells in 
the injected mi<·c is due to an itHTett:-;e in mitotic adivity. Although there is no \I'UY 
of dec-iding hm1· many of the dividing eell:-; arc neuroblasts, the resu lts r·orrclate well 
with the finding of an ill<'rt':.tH<' in ccllJmmher in later stages; they arc also in agree
ment with obsenTatimlK on the effcc·ls or nct'\'e-gro11Tth agents ou mitotic aetivity in 
the :-;pinal ganglia o[ the chid;: emhryo.n 

(c) Periph!!ral dislrilwlion of sympalhelic 1!('1'/'l' fibers: Olle would expect Lhat the 
increase in cell Immbcr and cell size in sympathetic ganglia of the injected miee 
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\\'Otdd result in a para\\('\ in<·rcuse in the sir.(' of nC'IY('S enwrging from the f'nlargc•cJ 

gang! ia. This i tHTPasc• \\'US in fad oh,;ctTf'Cl and it i,; docunH'n ted in Figtm•,; I 0 

and II. ,\ C'Ompari,;on of thr <·ephnlic, thoraic·, and abdominal rq!;ion,; of p:qwri

mcntal and C'ontrol mic·p sho\1',; an itHTCasc•d dc•ttsit~· and thicktH'ss of the ncn·p 

plcxm;es around the blood \'essrls of the injt•ded animals. In tlw kidney, s~·mpa

thet ic· ncrYC bundle•;; \\'CI'<' trac·pd alonp; t lw int rarcnal blood yc;;spb and abo among 

tlw renal tubules, in muC'h l,trgN number in tlw C'Xf)('rinwntal than in ('ontrol ani

mals. Figures 14 and 1.) shcm the i tH'1Tase in t hi<' kncss of the s~·m pat betic· 11e1Te 

along the renal art pry in a I \l-day i njpc·tpd motN' c·ompnred to a control oft hp sanw 

age. 
These cffec·t s, t hC' i nc-reasc in num hC'l' and sir.c of sym pat het i<' npn·<' cells and the 

hyperneurotir.ation of the vis<'cra, arc ,·e t')' similar to the cfTeds <'ailed forth by 

mouse san·omus, l'na kc ,·enom, and the saliYary C'Xt rac·t in the c·hiC' k embryo. 1 · 
2 

· 5 · 
7 

The h\'O sets of experiments difTN in t"·o respect;;: ( L) While in c·hic·k embryos, the 

f'ympaLhetic neJYe fibers produced in excess follow in m~tlly instanecR anomalous 

routes and ('\·en fon·c their \\'ay into the lumen of hi nod vessels, no sueh deviations 

\\·ere obsetYed in mic<' injeded \\'ith the salinuy gland frnc·tions. Thus the quanti

tative rather than the qualitative aspect of the distrilmtiot1 of sympathetic· ncr\·es 

::;cems to he affcc·ted in mammals in po:-;t-natal periods. (:2) \Yhereas these agents 

evoke in the chic·k embryo a striking responr-;e also in the sensor.\' ganglia.~· n this 

effect is barely notic·eable in newborn mic·e. ::\Ien»urements of a number of sensor~· 

ganglia showed only <l slight inC'I'ea;;e in the experimental tncttcrial. 

T .\BLE I 

TuTAI. XEnn; Ct·;LI. XntBEH~ IX Snti'Nl'llb:'l'IC (: \X!:Lt.\ OF :\lH''" lx.tEcn;n "tTl! 

SALI \ '.\ HY (; !.A:-1 I) FRAC 'TIO:\H 

Frartion A.,o Canglia Control 

C:\1-:~ u Thoraeir X. (j L, :~(\.5 
Thoracic X. 7 I, 165 
Thora<·ic N. I ,l.').'i 
Thoracic X. \) 1 .o~u 
Thoracit X. 10 I , Hi5 

Total (i,! /(i 

C:\ 1 -:~ \!) Stellate 
Thoracie X . ~ II , 100 
Thoracic l\. :~ I ,till 
Thoracic X. I 1 , 770 
Thoracic N . .') I , 0!11 
Thoracic X. li 8:.10 
Thoracic X . 7 l ':3ti2 
Thoracic X. I ':~ !)~ 

Tot a l n.l82 

C:\1-1 Adult Stellate I 1, 000 
Stellate 12 ,000 

.\ vl'l'ap;e 13,000 

.\dull Sup . Ccrv. n.:~oo 

~up. Ccrv. Hi, ll5 
t'up. Cerv. 15,G52 

.\vl'rap;e 1.')' 12:2 

Exp<'rim('ntal 

:3,~U 
~,7:31 
I, 122 
~ .8 1\l 
~,5()7 

Total 13,7 1 

:30,800 
:~, GS L 
2, I:):) 
:3, 1·11 
2,:328 
') ---· /,') 

I, l(i2 

Tot:d 10 , 00!1 

1:3,ti8\l 

t:l , (i \) 

15,110 

' I;), 710 

H atio 
Exp.,'Com. 

1.05 

1m 

(d) J~~fTccls of .fraction ('Jf-1 011 adult mice: Tlw daily injec·tion of O.Q,j ml per body 

\\'eight of fraction C.~I-1 (6,000 units per ml) was \\'ell tolerated and the injetlcd 



382 ZOOWGL LEVT-!IIOXT-1L('f/'\J .LYD BOOKER P~toc. 1'l'. A. S. 

mice did not ;;how any ad\'C'r;;e e!Icct;;. The sympathetic ganglia were considerably 
larger than in c·ontrok the difference was evident at a macTosropic insp ction of 
the ,)Q injected and •)0 control mic·e. ,\ rea measurements of the ganglia in a few of 
cases gan' a l\tofolcl e1llargPment, c·omparecl with c·ont rols. The ;;izc inc·rease 
,,·as clue to cellular hypertrophy of the individual neurons (Fig. !J) . The cell number 
was apparently not incTcascd (;;ec Table J). 

X rn•e-Growlh J~[J'ccls c~( Blood 8crum of .I dull and }' oung Jficr . Pre,·ious experi
ments in t•ilro ga\'C c,·idcncc of a mild nerve-growth cfleC't elicited by embryonic 
mou:-;c heart on scn:-;ory and ,;ympathctic gan<rlia of ehic·k embryo. 3 Trac·es of the 
same aelivity were then fonncl in homogenate:-; of striated mu:-;c·le of adult mic-e. 
BuPker "' deteeted a<'li,·ity in partially purifi d preparations of thymu:-;, kidnc·y, and 
mu;;c·le. " -e found in ;;ome in:-;tanC'es evideJH·e of activity in the mine of adult mice. 
The same ac-tivity \\·a;; cletec-tPcl in mou,.;c ;;aliva. \Vc then proceeded to te:-;t the 
serum o( adult. and 11·eanling mice. 

Observations to he reported in detail clsc11·hcrc disc-lo,.;ccl a c·onsidcrablC' :-;cxual 
dimorphism in the ,;ympathetic· nen·e cells of adult mic·c. In male miec , the 
sympathetiC' neurons arc eonsiderrably and c·on:-;istcnt.ly larger and more intem;ely 
Htained with basic· dyes than in female mic·e of thr same size. These results Hug
gested tests of lhe blood serum of mice of the two sexes separately. The re~;ults are 
summarized in Table :2. A maximal cfTect wa;; obtained from the serum of 15 male 

.\ j!'O 

.\dult, males 

.\dult, female~ 
\\'eanling 

Conr1• nt ru.tion 

1/ Jo 
1 
I 
1 

TABLE 2 

- -- Hr!-lponse* ----------.. 
++++ ++ + ± 

J.'i 
JO 30 20 25 

J 7 10 :~2 
4 26 

* ++++to± !!i'·~ dl'l!rt'<'s of ~!Teets from mnximal to harcly dolrclnhlc. 

micr and one fcmalr mou;;e. In 1.5 c·aHe:-; ll'it.h a ..J.+ ciTed at a dilution of 1 : 10 
(Fig. -t) an efTeC't was st. ill dct.cC'table at a dilution of J : JOOO. The nerYe-growth 
effect of the serum collected from adult females or from " ·eanling mice of both sexes 
was consistently mildrr than that of the scmm of adult males. These sex and age 
differrnces ha\'C' a paralleli,.;m in the finding of Cohen (these PIWCK8DI:\"0:5, this 
i,.;:-;ue) of a higher ;;pecifi.c· act.i,·ity in the submaxillary salintry gland of malr than of 
female miec and of much lowrr aC'liYity in the ;;amc g;lancl of weanling mice. These 
rc:-;ults ind iC'atr 1 hat the nen·r-gmwth fac·tor is prrsrnt in highrr c·onc·rntrat ion in 
thr blood of adult male than female mice and that it is in C'\ 'C n lower coneentration 
in t h blood of 11· a1Jling mic·e. They also ;;how a considrrable \'a riation among 
micr of t.he samr group. Exprrimcnts in progress arc expected to an:-;1\·er the que. 
tion of whether suc·h Yariation;; arc eorrelat rei with physiologic·al difl'ercnc·e:-; in the 
trsted animals and if tlw s(rrss I'C'i-iUlting from the administration of the anesthetic 
may ac·c·ount for sue· h Ya riations. 

HJJ'rC'ls of the H.rhrJJalion of lhc 8ubma.rillary and Subl1'ngua/ Glands 1'n J dull and 
Weanling Jficc. The operated mier were sacrific·ed hetwern two weeks and six 
months after the operation,; and were compared \\'ith controls of the same ~izc. 
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\Vhen mice in the weanling stage were operated, the controiH were sclec·ted from the 
same litters. 

In the firRt days after the opcmtion, the animals showC'd signs of cliseomfort and 
t.hc fur bcmmc ruffled. ln the following days, the mic·c rc<·ovcrcd, but in most in
stanee, the fur remained deranged. The operated adult male:-; JifTerC'd from eon
troiR also in another respect. Th<'Y b came much more tame than controls and 
easier to handle. The eorrclation between submaxillary :-;aliYary gland,; and other 
endocrine gland:-;, in particular sC'x glancl'i, have been ill\·estigated by many au
thors11· 12 and will not be diR<'ussecl het"c. They arc mentioned, hOII'CI·cr, .:ince they 
may haYc a bearing on the present rc:-;ults. 

In all the experimental and control mice, the sympathetic ehain ganglia II'Cre di:-;
sccted out, stained 11·ith toluidin blue, and sectioned at 10 minons. ~incc the su
perior cervical ganglion might ha1·c been indircC'lly affe<·tcd by the extirpation of 
part of its peripheral field of innervation, the sali1•ary eomplcx, II'C used instead tlw 
stellate ganglion which doc:-; not eontribu tc to the innerntl ion of the :·mlivary glands. 

Results.- Twcnty operated adult male:-; and t\Yenly eontrols were examined be
tween three \Yeeks and two months after the operation. In (i, ·e mice dcpriYed of 
the salivary glands a slight decrease in size of the sympathetir· nCITC cells >YUS de
tected. The ne1Te cells also stained less intensely than controls with toluidin blue 
and appeared similar to sympathetic nerve cells of female miee. Xo clifierenecs 
were noticeable in the other 1~) operated miee. Fi1·e adult female mice "·ere ope
rated and compared with eonlrols three \reeks after the operation. Xo size differ
ences \Yere detected between these and control nerve cell,;. Equally negative were 
the rc. ults in 5 mice operaled during the weanling stage. One of these \I'UK com
pared with a eontrol of the same lit tcr, six months after the operation, the other mice 
one month after the operation. ln all inr-;tances, the sympathetic chain ganglia 
appeared of the same size as the controls and the histologi<·al examination of the 
stellate ganglia renaled no chancres in cPil size. 

The serum of mice depri\·cd of the salivary glands was also tested for the nerve
growth factor. In one mouse deprived of the glands two months earlier the serum 
e1·okecl a-!+ effect in 1•ilro as the serum of control mi<·e. In the other spe<·imcn the 
efT ct varied from a 2+ to a barely dct e('(able ciTed. Thes<' results indicate that the 
nerYe-growth agent is present, eYen in the absence of the sali1·ary glands. 

8ummary.- Previous work has prol'ided evidence for the presence of nen·e
growth promoting agents in a variety of biological mat('rials: mouse sareomas, 
snake venoms, and mou,;c submaxillary salil'ary glands. In the present investiga
tion the effect of the acti1·e fra<·tion isolated from the mouse salivary glands \l·as 
tested in 11il1·o on ganglia of human fetuses ; it was found that it clieits the same 
effc<'ls as on ganglia of otlwr spe<·ies. Tlw aetil'e fraction \\·as then injected in new
horn and in adult mi(•e. In all instanees the injcdion resulted in a marked inncase 
of the sympathetic ganglia; the respon,;e varied with tlw age of the animal, the 
amoun l , and the purity of the fral'l ion injeeted. In some instances a sixfold in<·reasc 
in size \\·as observed. f.\ I igh t nen·c-gro1Yt h promoting dTe<'ls of eli ff crent mouse 
tissues had been observed 1.11 z•ilro in preYious experiments. ' \Ye ha1·e 11011· found 
evidence for the presence of the neiTc-growth factor in the serum of adult and 
weanling mice. l\Iaximal effer·ts were obtained from the serum of adult male mice; 
the serum of female mice is les: effective. This sex difference is paralle led by a sex 
difT renee in the size of adult sympathetic ne1Te cells. 
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DE81'RUCTION OF Tflf<) 8YJ!PATHETJ(' G<l.VGLlA IN M lLl1JfAL8 BY 
AN A ;\ .TJSEHUM TO .t1 XERT'B-GJWTVTJ! PROTEIN* 

BY H 11'.\ LEVI-:\JOX'l'.\LC'l.\"I ,\:\'!) B .\IW .\H.\ HOOKER 

( 'oll!llllm icatrd l!y l'iklor llamlmryrr, Janua ry i, I!JfiO 

Tlw obsC'JTation by S. Cohrn that a rabbit anti:-;erum against a protrin fraction 
of thr sulintry !!:land ina('( inttrs the in l'ilro llCITC'-growth effects of this protrin 
(pp. :302 :31 I, tlwsP PHO< 'I·ami:\'w.;) suggp;-;ted to him to test the ciTed:-; of tlw anti
srrum on rH'\\·hom mi<'P. Thr finding of a remarkable dPcrease in :-;izr of thr sym
pathrtic ganglia of tlw inj<'dc'd mi(·e promptrd an extrn:-;in investigation of the 
effp('(s of thr antiserum 011 the sympathcti<· ganglia of mic·c and other mammals. 
Thr rrsults of this stud.v an' rrportrd in thr follo\\'ing pagrs. 

Jlaterial:o all!/ Jfethods . Xr\\·bom mi<'C \\'err injrcted daily with 0.0:) ml of thr 
rabbit antiserum ]J<'I' I .. ) grn of body \\'C'ight.t Controls of the :-;ame littns \\·err 
Pither injc'i'tru 1\·ith sc'rum of a normal rabbit, or tlwy 1\'Cn' not treated at all. 
'J\ycnty experimental and t\\'rnty controlmic·<' \YCrP sac·rificrd bet\\'('C'n the 12th 
hour aflpr tlw first injcdion and the 2.3th day . '1\\'0 groups of nr\\'horn mier , in
jected for and :20 days n 's]wdi\'rly aftrr birth , were saerificed three and fom 
months after tlw tc'rmination of th' trratment. An c>qual number of untrratrd 
mi<·c of the same litters were anlilahle for control. Th<' :-;anw trehniqurs a:-; usrd in 
the prc\'ious C'XJ)('rinH'JJts (pagrs :~n :~81 ) ll'erc u:-;NI for an•a. mrasurcments, e<·ll 
and mitotic r·ou11ls, and for histological rxaminatio11. 

Tlw cfTcd of the rabbit anti:-;rrum was then testrd 011 newborn rats, rabbits, an<l 
o1w pair of kittPns . The amou11t injeeted \\'as in the samr proportion to the body 
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weight as in the exprrinwnts with newborn mi<"P. .\limited num])('r of experiments 

"·ere also performed 011 adult mi<'e and on one pair of young adult squirrel monkrys. 

Elj'er/s nf the .·lntiscr!tm 1111 .\'ewbont ,1/irc.- Tlw i11jec·tion of the• rabbit antisNum 

in newbom mic·e did not affect their d\'\'dopnH•nt in any way. .\fin• injected daily 

for a period of 25 days did not diffc•r from mic·e injcc·tcd with normal rabbit anti

serum or from untreatrd controls. RinC'e mic·c' injrded with the normal serum " ·ere 

identieal in all respects \Yith untreated ('Ontrols, inc·luding the de,·clopmcnt of the 

sympathetic ganglia, only untreated animals \Ycrr usNl for ('Ompari~on in most ex

periments. 

The cff ec·t;.; of the antiserum on the dr,·clopmcn t and growth of the sympnt het i(' 

ganglia wrrc dramatic in their sudden outburst, in their srYerity, and in tlw cud 

effec·ts. An inspection of sympathetic· ).!;HIIglia at dif'l'ercnt trunk and head regions 

in the same animals showed that all ganglia wcrr affcdcd in tlw same 'nl.Y; thNe

fore, the data preHentcd here on thr superior c·en·ical ganglia mn be considrr<'cl as 

reprrsentative of tlw drgree of rrduC'tion whic·h took plate in all :o;ympat hetic 

ganglia . 

• \. clrnease in m i lot ic figures is alrracly nolic·eable 12 hours after the first i nj eC'

tion; the decrease becomes more pronounced at the end of the first clay. Between 

the second and the third clay, the mitotic activity is sharply reducrcl and the number 

of degenerating cell::; iR greatly inncascd. The nc•urohlasts whieh are present arc 

eonsiderably smaller than the control cells. .\:;a rrsult, the \'olumc of the ganglia 

iH reduc·cd to approximately 1/ 6 of the eontrols on the fourth day. Xo cell counts 

were performed at this stage :;ince most of thr neuroblast::; arc still ::;mall and not 

easily distingui:o;hable from satellite cells. 

Brt\Yren the fourth and the ninth day , the pro<·Pss of cell n.trophy and death r·oll

tinues at a somewhat slo"·er pace; the disintrgrat i,·e proecssps of prrcecling sta!!;CS 

ha\'e in fad so much rcducrd the population of nCITe cells as to set limits to the 

proc·ess i (self. 

Thr dTPC'ts of the daily injection'> of antisrrum in a !)-day mouse arc illust ratrd 

in Figure• .). The products of clisintP!?;rating c·clls which in earliPr stages encumbered 

the ganglia hn,·e now disappeared. .\ fe"· n<.'ITC <"rlls, smniiPr than eontro!R but 

otllC'rwisc in apparently normal c·ondition, are scalterPcl among a uniform popula

tion of satellite cells . Thr latter do not seem to he af'fcc·lecl by the :.tnti~entm at 

this. tage. A reduction in their number takes place in more :.tdnuH·ccl stages "·hen 

only a few satellites arc still present in ra('h :-;ret ion of the climinuti\'r ganglia (l<'ig. 

8) . 

. \.t :20 da?s, counts of nen·c cells in the superior <·cn·ic·al ganglia of rxperimcntal 

and ('Onlrol mir·e show that the sym]J<tthetie nrrYe C'ells are rpdu('ed in one instnnee 

to less than I per c·ent of the c·onl rol (Fig. L, Table 1) . The redud ion of Yolumc of 

the :-;ame ganglion was to-±.:~ pN c·cnl of the control. The proc·ess seems to lul\·c 

reached its peak. Counts of cells in another pair of rxpcrinwntal and control 

ganglia of a :2;)-day-old mou"e giY(' slightly biglwr figurrs: 1.1 pN <·c'nl of tlw c·cll 

population of the ('Ontrol arc present inthr exprrimental ganglion. Suc·h difTen'n<·cs 

may well be accountPd for as indiYidunl variations. 1t should he noted that a <·on

:-;iderable variation in the ('ell population wa;; a [:-;o ohsnvrd in g;wgl ia or un t rral eel 

mice (Hee Table l ) . The results, s em , howeYcr, to indieat(' that the proc·ess has not 
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further advanred, and that the few reUs which e:::;rapecl death in earlier stages may 
now be able to, urvi\'e. 

It was of interest, in thifi ronncetion, to examine the injected mice some months 
after the termination of the treatment. Seven newborn miec of two litters were in
jected daily \Yith the anti:erum until the eighth and the twentieth day respectively. 
Experimental and untreated miee of the same litters were examined three to four 
months latct•. The tre:1ted mice did not differ from controls in their general 
appearance. The lack of adverse ffeets on the vi"'c·cral functions of the injected 
mi<·c \YUH illust.rat d by the faet th:1t one of theRe mice delivered a normal litter. 

Two experimental and t\\'o control mice of earh group were sacrificed at the end of 
the third month :1nd the sympathetic chai11 ganglia were dir;sected out and eom
pared. T\\·o more pairs of mice injected for 8 days were sacrificed at the end of the 
fourth month (Figs. 2, ) . The results arc o·i\' n in Table 1. The rcJuc:tion in cell 
number in the "'uperior c:erviml gano·lia fluctuates between 2.5G per cent and 0.84 

TABI,E J 

EFJ•' Io("l' OJ·' Awr· r ,; r•ml-~1 1:-..uoc'J'JO:'-I s Or" 'r ilE \'or,r·~t lo Ai\D CELl. i\'t' HBJCR ore 
Till•; SYiiii'Nl'!IE'J'J(' (~ASC:L!A IN \fAMiliAl,~* 

\'olUIIIC Cell 
,\ ge, No. of Hatio, K 11m her of Cells Hatio , 

~lamrnal Days lnjcct. t Canp:lion E xp./Co nt. Cont. E~r·. Exp./Cont. 
:\louse 2 2 Sup. C'crv. o.:n 1 
i\1ousc -~ 4 Sup. Ccrv. 0 . 16 1 
:\1ouse D ~) f>tcllate 0 . 13 I 
l'douse 20 20 Sup. Ccrv. 0 .04 1 1:3 ,:300 91 0 . 70:100 
J\lous<' 25 25 Sup. C'crv. 16 ,4 15 270 1 .70:100 
JVlousr !lO 8 Sup. Ccrv. 16,447 421 2.56:100 
;vtousu J20 8 Sup. Ccrv. 1-±,800 140 0 . 91L 100 
Mousr 120 20 Sup. Cerv. 1:3,000 110 0 .84: 100 
Mouse Adult 20 Sup. Cerv. 15,652 5,328 3-~. 00: J 00 
lht, 4 ..j. Sup. Ccrv. (j . 6cJ 
Rat 7 7 Sup. Cerv. JO . 5-1 :32,000 2,310 7 .00:100 
Rabbit 31 /. ;~ Sup. Ccrv. Ei6,300 6,200 9 .00: 100 
Rabbit .5 5 Sup. Ccrv. 67,000 (),:300 14 .00:100 
Rabbit 7 7 Sup. Ccrv. G8,000 J] ,050 16 , 00:100 
Cat 7 7 Sup. Ccrv. 11-1.,000 8,600 7 70: ]00 
'\1onkcy 7 7 Sup. C!'rv. I . 6.5 

*Detail. of experiments in text. 
t Beginning :1t birth, except for adult Inicc. 

per cent of the corresponding control ganglia. In all instanc·es, the residual cells 
were much smaller and did not slain with basic dyes as deeply a· the c-ontrols. The 
funetion of tbc surviYing cells will be tested in other mice of the same litters whic·h 
are still alive. The 20-day treatment, as well as the 8-day treatment, i:-; therefore 
.. ufficient to destroy 07 per ce11t to 99 per eent of the sympathetic- Herve cells. 
Sillc·e the rniee were examined Home mouths after the end of the treatment, it i. 
proved that the damage inflicted. to nerve cells is in·c,'er:ible. Experiments with 
higher amounts of ant;iscrum and. pos, ibly an even more potent antiserum will show 
whether it may be possille to attain a total extermination of the sympathetic 11erve 
ceiL-. 

INJects of lhe A nlisl'rll1n in Olhi'T N ew/101'n lll amma.ls.- Tho few experiments per
formed up to now on newborn rats, rabbits, and kiLlens arc not sufficient to give 
more than a, very in<"omplcte idea of the effects of the antiserum in these species. 
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PI, A'L'B I. - Effects of r:tbbit anti;.;crum agn inst the purified protein. of mouse salivar.v ~?;land. 
Frc:. J .- Stellate (N!. ) and fir~t g::mglia of 8}'111pathctic thoracic chains in control (C) and experi

mental (E ) 20-cby old mirt'. J:;xperimenlal mou~c injcctc:d daily since birth with the antiserum to 
t.he mou;.;c S<d ivary proki11. :lOX. F'H:. :!.- Su perior <·C'rvical gangli a ih cont rol (C) and ex peri
mental (E ) -!-month old mice. l ~xpcriment.al mouse injected dail.\' from birth to the 8th day with 
the anti;.;crum to the sal ivary protein. 33X. Fro. 3, 4.- Ef'fects of the antiserum in a 7-day old 
rat (FIG. 3 ) and in a 31/2-dny old rabbit (Fro.+); both in jected daily incc birth. Fro. 3, stellate 
g>mglia in contro l (C) and exp(')'imcntal rat (EJ. :30X. Fro. 4, ~te ll ate and Rympathetic thoracic 
d utins in r·o ntro l (C) and experimental (E ) rabbit. 4X. 
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PLA'l'E II.- Transvertie sections of superior cervical ganglia in control (C) and experimental 

(E) animals, injcrtcd with rabbit ant.iserum to the saliv::try protein. 
FIG. 5.- 0-day old mice; E, injcrted daily sime birth. 90 X. Fro . li. 7-day old mts ; E, in

.i ·cted daily since birth. 90X. Fw. 7.- 7-day old kittens; E, injected daily since birth; the 
ganglion eonsist,s of ·atellite cells and few nerve cells. 30 X. FIG. 8.- 4-month old mice; E, in
jected from birth to the 8th day. 60X. 
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Tlw rr:-mlls obtained are, hoii"C'I·cr, so imprrssive ns to ju:-;t ify thr contention that 
thr antiserum affcels tlw sympatlwli<' ganglia of thrsr nHunmal:-; in a similar ,,·ay as 
de:-;rrihed ahon• for nrwhon1 mic' (Figs. :3, -1, G, 7). 

Two ncwhom rats IH'I'C injrctrd 11·ith tlw antisprum (0.0.) ml prr l.:i gm of body 
weight). Thr experimental and control animals 1n•rr ,.;aC'rifiC'c·d rpspcC'tivrly at ;) 
and 7 clayfi. The• rr,.;ults ohscl'l'ed arc :-;o ;;imilar tot hP onc•s clPsc·rii>Pd in mic·e at the 
fiamc dcn•lopmental :-;tagPR as to makP a dp:-;cription unnec·p:-;sary. Th<• number of 
cPIIs in tlw superior C'C'I'I'ic·al ganglion of onr injec·tpd rat at 7 days 1ms rrdm·pd to 7 
prr cent of the C'outrol (Table 1 ). 'l'lw Sll!Ti1·ing C'Pils are reduc·rd in size "·hen com
pared to controls but otlwrwisP apparently in good c·ondition (Figs.:), H). 

ThrrP llP\rhorn rabbits WPI'P injPC'trd with the mhbit antii'C'I'llm and sac'l'ificrd at 
:~' ~.:),ant! 7 days. Sin('C tllC' gangli;t arc rather largp in thi,.; spc•c·irs and the nerve 
c·clls ra:-;ii,Y distinguishahk from :-;atrllitr:-; <'I'C'n in rarlic•r :-;tagr:-;, crll count:-; wrrc 
frnsihlr in thrpe-and-a-half day old ganglia. A high rC'dudion in the number of 
nc•n·e C'CIIs wn:-; ohf'C'I'I'ecl: only D pPI' c·pnt of the control popula( ion i:-; prc:-;cnt. in the 
i njeC'lrd r:thbi t at this stagr ( L<'ig. -1). ThP t 11·o rabbits of the samr 1 it ter, injected 
and sa('l'i fiC'rd two and four day:-; lnt Cl' respec-t in'Jy, :-;hcnn•d a r-;omcwhat le:-;s severr 
atrophy of 1-1 per eent and Hi pN c·ent respC'ctivPly. Furthennore, thr smTi1·ing 
c·plls wrre not redu('ed in sizr as in the younger animal. lnyp:-;tigation of animals 
injretrcl for a longer period 11·ill tulsln•r the que,;tion wllPtlwr rabbits de,·clop arc
sistanC'c to the antisemm whic·h c·ould 1H'C'Ollllt for sueh re;.;ult:-;. 

The dl'rds of thr antiserum in one• adult mouse', one• young squirrrl monkey, 
and a n<'ll·born kittrn arc shcmn in Table• I. 

Discussiun. The rrsuHs rrpor!C'd in this and in the pre1·ious paper bring to light 
the rc•markahlc capacity of sympatlwtic nen·c c·ell:-; of newly horn mnmmalii to in
nea:-;c in sizP and ntnnhC'r when injected with a mousr salil'ary gland protein, a.· 
\\"Pil a,; their ntlncrability to an ant iscrum to this protc'in. 

Thr possibility that lhr sympathptic ganglia in man may lw like11·isc affected by 
the nen·c-grml"t h fac·tor is :-;uggc•;.;t eel by t be in cilro experi nwn!H reported in the 
pn•<·eding paper. 

The salirnl a;.;prcts of t he:-;c• pht'nomrna nrc: their uni1·er:-;ality, their targ<'t 
:-;prcificity, and the unsu:-;pcc·tpd grmdh potentialities of .voung and adult ncr\'e cells 
whi<·h mat<•rialize under tlw impac·t of ll('l'l"c-growth promoting agc•nt:-;. 

()[' partieular signific·anc·e is thr IH'II' finding; that tlw antiserum again::;t the 
salintry gland pmteiu not only ina<'lintte:-; this protein, but, if injedNl al01w into a 
nP1rbom mammal, dcstro,~·s its :-;_vmpatlwlic c·plls almo:-;t totally in a remarkably 
:-;horL time. Xo other organs and ti:-;,;ups appear to he afTPC'lPd. On the other 
hand, normal serum IPa,·c·s the sympathetic· sy:-;tcm a:-; wPII as all other c;y:;lem;; 

inta<·t. 
The q upst ion ari:-;p:-; w lwt her t hr n<•ar-tot al dp:-;tru<'t ion of the :-;ym pa thctie nN\"C 

c·ells is a clin•c·t or an indirrct pf"fc>C'l of the antisnum. It is COIH'C'inthle that in the 
normal animal a fac·tor c·in·ulatp;.; 11·hi<'h is nc<·c:-;:-;ary for gro1dh and lll<tintcnance of 
the :-;ympathdic S,l':-;tpm ami that thP anti:-;erum inadivatc•:-; this}"attor. Thi:-; hy
pothesis i:-; supported by the de•(('('[ ion of the ncn·e-gro11·th <tgent in the blood of young 
and adult mir·e. ,\lternati,·pl_v, the antiserum may ewrt a cytotoxic af"f'ecL by ('0111-

bining " ·ith the antigen in or on the :-;urfnce of the 11('1'\ ' (' c·pll:-;. The ;;amc questions 
arc raised in othN im·pstignt ions of the cytutoxie efTrch of tlw antisera. 1 Immuno-
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c·hcmical tcchniquP", :-~uch as the dctec·tion of antibodies labeled with a radioactiYe 

i:-;otope or \\'ith a fluoresecnt dye, may show if thPre is loc·alizat ion of the anti::;Num 

on the :-;ympathctie nen·c c·cll:-; and if so, pro1·ide eYiclcnc·c in fayor of the sec·ond 

alternati1·e. ThPse experiments IYill he performed in the ncar future. 

The re:-~ulb rpportcd in these' and in prc,·ious paper. 2 5 gil'c el'idcnC'c for thP 

(•xi:-;tence of elo:-~tl~· relatC'd npn• e-~rowth promoting protein:-; in t11·o seemingly un

relatC'd :-~oun·cs: mouse' sarcomas and :-;alil'ary glands. One may 11·ondcr whctlwr 

both :-;trurturps produce these protein::-:. \Yp lut1·e positii'C cYidenee that thC' mouse' 

:-~arcomas manufadure the npn•f'-growth agent CI'Cn wlwn tlwy grow in tlw c·hic·k 

(•mbryoE·7 Corrpsponding C'XpC'rimC'nts in whic·h the salintry glands 11·cre trans

planted in the chic·k C'mhryo were nerratiYc so far. Furthermore the ncrl'e-growth 

agent 11·as dC'tectC'd in serum of adult mic·e whic·h had been cl0prind of their sali1·ary 

glands t 11·0 months pari ier. The sym pathctie ganglia of t hesp mic·e did not show 

appreciable difTeren('es from c·ontrol miee. Since the ;;aliYary glands and their 

homologue, the snake ,·enom gland:-~, C'ontain the agent in high concentration, t.lw 
only alternatil'e \\'Otild be that these gland:-~ store, hut do not produc·e, the gro\1-th 

agent. If this suggestion mJUid prol'e to be c·orTeC't, we would still be faced with the 

problem of identifying the sourc·e of the nen·e-gro11'th agent in the organism. The 

possibility ought to he consiclerC'cl that the nC'ITe-growth agrnt is not manufactured 

in any particular organ or organs, hut in the mesenchymal tissue. The only el'i

drnc·e in fai'Or of this hypothesis comes from the int·il'o and in l'ilro experiments 11·ith 

mouse >'ar('omas and from in l'ilro experiment:-; 11·ith explant:-; of embryonic mouse 

heart.' Epithdial structures like carcinomas pro1'ed to be completely dcpriYed of 

the property of stimulating nerye growth in rit•</1 as "·ell as in l'itro.8 HPsearch in 

progrpss is no\\· aimed at the inYest igation of this problem. 

Finally, \\·e should like to call attention to other aspec·ts of these experiments. 

ThC'y gaYe eYidenre of thC' high toleranre of the organism for such del'iations from 

normality as a sixfold incrpase in Yolume of the sympathetir ganglia, or their ncar

total rxtinc·tion. The injcdcd animals apparently did not differ from C'Ontrol.· 1rhcn 

rui:-~ed and obsrrl'ed in tlw sheltered c·onditions of the laboratory. Physiological 

tests arc rxpC'C'tC'd to re1·cal thrsc difTerencrs and will therefore be applied to thC' 

trpated and control animals. 

Summary. 'r c ha \'C reported the efT eds of an antiserum to the nerl'e-groll't h 

fad or \\'hich selectively destroys most of the sympat hetie nerl'e cells in a variety of 

nell'born mammals. Daily injC'etions for a period of 8 clays rpsulted in the disap

peanwec of up to !HJ per cent of the sympathetic nerl'e cells. This process is irre

l·ersible. It is suggpstecl that the sali1•ary gland.· do not producP the ncn·p-growth 

agent but merely acc·umulate anclHtore it. The mode of a(·tion of the antiserum and 

llw possible role of the IICI'I'('-gl'()ll'th agent as a maintenance factor for :ympathctic 

neurons arc un(kr irrvestigation. 

*This work has hPl'll supportPd hy a grant from the ~at ional Reic•nl'<' Foundation and b~· a c·on

tribution from an institutional grant of tlw Anwric·an C'anc·er Horiety to \\'a~hington Univcr~it.\'. 
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Preface 

This report had its origin in a resolution, passed by the American 
Society of Biological Chemists in April 1963, urgently requesting 
the National Academy of Sciences "to enunciate the principles and 
philosophy which could serve as a basic policy in the future conduct 
and administration of federal programs in support of fundamental 
research." The resolution described the situation that impelled the 
request in the following terms: 

"The condition of mutual dependence between the federal 
govemment and institutions of higher learning and research is one 
of the most profound and significant developments of our time. 
It is abundantly clear that the fate of this nation is now inextricably 
interwoven with the vigor and vitality of these institutions. In 
turn, the fate of these institutions is dependent upon the wisdom and 
enlightenment with which federal funds are made available in sup
port of their activities. It is imperative, therefore, that the conditions 
governing this mutual interdependence be subject to continuing 
appr·aisal and that the policy underlying administration of federal 
programs in support of research assures that this relationship will 
continue to be mutually beneficial." 

Several other scientific societies passed similar resolutions calling for 
consideration by the National Academy of Sciences of federal support 
of basic research in institutions of higher learning. 



The Academy voted at its annual meeting of 196~ to under
take an appraisal of the subject as defined in the resolution. In 
June, the Council of the Academy asked the Academy's Commit~ee 
on Science and Public Policy to prepare a report. Almost the entne 
membership of the Committee has participated actively in its prep
aration. Moreover, in response to announcements in several scien
tific periodicals and to personal letters soliciting the views of the 
membership of the National Academy of Sciences, many comments 
and constructive suggestions were submitted to the Committee. It 
is against the background of the thoughtful expression of many in
dividual investigators, therefore, that the Committee has prepared 
this report, taking account of a broad spectrum of opinion among 
scientists. The Committee accepts full and sole responsibility, how
ever, for its conclusions. 

The resolution that called for this report was prompted 
by an increasing concern, both in the Congress and in the scientific 
community, about the principles that guide the federal government's 
system of science support in the universities. The sheer size of the 
government's financial stake in research and development might 
alone have triggered this stock-taking. The figure of $14.9 billion, 
so often heard, is not fiscal year 1964 government investment in 
basic research, but rather in its total research and development effort, 
encompassing many military and space development programs. 
Nevertheless, a figure of nearly $1.5 billion (this year) for basic 
research in the United States, of which almost half goes to institu
tions of higher learning, is sufficient cause for thought and discussion. 

More immediately, reports of the Intergovernmental Rela
tions Subcommittee of the House Committee on Government Oper
ations, dealing with grant policy and administrative practices of the 
National Institutes of Health, have marked the beginning of a 
period in which government agencies have been revising their pol
icies. Much of the discussion within the scientific community has 
been closely focused on administrative changes of direct consequence 
to the individual investigator. Even the or,iginal resolution of the 
American Society of Biological Chemists, however, envisaged not a 
narrow examination of specific issues but a study covering the gen
eral policies of all the government agencies supporting basic re
search in the universities. The action of the National Academy of 
Sciences confirmed this concern with principles rather than specific 
cases. The swift-moving events of the last half of 1963-the period 
of the deliberations relating to this report-have amply justified the 
wisdom of emphasizing the fundamental relat,ionships of the govern
ment and institutions of higher learning, rather than specific incidents. 

Three main elements have entered into the Committee's 
consideration-the federal government, the institutions of higher 



learning, and the community of profes&ional scientists in these in
stitutions, most of whom are also members of teaching faculties. 
These are the same three elements dealt with in the statement of 
the President's Science Advisory Committee entitled, Scientific Prog
ress, the Universities, and the Federal Government, issued in Novem
ber 1960. That report set forth a rationale for federal support of 
basic research in institutions of higher learning and reasons why 
the support of basic research and the support of graduate education 
must be merged. The present report is a sequel, in that it accepts 
the major assertions of the report of the President's Committee and 
moves on to consider how the donors and recipients of government 
support should manage their interrelationship. 

One principle dominates all others in the present report: 
The government and the universities must work within two noble 
traditions characteristic of all free societies-the political freedom of 
a democratic people and the freedom of scientific inquiry. The scien
tific community, the Congress, and the Executive have long since 
agreed both that a strong and free development of science is a na
tional necessity and that accountability for the use of government 
funds is a fundamental part of the exchange by which a people in a 
democracy entrusts power to its leaders, who are in fact and theory 
public servants. Can freedom of scientific inquiry and accountability 
be reconciled? We believe that they can be and must be. We ask in 
this report: What are the policies by which accountable support can 
effectively advance scientific inquiry in the common interest? How can 
inaccurate conceptions of both the necessary freedom for scientific 
research and the accountability of funds be prevented from stifling 
the fruits of research-a potent resource of our society not only for 
today but for the future? 

Many important matters cannot receive full consideration 
here. Development and applied research claim and will continue 
to claim a large share of money and talent in both government and 
industry. In many instances, the scientific community has found the 
surroundings it needs for outstanding work within the walls of both 
governmental and industrial laboratories as well as in the universities. 
Moreover, the universities have essential purposes that transcend 
basic research, graduate education, and science itself. Nevertheless, 
we shall give but little attention to these considerations, and will 
limit our report for the most part to consideration of federal sup
port of basic research in institutions of higher learning. It is at this 
point, where the universities, the government, and the scientific 
community come together, that the issue of reconciling scientific 
freedom with fiscal responsibility appears most clearly and is in 
greatest need of wise formulation of policy and mutually satisfactory 
means of implementation. 
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CONCLUSIONS 

The commitment of large public funds for the support of basic 
research in universities has led not only to spectacular growth of 
the scope of scientific effort but also to advances in quality: Ameri
can science has reached a position of world leadership. We attribute 
this in no small measure to enlightened policies of several federal 
agencies committed to furtherance of basic research; specifically to the 
current emphasis on support by research project grants and by fixed
price research contracts (not too unlike grants), coupled with an 
extensive use of advisory scientific bodies, such as panels or study 
sections, to select scientifically meritorious projects for support. We 
believe that research project grants and contracts should remain the 
backbone of federal policy in support of basic research in science in 
universities. The empha is on large programmatic ventures and lab-
oratorie which ha been manifest in recent times must not lead to a 1 
loss of emphasis on individual scientists: the individual investigator 
ha been and will remain the source of strength in American science. 

Concerning Federal Agencies 

I. The criterion of selection for grant or contract support 
of basic research has been primarily the scientific quality of the work 
proposed. The selection of projects on this basis has come about in 
various ways, but particularly as a result of the judgment of scientists 
well versed in the areas concerned. We believe this merit judgment 
should be retained as a prime basis for federal support. The methods 
of obtaining this merit judgment at present vary; the following meas-



ures will strengthen and bring greater effectiveness to the judging 

process. . . 
(a) Federal agencies not presently using study sectiOns or advisory 

panels for the merit rating of research proposals would ,improve the 
quality of their research programs by the adoption of these or 
similar devices. 
(b) Membership in the panels and sections should be on a relatively 

short-term rotating basis, and wide circles (in terms of scientific 
disciplines, geography, and function) of the scientific community 
should be tapped for this service. This is necessary because con
scientious service on such panels is very costly in time to consulting 
scientific personnel. Moreover, we are convinced that infusion of 
new blood into the sections and panels is conducive to the main
tenance of high scientific standards and helps to induce the selection 
of the most original and promising research proposals. 
(c) When panel, section, or consultant activity has resulted in or
dering of proposals by scientific merit, the order suggested should 
be seriously considered by the federal agency staffs and modified only 
in special circumstances which are explained to the panel or section 
members. 

(d) Panels and sections should not be involved in detailed evalu
ation of proposed budgets, although panel judgments on the general 
reasonableness of proposed budgets should be seriously considered 
by agency staffs. Detailed budget considerations should be the 
responsibility of agency staffs alone. However, panel or section judg
ments as to the proper duration of grants or contracts should be 
given considerable weight by the agency staffs. While panels and 
sections must supply the primary judgments regarding scientific 
merit, questions of administrative responsibility and agency policy 
must be dealt with by full-time staff members, and the agency itself 
must assume responsibility for the final decisions with regard to 
awards of grants and contracts. For this reason, we strongly endorse 
the efforts of the government to improve the quality of the career 

2 service, by providing compensation at levels comparable with private 
salaries, and by encouraging staff members to continue their scientific 
and professional advancement. 
(e) Consultation with scientific referees by mail is less satisfactory 
than the panel-section procedures. Where this procedure is used, 
however, it is essential to keep the referees informed as to the 
effect of their advice in each case. Failure to do so is bound to 
lead to less responsible attitudes among referees and in the end to 
purely administrative choices of projects. We do not believe that 
personnel whose main functions are administrative can for long 
retain keen judgment as to what is most promising in science. We 
believe, therefore, that purely administrative mechanisms for selec-



tion of worthy research proposals would lead to inferior programs 

and thus to a waste of public funds. 

2. The advantages of grants generally outweigh those of 

fixed-price contracts for basic research. However, research contracts 

have been developed into legal instruments that place few restric

tions on the principal investigator beyond those imposed by grant 

arrangements under present regulations. Unfortunately, there is a 

current trend toward introducing into grant and contract negotia

tions and regulations administrative restrictions that are inimical to 

effective basic research. We believe that this trend should be reversed, 

with the universities taking increasing responsibility for proper ad

ministration of grants and contracts. 

3. We recognize and endorse the fundamental legal prin

ciple that public funds may be spent by contractors and grantees 

only for stated purposes, and thus that diversion of funds to other 

purposes cannot be tolerated. We welcome in principle the issuance 

of guidelines concerning the expenditure of grant and contract 

funds. But we discern a recent trend toward unnecessary restriction 

of scientific freedom and increases in the bookkeeping chores of 

scientists in both grants and contracts; we believe that this trend 

will result in lower returns on the investment of public funds in 

science. 
4. The project proposal by an applicant states the purpose 

of the requested grant. The implications of this are not always 

understood by applicants. v\Te believe that many difficulties could 

be avoided if the federal agencies, in their printed instructions for 

the preparation of research proposals, explained clearly the relation 

between the contents of a proposal and the purpose of the grant. 

Scientists should bear in mind in making application for grants that 

the preambles of their proposals define the purposes for which 

granted public funds may be spent. We believe that a project pro· 

posal should include: 
(a) Broad objectives of the proposed research in terms of areas 

of scientific knowledge to be advanced. 3 

(b) Specific early research objectives stated as illustrative of the 

broader aims. 
(c) Scientific tactics (experimental methods) to be employed. 

We also hold that the grant or contract instrument should ex

plicitly recognize the broad objectives (a) as its legal purpose. Only 

a deviation from the broad objectives of a project proposal, thus 

stated, should be considered as constituting a change in the purpose 

of the grant, thus calling for special approval from the federal 

agency. 
5. Current regulations concerning the expenditure of grant 

moneys restrict the transfer of funds from one budgetary item to 



another. We believe that these regulations are quite proper insofar 
as they deal with the compensation of senior personnel, with travel 
(especially travel abroad), and with improvements in the facilities 
of the grantee institution. On the other hand, we believe that the 
principal investigator should be given maximum latitude in spend
ing other grant moneys for the stated purpose of the grant as he 
sees fit. Ordinarily, so much time passes between the preparation of 
a proposal and the expenditure of grant funds that preferred tactics 
change, new equipment becomes available, and so forth. We 
believe that the principal investigator should be free to shift funds 
between budget items of equipment and expendable supplies, and 
that a provision that the principal investigator explain the reasons 
for substantial shifts, in his application for renewal or continuation 
of the grant, would provide an adequate safeguard against misuse of 
grant funds. At the very least we urge that the present limit 
(usually $500) on purchase of initially unspecified equipment be 
increased in some proportion to the total value of the grant. Thus 
principal investigators will be spared a great deal of wasteful paper 
work to obtain, necessarily, either perfunctory approvals or arbitrary 
refusals from remote agency staffs. 

6. The accounting for part-time service of principal inves
tigators and other academic personnel in projects supported by re
search grants or contracts, whether or not such service is paid for 
with grant funds, must be realistically related to the input of pro
fessional effort on the project. We believe that accounting for 
research effort in terms of time input, i.e., in terms of days or hours, 
is unrealistic and can lead to fiscal policies that fail to make allow
ances for the nature of scientific research. We recommend that 
accounting for effort of professional personnel on a grant or con
tract be expressed in terms of some fraction of the total effort applied 
by the individual to his university duties. 

The full fiscal year of a grant, or the full academic year, is 
recommended as the minimum period of time for which accounting 
of service should be made by a university. However, the time periods 
in which individual scientists have no university duties, such as 
summer vacations, may be accounted for separately. 

7. We are not competent to enter into a detailed discussion 
of the problem of appropriate overhead costs. We believe, however, 
that inadequate provision for such costs is harmful to the universities 
as communities of scholars dedicated to the balanced education of 
American youth. We urge that overhead payments be provided for, 
on grants as well as on contracts, based on application of essentially 
the same formula in both instruments. 

8. While we strongly endorse the project grant/ contract 
system of research support, we believe that three auxiliary types of 



support are also necessary for the healthy growth of American 
science. 
(a) The first of these are institutional or general research grants 

related to existing totals of project grants, now being made on too 
modest a scale by the National Institutes of Health and the Na
tional Science Foundation. These should be strengthened and broad
ened in purpose to overcome serious imbalances created in the 
universities by the growth of existing project research support and 
to meet the need for initial support of new projects. 
(b) The second type is necessary to meet the problem of junior 
faculty members who have difficulties obtaining support for in
dependent research. We believe that a system of small research 
gmnts-on a modest scale-should be introduced. These would be 
awarded to junior scientists for individual research on the basis of 
a very general outline of their research interests, supported by letters 
of endorsement from senior scientists personally acquainted with the 
work of applicants. Aside from an agreed sum as reimbursement 
to the grantee institution for work of the applicant, the budget 
should provide only for supplies and smaller items of equipment, 
but should not be broken down into component parts. The grantee 
investigator should, within the purpose of the grant, be allowed 
to pursue such researches as appear most fruitful to him in the 
broad area defined in the application. Some truly original ideas 
and discoveries have come from young scientists, and we cannot 
afford to tie them down to narrowly defined research objectives. 
(c) The nation faces the problem, in addition to that of rapidly 

growing population, of an even faster-growing need for highly edu
cated personnel. This, we believe, makes the efforts to increase the 
number of strong educational institutions a matter of first impor
tance. Therefore, we urge a third type of auxiliary support: a 
distinct and selective program of research grants to be made available 
to some weaker institutions on the basis of demonstrated will to 
utili ze new funds to raise the level of research and graduate educa-
tion. The number of strong institutions must grow. We recognize ; 
that the framing of criteria by which such grants can be awarded 
is not an easy task, and invite careful study of the problem by a 
competent task force. 

9. We subscribe to the conviction, expressed in the Presi
dent's Science Advisory Committee 1960 report, Scientific Progress, 
the Universities, and the Federal Government, that research and the 
graduate education of young scientists are intimately related. Con
siderable progress has been made in modifying federal agency policies 
to adapt them to this principle since the issuance of that report. 
W e urge continuing review of such policies in the same direction; 
only thus can the nation be prepared for the future. 



10. In surveying the practices and regulations of the sev
eral federal agencies engaged in support of basic research, we find 
an extraordinary diversity. At the same time we find a growing 
tendency to provide the same principal investigator with multiple 
grants and contracts, often from different agencies, to support 
closely related facets of his work. 

We recognize the advantages of some variation in the prac
tices of the several agencies, and of multiple sources of support 
where a principal investigator is engaged in research toward several 
objectives. We believe, however, that the present situation forces 
investigators to devote too much time to detailed accounting and 
other non-productive administrative matters. We urge that vigorous 
efforts be undertaken (a) to simplify and align the requirements of 
the several agencies regarding preparation of research proposals, 
accounting, progress reporting, and similar matters, and (b) to re
duce the need for multiple support by more inter-agency agreements 
designating a single agency to provide total support of an investi
gator's work in a given scientific area. 

Concerning the Universities 

11. A clearer recognition by university administrations of 
the purpose of federal project grants and contracts for basic research 
is an essential requirement. 

12. In dealing with federal agencies, university administra
tions should assert more clearly and emphatically the central purpose 
of American universities: the advanced education of American youth 
integrated with the scholarly activities of teachers; in the natural 
sciences these activities take primarily the form of scientific research. 
This purpose is not inconsistent with the purpose of the federal 
government in providing grants and contracts for basic research. 
It should be stated and restated lest both the government's purpose 
and the purpose of the universities be obscured by the administra
tive practices of the agencies. 

6 13. University administrations, certainly no less than federal 
agencies, can defeat the basic purpose of federal grants or contracts 
for project research by their policies; for instance, by imposition 
of unnecessary bureaucratic controls and red tape on principal in
vestigators, or by neglect of the investigator's problems in dealing 
with federal agencies. We urge a more consistent policy of positive 
cooperation between university administrations and the faculties en
gaged in research under federal sponsorship. The specific organi
zational forms such a policy calls for depend upon local circum
stances. One form, which we believe could be widely useful, is a 
joint committee or board, made up of representatives of the ad
ministration, the faculty engaged in research, and supporting staff. 



Some of the responsibilities that should be assumed, or 

acted upon more consistently, by university administrations are as 

follows: 
(a) There should be a clear definition of the mutual responsibili

ties and authority of university administrations and principal inves

tigators under grants and contracts. 
(b) There should be a review of research proposals by faculty per

sonnel to ensure only that they are not inconsistent with the concept 

of the university as a community of scholars engaged in both educa

tion of youth and the advancement of knowledge. 
(c) There should be assistance to faculty personnel in the prepara

tion of research proposals, to ensure that the wording of the proposals 

will not place undue restrictions on the scientific freedom of principal 

investigators. 
(d) Principal investigators should be educated in the responsibili

ties that they assume when using federal funds in support of research. 

(e) There should be an explanation to faculty personnel, primarily 

principal investigators, of the purposes for which overhead funds 

and institutional grants are being spent. Understanding of this will 

reduce rather widespread misunderstandings among faculties and 

assist in developing more harmonious relations between faculties and 

university administrations. 
(f) Principal investigators should be relieved of as much budg

etary work as possible, kept informed of the status of and commit· 

ments under grants and contracts, alerted to the possibility of dis

allowance of certain expenditures, and in other ways apprised of 

essential fiscal requirements. 

Concerning the Scientific Community 

14. We believe that understanding of the purpose of the 

federal support of basic research by the project grant/contract system is 

not sufficiently widespread in the scientific community. Grants and 

contracts are given as trusts to institutions for a purpose, which is 

substantially as described by the principal investigator in his proposal. 7 

The investigator assumes a major responsibility in accepting federal 

funds and has an obligation to account for their proper use. Accept-

ance of a grant commits him to a conscientious effort to achieve its 

stated purpose; he acquires no other rights to the granted or con-

tracted funds. 
15. To make the project grant/contract system consistent 

with essential freedoms of scientific research, the substance of project 

proposals must be properly formulated. We have described (con

clusion 4) the general form of proposals that should be acceptable 

to federal agencies and that should minimize the problem of overly 

restrictive interpretation of the purpose of a grant. We urge the 
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scientific community to present proposals in accordance with the 
recommendations contained in conclusion number 4. 

16. The quality and effectiveness of the project grant/con
tract system can be no better than the scientific community makes 
it, by conscientious and enlightened service on panels, study sections, 
and other advisory bodies and as consultants in the selection of the 
best research proposals. We urge the scientific community to see such 
service in this light and to give time willingly to it. 

17. In concluding our findings, we want to remind that part 
of the total scientific community to which we address ourselves that 
they, being part of the university community, are part of a society 
of scholars; that they have an obligation to their society: to share 
in the education of youth as well as in advancing scientific knowledge. 

The federal government, the universities, and the scientific commu
nity have entered into an enlightened partnership whose common 
purpose is the advancement of scientific knowledge and the upbring
ing of younger cadres to continue this task. This report is but a 
reminder of this central fact and an attempt to set out a few simple 
guidelines that should reduce some mutual irritations and help the 
partnership in its grand purpose of advancing the welfare of our 
nation and of all mankind. 



INTRODUCTION 

The Role of Basic Research and of the Scientist 
in Mid-Twentieth Century America 

Characteristics of Basic Research 

The objective of basic research is to increase our under

standing of nature. The objective of development and of applied 

research is to apply such understanding to human uses. Because a 

use for some result of basic research is not immediately apparent, it 

need not remain useless forever; on the other hand, it is not to be 

taken as inevitable that it will become useful. Centuries of experience 

demonstrate the likelihood that some results of basic research will 

prove useful and that it is often impossible to foresee before the 

research is carried out which results will be useful and which not. 

The total cost of all basic research in progress in a given period 

may be more than repaid by the long-lasting benefits from the uses 

of even a small part of the result. 
By definition, the objectives of basic research, in contrast 

with the objectives of developmental research, are exploration of the 

unknown or little known. Frequently it becomes apparent in the 

course of research efforts that a different approach must be taken in 

order to realize anticipated objectives. It is then folly to insist on 

proceeding according to the original plan, and so to fail or to delay 9 
progress toward meaningful results. An investigator, necessarily being 

unable to describe .in advance the discoveries that will be made in 

the course of his research, should not be expected to adhere to a 

course mapped out in advance. Progress is the measure of his suc-

cess, and progress is initially oriented by a particular question or 

set of questions, by tentative experimental plans, by tentative indica-

tion of usable techniques and methods. As the investigator proceeds 

from such a starting point, subsequent developments may indicate 

that the initial plans, experiments, or methods are less promising 

than anticipated or even that they will not lead to significant results. 

Responsibility as well as wisdom then dictates that they should be 



replaced by other questions, experiments, or methods.. Retai~ing 
the original approach runs the risk of forcing a change m the direc
tion of the research, while a new formulation may actually be re
quired for satisfactory progress of the kind originally anticipated. 

The Scientific Community 

The community of scientists is not a formal organization 
limited by any membership list or even by national boundaries. No 
single leader anywhere has an authorized right to speak for the whole 
of it. Membership is based on scientific accomplishment. It has 
been in existence at least since the seventeenth century, and over 
the years it has gradually developed the means of publication and 
continuous internal criticism by which the results of research and 
interpretations of them are checked and winnowed. The various 
fields of science are "disciplines" in the literal sense of the word, 
for the scientific community has developed the apparatus by which 
the results of its activity are continuously subject to scrutiny 
and criticism of the most searching sort. The great and evolving 
strength of this disciplinary system stems from the continuous 
exercise of objective judgment by the scientific community concern
ing the validity and significance of scientific findings. The expres
sions "freedom of science" and "freedom of scientific inquiry" refer 
to the intellectual freedom of the scientist to conduct his research 
and reach his conclusions in his own way, and then to test them 
against the judgment of his peers. These often-misunderstood ex
pressions do not refer to special political or economic freedoms but 
to the reasonable contention that experienced scholars and inves
tigators have the best prepared minds in their own fields for devising 
pathways to new knowledge and for interpreting what they find 
as they progress. 

World Leadership in Basic Research Has Shifted to the United States 

Though no longer a colony of Great Britain, the United 
10 States remained colonial in its research institutions long after 1776. 

Indeed many scientists living today grew up in an atmosphere of 
awe toward the great European centers of learning. When James B. 
Conant looked out over the assembled delegates at the Hanrard Ter
centenary in 1936, he could feel that his university, for all its re
sources, still had only a modest place among the ancient and illustrious 
centers of research and education in the western world. At the com
mencement in 1947, when he and Secretary of State George C. 
Marshall looked out on the assemblage and contemplated the wreck 
of western Europe, they both saw that the United States had a new 
and unique responsibility. It was on this occasion that the Secretary 
of State made the speech that led to the Marshall Plan. Just as the 



American people responded to the call of Marshall for the rehabilita
tion of Europe, the American university and the American segment 
of the scientific community had to respond to the clear demand of 
history that they assume the responsibilities of world leadership. 

This fundamental change of position coincides with the rise 
of federal support for scientific research. World leadership could 
not possibly have come to the United States if the government had 
not possessed both the enlightenment and the mechanisms to allow 
American scientists to take up the challenge. Yet the new leader
ship was not entirely a matter for self-congratulation, since it was 
born of the misfortunes of civilization as well as of American action. 
American leadership in basic research had its roots in the blood shed 
along the Somme and the Marne and at Verdun. The destruction 
of the freedom of the German university system by the Nazis played 
its part. Twice-sacked Louvain served as a symbol for the destruc
tion of institutions of higher learning. One of the more inspiring 
features of this gloomy scene is the fact that many victims of war 
and totalitarianism found opportunities in the United States for the 
brilliant research of which they were capable. 

Statistical measures give only a pale indication of the extent 
of the American assumption of world leadership in basic research. 
The percentage of Americans among the foreign memberships of the 
great academies of Europe went up very steeply after 1945. The 
award of Nobel prizes is another measure of quality in certain fields 
of science. In the years 1900 to 1930, Americans received only 4 of 
92 awards. In the decade 1931 to 1940, the United States was still 
represented by only 9 of 34 awards. Yet, in the decade 1941 to 1950, 
the number rose to 15 of 36 awards, and, in the decade 1951 to 
1960, to 27 of 52 awards, or about half. In 1933 in key British 
and German scientific journals, references to American work were a 
small fraction of all references to foreign sources. In 1963, refer
ences to American journals exceed considerably in number those 
to all other foreign journals. The use of such means of measurement 
is not necessary, however. Common observation affords massive and 11 
persuasive proof that the United States has assumed a large role 
in basic research since 1945. 

Has Fedeml Support Been a Boon to Science~ 

The United States has achieved scientific leadership by 
being willing to invest heavily in science. American leadership and 
federal support have joined to make the mid-twentieth century a 
brilliant period in the history of science. The period since 1945 
has been amazingly productive of scientific advances. 

Physics has moved into one of the great ages of its history 
as experimentation with ever higher energies has made it possible 



to get 'at the particles that make up the nucleus of the atom. "':ith
out large accelerators, which cost many millions of dollars prov1ded 
by federal support, physicists would be shut out from many lines 
of investigation. Yet these great accomplishments of experimental 
nuclear physics have been only part of the story. Progress in solid
state physics has been spectacular. Many groups have developed 
skills in theoretical physics unknown in the United States 30 or 40 
years ago. Out of the basic research has come a flood of applications. 
The fission of uranium and thermonuclear reactions have, of course, 
been used in the bombs. But nuclear reactors are also used for 
peaceful purposes, such as the production of electric power. The 
theory and experiments of solid-state physics lie behind the devel
opment of the transistor. Masers and lasers, undreamed of and 
unnamed a few years ago, now attract both scientific and public 
attention. The general picture in American physics is one of vigorous 
activity and significant progress, with no slowing down in sight. 

In chemical science, a new and deeper understanding of 
molecular structure and behavior has come into being, due in large 
part to American initiative. Skillful use of totally new and costly 
techniques, such as nuclear magnetic resonance, electron spin res
onance, and microwave spectra, for example, has played an im
portant role in this progress. The new understanding is the founda
tion beneath many of the developments of new materials for agri
culture, textiles, structural materials for almost all of modern indus
try, power production, communications, and biological manipula
tion of all sorts, particularly chemotherapy. Chemistry has also been 
stimulated in the post-war period because its lines of research have 
tended to converge with those of physics and biology. On the one 
hand, the discovery of the transuranium elements is closely akin to 
nuclear physics; on the other hand, the discovery of the biological 
activ.ity of nucleic acids has brought chemistry into central prob
lems of genetics by making possible the study of the gene at the 
molecular level. All this work requires electron microscopes, ultra-

12 centrifuges, mass spectrometers, and similar equipment to proceed at 
all. No university can hope to acquire much of such equipment 
without assistance. It also requires many investigators trained to 
new standards of excellence in chemistry and, at the same time, much 
more aware than their predecessors of developments in other fields. 

Biology has moved into a spectacular new biochemical and 
biophysical era marked by fruitful concentrated attacks on its sim
plest and most fundamental phenomena. The genetic material was 
shown to be nucleic acid. The structure of DNA was discovered, 
and this led quickly to understanding in molecular terms the repro
duction, ~utation, and action of the gene, and later to deciphering 
the genetic code. These are among the greatest scientific advances 



of all time. They shed a brilliant new light on age-old questions of 
the origin and nature of life. They have led to new insights into the 
nature and action of viruses, major agents of disease. Extension 
of all these revolutionary findings to man is initiating what will 
surely prove to be a period of great progress in understanding 
human genetics, physiology, and pathology. Side by side with these 
biochemical achievements, which include many other things such as 
deeper and fuller understanding of photosynthesis, upon which 
our supply of food and energy ultimately depends, have also come 
biophysical achievements such as those in radiation biology and elec
tron microscopy. The latter, by opening up a new order of visibility, 
has revealed previously unsuspected similarities of cellular structure 
in all living creatures and is leading to corresponding advances in 
understanding cellular functioning. 

The shift to biochemical and biophysical molecular biology 
has not, however, rendered classical fields less fertile. Ecology, animal 
behavior, and many other older areas have become major objects 
of investigation in new and promising ways. Genetics has put new 
life in biological research that many gossips thought moribund
taxonomy, for instance. The new style of work in biology is heavily 
dependent upon modern physical instruments-such as electron 
microscopes, ultra-centrifuges, spectrometers, scintillation counters, 
amino acid analyzers, computers, and the like. Skilled technical 
assistance is needed in their use. Again, no university is able, unaided, 
to keep pace with the demands. 

Mathematics in the United States has moved from colonial 
status to a positiOn of pre-eminence. The solution of a famous un
solved problem by George D. Birkhoff in 1913 was an American 
scientific landmark. Such events have been rare. Since 1959, how
ever, young American mathematicians have contributed to the solu
tions of at least five problems of comparable importance. In every 
case, some of the work involved in these solutions was supported 
by a government agency. Mathematics has also moved into an im-
portant auxiliary position in almost every line of research. 1J 

The role of science in modern society has recently been 
described by the President of the National Academy of Sciences, Dr. 

Frederick Seitz, in the following terms: 
"It is important to note that the first support of science in 

European society was provided by the enlightened aristocracy in 
a desire to increase that enlightenment. Everyone hoped that the 
work of the scientists would prove useful, but did not demand it. 
In this period, well before the Industrial Revolution, it was con
sidered sufficient to get more understanding of the laws of nature 
relating to matter and energy, to understand more about such 
things as the shape and size of the earth, the distances to the moon, 



the planets and the sun, and to classify the various forms of life which 
are found on the earth . 

"Events proved that the systematic knowledge and general 
concepts which came out of science were ex ceedingly valuable in 
helping man to live moTe neaTly in harmony with natuTe in countless 
ways. They lightened his burdens and made him moTe free. T~~e 
useful aspects of science were greatly magnified once the Industnal 
Revolution got under way in the seventeenth and eighteenth cen
turies. At fiTst , the engineer, who was responsible for the Industrial 
Revolution, found that only portions of science were useful, and 
even then, only in a limited way. 

"In ouT centw·y, th e discoveries of science have become so 
complex that the scientist has had to woTk hand in hand with the 
enginee1· in exploiting them for practical purposes. This coopera
tion between the scientist and the engineeT is now so close that the 
penon who is not a pmfessional scientist or engineer is quite apt to 
think of science almost exclusivel•y in terms of applications. I wish 
to emphasize, however, that the uses of science for human welfare 
in aTeas such as energy conversion, communications, and medicine 
are always accompanied by contributions to human enlightenm ent 
which lift ouT minds farther and farther from the primitive ongms 
of the past." 

We believe that the scene in basic research would be far 
different if the federal government had not played a positive role. 
The federal government, the universities, and the scientific com
munity have worked together to make this present age of science 
possible. Indeed, one of the outstanding accomplishments of the 
democratic system of government in the United States over the last 
25 years had been the forging of a durable and flexible alliance be
tween government and science. In its totality, the system of support 
of research in the universities by federal funds is a fine example 
of responsible government in action. The system has been made 
of different pieces at different times, and only a complicated statistical 

14 analysis can define the extent of the relation. However, from the very 
breadth and complexity of the system stems a lack of public under
standing, even among people who have had experience with parts of it. 

Clearly the system was not created in secret, as some con
clude, without the consultation and support of the people's repre
sentatives-the Congress, on the one hand, and the spokesmen for the 
scientific community on the other. Some of the best legislative talent 
of a generation laboriously shaped its components, and the procedures 
have been thoroughly tested at every level of the government. The 
story of the fashioning of the system is worth the telling m brief 
form simply because, so well known in its discrete parts, it is so 
seldom put together for consideration as a whole. 
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I 
The Heritage Available in 1939 

Congress and Science 

The Congress has had continuous and fruitful relations 
with science ever since the early days of the republic. Long before 
the end of the nineteenth century, it had learned some obv,ious 
lessons about the administration of science. For instance, the attempt 
by the Joint Library Committee to arrange for the publication of 
the scientific results of the Wilkes Expedition (the first major national 
effort in the professional use of scientists in exploration, 1838-1842) 
had demonstrated the inappropriateness of any attempt by Congress 
to oversee directly a scientific enterprise in every technical detail. 
Congress had played its part in the creative resolution of the problem 
of overlapping scientific jurisdictions when the United States Geo
logical Survey was established in 1879. If larger appropriations for 
the scientific work of the government were not always forthcoming, 
they were not withheld after 1865 because of any theoretical doubts 
about the propriety of federal support. 1 The Allison Commission 
amply aired the whole subject between 1884 and 1886. 

One characteristic of the governmental posture toward 
science in the nineteenth century is worthy of special note: the Con
gress at no time took a stand against the government's participation 
in basic research. Through the continuous spectrum of scientific 
activities, from the pursuit of knowledge for its own sake to the 
intensive application of the fruits of research, the government was 

1 A. Hunter Dupree, Science in the Federal Government: A History of Policies and 
Activities in 1940 (Cambridge, Massachusetts, 1957) , 73, 195·214, 380. Professor 
Dupree·s study was supported by a grant from the National Science Foundation. 



naturally at all times concerned with the applications that would 
further its missions. Yet the rule to which nineteenth-century law

makers gave allegiance was that the federal government should do 
"such work as is within neither the province nor the capacity of the 
individual or of the universities, or of associations and scientific socie
ties." 2 When the ability of private colleges to conduct research was 
low, the federal government considered it part of its responsibility to 
help science as such. As Thomas Jefferson said, "a public institution 
can alone supply those sciences which though rarely called for are yet 

necessary to complete the circle, all the parts of which contribute to 
the improvement of the country, and some of them to its 
preservation."3 The Smithsonian Institution is the major example of 
the federal government's commitment to basic research in the 

nineteenth century, but it is not the only one. In an age particularly 
conscious of the sphere of action of local institutions, both public 

and private, Congress saw the need for basic research and attempted 
to meet it. 

The Federal Scientific Establishment before 1939 

Congress opened the twentieth century with an increasing 
awareness of the government's need for research institutions to carry 

out many of its functions. For instance, in 1901 it met the con
stitutional demand for standards of weights and measures by chang

ing a modest and administratively orphaned program into the Na
tional Bureau of Standards. The charter was broad and flexible 

enough to give the new institution a place among the national 

physical laboratories of the world and to enable it to cope successfully 
with rapidly changing scientific and technological developments. 

By 1916 an impressive federal scientific establishment with 
its own laboratories and highly educated personnel had taken clear 

shape. It was responsive to the government's need for research in 
its own operations, such as the Army and Navy, at the same time that 

it served some large interests of the country that could not provide 
their own research. American agriculture had at its disposal a unique 17 
and flexible research service that had few parallels and was already 
beginning to affect the welfare of the nation in a broad way. Even 

so recent a development as the airplane called forth a governmental 
response in the creation of the National Advisory Committee for 

Aeronautics in 1915. 

• [Alexander Agassiz], "The National Government and Science," Nation, Vol. 41 

(1885) ' 526. 

• Thomas Jefferson, in J. D. Richardson, com., Compilation of the Messages and 

Papers of the Presidents, 1789-1897 (Nashville, 1905), I, 409. 



The Co~stitutionality of Federal A ctivity in Science 

Congressional enactment of legislation, creating the federal 
research establishment over a long period of time and in response 
to many different needs, provides important background for the 
constitutional position of science within the government. Each piece 
of legislation stands the test of constitutionality in terms of solving 
a problem of the government, rather than in terms of specific author
ization in the Constitution. Science is specifically mentioned in the 
Constitution only in connection with patents, but among the found
ing fathers the advancement of science was generally considered to 
be closely related to the advance of political freedom and representa
tive government. Patents, weights and measures, and the census 
were all matters that suggested in 1787 the interest of the federal 
government in activities that were to grow in range and depth with 
the increasing development of science and technology. By the twen
tieth century the growth of the government's scientific establishment 
was clear evidence that the power to tax for the general welfare, to 
regulate commerce, to establish post offices and post roads, to raise 
and support armies, to provide and maintain a navy, involved the 
power to conduct research in furtherance of government missions. 

Public health provides an example of the constitutional 
basis for government support of research. Not mentioned specifically 
in the Constitution at all, public health became an object of con
cern to the federal government as early as 1798, when it undertook 
the specific task of providing hospitals for merchant seamen. Yet 
health is a common concern that transcends community, state, and 
national boundaries. Federal responsibility for public health has 
followed disease and the conditions that produce disease into areas 
where no local authority is capable of acting effectively. The com
merce clause, the taxing power, the appropriation power, the postal 
power, the treaty-making power, and the national war power have 
all contributed to the development of the public health function 

18 o£ the federal government. In 1912, the act creating the Public 
Health Service stated that the "Public Health Service may study and 
investigate the diseases of man and conditions influencing the propaga
tion and spread thereof. . .. " This grant of power was recognized 
even in the 1930's as "broad enough to cover virtually any activity 
in the field of public health. . . ." 4 Thus Congress has built up 
through its legislation a many-rooted statutory structure which up
holds the government's research operations. 

'National Resources Committee, Research-A National Resource (Washington, 
1938), I, 96-97. 



Professional Scientists and the Necessary Conditions 
for Research in Government Service 

In a continuous conversation with Congress over a century 
and a half, the scientific community also has taken a solicitous in
terest in the building of the federal research establishment. Those 
scientists who have undertaken the responsibility of carrying out 
research for the government and of administering the scientific 
bureaus have not been backward in stating the special requirements 
that science demands of its partner-the government. Though vary
ing in intensity as times and issues change, these requirements are 
so stable that Ferdinand Rudolph Hassler, the first director of the 
United States Coast Survey, formulated most of them before 1842 
in almost their modern form. The major requirements that one 
generation of scientists after another has urged upon the government 
may be summarized in the following propositions. 

(1) The need for long-term support. The scientist cannot 
fit his experiments or the staffing and equipping of a laboratory 
into short periods arbitrarily laid down by a budget tied to a calendar. 

(2) The need for flexibility in objectives. Research, as an 
exploration of the unknown, by definition precludes rigid projection 
of the shape of scientific thought and experimentation very far into 
the future. 

(3) Freedom to publish. The discovery of knowledge with
out its communication leaves the process of research incomplete. 
American scientists have insisted on this point early and late, and 
they have suffered when it has been breached, as when the brilliant 
explorations of Lewis and Clark failed to have their full effect be
cause of the lack of machinery for publication of the results. 

(4) Access to the international scientific community. Gov
ernment research, like all other research in the United States, grew 
up under the shadow of European accomplishments. To break com
munication with Europe meant not only cutting off a source of knowl-
edge of great value but also blocking the avenue for American science 19 
to add to its stature by making contributions of its own. 

(5) The need to improve the position of the professional 
scientist in American society. The people who represented science 
in discussions with the government were aware that pay and condi
tions of work were a reflection of the value that Americans placed on 
science, and they worked incessantly to raise that value because of 
their sense of what science could contribute to the national life. 

Congressional Friends of Science 

As the spokesmen for science urged these five themes before 
Congress through the years, they had to contend with many dif-



ficulties. Scientists could not attract attention by their numbers, and 
in the earlier periods they had trouble establishing an obvious con
nection between their research and the practical interests of the 
common man. The lament of Senator Simon Cameron, as he slashed 
at a $6,000 appropriation for the Smithsonian Institution in 1861, 
echoes down through the years. "I am tired of this thing called science 
here." Yet the Senate voted the $6,000 by twenty-eight to six. 5 

Joseph Henry, the secretary of the Smithsonian, had friends in Con
gress, and scientists have in every generation had effective help from 
members of both Houses. The two groups-scientists and politicians 
-built the research establishment together. 

The friends of science in Congress may or may not have 
constituted a majority. They have usually not had a scientific educa
tion, and their interest in science has not stemmed from any pro
fessional connection with it. Sometimes their attention has been 
called to the subject by people and institutions within their home 
districts, but usually they have discovered science as an area of public 
policy through their specialized work on committees in Congress. 
The friends of science have usually joined the scientists who appear 
before them in considering science "non-political" in any narrow 
sense of the term. As a corollary, they have come from all political 
parties and have often divided among themselves on other issues. 
It has been their constant work over the years to hold the hearings, 
to study the issues, to draft the organic acts, and to defend the ap
propriations that have made the federal scientific establishment 
possible. 

The Status of the Various Sectors of Science Support 

Great as had been the accomplishments of the government 
in institution-building and precedent-building for science, the years 
between the onset of the Great Depression and the second World 
War brought into sharp relief the shortcomings of the American 
research structure and the need for more and better research. Each 

20 of the major sectors of science support had its own tradition and 
internal coherence, but their greatest limitation was a lack of clear 
relation, even in some cases a lack of communication, between 
them. The four major sectors of American society that provided 
the support of science were: the government; the universities; indus
try; and the private foundations. 

a. The government: The government's research establish
ment had lost some of the lustre of its position relative to other sec-

a W. J. Rhees, ed. The Smithsonian Institution: Documents Relative to its Origin 
and History, 1835-1899 (Smithsonian Institution, Miscellaneous Collections, XLII
XLIII, Washington, 1901), I, 611. 



tors of science support by the 1930's. The depression had meant 
severely cut budgets that did not rebound quickly. The bureaus had 
trouble holding good scientists and in securing adequate laboratories 
and equipment. The Department of Agriculture, with its network 
of experiment stations and land-grant colleges, weathered the storm 
better than many other agencies. The military departments were 
able to carry on research only at a very modest level through 
most of the 1930's. In terms of financial support, national security 
ranked well below agriculture and only a little above natural re
sources in the functional categories of government research and 
development. 

b. The universities: In contrast, the American university 
had clearly emerged by the 1930's as the home of basic research. 
It had also, thanks to federal grant programs to the states beginning 
with the Morrill Land-Grant Act of 1862, developed a distinctive 
capability for conducting research in certain broad fields of applied 
science such as agriculture. Yet the American university was a strik
ingly recent phenomenon in the nation's experience. It had scarcely 
begun to take form in 1880, and much of the development of its 
strong and specialized departments, its laboratories, and its great 
research libraries came after 1900. The best creative brains of Amer
ican science found a haven as professors at a small number of univer
sities, where they taught graduate students and performed research 
supported in part by university funds derived from state or private 
sources. In part also, university research was supported by the pro
fessors themselves, in the sense that they did not render accounting 
to anyone for their time or for many minor expenditures. They 
simply did what research their other duties and their own pocket
books allowed them to do. 

c. Industry: Industrial research as a distinct sector had 
crystallized even later than the universities. The spread of the indus
trial research laboratory among the corporations of the United States 
had been one of the most striking developments of the years after 
World War I. And the laboratories had found for themselves an 21 
increasingly well-defined and effective place in corporate structure. 
More and more businesses were finding science not only a useful 
handmaiden in testing and production but also an organized source 
of innovation and diversification. In some industries, notably elec-
trical manufacturing and chemicals, research h ad moved to the center 
of the stage. In these industries, increasing emphasis on creative 
thinking and basic research could be noted. By and large, industrial 
research was tied to corporate organization, and research as an inde-
pendent business or as the function of industry associjltions was a 
minor theme. In only a few instances, where the number of economic 
units was large, as in the case of the Bureau of Mines, did the fed-



eral government play the direct role in industrial research to which 
it was quite accustomed in agriculture. The morale was high in 
the industrial sector in the late 1930's, and an air of confidence and 
self-sufficiency was evident. 

d. Private foundations: The remaining sector, which held a 
position almost as a peer of the three already described, was the 
private foundations. Since early in the twentieth century, when the 
fortunes of Rockefeller and Carnegie took form as foundations, 
private wealth in the hands of professional foundation executives had 
played an important role in science. The foundations pioneered in 
the art of supporting science both by institutional grants, such as 
those by the Rockefeller Foundation's General Education Board, and 
by grants to individual projects-for instance, those that became com
mon with the Rockefeller Foundation after 1928. Some had developed 
research departments of their own-for instance, the Carnegie Institu
tion of Washington. 

So dramatic had been the arrival of the great foundations 
on the American scene that they were for a time accustomed to 
function in areas that, in other periods, might be the responsibility 
of some other sector. The worldwide medical programs against yellow 
fever and hookworm were on a scale suggestive of government rather 
than private action. And, between the wars, grants from the founda
tions had supported such efforts at coordination of the national 
research structure as were being made by the National Academy 
of Sciences and the National Research Council. The support of 
President Franklin Roosevelt's Science Advisory Board by the Rocke
feller Foundation, between 1933 and 1935, gave evidence of activity 
in an area very close to the public purposes of the government itself. 
The very effective National Research Council fellowships, earmarked 
for science, came from the private foundations. Yet in the late 1930's 
the foundations, their own capital funds battered by depression, could 
see little prospect of rapid expansion of their resources. 

Thus the sectors of science support existed alongside one 
22 another in the late 1930's, each with a tradition and a self-sufficiency 

of its own. Each one felt that it had a clear mission independent 
of the others. The universities did basic research; the government 
did applied research related to its own missions and served a few 
special groups such as the farmer; industry applied science in its own 
laboratories; the foundations alone kept up a slight interchange with 
the other sectors, but even they thought in terms of special missions 
peculiarly appropr·iate to themselves. The interrelated system-the 
totality of arrangements by which the sectors of science support work 
together-which has developed since the 1930's consists of a tight 
interweaving of all the sectors, and the government has taken its 
place at the center of the system. The key link that will concern us 



henceforth in this account is that between the government and the 
institutions of higher learning. It was a weak link in the late 1930's, 
so weak that many denied its existence at all, and its strengthening 
was a crucial factor in making the world a different place almost 
overnight. 

Scatte1·ed Indications of Impending Change 

A few portents in the 1930's foreshadowed the interrelated 
system as the postwar world has come to know it. In hindsight, one 
can almost see it coming even before the crisis of World War II, which 
intervened and hastened it. The establishment of the National Cancer 
Institute in 1937, as a part of the Public Health Service, brought with 
it grants-in-aid to private institutions as well as advanced training 
programs. The National Advisory Committee for Aeronautics had 
close ties with aeronautical engineering departments in leading uni
versities and made a number of contracts for special investigations. 
A few scattered advisory committees to government agencies kept 
open a channel to university scientists. An unsuccessful try at a 
comprehensive organization was made by Karl T. Compton as chair
man of the Science Advisory Board between 1933 and 1935. A new 
self-consciousness concerning the role of research is reflected in the 
studies of the National Resources Planning Board, which attempted 
an analytical and statistical profile of the sectors of science support 
and their relations. Indeed, the title of those studies, Research - A 
National Resource, was to become the watchword of the new system. 

Yet, as warclouds gathered around the world before and 
after Munich, the critical question for science in the United States 
stood out starkly clear: Could research affect military events quickly 
enough to determine the outcome of the war? The modest research 
programs of the armed services were entirely inadequate in the new 
situation. There was no time to build new laboratories and train 
new car.eer scientists to enter government service. The only realistic 
hope for deploying science Jay with the university scientists and 
laboratories, and the weakness of the existing link between the gov- 23 
ernment and university science made formidable the task of bringing 
the two together. 



II 
World War II: 

The OSRD Creates the Interrelated System 

The Wartime Leaders of Science 

By creating the National Defense Research Committee 
(NDRC) in 1940, and by expanding it into the Office of Scientific 

Research and Development (OSRD) in 1941, President Franklin 
Roosevelt provided the new framework of government-university rela
tions even before Pearl Harbor. The link between universities and 
government research for national security had been estabJ,ished in a 
remarkably complete form. One of the many contributions the scien
tific community made to the war effort was the leadership that 

24 proposed this channel and then made it work. Four men from 
among a great many deserving scientists may be mentioned as pro
viding this crucial administrative leadership: Vannevar Bush, James 
B. Conant, Karl T. Compton, and Frank B. Jewett. Chance plays 
a part in the good fortune of the United States here. The group 
possessed just the right combination of youth and seasoned experi
ence. Only Jewett had played a role at high levels in World War 
I, and yet the others had had major administrative experience in 
the 1930's to season them. 

Bush, Conant, Compton, and Jewett had an importance 
beyond their own personal qualities, impressive as those were. They 
were, in an unofficial way, representatives of the various sectors of 



science support. Conant, of course, was a distinguished chemist and 

president of the oldest and most prestigious private university in 

the country. Compton had within a few years made the Massachusetts 

Institute of Technology into the nation's leading scientifically ori
ented technical institution. Jewett was both a senior leader of in
dustrial research, as president of Bell Telephone Laboratories, and 

the recently elected president of the National Academy of Sciences. 
Bush had served as a professor of electrical engineering and as a 
vice-president of M.I.T., but he was now in the strategic position 

of president of the Carnegie Institution of Washington. He also was 
chairman of the National Advisory Committee on Aeronautics. Thus 
all the sectors of science were handsomely represented by men who 

commanded major respect, and Bush, an engineer at home in the 
universities, private foundations, and government research, was the 
natural spokesman of the movement. These men had an effective 

knowledge of the whole sweep of American research institutions and 
their scientists. Their job was to determine the military needs of 

the country and relate them to the research capability they knew 
to exist in the universities and industrial research laboratories. The 
need was so great that considerations of field of science and insti

tutional affiliation made little difference. Nor could long-run effects 

on the science establishment, such as the supply of scientists for 
future years or the accumulation of basic knowledge, take precedence 
over the cardinal requirement of adequate weapons to win the im

pending war. 

Policies of the OSRD 

After a year's trial with the NDRC of 1940, an executive 

order of June 28, 1941, created the more comprehensive OSRD, of 
which Bush was director. This order set up the Committee on Med

ical Research as parallel to the weapons-oriented NDRC. Al

though many of the basic decisions were made between June 1940 
and June 1941, we shall for convenience use the designation OSRD 

in describing the salient characteristics of the system. It operated 25 
no laboratories of its own. It did not supplant projects already under 
way under the Army and Navy. It made contracts with both uni-

versities and corporations. It early adopted the principle that the 
contracting institution should neither make a profit nor suffer a 
loss as a result of OSRD research. This led immediately to the 

allowing of a charge for overhead costs not easy to specify in the 
contracts. Since by definition these costs were hard to determine, the 

OSRD adopted for educational institutions the formldla of 50 per 

cent of the actual labor payroll involved in a project. 
The urgency of war placed its stamp on every OSRD deci

sion. No distinctions were made between private and public uni-



verstues, or between land-grant and non-land-grant institutions. 

Where work could be broken down into small lots, investigators 

were left at their own institutions. When great concentration was 

necessary, as in the case of the Radiation Laboratory at M.I.T., 

the institution was chosen purely on the ground of its ability to 

perform the work. In this case Karl Compton avoided a conflict 

of interest simply by refraining from taking part in either the discussion 

or the decision. 
The OSRD was early confronted with the problem of de

limiting its mission. Because in the twentieth century all parts of 

the spectrum of activities from basic research to its applications are 

dependent on one another, the OSRD could have gone off in a 

number of directions. Most of the key men, both on the panels 

doing the selecting and among the investigators chosen, were uni

versity-connected and had worked on basic research before the war, 

so that the organization might have been expected to favor basic 

research at least covertly. Or it might have sought immediate appli

cations from the introducers of new designs and mechanisms, the 

inventors. Or it might have used its contracts deliberately to change 

the pattern of research institutions in the country along some pre

conceived path. It could have taken up the responsibility of pro

viding general research service to industry in such fields as large-scale 

synthetic rubber production. However, it early set its face against those 

who wanted any or all of these things. As time went on, the OSRD 

became less and less concerned with the basic research end of the 

spectrum and more and more concerned with development, but no 

diminution in the reliance on university scientists accompanied this 

shift. 

The OSRD Contract 

The OSRD contract for research and development deserves 

special mention. As Irvin Stewart wrote at the end of the war, the 

"heart of the contract problem was to reconcile the need of the 

26 scientist for complete freedom with assurances that government funds 

would not be ,improperly expended." 6 The procurement contracts 

in use by the Army and Navy were not well adapted for research 

and development, so that the legal division of OSRD set out to 

provide an instrument of sufficient flexibility to accommodate both 

the government and the scientist. 
The United States of America was one party to the con

tract, an institution the other. "Whereas, the Government desires 

that the Contractor conduct studies and experimental investigations 

• Irvin Stewart, Organizing Scientific Research for War: The Administrative History 

of the Office of Scientific Research and Development (Boston, 1948), p. 19. 



as hereinunder specified requiring the services of qualified personnel, 
and whereas the Contractor is willing to conduct such studies and 
experimental investigations on an 'actual cost' basis .... " described 
the essential transaction. By 1944, the OSRD made a distinction in 
function within its own staff by designating ~n the contract a "Con
tracting Officer," to be responsible for the business and fiscal aspects 
of the work, and a "Scientific Officer," usually a chief of division, to 

direct the scientific aspects. Not specifically mentioned but strongly 
implied, both by the phrase, "qualified personnel," and by the fact 
that an object of research was specified, was the existence of a 
scientist or group of scientists to take over the responsibility for 
the work at the contracting institution. Indeed, the principal inves
tigator was often already at work gathering a staff and beginning 
operations, on the basis of a letter of intent, before the contract was 
signed. 7 Thus the OSRD by its contract assembled the entire cast 
of the new system of government support: the fiscal officer and the 
scientific officer on the government side; and the university admin
istrative officer and the principal investigator on the university side. 

The contract laid down the rules for cost determination 
(of salaries and overhead, for example), disposition of property, re
sponsibility of the contractor, and patent and security provisions. 
In each of these matters the OSRD set important precedents and 
educated large numbers of people in the government and in the 
universities in the fundamentals of the new support system for re
search. 

Congress and Science during World War li
the Kilgore Subcommittee 

How did Congress and the American people get the oppor
tunity to approve or disapprove the OSRD? Some had thought of 
asking for legislation in 1941, but the urgency of the times argued 
that it be done by executive order under temporary war powers. An 
announcement of the formation of the agency was published, but 
the need for security so sheltered it that Stewart, as executive sec· 27 
retary, could handle public information and Bush, as director, could 
handle congressional liaison all by themselves. A tacit agreement 
between Congress and OSRD tended to give force to Bush's insistence, 
which went all the way back to the beginnings of the organization, 
that it was a purely temporary agency. Once the emergency was 
over-once the narrow objective of weapons for this war had been 
accomplished-the OSRD had no thought but to place science and 
the agency before Congress for fundamental decisions about the 
shape of the future. 

7 Standard form 1001 of the OSRD contract appears in ibid., pp. 339-346. 



So great was the obvious relevance of science to the war 

effort, however, that not everyone was willing to wait until the shoot

ing was over to find out whether the OSRD's strictly delimited pro

gram was adequate. Senator Harley Kilgore, Democrat of West Vir

ginia, arranged major hearings before a subcommittee of the Senate 

Committee on Military Affairs in 1942, 1943, and 1944. Senator 

Kilgore and his staff came at the whole problem of science and 

government from the point of view of war industry. Hence they 

stressed patents, inventions, industrial research for small business, and 

the imperfect utilization of technical manpower. Since the OSRD 

started with a problem and tried to find the men best qualified to 

work on it, it took no responsibility for the scientists, often geologists 

or biologists whose specialties were not in great demand, who were 

left outside the war effort. And, since the OSRD had long insisted 

that it was not working on materials or methods of wide use in 

industry, it did not concern itself with supplying research support 

to war industry generally. Hence the Kilgore Subcommittee aimed 

at an organization to work in such an area. On July 8, 1943, a 

group of senators, headed by Kilgore and referring directly to his 

hearings, asked James F. Byrnes, then Director of War Mobilization, 

to set up a central scientific and technical body. Among the 23 

signers, both parties and all major geographical regions were well 

represented. 

Science-the Endless Frontier 

Bush, already on record as opposing Kilgore's big agency 

for scientific and technical mobilization, became increasingly aware, 

as the successful conclusion of the war in Europe loomed up, that 

a major reorientation of scientific support was on the way. His oft

reiterated intention of dosing down the OSRD at the end of the 

war had the effect of forcing a full-dress examination of science's 

role in American life. And that examination would eventually have 

to be made in the public arena, with fundamental legislation the 

28 result. But first the scientific community, if it did not wish to be 

caught unawares, should examine the postwar support of science 

and come forward with a program. Although the OSRD could not 

by itself take up the study of the shape of postwar science, it formed 

a natural framework. Therefore, President Roosevelt, in a letter 

dated November 17, 1944, asked Bush for his recommendations. The 

letter carefully referred to the OSRD as "a unique experiment of 

team-work and cooperation in coordinating scientific research and 

in applying existing scientific knowledge to the solution of technical 

problems paramount in war." The letter asked Bush to give his 

considered judgment personally, "after such consultation as you may 

deem advisable with your associates and others." Roosevelt thus 



empowered Bush to convene an advisory committee-of-the-whole of 
the scientific community to answer four questions. They were: 

"First: What can be done, consistent with military security, 
and with the prior approval of the military authorities, to make 
known to the world as soon as possible the contributions which have 
been made during our war effort to scientific knowledge? ... 

"Second: With particular reference to the war of science 
against disease, what can be done now to organize a program for 
continuing in the future the work which has been done in medicine 
and related sciences1 ... 

"Third: What can the Government do now and in the 
future to aid research activities by public and private organizations? 
The proper roles of public and of private research, and their in
terrelation, should be carefully considered. 

"Fourth: Can an effective program be proposed for dis
covering and developing scientific talent in American youth so that 
the continuing future of scientific research in this country may be 
assured on a level compamble to what has been done during the 
war?" 8 

Bush, having made his opportunity, took advantage to the 
fullest by appointing distinguished committees to study each of the 
four questions. The committees for questions three and four, headed 
by Isaiah Bowman and Henry Allen Moe, respectively, were the ones 
that considered in detail most of the features of the government
university link. A committee representing medical research in the 
universities had its say on question two. While university men, espe
cially presidents, predominated on all the committees, the other 
sectors of science were also represented. The only major group not 
represented as such (although Bush, Conant, I. I. Rabi, and perhaps 
a few others bridged the gap) were the atomic scientists, still hidden 
even from the OSRD by compartmentation within the confines of 
the Manhattan project. As nearly as one could expect the scientific 
community to have a voice, it had one here. 

Bush's report, Science-the Endless Frontier, attempted a 29 
profile of American science and a prescription for the future. The 
basic principle of the interrelated system appears in the body of the 
report. 

"The Government should accept new resporrsibilities for 
promoting the flow of new scientific knowledge and the development 
of scientific talent in our youth. These responsibilities are the 
proper concern of the Government, for they vitally affect our health, 

• Vannevar Bush, Science-the Endless Frontier: A Report to the President on a 
Program for Postwar Scientific Research (Washington, 1945, Reprinted 1960), 

pp. 3-4. 



our jobs, and our national security. It is in keeping also with basic 
United States policy that the Government should foster the opening 
of new frontiers and this is the modern way to do it. For many 
years the Government has wisely supported research in the agricul
tural colleges and the benefits have been great. The time has come 
when such support should be extended to other fields. 

"The effective discharge of these new responsibilities will 
require the full attention of some over-all agency devoted to that 
purpose. There is not now in the permanent governmental struc
ture receiving its funds from Congress an agency adapted to sup
plen;enting the support of basic research in the colleges, univer
sities, and research institutes, both in medicine and the natural 
sciences, adapted to supporting research on new weapons for both 
Services, or adapted to administering a program of science scholar
ships and fellowships. 

"Therefore I recommend that a new agency for these pur
poses be established. Such an agency should be composed of persons 
of broad interest and experience, having an understanding of the 
peculiarities of scientific research and scientific education. It should 
have stability of funds so that long-range programs may be under
taken. It should be recognized that freedom of inquiTy must be 
preserved and should leave internal control of policy, personnel, and 
the method and scope of research to the institutions in which it 
is carried on. It should be fully responsible to the PTesident and 
through him to the Congress for its program."o 

The National Research Foundation envisaged in the Bush 
report had about ,it a comprehensive nature that matched the situ
ation into which it would move. It would have a Division of Medi
cal Research and a Division of National Defense parallel to its 
Division of Natural Sciences. The Foundation was to have the 
power to "make contracts or grants for the conduct of research by 
negotiation without advertising for bids." 10 Many characteristics of 
the OSRD were included, such as the principle that the research 

30 should be "conducted, in general, on an actual cost basis without 
profit to the institution receiving the research grant or contract." 11 

No geographical or other formula was proposed because the "Foun
dation must ... be free to place its research contracts or grants 
not only with those institutions which have a demonstrated research 
capacity but also with other institutions whose latent talent or cre
ative atmosphere affords promise of research success." 12 In general it 
was envisaged that the National Research Foundation would adopt 

• Ibid., pp. 8-9. 10 Ibid., pp. 36-37. 
11 Ibid., p. 39. "Ibid. 



the historic goals of scientists in their relations with the govern
ment and extend them to the contract-grant system of tying the 
universities to public purposes. At the same time, the Bush report 
was explicit on the ultimate responsibility of the President and Con
gress. "Only through such responsibility can we maintain the proper 
relationship between science and other aspects of a democratic sys
tem. The usual controls of audits, reports, budgeting, and the like, 
should, of course apply to the administrative and fiscal operations 
of the Foundation, subject, however, to such adjustments in pro
cedure as are necessary to meet the special requirements of re
search." 13 

The End of the War 

Science-the Endless FrontieT, which did not mention ura
nium or fission or nuclear energy, appeared the same month as the 
Alamagordo test-July, 1945-and only a month before the world 
learned of the atomic bomb with Hiroshima. Dramatic impact 
made atomic energy seem like a separate area of science policy to 
be dealt with as a thing apart. Indeed it proved to be, as the crea
tion of the Atomic Energy Commission in 1946 showed. But mean
while the problems attacked in Science-the Endless Frontier had their 
day in Congress. Senator Kilgore introduced a bill which represented 
his long-standing interests, while Senator Warren G. Magnuson intro
duced a bill embodying Bush's ideas. 

On September 6, 1945, President Truman, in a special mes
sage to Congress on reconversion, set the keynote of the discussion 
when he said: "No Nation can maintain a position of leadevship 
in the world of today unless it develops to the full its scientific and 
technological resources. No government adequately meets its re
sponsibilities unless it generously and intelligently supports and en
courages the work of science in university, industry, and in its own 
laboratories." In calling for a single federal research agency for 
science, Truman clearly confirmed the concept of an interrelated 
system of "universities, industry, and Government working together," 31 
and promised in unmistakable terms the freedom demanded by the 
nature of science. "Although science can be coordinated and en-
couraged, it cannot be dictated to or regimented. Science cannot 
progress unless founded on the free intelligence of the scientist. I 
stress the fact the Federal research agency here proposed sHould in 
no way impair that freedom." 14 

u Ibid., p . 33. 
u Public Papers of the President of the United States, Harry S. Truman, 1946 

(Washingwn, 1962), pp. 292-294 . 



32 

The Kilgore-Magnuson Hearings 

Senators Kilgore and Magnuson arranged jointly for hear
ings on science legislation which lasted through most of the fall of 
1945, and gave the wartime leaders of science and many others a 
chance to express themselves on the shape of the future for science 
in the United States. The striking thing about these hearings is 
that every one of the witnesses except one supported the principle 
of some sort of science foundation in the government. Senator Kil
gore led off by saying: "As the war has so dramatically demonstrated, 
science is a national resource of the greatest importance for our 
whole national life. Scientific skills and scientific know-how have 
enabled us to win rapid and decisive victory on the war fronts. The 
same skills and know-how must now be converted and expanded 
to meet the needs of peace-the improvement of our national health, 
the security of our national defense, the promotion of our prosper
ity." 15 As one eminent scientist put it, "we require the mass will 
of the people as expressed by the Government. Science and tech
nology need the direct help of the Government. The Government 
needs ever more urgently the help of science and technology." to 

Yet below the level of this large fundamental agreement, 
tensions predictable in a democracy's first public airing of an un
familiar concept promptly emerged. Science-the Endless Frontier 
had proposed a part-time board of people otherwise unconnected 
with the government, not merely as an advisory body but as a 
responsible head of the agency-appointing the director, formulating 
over-all policy, and making grants and contracts. Senator Kilgore's 
bill favored a straight-line organization, with the director appointed 
by the President. Harold Smith, then director of the Bureau of the 
Budget, was strongly of the same opinion, equating the responsibility 
of the director with the control of public funds. "I believe that the 
most important principle involved in these bills is that an agency 
which is to control the spending of government funds in a great 
national program must be a part of the regular machinery of gov
ernment. If the government is to support scientific research, it should 
do so through its own responsible agency, not by delegating the 
control of the programs and turning over the funds to any non
governmental organization." 17 

President Edmund E. Day of Cornell University, represent
ing the Association of Land-Grant Colleges and Universities, advo-

'""Hearings on Science Legislation," Hearings before a Subcommittee of the Com
mittee on Military Affairs, U. S. Senate, on S. Res. 107 and S. Res. 146, 79 Cong., 
I Sess., October and November 1945, p. I. 
10 Harlow Shapley, ibid., p . 48. 11 Ibid., p . 96. 



cated a formula by which a percentage of the foundation's funds 
would be distributed to the land-grant institutions, making "as a 
counterweight an independent, Federally financed program adminis
tratively directed by the important public institutions in the several 
States .... " 18 

On this issue, Harold Smith and the Bureau of the Budget 
were on the side of Science-the Endless Frontier and geographically 
unrestricted grants and contracts. The "proposed foundation should 
be free to support the advancement of knowledge in any institution 
which, in the judgment of the foundation, is able to do effective and 
competent research." He went on to link the freedom of the founda
tion to support excellence, in specific packages wherever found, to the 
ability of the government to safeguard the use of the taxpayers' money. 

"Only by specific contracts, rather than general purpose con
tracts, can it make sure that it is supporting in each institution only 
the type of research which that institution is qualified to perform. 
This is not to say that it will restrict the proper degree of freedom 
of research, or impose a narrow type of administrative supervision 
over the institutions with which it deals. But it would obviously be 
improper and ineffective to give funds to private institutions without 
some assurance of their ability to further the purpose of the program, 
and the foundation must have freedom to select the institutions that 
are able to do so." 19 

The patent problem occupied more hearing time than any 
other. In general, Bush stood for the OSRD practice of leaving 
patents in the hands of contractors whenever possible, while Kilgore 
hoped for government ownership of patents produced in the course 
of government-supported research. As it became clearer in the course 
of the hearings that the foundation would support basic research 
rather than industrial applications, more and more witnesses ex
pressed doubt that science legislation was the place to reform the 
patent system. 

The Failure to Make the National Science Foundation 
Parallel the Atomic Energy Commission 

Despite the broad areas of consensus evident in the fall ef 
1945, legislation for a foundation did not clear both Houses of 
Congress until 1947. The seriousness of the organizational .issue was 
demonstrated by the subsequent veto from President Truman. 

"Our national security and welfare require that we give 
direct support to basic scientific research and take steps to increase 
the number of tmined scientists . ... However, this bill contains 

'"Ibid., p. 794. ,. Ibid., p. 96. 
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provtswns which represent such a marked departure from sound 
principles for the administration of public affairs that I cannot give 
it my approval. It would, in effect, vest the determination of vital 
national policies, the expenditure of large public funds, and the 
administration of important government functions in a group of 
individuals who would be essentially private citizens. The proposed 
National Science Foundation would be divorced from control by the 
people to an extent that implies a distinct lack of faith in demo
cratic processes." 2o 

' The failure of legislation to emerge in 1946, the last session 
of the Seventy-Ninth Congress, is partially explained by the bitter 
controversy over atomic-energy legislation. Two of the main issues 
dividing the May-Johnson bill from the MacMahon bill-organiza
tion of the commission, and patents-were parallel to the issues 
dividing the opposing forces on the science legislation, which re
flected the dissension more faithfully than it reflected the urgency 
of atomic energy as a policy area. The close5t students of the legis
lative history of the Atomic Energy Act of 1946 have noted that 
"many thousands of Americans had expended millions of words in 
public debate .... The final bill was not what any single one of 
them would have written. Yet, it was probably better than any 
individual could have produced. In this fact, perhaps, lay the 
secret vitality of American democracy." 21 

In the case of the science foundation, the congressional 
ability to be cautious in the face of conflicting philos0phies nomi
nated the result for the time be-ing. But the vitality of American 
democracy had already been at work to create the interrelated system. 
The need for it had outrun the ability to create over-all institutions, 
and even before the war's end practical arrangements were being made 
by Congress and the Executive to insure the nation against the 
limitations in the organization of government-supported science that 
had prevailed in the 1930's. The OSRD would go out of existence, 
but the system it created had to live on. 

2° Congressional Record, Appendix (August 14, 1947), pp. A4442-A4443 . 
21 Richard G. Hewlett and Oscar E. Anderson, The New World, 1939-1946 (A 
History of the United States Atomic E11ergy Commission, Vol. I, University Park, 
Pennsylvania, 1962), p. 530. 



III 
The Government-University~ Alliance, 

1945-1950 

Postwar Reconversion 

The determination not to return to the 1930's, only dimly 

sensed by scientists who had served in the wartime projects, was 

explicit in the minds of those responsible for national science policy. 

Europe, for the first time in American history, could no longer 

be relied upon to send over a suffioient stream of basic research 

results relevant to the rapidly changing frontiers of science and 

technology. The need to revive a free flow of information was 35 

acute, but the need to begin new knowledge from the basic end of 

the scientific spectrum was the only hope for a healthy growth 0£ 

technology. Because the universities had almost shut down graduate 

education during the war, a shortage of scientific manpower was 

also in everyone's mind; fellowships were needed to close the gap 

in the ranks created by the war's diversions. ' 

Military and civilian leaders in all the services were espe

cially insistent that the partnership with university scientists be con

tinued. James V. Forrestal, Robert P. Patterson, and General H. H. 

Arnold emphasized it as a necessity when they appeared at the 

Kilgore-Magnuson hearings. General Eisenhower, as Army Chief of 



Staff in 1946, made a particular point of the Army's commitment 
to basic research. He advocated a separation of "responsibility for 
research and development from the functions of procurement, pur
chase, storage, and distribution." 2 2 In short, the military itself 
did not wish to lose its new-found partnership with science. Without 
the OSRD, it had the choice either of building up its intramural 
laboratories or of maintaining by contract its liaison with the uni
versity scientists. And the choice was really not free, for few scientists 
in 1945 and 1946 were willing to accept civil service careers in the 
government laboratories. Therefore all the services had ultimately 
to think in terms not only of keeping as much classified and applied 
research as possible within their own laboratories, but also of making 
contracts with the men who, after having performed prodigies in the 
defense laboratories during the war, were now back on university 
faculties thirsting to work on basic research problems rather than 
hardware. 

The Office of Naval Research 

The Navy, for various reasons, made the clearest and ear
liest response to the necessity for a contract program after the end 
of the war. Men at several levels in the Navy had been thinking 
about the future of science in the Department at least since 1942.2 3 

As a result, the Office of Research and Inventions was, by September 
1945, under way on re-allocated funds and ready with proposed leg
islation that would give congressional approval to its operations. The 
Vinson Bill, which became law in August 1946, became the charter 
of the Office of Naval Research. The act's preamble indicates the 
comprehensive vision of the founders of ONR: 

" ... to plan} foster} and encourage scientific research in 
recognition of its paramount importance as related to the mainte
nance of future naval power, and the preservation of national secur
ity; to provide within the Department of the Navy a single office} 
which} by contract and otherwise} shall be able to obtain} coordinate, 

36 and make available to all bureaus ... world-wide scientific informa
tion and the necessary services for conducting specialized and im
aginative research . ... " 24 

The ONR Act provided, in addition to ample authority to 
make research contracts, for a Naval Research Advisory Committee. 

Thus, the ONR possessed all the elements of a model pro
gram for the interrelated system. It had a direct administration 

•• Quoted in Don K. Price, Government and Science (New York, 1954), p. 57. 
•• The Bird Dogs, "The Evolution of the Office of Naval Research," Physics Today, 
XIV (1961), pp. 30-35. 
u 60 Stat. 779. 79 Congress, 2 Sess. Ch. 727-August 1, 1946. 



with a regular navy officer as director. In practice the chief scientist 
served as deputy director and headed a staff of program directors 
knowledgeable in particular fields. The advisory committee and a 
large number of subsidiary committees and panels brought eminent 
scientists in from the universities on a part-time basis to help the 
Navy decide what projects to support. As soon as word got around, 
ONR did not have to solicit proposals from the scientists; they came 
in a flood. The ONR officials did, however, have to establish rapport 
with university administrations to convince them to make the con
tracts which would allow the scientists to go to work. 

In their missionary work with university presidents, the 
ONR representatives had to convince administrators, already harried 
by the dislocations of war and the returning flood of G.I.'s, that 
they should take on navy contracts for research. The document they 
used was already far from the straight military procurement contract. 
"Contracts are not new to the Navy, but the idea of conducting con
tractual relationships in the field of basic research with independent 
agencies and institutions . . ., using tasks instead of specifications, 
is a new departure in Government contracting." 25 

The men who made the ONR a success in the eyes of both 
the Navy and the universities had a driving belief in four major 
propositions: 

"(I) The primary aim of much of the Planning Division's 
scientific program is free rather than directed research. Instead of 
being pointed toward direct solution of some practical problem, its 
intention is to explore and understand the laws of nature, both 
animate and inanimate." 2 6 

"(2) Practically none of the basic research work conducted 
by the Navy is in a confidential or secret status." 27 

"( 3) We want to have listening posts in various scientific 
fields and we want to maintain contact with the most imaginative 
people in science." 28 

"(4) To date, there has not been established a unit sim-
ilar to the proposed National Science Foundation; nor has any 37 
agency, other than the Office of Naval Research, indicated its willing-
ness to accept even pro tempore some of the associated responsi-
bilities." 29 

•• Office of Research and Inventions, Annual Report, 1946, p. 63. 
••Ibid., p. 108. 
27 Admiral P. F. Lee, "National Science Foundation," Hearings before the Com· 
mittee on Interstate and Foreign Commerce, U. S. House of Representatives, 80 
Congress, 1 Sess., March, 1947, p. 209. 
•• E. R. Piore, "Some Thoughts on Federal Science," Physics Today, VII (1954), 
p. 13. •• Office of Naval Research, Annual Report, 1947, p. 1. 



University officials suspicious of military domination even
tually came to believe the ONR. 

It might be asked how a military agency could achieve rap
port with scientists, even while the National Science Foundation 
legislation was stalled because too many scientists feared a single 
director appointed by the President, and insisted on a part-time 
board. The answer lies in the fact that the Navy recognized the 
level at which the independent advice of scientists was at that time 
most needed. No general board, or even the Naval Research Ad
visory Committee of fifteen members, could constitute an adequate 
representation of all the disciplines and subdisciplines of science. 
Therefore it set up an extensive network of advisory committees 
by fields of science to assist in the screening of research proposals. 
In 1948 the list of fields under consideration included: geophysic , 
astronomy, mathematics, chemistry, undersea warfare, fluid mechanics, 
psychophysiology, biochemistry, human ecology, physiology, micro
biology, and psychology. 

From the point of view of the government, re-establishing 
scientific merit as the major criterion for spending money, and ob
taining the most reliable and experienced university scientists to 
make the decisions, meant the best available insurance to the taxpayer 
that there would be no waste. Who, other than a microbiologist , 
could judge the scientific worth of a proposal in the field of micro
biology? From the point of view of the investigator making the 
proposal, the advisory committee represented one of the most ancient 
and d1erished rights of the Anglo-American legal tradition-the judg
ment of his peers. From the point of view of the university, even 
the largest of which did not have enough microbiologists to form 
a disinterested jury, the national committee relieved the local ad
ministration of the necessity of making substantive decisions on 
individual projects. For the advisory committee members, who were 
by definition the men with the best reputations for research, life 
began to include periodic trips to Washington. 

38 Other networks of advisory committees spread over Wash-
ington in the postwar years. The four groups brought together by 
the OSRD contract for weapons research-the scientific program di
rector with his advisory committee in the agency, the agency's con
tract administrator, the administrative officer in the university, and 
the principal investigator in the university-were brought together 
in a close partnership in the name of basic research by ONR. By 
1949, the agency had expenditures of the order of $20,000,000 for 
1,200 projects in 200 institutions, engaging nearly 3,000 scientists and 
2,500 graduate students. It was to that time "the greatest peacetime 
cooperative undertaking in history between the academic world and 



the government." 30 If a serious flaw existed in the effective Navy 
program between 1945 and 1950, it was that the American people 
did not know that they had a productive parnership between gov
ernment and their universities. 

The National Institutes of Health 

In the organization of the government-university partner
ship, medical research has always been a special problem area. The 
problems stemmed, on the negative side, from the increasingly heavy 
costs of both medical care and medical education. The medical 
schools in universities reflected these problems, and the OSRD was set 
up in part to give medicine special administrative handling in the 
Committee on Medical Research. On the positive side, no field 
offered more promise in the peacetime world envisaged in 
Science-the Endless Frontier than did medical research. A people 
who had entered the war without penicillin emerged from it with 
altered expectations. A reproach against the federal research estab
lishment in the early 1900's had been "that more pains are now 
being taken to protect the health of farm animals than of human 
beings." 31 Because of the strength of the Department of Agriculture, 
this taunt was still valid in 1945, though clearly neither the Congress 
nor the people accepted the situation as an expression of their will. 
The result was pressure to do something in medical research. The 
National Research Foundation of Science-the Endless Frontier was 
not ready. The OSRD was closing clown. The Public Health Service 
seized the opportunity, not merely because its leaders were ambitious, 
but also because the Congress had already prepared them for the 
task by statute.32 

Much was made in the 1945 discussion of the inadvisability 
of a research agency with extramural contracts also operating in its 
own laboratories. Science-the Endless Frontier recommended 
against it, and the Atomic Energy Commission had only contract 
laboratories. Many old-line agencies that did not develop signifi-
cant extramural programs-the National Bureau of Standards and the 39 
Geological Survey, for instance-have found the postwar decades a 
period of trial. 

The Public Health Service was unimpressed by this seeming 
incompatibility. It had an impressive program of intramural research 
in its Hygienic Laboratory, which after 1930 was called the National 

•• Office of laval Research , Annual Rt:port, 1949, p. I. 

• 1 Irving Fisher, A Report on National Vitnlity: Its Wastes and Consemation (Wash· 
ington, 1909), p. 126. 

•• D. C. Swain, "The Rise of a Resea rch Empire: NIH, 1930 to 1950," Science, Vol. 
138 (1962)' pp. 1233-1237. 



Institutes of Health. It had begun making grants-in-aid to medical 
s~ools through the National Cancer Institute, established ,in 1937. 
Observation of the effectiveness of the Committee on Medical Re
search led the National Institutes of Health of the war period to 
become enthusiastic about research in universities as an adjunct to 
their intramural program. Therefore, in the Public Health Service 
Act of 1944, Congress conferred upon the Surgeon General of the 
Public Health Service the power to "make grants-in-aid to univer
sities, hospitals, laboratories, and other public or private institutions, 
and to individuals for such research projects as are recommended by 
the National Advisory Health Council, or, with respect to cancer, 
recommended by the National Advisory Cancer Council." The next 
year, R. E. Dyer, director of the National Institutes of Health, testi
fied at the Kilgore-Magnuson hearings that the Public Health Service 
already had "all of the authority in reference to health and medical 
research that is contemplated for the proposed foundation." 33 

Since authority is one thing, and money is another, the 
Public Health Service Act of 1944 did not assure the future of the 
National Institutes of Health as a major source of support of medical 
research; nor did it assure the future of the grant instrument as the 
most important means of linking university research to the govern
ment. In 1944 and 1945 the Bureau of the Budget withheld permis
sion from the Public Health Service to seek funds for a grant program 
in general medical research. Only when the OSRD Committee 
on Medical Research went out of existence, and its contracts were 
transferred to the National Institutes of Health, did the nucleus of 
an extramural grant program come into existence. Thus it was 
the National Institutes of Health that carried on beyond OSRD in 
medical research. By 1951, when a National Science Foundation 
came into existence, the National Institutes of Health expenditures 
for health research were of the order of $30,000,000, more than half 
of which was spent through extramural grants. The pattern of the 
congressional appropriation exceeding the budget proposal sent up 

40 by the President had already put in an appearance. 
The National Institutes of Health system of research support 

bore striking resemblances to that of the Office of Naval Research. 
The grant, a simple letter from the agency to the institution stipulat
ing in broad terms the purpose of the research and the financial 
aspects of the transaction, brought the responsible officer of the gov
ernment and the responsible administrative officer of the university 
into essentially the same relationship as that created by the Office 
of Naval Research contract. The investigator presented his proposal 

33 "Hearings on Science Legislation," p. 514. 



describing his research in a similar way. The study sections of the 
National Institutes of Health, which corresponded to the advisory 
committees of the Office of Naval Research, were organized by fields 
of medical research to obtain the part-time advice of leading univer
sity research men. Thus the government again gained the assurance 
of quality and the investigator gained the judgment of his peers. 

Some significant differences appear between the two opera
tions, however. In the first place, while medicine depends on basic 
research in many sciences, it is itself an applied science with a highly 
specific object, the human being. The National Institutes of Health 
could argue for broad and fundamental studies, but it could also 
argue the practicality of its research in a way that the Office of 
Naval Research could not, at least if it were to maintain its flexibility. 
In the second place-also related to the nature of medicine-the 
National Institutes of Health could serve uniquely well in promoting 
certain lines of research. Diseases made such obvious targets that 
even the members of the appropriations subcommittees in the House 
and Senate could see areas such as cancer chemotherapy and virus 
study as worthy of special emphasis. 

In the third place, the Office of Naval Research's Naval 
Research Advisory Committee, even though set up by law, had less 
specific authority than the Advisory Councils of the National Insti
tutes of Health, which by statute had to recommend a grant before 
the Surgeon General could act. Thus the voice of the scientist was 
more authoritative in the National Institutes of Health than in the 
Office of Naval Research, however similar the practices of the two 
agencies. Finally, the grant-in-aid, as applied by the National Insti
tutes of Health, was explicitly and unequivocally a support for re
search and not a purchase of research. In practice the Office of 
Naval Research contract also supported research rather than pur
chasing it, but the government's vast machinery for procurement 
contracts put the Office of Naval Research at a theoretical dis
advantage. 

Other Niches Occupied-AEC and Weapons Research 

The period 1945 to 1950 saw other agencies profit by the 
example of OSRD and fill niches left by its demise. The Atomic 
Energy Commission could and did contract with universities for 
much research on a project basis. But it also built upon the univer
sity-operated laboratories inherited from the Manhattan District to 
create a system of national laboratories. Oak Ridge provided the 
site for one, close to operating plants of the Commission. Others, 
notably Argonne National Laboratory at the University of Chicago 
and the Lawrence Radiation Laboratory at the University of Cali
fornia, had close physical and intellectual ties with their universities. 
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In the case of Brookhaven National Laboratory on Long Island, the 
Atomic Energy Commission made its contract with Associated Uni
versities, Incorporated, set up by several eastern universities for that 
purpose. 

The national laboratories were technically institutions that 
conducted contract research, and much public commentary concern
ing the government-university interrelated system actually refers to 
incidents and arrangements at these famous institutions. Actually 
their work is not in the same category with project research performed 
by individual professors on campuses. A single contract may well 
cover an entire laboratory, with its large scientific and support.ing 
staffs and its huge and costly machines. The laboratories have tradi
tions of free research, and the red tape of administering such large 
organizations rests but lightly on the investigators. The laboratories 
play a significant role in graduate education, and they have carried 
the United States to pre-eminence in many fields of physics which, 
without large-scale government support for expensive and highly 
specialized equipment, could not have been entered at all. 

The armed services, in the throes of unification and faced 
with the prospect of the cold war, had to evolve a weapons-research 
establishment after the end of the war without benefit of OSRD. 
The Office of Naval Research and contract programs in the other 
services provided for a continuing link between the military and the 
universities, but, as the diplomatic stalemate with the Soviet Union 
set in, and as weapons became so unconventional that research, rela
tive to production, became an ever greater percentage o[ military 
expenditures, two major trends became evident. One was the 
heightened emphasis on intramural research by the military depart
ments. The other was the increasing use of the research contract 
to purchase development on weapons systems from both profit and 
non-profit corporations. While not directly related to the government
university thread of this account, the contracts in the weapons area 
have had the indirect but sometimes almost overpowering effect of 

-12 adding to the over-all cost figures for research and of increasing the 
demands on the scarcest commodity of all, brainpower. Moreover, 
the research and development contracting officers, becoming ac
customed to dealing with profit corporations, tended to apply the 
same procedures to research contracts with universities. 

The Steelman Report 

In spite of the accomplishments at the working level which 
put the Office of Naval Research, the National Institutes of Health, 
and the Atomic Energy Commission laboratories and many univer
sity scientists to work, the failure of the immediate postwar reconver
sion to deal explicitly with the arrival of university science as a 



major national resource aroused concern. A feeling of unease led 

President Truman to appoint a President's Scientific Research Board 

under the chairmanship of John R. Steelman. Urgency and a 

sense of competition still radiate from the major recommendations 

of that committee, dated August 27, 1947: 

"(1) That, as a Nation, we increase our annual expendi

tures for research and development as rapidly as we can expand 

facilities and increase trained manpower. By 1957 we should be devot

ing at least one per cent of our national income to research and 

development in the universities) industry) and government. 

"(2) That heavier emphasis be placed on basic research 

and upon medical research in our national research and development 

budget. Expenditures for basic research should be quadrupled and 

those for health and medical research tripled in the next decade) 

while total research and development expenditures should be doubled. 

"(3) That the Federal Government support basic research 

in the univenities and nonprofit research institutions at a progres

sively increasing rate) reaching an annual expenditure of at least 

$250 million by 1957. 
"(4) That a National Science Foundation be established 

to make grants in support of basic ,·esearch) with a director appointed 

by and responsible to the President. 

"(5) That a Federal pmgram of assistance to undergraduate 

and graduate students in the sciences be developed as an integral 

part of an overall national scholarship and fellowship pmgram. 

"(6) That iCl program of Federal assistance to universities 

and colleges be developed in the matters of laboratory facilities and 

scientific equipment as an integral part of a general program of aid 

to education. 
"(7) That a Federal Committee be established) composed 

of the directors of the principal Federal research establishments) to 

assist in the coordination and development of the Government's own 

research and development programs. 

"(8) That every effort be made to assist in the reconstruc- 43 

tion of European laboratories as a part of aid to peace-loving coun-

tries. Such aid should be given on terms which require the maximum 

contributions toward the restoration of conditions of free interna-

tional exchange of scientific knowledge."34 

Any member of the public who wished to could read these 

recommendations, and, thus having before him the agenda for the 

next decade, should not have been overly surprised at the devel-

"'President's Scientific Research Board, Sciertce and Public Policy (Washington, 

1947), I, pp. 6·7. 
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opment of federal support for science in the decade 1947-1957. In 
fact, the Steelman Report's target figures were in every case far under 
the actual totals for fiscal1957.35 

•• A comparison of the Steelman Report target figures and fiscal 1957 shows: 
Expenses Fiscal Year 1957 

Projected in 1947 
I. Percentage of National Income for Science 1% 

II. 1. Total Research and Development in U.S. $2,240,000,000 
2. All Basic Research in U.S. 440,000,000 
3. All Medical Research in U.S. 300,000,000 

III. Basic Research supported by Federal 
Government outside its Own Laboratories 250,000,000 

Actual 1957 
2.26% (1 ) 

$10,030,000,000( 1 ) 

834,000,000(1 ) 

397,000,000( 1 ) 

311,000,000( 1 ) 

(
1

) National Science Foundation, Reviews of Data on Research and Develop
ment, No. 33 (NSF62·9) (April 1962) (Tables Ia, 2a, and 7). 

(
2

) U.S. Congress Senate, Federal Support of Medical Research. Report to Sub
committee of Committee on Appropriations, United States Senate, 86 Cong. 2 Sess. 
(May 1960), p. 77, (Table 22). 



IV 
Maturation of the System, 1950-1957 

The Belated Creation of the National Science Foundation 

Since the interrelated system developed so vigorously in the 
late 1940's, the impulse for a National Science Foundation could 

have been sustained only by people who still felt that important 

values were involved. The friends of science in Congress never let 

the idea die even after the veto of 1947. The Senate passed a bill 

regularly, so that the main discussion shifted to the Interstate and 

Foreign Commerce Committee of the House, where the late Repre-

sentative J. Percy Priest carried the main burden in behalf of the 45 

legislation. 
On the scientists' side, an Inter-Society Committee for a 

National Science Foundation brought together a group through which 

the nation's scientific societies could scrutinize the complexities of 

the legislative process and keep in touch both with congressional 

staffs and with the Bureau of the Budget, who, of course, handled 

the examination of the drafts of legislation for the Administration. 

The patent issue was largely laid aside as the conviction grew that 

the Foundation would concentrate on basic research. The organiza

tion of the National Science Board and its relation to the Founda

tion gradually yielded to a compromise in which the President 



appointed the director as well as the board, to whom certain direct 
powers of approval for grants were reserved. 

As applied research dropped out of the concept of the 
Foundation, the bill became easier to pass because of the disappear
ance of the patent issue, but harder to pass because basic research 
was not clearly and obviously related to the missions of government 
agencies. The major addition to the concept of the Foundation in 
these years was the coordinating role in the government research 
establishment. This feature brought in the support both of those 
who feared inefficiency in government spending and of those who 
thought of over-all planning as a necessity if science was to be directed 
to national goals. In 1950, after the sponsors of the bill had accepted 
a $15,000,000 ceiling on appropriations (less than the Office of Naval 
Research was using for contracts and the National Institutes of 
Health for grants), the National Science Foundation Act passed 
both Houses of Congress and was signed by President Truman. 

By 1950, Congress had clearly adopted the attitude that 
research required broad and flexible legislation. Under the National 
Science Foundation Act of 1950, the new foundation was authorized 
and directed: 

"(I) to develop and encourage the pursuit of a national 
policy for the promotion of basic TeseaTch and education in the 
sciences; 

"(2) to initiate and suppoTt basic scientific resea1·ch and 
pwgrams to strengthen scientific Tesea1·ch potential in the mathe
matical> physical, medical, biological, engineering, and other sciences, 
by mahin a- contracts or otheT arrangements (including gmnts, loans> 
and otheT forms of assistance) to support such scientific activities and 
appmise the impact of research upon industrial development and 
upon the general welfare . ... " 36 

In some respects the Act said even more about government 
science policy than its substantive provisions stated. Geographical 
distribution of research funds by formula-the formula of the lancl-

46 grant college system or other-was rejected. And the National Science 
Board was not specifically made representative of particular fields 
of science. But the legal requirements for membership carried with 
them the implied policies. Members "(1) shall be eminent in the 
fields of the basic sciences, medical science, engineering, agriculture, 
education, or public affairs; (2) shall be selected solely on the basis 
of established records of distinguished service; and (3) shall be so 
selected as to provide representation of the views of scientific leaders 
in all areas of the Nation." 1mpliecl here was a check on the power 

•• 64 Stat. 149 (1950). (Public Law 507-81 Cong.) 



of the government and a safeguard to a free science. Indeed, a 
minority report by six senators on an earlier version of the bill had 
put this apprehension concerning too strong a director into words. 

"The Administrator ... will plan and direct a science pro
gram with the full force of two hundred or three hundred million 
dollars per year. He can ignore the Board's advice in any field he 
chooses regardless of his competence in that field; he can ignore 
their advice in all fields and dictate his own ideas . ... 

"Today our educational institutions are proud of their inde
pendence and freedom. If in a few years they become dependent 
upon funds from the Federal Government ... they will not be able 
to resist the authority for dictation of this Czar of science,-the 
administrator. Only those schools ... satisfying one man will receive 
the Federal money."37 

If one proposition is fundamental to the whole postwar 
debate regarding the structure of science and its link to the govern
ment, it is that few-either in Congress or in the scientific com
munity-wished a czar of science. The Act of 1950, by its construc
tion of the National Science Board and the Division Committees, 
expressed the judgment of Congress that the system of advisory scien
tific panels was a legal and necessary part of the government's 
machinery. 

The Young NSF and the Choice of the Grant Instrument 

The first director of the National Science Foundation, Dr. 
Alan T. Waterman, moved not in the direction of becoming a czar, 
but to set up a system of support for basic research that would justify 
its stewardship of the taxpayers' money by careful scrutiny of each 
project by non-government scientists. As the former chief scientist 
of the Office of Naval Research, Waterman adopted many of its 
ground rules and practices. 

At the same time, the young National Science Foundation 
was aware of the precedent in the National Institutes of Health 
for using grants in the support of research. Because of the breadth 47 
of the National Science Foundation Act, the Foundation was in a 
position to make a choice of the legal instrument best suited to the 
needs of supporting basic research in the universities. As a working 
paper used in the Foundation in July, 1951, put it, "recognizing 
the inherent heterogeneity of basic research and the difficulty of 
fostering its conduct through a single administrative mechanism, 
the Congress has provided the Foundation with a sufficiently liberal 

• 7 Kurt Borchardt, ··congressional l se of Administrative Organization and Proce
dure for Policy-Making Purposes: Six Case Studies and Some Conclu~ions," George 
Washington Law Review, XXX (1962), pp. 440-441. 



grant of authority to meet almost any conceivable admixture of 
need." ss According to the working paper analysis, "unquestionably 
the arrangement most widely used by governmental agencies for sup
porting research is the contract. . . . In theory, at least, there is a 
quid pro quo relationship between the parties to the contract; but 
in practice, through a gradual (evolution) of the contract form in 
recent years, this relationship tends to become less rigid and to take 
on some of the attributes of a cooperative or grant arrangement." 39 

A grant, on the other hand, according to the working paper, 
"is, in a formal sense at least, a unilateral action by one party by 
which a sum of money, property, or other valuable consideration is 
given to another party for accomplishment of an agreed-upon pur
pose." 40 After reviewing the "elaborate overload of financial and 
property accountability which has often proved excessively burden
some to both contracting parties" in the use of contracts, and point
ing to the wide use of grants by private foundations as well as the 
Public Health Service, the working paper commended the grant to 
the Foundation's use. "Because of its flexibility, the grant is most 
appropriate to undertakings in which initiative and freedom of action 
play a decisive role and in which the production of some beneficial 
result is more to be sought than attainment of a set goal in a pre
scribed manner." 41 When the National Science Foundation chose 
the grant, it added a new dimension to the interrelated system. The 
Office of Naval Research definition of basic research and its organiza
tion of advisory committees were wedded to the legal instrument of 
the National Institutes of Health, creating an organization highly 
satisfactory for the continued alliance between university scientists 
and the government. With little money and an excellent system of 
advice, the National Science Foundation quickly established a reputa
tion for responsibility in the administration of its grants. 

Mission-Related Basic Research 

A major problem that faced the National Science Founda-
48 tion in its early years was finding a rationale for basic research inde

pendent of any of the particular missions recognized by the govern
ment. An assumption that had some currency in the early years was 
that the National Science Foundation would "take over" in the 
form of transfers the basic research already being performed by the 
Atomic Energy Commission, the Department of Defense, and various 
other agencies of the government. If this happened, one could 
say that the mission of the National Science Foundation was basic 

•• "Working Paper on Techniques of Fostering Research," dated 7 j23 j 51, NSF Rec-
ords. •• Ibid., pp. 3-4. •• Ibid., p. 5. "Ibid., p. 6. 



research, especially in the universities, while the Navy would support 

applied research related to its mission. Although some people took 

some time to get over this simple notion, it soon became clear that 

major transfers were impractical and that the well-established agen

cies could make a strong case for continuing their university con

tracts. The fundamental reason for this was that basic research 

activities and applied research activities had become so intertwined 

that the various agencies of the government felt a need that was no 

less urgent because it did not fit accepted definitions-the need for 

"mission-related basic research." If such a category were admitted, 

was there a real need for a National Science Foundation, after all? 

The answer of the Eisenhower Administration to this ques

tion was "yes." In Executive Order number 10521, elated March 17, 

1954, arrived at after extensive consultation, President Eisenhower 

said, 
"As now or hereafter authorized or permitted by law, the 

Foundation shall be increasingly responsible for providing support 

by the Federal Government for general-purpose basic research through 

contracts and grants. The conduct and support by other Federal 

agencies of basic research in areas which are closely related to their 

missions is recognized as important and desirable especially in re

sponse to current national needs, and shall continue." 42 

While this did not say anything that the Congress had not 

already said in a number of organic acts, the reiteration confirmed 

the Foundation's mission as "general-purpose" basic research. At 

the same time it gave other agencies grounds to argue that they had 

full scope to conduct mission-related basic research. Such a plural 

system made possible the support of basic research in a variety of 

different ways, and assured those concerned with missions in health 

and weaponry of vigorous scientific activity in their areas among 

university scientists. A National Science Foundation that con

solidated everything called basic research might have become rich 

and powerful quickly, but the plural linkage added much to the 

strength and flexibility of the interrelated system. 49 

The National Science Foundation took the attitude that 

fostering mission-related basic research in other agencies strengthened 

science as a whole. To make the plural system described in Execu

tive Order 10521 even more effective, and to make rapport between 

other government agencies and university scientists easier, the Na

tional Science Foundation encouraged the passage of legislation in 

1958 by which Congress authorized all federal agencies to use grants 

.. Executive Order 10521, March 17, 1954, reprinted in National Science Founda· 

tion, Fourth Annual Report, for the Fiscal Year Ending june 30, 1954, pp. 118-ll9. 



instead of contracts for the support of scientific research. The law, 
in effect, put both the National Science Foundation and Congress on 
record as favoring basic research in widely dispersed agencies of the 
government. 

The Strengths and Limitations of a Plural System 

The virtues of the plural system of the mid-1950's were 
many. The investigator had several chances to seek support for 
his' ideas. The steady flow of proposals, the periodic gathering of 
the panels and study sections, the judgment of peers, the grant 
letters and contracts which emerged, became a settled and familiar 
pattern in the government. The interplay of actions that determined 
the proportion of federal funds allocated to each field tended to 
produce a kind of balance in which rapid changes of priority assigned 
to different fields were hard to accomplish. Indeed, no clear mecha
nism existed for making priority deci sions, either among fields or 
among agencies. 

Occasionally a special circumstance could produce some 
change in priority. The International Geophysical Year, an event 
that required the contribution of many countries to a coordinated 
series of experiments probing the entire environment accessible to 
man or his instruments, was occasion for a deliberate change in 
priority. Congress fully supported the emphasis by appropriations. 
But the plural system allowed such a shift to occur only when the 
most careful, vigorous, and foresighted action joined an especially 
appealing opportunity. An external event which disturbed the even 
tenor of the plural system was sure to create a demand for a more 
vigorous coordination of the government's role in science. 

In a system in which a plurality of executive agencies sup
ported science in a plurality of universities, that Congress should 
make a plural response is not surprising. The Congress, almost by 
definition, is largely engaged in resolving conflicts among the plural 
interests of American life as a whole. In addition, the committee 

50 system of Congress makes a single response difficult and a plural 
response the expected thing. Senators and congressmen gain respect 
and power by concentrating on a few areas which are the particular 
spheres of the committees on which they serve. In the early 1950's 
science policy as such did not have a high priority among the gen
eral issues on which all members of Congress have to be informed. 
Hence the number of full-dress debates on the floor concerning 
science were few, but there were always specialists who were follow
ing the development of parts of the interrelated system closely. 
Scientists were often confused by this combination of poor understand
ing of science in the Congress and intimate knowledge of the workings 
of the system on the part of a few congressmen. 



Among the well-informed committees on science matters, 
the standing committees that had substantive cognizance over the 
great executive agencies naturally took first place, and of these the 
Joint Atomic Energy Committee is an outstanding example. It took 
a detailed interest in the affairs of the Atomic Energy Commission, 
and some of its members gained a high degree of expertise on the 
administrative side, and even, in a general way, on the scientific 
side, of the Commission. The committees of both Houses that 
had cognizance over the armed services became accustomed to the 
concepts that underlay the extensive research operations of the De
partment of Defense. And the committees on commerce and agri
culture continued and deepened their historic interest in research. 

One of the objectives of the scientific community in its 
dealings with the government had been, as we have already seen, to 
get away from short-term authorizations. Science sometimes requires 
abrupt and unforeseen changes in response to a changed research 
situation, but it equally requires the long-term support that makes 
sustained effort possible over periods of time up to several years 
before decisive results can be shown. Thus the provision of finan
cial support for basic research on a year-by-year basis has often 
been the bane of science in government programs. In recognition 
of the need for greater stability, Congress has often appropriated 
funds for research programs on an open-ended basis-that is, to 
be available until obligated-so that commitments can be made for 
research extending over several years. 

This practice, together with the practice of authorizing re
search programs with no definite dollar limitation, gives the appro
priations committees a major role in the review of research programs. 
Some of the legislators most actively interested in scientific programs 
during the 1950's were members of the appropriations committees. 

The mistrust that many rank-and-file members of the scien
tific community feel toward Congress reached a high pitch in the 
early 1950's because of the investigations by Senator Joseph R. 
McCarthy for the Senate Committee on Government Operations. 51 
The challenges of the loyalty of scientists, and of their ability to 
serve the government in sensitive areas, made them fear that the 
investigatory powers of Congress did not serve the government-science 
alliance well. Some other hearings of the period ·did nothing to 
allay the fears that had been aroused, or to make scientists feel that 
the investigatory powers of congressional committees were construc-
tive forces. 

Yet the pluralism of the government-science scene was so 
complete in the early 1950's that any channel of coordination might 
serve the potentially useful purpose of offsetting the sometimes con
flicting interests and missions of the several science agencies. In 



52 

the Congress, the impulse toward coordination would not likely come 
through the standing substantive committees, linked as they were 
to individual agencies. The investigatory power, then in the hands 
of members of Congress outside the senior leadership on the stand
ing substantive committees, was the main hope for an over-all look 
at the interrelated system and for raising questions about the coordi
nation of its components. 

The Committees on Government Operations of the House 
and, Senate might not appear to headline readers as likely instru
ments to create increased coherence in the interrelated system. Yet 
even while the Army-McCarthy hearings filled the newspapers, a 
subcommittee of the House Committee on Government Operations 
raised many fundamental questions about research and development 
in the Department of Defense which would never have seen the 
light of day if the hearings had not been held. Furthermore, most 
of the leaders of the scientific community gained a chance to put 
their views before the Congress and the public, which they would 
otherwise not have had. 

The Committee asked fifty leading scientists a series of ques
tions; among them were: "To what extent should the Department 
of Defense contract with non-governmental institutions to carry on 
military research and development programs? To what extent should 
private, nonprofit institutions participate? To what extent should 
private industry participate? How much in-house research is required 
for the military services to be capable of exercising qualitative con
trol over research and development conducted by outside labora
tories?" 43 As research and development became an ever more prom
inent area of government activity, and its over-all organization 
became a cause for apprehension, the Committees on Government 
Operations became a natural focus for interest in science. If a major 
disturbing factor were to enter the picture, the Committees on Gov
ernment Operations could be expected to step up their interest in 
the over-all organization of research and development. 

•• ''Organization and Administration of the Military Research and Development 
Programs," Hearings before a Subcommittee of the Committee on Government 
Operations. House of Representatives, 83 Cong., 2 Sess., June 8-24, p. 2. 



v 
After Sputnik 

Competition with the Soviet Union was the disturbing factor that 

put a new series of stresses on the now well-established plural and 

interrelated system of government-supported university research. 

Sputnik symbolized the competition and the challenge of the Soviet 

Union to the whole American people. The National Science Founda

tion had already discovered that Nicholas DeWitt's book, Soviet Pro

fessional Manpower, published in 1955, had a marked effect in inter

esting Congress in support of its program for education in the 

sciences. But, with Sputnik, millions who had not previously thought 

about the government's science policy developed a strong feeling 

that some priorities should at least be re-examined. 

Changes in Organization by President and Congress 

The Eisenhower Administration responded promptly with 

the appointment of Dr. James R. Killian, Jr., president of M.I.T., to 

the newly created post of Special Assistant to the President for 

Science and Technology. The President's Science Advisory Committee 

was reorganized to report directly to the President. Soon thereafter, 

as a result of the report of the President's Science Advisory Com

mittee, Strengthening American Science, the President also set up 

the Federal Council of Science and Technology. 

In the wake of Sputnik, the Congress took a lively and con

cerned interest in the plural interrelated system. It markedly 

strengthened the National Science Foundation and passed the 

National Defense Education Act. To a much greater extent than 53 

usual, congressional leaders took the lead in shaping the legislation 

which created the National Aeronautics and Space Administration 

and the National Aeronautics and Space Council. It also realigned 

its committee system by creating two new standing committees

Aeronautical and Space Sciences in the Senate, and Science and Astro-

nautics in the House. The Democratic leadership of the Congress 

had thus worked with the Eisenhower Administration in creating 

a whole new set of institutions in both the executive and legislative 

branches. The senate committee limited itself to "Aeronautical and 

Space Sciences." But the house committee, by adopting the term 

"Science and Astronautics," projected a broader role than that of a 



standing committee for the National Aeronautics and Space Ad
ministration. 

In the stresses of 1958, with Soviet competitiOn foremost in 
everyone's mind, with searching questions being asked about the 
whole range of American education, with the Congress and the 
Executive controlled by different parties, it would have been sur
prising if members of Congress outside the regular committees had 
not given close attention to the workings of the interrelated system. 
It would also have been surprising if the Committees on Govern
ment .Operations had not come strongly to the fore with questions 
about over-all coordination. A subcommittee of the Senate Com
mittee on Government Operations held hearings on a whole series of 
bills to create a Department of Science and Technology and a cabinet 
post of Secretary of Science and Technology. At the same time, the 
subcommittee and its staff became particularly interested in the CO· 

ordination of scientific information. Their efforts helped in the crea
tion of the Office of Science Information Services in the National 
Science Foundation through a provision in the National Defense 
Education Act of 1958. But their interest did not stop there. A series 
of reports on science information has continued to emanate from the 
subcommittee, a clear example of how sustained congressional interest 
can provide long-term stimulation to a matter of science policy. 

Congressional interest in a Department of Science and Tech
nology was given a particularly sharp edge because the coordinating 
structure, erected by the Eisenhower Administration around the 
Special Assistant for Science and Technology, was located within 
the White House, and thus was not available for questioning by 
congressional committees. A senator complained that when "a legis
lative subcommittee has to dig around and do its own investigation 
and sleuthing, that is when the trouble starts. That is when the 
half-truths come out. That is when you get the misrepresentation 
that takes place. . . . It seems to me somewhere, somehow, there 
ought to be the openness, the frankness of contact and of communica-

54 tion that the present situation requires, because the scientific pro
gram of this Government is no better than the knowledge of Congress 
about it, because we can either make it or break it either through 
our lack of knowledge or of enlightenment on the problems in
volved." 44 Although a consensus for a Department of Science and 
Technology never developed, either within the Congress or within 
the scientific community, the interest stirred up by the subcommittee 
had the great merit of indicating the need for coordination both in 

""Create a Department of Science and Technology," Hearings before the Subcom
mittee on Reorganization and International Organizations of the Committee on 
Government Operations. United States Senate, 86 Cong., 1 Sess., May 28, 1959, p. 129. 



the Executive and in Congress, and of pointing up the necessity for 
good communication between the two branches. The proposal for 
a commission to study the creation of a department of science stemmed 

from these hearings and has passed the Senate regularly since then. 
Another subcommittee of the Senate Committee on Govern

ment Operations also entered the post-Sputnik arena of science policy 
coordination through an investigation of national security machin
ery. This subcommittee sought the opinions of many members of 
the scientific community and included a section on science policy 

in its final recommendations, which appeared in the first days of the 
Kennedy Administration. The subcommittee saw the virtues of 
the science policy machinery set up within the White House, but 
urged the President to use his reorganization powers to move the 
structure out of the White House and into the Executive Office of 
the President, thereby allowing the Special Assistant for Science and 

Technology to appear before congressional committees. The step 
recommended by the subcommittee was taken by President Kennedy 
in Reorganization Plan No. 2 of June, 1962. With this change, the 
movement for a separate department of science has lost momentum. 

Thus the Congress gained a regular channel of communica
tion to the fourfold structure within the Executive which was con
cerned with over-all science policy. The President's Special Assistant 
for Science and Technology now serves as an adviser to the Chief 
Executive. As chairman of the President's Science Advisory Com

mittee, he presides over a group of scientists from private institu
tions who provide the Executive with advice from the scientific 
community. As chairman of the Federal Council for Science and 
Technology, he presides over a group of high-level representatives 
from government agencies with major research and development 

programs. And finally, as director of the Office of Science and Tech
nology in the Executive Office of the President, the Special Assistant 
is available to give information to congressional committees that 
seek it. Staff work organized through the Office of Science and 

Technology help the Special Assistant to coordinate his several roles 55 

in the service of the President. 
On the House side, the Committee on Government Opera

tions also responded to the post-Sputnik stimulus. As the Senate 
groups had done, it took a stance outside the regular committees that 
dealt routinely with the interrelated system. The Subcommittee on 
Intergovernmental Relations took a rather different tack from that 

of its Senate counterpart, but at its base was the same concern for an 
over-all congressional view of research and development. The House 
subcommittee chose the rapidly expanding health research area for a 
detailed examination of granting procedures. In 1961, after two years 

of investigation, it issued a report dealing with the major features of 
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the linkage between the government and universities supplied by the 
National Institutes of Health. It reviewed the administration of 
grants and training programs and the always thorny problem of in
direct costs. The relation of this subcommittee to the present report 
is explained in the preface to this report. 

In the post-Sputnik era, the alliance between the govern
ment and the universities had to acquire new dimensions, yet the 
basic relationship could not be forgotten in the urgent attempt to 
meet immediate national needs. Science was now a yardstick of 
Sovie,t-American competition, but the historic urge of the scientific 
community to preserve the conditions necessary for its creativity could 
not cease. In the fall of I 960, in the midst of a great national elec
tion, the President's Science Advisory Committee pointed to the bond 
that had grown up between the government and the universities. 

"The truth is as simple as it is important: 
Whether the quantity and quality of basic research and graduate edu
cation in the United States will be adequate or inadequate depends 
primarily upon the government of the United States. From this 
responsibility the Federal Government has no escape. Either it will 
find the policies-and the reuources-which permit our universities to 
flourish 'and their duties to be adequately discharged-or no one will." 4 ~ 

As scientists, university administrators, government officials, 
and congressmen struggle to adjust the many strings that bind the 
interrelated system together, they can at least take comfort in a few 
generalizations drawn from a glance toward the past. 

The interrelated system grew out of the actions of respon
sible people consciously responding to urgent problems, and re
sponding to get maximum benefit from the most powerful tool avail
able-research. 

The plural system has many roots for its authority and 
many alternative administrative means of solving a given problem. 

The scientific community has consistently insisted on the rec
ognition of the principle of scientific freedom, and the American 
political community has recognized that this freedom is consistent 
with our form of society and responsible government. 

The record shows a continuous regard for the government's 
responsibility for the money entrusted to it by the people. And the 
overwhelming majority of the scientific community has throughout 
the record respected that responsibility. 

Freedom and responsibility are the twin necessities of a sys
tem that the American people have every reason to approve. 

•• President"s Science Advisory Committee, Scientific Progress, the Universities, and 
the Federal Government (Washington, 1960), pp. 10-11. 
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VI 
Profile of the Government's Present 
Role in Science 

Statistics: Expenditures 

A profile of statistics delineating the government's role in 
science shows a continuation of the system of support already in 
existence in the 1950's. It also shows a series of new trends whose 
development has contributed substantially to the present over-all 
totals. The rise of total expenditures-public and private-for re
search and development from approximately $5 billion in 1953-54 to 
nearly $15 billion in 1961-62 (see Chart 1) is certainly striking 
enough in itself. But one must also note that applied research and 
development has been consistently the largest part of that total. 

58 Thus expenditures for basic research (on the order of $1 billion in 
1961-1962) are a relatively minor part of the over-all total. The trends 
in federal obligations for research, development, and research and de
velopment plant, fiscal years 1947-1964 (see Chart 2), show both that 
the totals have gone up steeply and that a preponderance of applied 
research and development has characterized the federal government's 
program, as it has the total national investment. 

1964 statistics represented on the charts in this section are 
based upon budgeted figures, and thus do not reflect subsequent mod
ifications resulting from congressional action and administrative de
cisions (see Table 1). These subsequent modifications do not, how
ever, alter the essential trends of the curves as shown. 



If one turns to an analysis of the funds used for research 
and development in the various sectors, 1952-1962 (see Chart 3), it 
is clear that industry has remained the major performer of research 
and development, with intramural research and development by the 
federal government second, although the latter's relative growth has 
been less than that of the other sectors. The colleges and universities 
performed research and development totaling $450 million in 1953-
1954, as compared to $1.4- billion in 1961-1962. Federal obligations 
for performance of research and development, by sector (see Chart 4), 
reflects the same basic situation, with profit organizations in l 955 
performing little more than the federal government in its own labora
tories. By fiscal I 962, federal obligations to profit organizations were 
more than to all other sectors combined. From 1955 to 1961, the per
centage of total federal research and development funds used by the 
colleges and universities remained relatively stable, representing ap
proximately 10 per cent of total federal obligations. This stability 
lies at the heart of the approach of this report. The government
university partnership was a success at the beginning of the 1950's, 
and therefore has continued to grow in an orderly manner through 
the recent past. 

The relations among the sectors of science support and the 
predominance achieved by the federal government as a source of 
funds are demonstrated by the table of intersectoral transfers for 1961-
l 962 (see Chart 5) . The figure representing the operation of the 
government-university interrelated system is the $600 million for re
search and development (including $330 million for basic research) 
which stems from the federal government as the source of funds, with 
the colleges and universities proper (as opposed to research centers) 
as the performers. It is the relative rather than the absolute size of 
this figure that is a major concern of the scientific community. The 
graph of research and development performance by sector and type 
of work, l 962 (see Chart 6), shows the prominence of the universities 
in the performance of basic research, and the prominence of federally 
financed basic research in the universities. Thus it is clear that the 59 
fate of federal support to the universities and the fate of basic re-
search are closely linked. 

Turning to an agency breakdown of research and develop
ment (and research and development plant) expenditures for fiscal 
years l 940-1964 (see Chart 7) , one can see the drama of the changing 
roles of individual agencies. The Department of Defense tops by far 
all the others in the postwar period, but it shows a decrease in its 
proportion of total federal research and development expenditures, 
from 73 per cent in 1960 to an estimated 51 per cent in 1964. The 
National Aeronautics and Space Administration meanwhile has risen 
to an estimated 28 per cent. The Atomic Energy Commission, while 
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rising from $1 billion to $1.5 billion from 1960 to 1964, nevertheless 
declined from 13 per cent to an expected J 0 per cent of the total. The 
expenditures by the Department of Health, Education and Welfare 

60 (which, of course, includes the National Institutes of Health) and the 
National Science Foundation comprise only five per cent and one per 
cent, respectively, of total federal expenditures for research and de
velopment. The declining proportion for the Department of Defense 
and the rising proportion for the National Aeronautics and Space 
Administration are illustrated on the graph (Chart 8) showing re
search and development as a percentage of the gross national product. 

Federal obligations for research and development by agency 
for 1962, 1963, and 1964 (see Chart 9) reflect the towering position 
of the Department of Defense and the growing role of the National 
Aeronautics and Space Administration. It is notable that basic re
search is well Llispersed through the agencies of the government. The 
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National Science Foundation is neither the sole home of basic re

search in the government, nor the largest supporter of it. This graph 

shows statistically what Executive Order 10521 of 1954 stated in ad

ministrative language. 
That the fields of science have not shared equally in federal 

funds is shown by the trends in federal obligations for total research 

by major fields of science, 1956-1964 (see Chart 10). Engineering has 

been the principal recipient throughout the period, obligations to it 

reaching an estimated $2.57 billion, or 14 per cent of the total re

search effort, in 1964. The overwhelming part of this goes into ap

plied work related to large development efforts. The physical sciences 

accounted for 18 per cent of the total research effort in 1956, but this 

figure had risen to 26 per cent for 1964. Medicine and biology ac

counted for 12 per cent each of the total in 1956, but by 1964 medi

cine was scheduled to rise to 14 per cent while biology dropped to six 

per cent. The social sciences, at an estimated $352 million in 1964, 

accounted for two per cent of the total. 
For those genuinely concerned with the critical elements in 

government spending for research and development, the great lesson 

of this profile is that the big totals come in parts of the spectrum 

other than basic research and in sectors other than the universities. 

The statistics show, however, that the link between the government 

and the universities does exist, that large funds are involved , and that 

the funds loom proportionately much larger for the universities than 

for the government as a whole. 

Administrative Practices of Fedem l A gencies 

As already shown, a number of federal agencies participate 

in the support of basic research, and, as one might expect from the 

various paths by which they entered the field and the variety of their 

missions, their administrative practices differ greatly. The agencies in 

the Department of Defense support basic research to maintain the 

military strength of the United States. The enabling legislation that 

62 paved the way for establishing the Atomic Energy Commission and 

the Department of Health, Education and Welfare recognizes the 

need for research in their respective areas. The National Aeronautics 

and Space Administration is charged with exploring outer space and 

making the results of this exploration useful. The National Science 

Foundation has responsibilities for the support of basic research 

generally. 
It is important to note that the established tradition of statu

tory construction in the United States permits not only activities 

authorized by the language of the statutes narrowly construed, but 

also those authorized by reasonable inferences from the statutes. These 

may be drawn from the records of congressional hearings and reports 
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of congressional committees. They are often drawn from the "com
mon sense" of the situation. Such extended authority has often been 
sustained by judicial interpretation, by governmental practice in the 
absence of judicial challenge, and by congressional appropriation of 
relevant funds. What administrators have long clone with govern
ment funds is a good index of congressional intent. Thus the nature 
of the work done by a contractor or a grantee and the degree of 
freedom of action permitted them do not depend upon the narrowest 
interpretation of the language of the statutes defining the mi~s ion of 
a granting agency. The basic research contract or grant is within the 
statutory authority if the agency judges it conducive to the success of 
its mission as defined by the statute. Thus, agencies with practical 
missions need not restrict the freedom of action of ba ic research 
contractors or grantees because of the practical nature of their mission. 

Although all agencies have been authorized since 1958 to 
use the grant form of support for basic research, the actual practices 
in support of individual projects (liffer widely from agency to agency. 
The National Science Foundation uses grants of up-to-five years dura
tion, the median being approximately two years. In the Department 
of Defense, the Office of Naval Research continues to use the fixed
price contract form of support, renewable at one-year intervals and 
sometimes for two or three years ahead. The Army Research Office 
uses grants or contracts of one-to-five years duration, two years being 
the median. The Office of Scientific Research of the Air Force uses 
both grants and contracts of one-year duration, but renewable for 
two more years. The Advanced Research Planning Agency (ARPA) 
uses annually renewable contracts. The National Institutes of Health 
uses annual grants renewable for up-to-seven years, with a median of 
three years. The Atomic En ergy Commission uses contracts, usually 
of one-year duration and renewable. The National Aeronautics and 
Space Administration uses grants, mostly funded annually. 

Both grantees and contractor are required to report the 
progress of their work. Implementa tion of this requirement actually 
varies greatly from one agency to another, from a simple submission 65 
of reprints of published work to frequent and more or less formal 
progress reports. All agencies use cost-type contracts for large proj-
ects and construction of research facilities. Some research contracts 
(for instance, those of the Office of Naval R esearch) state explicitly 
that their purpose is to support the conduct of research (as against 
purchase of research results). Jn these contracts, r·esearch objectives 
are described in broad terms only; thus no more restrictions are 
placed on the research freedom of the investigator than in grants. 
Other contracts are more restrictive. 

All recipients of grants and contracts are required to keep 
records showing how funds have been spent. These may be inspected 



CHART 5 
RESEARCH AND DEVELOPMENT, 1961-62 INTERSECTORAL TRANSFERS OF Fl' NDS USED FOR PERFORMANCE (PRELIMINARY) 

Research and Development Performers (Millions of Do/la,.s) 

Colleges & Universities Percent 

Federal Fed '! Contr. Otl1er Nonprofit Distribution 

Sources of Funds Used Government Industry Proper' Research Centers Institutions Total R & D Sources 

Federal Government $2,090 $6,310 2 $600 $450 $200' $9,650 65 

238 89 JJO 112 80 8-19 57 

Industry 4,560 55 90 4,705 32 
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180 180 12 
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Percent Distribution, R & D Per£om1ance 14 74 fi 3 3 100 
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1 Includes ag1icultural experiment stations. 'This amount includes funds from the federal government {or research centers administered 

by organizations under contract with federal agencies. ' Data include state and local government funds. 

Note: All data are based on reports by the performers. Source: National Science Foundation. Basic Research 



CHART 6 
RESEARCH AND DEVELOPMENT PERFORMANCE 
BY SECTOR AND TYPE OF WORK, 1962 ' 
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by auditors to determine that money has been spent for agreed proj

ects, and, in those cases where a budget has been specified, the audi

tors may determine that expenditures are consistent with budgets. 

Contracts usually vest the title to permanent equipment acquired 67 

under the contract in the agency rather than the contractor, who is 

required to keep property records until the agency may decide to 

turn the property over to him. Grants generally vest the ownership 

in the grantee institution but, in the case of National Institutes of 

Health grants, the equipment must be used for health-related re-

search after the expiration of the grant. 

Most agencies make extensive use of scientists outside the 

agency staffs for advisory services in the selection of research projects. 

Except for a few with a statutory basis, such as the National Advisory 

Councils in the National Institutes of Health and the National Sci

ence Board, the roles of advisory committees, panels, and individual 
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CHART 8 
RESEARCH AND DEVELOPMENT AS A PERCENTAGE OF THE GROSS 
NATIONAL PROJ)L'CT, 1953-54-1962-63 . 
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1 Defense 
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'Includes DOD and part. of AEC. 

62-63 
Est. 

Note: Data for the GNP refer to the earlier calendar year. Source: R. & D. data, 

National Science Foundation. GNP data, L: .S. Depanment of Commerce. 

referees are set by administrative decisions. The extent and form of 

practices differ greatly from one agency to another. Thus the a

tiona! Science Foundation uses referees to evaluate proposals, and 

advisory panels usually arrange the proposals in an order of excel- 69 

lence. However, the practice Yaries from one division to another. In 

the National Institutes of Health the study sections evaluate proposals 

for scientific competence and arrange them in corresponding order. 

The Aclvi~ory Councils then make final recommendations based on 

relevance to the National Institutes of Health program. The Atomic 

Energy Commission uses only individual referees, while the National 

Aeronautics and Space Administration relies largely on advice from 

scientists in the centers it operates. In the Department of Defense, the 

Office of Naval Research uses some advisory committees ancl imlivi~l-

ual referees. The Office of Scienti fie Research uses panels of referees 

appointed by the National Academy of Sciences. The Office of Army 



CHART 9 
FEDERAL OBLIGATlONS FOR RESEARCH AND DEVELOPMENT, BY SELECTED AGENCY 
FISCAL YEARS 1962, 1963 AND 1964 

Billions of Dollors 
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CH ART 10 
T R ENDS I N FEDER AL OBU CATIONS FO R TOTAL R ESEA R CH , BY MAJOR FIELDS OF SCIENCE 

FISCAL YEAR S 1956- 1964 
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Research uses individual consultants in a manner differing from one 
discipline to another. The Advanced Research Planning Agenc) 
use's advisory committees and individual referees. 

Problem Areas Surrounding the I 11 terre/a ted System 

In the changes of scale and emphasis in federal programs 
for research and development over the last five years, new strains have 
become evident. Some of these strain are in the government-univer
sity partnership itself. Many others, however, have developed else
where in the interrelated sy tem. In some cases extension of the 
project system is clearly required. In others the indiscriminate ex
tension of the project-grant S)Stem i an inferior solution to problems 
that should be faced directly and forthrightly by the makers of policy. 
\Ve can only li&t some of the problem areas that we see developing 
adjacent to our subject, and emphasi1e that we consider them worthy 
of separate examination in their own right. 

The object of federal support i~ not only increasing scientific 
knowledge but also strengthening of the universities themselves. The 
trained men and strong institutiom produced by federal support are 
in themselves a major national resource in peace or war. Thus, the 
production of future scientists and strong, independent universitie~ 

broadens both the opportunities and the problems of federal ~upport 
beyond the bounds of basic research and related graduate education. 

Construction and major facilities. Since the institution of the 
interrelated system during \\' orld \\1ar II, the go,·crnment has in
creasingly felt the necessity of providing support for research by major 
plant im·estment. Chart 2 reOccts this federal interest, and the 1963 
legislation for college aid will doubtles~ accentuate the trend. 'Vhen 
institutions of higher learning accept support for large buildings and 
other facilities, the uses to which the buildings arc put are often re
lated to other missions of the institutions a well as to federally sup
ported research, and the formulae and legal instruments by which the 
arrangements are made must take these complexities into account. 

72 Programs in science education. ,\lwa)S present as a direct 
adjunct to research at the graduate level, programs in science educa
tion have developed greatly since Sputnik. They have followed the 
quest for new scientific talent dovvn into the grade schools, in recog
nition of the fact that the beginnings of scientific careers are made 
early. Indeed, the important decisions regulating the supply of 
scientific manpower are often made by boys and girls in school. Insti
tutes for teachers and programs for improving courses of instruction 
have gained wide support in Congress, in the universities, and in ele
mentary and secondary education. These educational improvements 
not only assist the training of future scientists, but also have the ef
fect of bettering the quality of the education of all. 



TABLE I 
RELATION OF FEDERAL OBLIGATIONS FOR RESEARCH AND DEVELOPMENT AND R&D PLANT, 
BASED ON THF; BUDGET, 1964, TO THOSE BASED ON SL' BSEQL'E;\'T CONGRESSIONAL ACTION 
AND ADMINISTRATIVE DECISIONS, BY SELECTED AGENCY, FISCAL YEAR 1964 (ESTIMATED) 1 

(l\Jillivn s of dollars) 

Subsequent Congressional 

Agency The Budget I964 and administrative decisions 

R&D R&D Plant Total R&D R&D Plant Total R&D 

TOTAL, ALL AGENCIES .............................. 15,329 1,672 17,001 14,566 1,763 16,329 -763 

Department of Agriculture .................... 184 2 186 184 2 186 
Department of Commerce ........................... 69 58 127 56 56 112 -13 

Department of Defense ................................ 7,868 97 7,965 7,636 96 7,732 -23I 

Department of Health, Education, 
and Welfare ....................................... 842 77 919 79I 85 876 -51 

Department of the Interior 125 10 135 120 9 129 -5 

Atomic Energy Commission .......... 1,195 299 1,494 1,237 407 1,643 + 42 
Federal Aviation Agency ........... 60 17 77 109 19 128 +50 
National Aeronautics and Space Ad-

ministration ...................... ···································· 4,672 976 5,648 4,175 1,027 5,202 -497 

National Science Foundation .................. 211 130 341 166 59 225 -45 

Veterans Administration 33 7 40 34 3 37 +I 
All Others ......................................................... 70 2 70 57 2 57 -13 

1 In a few instances, R&D and R&D Plant do not add up precisely to rhe totals shown, due to rounding of figures. 
2 Less than .$500,000 
Source: National Science Foundation. 

Actual change 

R&D Plant Total 

+90 -672 

-2 -I5 
-1 -232 

+s -43 
-I -6 

+107 +149 

+2 +.52 

+51 -446 
-71 -116 
-4 -3 

-13 
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Science infor·mation. Unless the results of research reach 
th~ people who need to know about them promptly and efficiently, 
the best of research projects will not be effective. The responsibility 
for science information is shared by the government, the universities, 
and the scientific community. A report of the President's Science 
Advisory Committee, issued January 10, 1963, and entitled Science, 
Govemment, and Information: The R esponsibi lity of the T echnical 
Community and the Govemment in the Transfer of Information, 
deals with this responsibility comprehensively. 

The humanities and the social sciences. Healthy universities 
are more than just collections of departments of mathematics, physics, 
chemistry, and biology. Their programs in the humanities and the 
social sciences must also develop their full potentials in the interest 
of scholarship as a whole. Even the education of scientists cannot 
neglect other fields of learning, if the scientists of the future are to 
contribute fully both in their professional capacities and as citizens. 

Civilian industrial technolog;y. Means by which the results 
of research may be brought to bear on the everyday needs of the 
civilian economy, as they have been on the requirements of military 
and space programs, should be given careful con ideration. 

National faciliti es. In some fields of science, the trend tO· 
ward national facilities instead of installations at individual universi
ties has been apparent. Special area requirements, expensive equip
ment, and inter-disciplinary approaches often make the creation of 
such facilities desirable. They pose special problems, however, for the 
government agencies and the universities that participate in them. 

Experiments requiring large outlay for supporting technol
og;y. The cost in dollars per scientist engaged in research has been 
rising astronomically in some areas. Actually included in the total 
costs are necessary large outlays-often totaling many millions of dol
lars-for supporting technology. Some projects involve military per
sonnel and large labor forces. For lack of explicit classification of costs, 
however, these massive totals are charged entirely to basic research. 

Basic reseanh in governmental laborator·ies. Our general be
lief that basic research is most often at home in a university setting 
should not obscure the fact that it also is done in government labora
tories and that, in certain fields, the government laboratory has both 
special equipment and skilled investigators. Also, applied research, 
which is the usual activity of many government laboratories, may 
gain significantly in range and effectiveness if some basic research 
projects are also conducted in those laboratories. 

Ba.sic research in indush·ia l laboratories. Like government 
laboratories, industrial research organizations need basic research re
sults and the breadth of vision created by basic research work. 



Patents appear to concern only a small fraction of investi
gators involved in basic research in universities. This is a very com
plex problem that cannot be resolved without involving questions 
of patent rights arising out of applied research in industrial labora
tories and universities. We note that on October 10, 1963, President 
Kennedy issued a memorandum announcing liberalized policies for 
all federal agencies insofar as existing statutes allow changes in cur
rent policies. We believe that discussion of the patents situation as it 
affects basic research should await changes in agency procedures. 

Having taken cognizance of these problem areas, however (and others 
could be added), we have no hesitation in focusing our attention 
squarely on the mechanism by which the investigator in the univer
sity and the federal government are bound together, because the indi
vidual investigator remains, as he has been for decades, the most im
portant person in the interrelated system. In his hands remains most 
of the research at the farthest edge of the frontier. As a teacher and 
leader of graduate students, the future is also in his hands. 

75 



VII 
Principles for the Project System 

The Project and the Judgment of Merit 

The project system refers to the unit of organization-the 
project-which defines a particular research activity's size, shape, du

ration, and personnel as a rational basis for support. Projects may 
exist in laboratories and research establishments in every sector, and 

they draw the support of funds from every sector. The experience of 
two decades has given the project a definite status and fixed it firmly 
in the rules and customs that govern the interrelated system. The 

use of the project is consistent with our belief that the investigator's 

76 ability and creativity is the crucial ingredient in all research. The 
project proposal is an important index of the investigator's ability 
and creativity. Since there is never a sufficient amount of support 
available for all conceivable research, the evaluation of the project 

proposal nearly always becomes the basis for judgment in the situa
tion we are considering here-support of the university investigator 
by a federal agency. 

The use of project support as the principal means of aiding 
basic research has advantages of great practical importance. Through 
the project system the federal government can finance research in insti
tutions of higher learning in the way that relates the award of funds as 
closely as possible to scientific merit and minimizes the effects of po-



litical pressure. There is no way for the federal government to make 
general grants to universities with unspecified purpose, on the basis 
of merit, without undertaking to rate or accredit the universities, 
either as a whole or with respect to the quality of their scientific pro
grams, and, when large sums of money are granted, the problem be
comes particularly acute. The federal government (like the great 
private foundations) has always sought to avoid this kind of judg
ment, having no desire to come into conflict with the independence 
of the national associations through which the colleges and univer
sities maintain and defend their own academic standards. 

Through the project system, the federal government can, 
after the general purposes of research funds have been defined, decide 
to award funds on the basis of the scientific merit of investigators and 
their proposals. The ultimate responsibility remains with the duly 
constituted authorities-the Congress, the President, and the heads of 
departments and agencies-who decide on the purposes, procedures, 
and dollar volumes of the several programs. None of these decisions 
directly determines the distribution of funds among institutions, or 
infringes upon their independence. The decisions on individual 
awards can be made with the advice of professionally qualified special
ists in the various disciplines, so that each scientist's application is 
judged by a panel of his peers; and thus no one, in the name of 
the government, makes an administrative or political decision on the 
fate of a college or university as a whole. Thus, this competition 
avoids the perils of overcentralization of planning and management, 
which are particularly dangerous where the freedom of inquiry in
herent in the nature of science is involved. 

The decision to ask for and accept a grant in aid of his re
search can pose a complex problem to the scholar-scientist who values 
the full freedom of inquiry traditionally fostered by universities. If 
the grant, from federal or private sources, is made under rules that 
tend to hamper his wide-ranging studies of natural phenomena, or to 
curtail his need to teach and work with graduate students, then he 
sacrifices valuable ingredients that characterize effective research. On 77 
the other hand, unless he finds a source of funds, his work is seriously 
hampered. At present, the project system is the most flexible of fiscal 
arrangements permitting the federal government to utilize the talents 
of scientists in our universities . It permits each scientist to decide on 
the extent of his commitment to governmental support by balancing 
his scholarly duties to the university with his need for financial sup-
port of his research . 

We are therefore convinced that, for the foreseeable future, 
the major emphasis in the federal government's support of basic re
search in science in institutions of higher learning should continue to 
be given to the project system. 
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Grant and Contract 

The grant, as the instrument for government support of re
sea'rch in the universities, has continued in favor since 1958. The Bell 

Report to the President, on government contracting for research and 
development, concluded that "in our judgment the grant has proved 

to be a simpler and more desirable device for federal financing of 

fundamental research, where it is in the interest of the government 
not to exercise close control over the objectives and direction of re

search." The arm's length between the government and the scientist, 
praised in this quotation, has to do with objectives and direction of 

research rather than with fiscal accountability. A contract can pro
vide-and in many cases has- the same freedom for science, coupled 

with fiscal responsibility, that the grant does. Long-standing contract 

procedures, such as those of the Office of Naval Research, use the con

tract in the freest possible way for the support of research. Yet wide 

use of the contract in procurement of goods and services by the gov
ernment has made it a more usual instrument for the purchase of re

search results than for support of research. Therefore we favor the 

more widespread use of the grant made possible by the legislation 
of 1958, so that the increase in its use as the principal instrument for 

federal support of basic research in the universities will be continued. 

The grant-in-aid is traditionally and symbolically different 

from a contract. It is the basis for a cooperative relationship under 

which the grantor and the grantee share a common purpose of 
public service. This is not a relationship between buyer and seller, 

and not a hierarchical relationship between superior and subordinate, 
but a relationship between agencies that, differing in financial re

sources, are equally concerned with serving a public purpose. For 
instance, the federal government makes grants to states for public 
welfare programs, and states make grants to local school districts 
for the support of education. The recipient of funds is indeed 

expected to account for their use by proving that the funds have 

been spent for the intended public purpose-and not as if report
ing to an administrative superior. Because the contract has most 
frequently been used for the purchase of commodities from busi

nesses operating for profit, the habits of contract administrators in 
government agencies sometimes tend to a more detailed and restric

tive type of direction and accountability than is appropriate for the 
support of basic research. 

Whether the grant or contract is used in the project sys
tem, the same principle should obtain: the terms should never be 

such as to make it impossible to deliver the goods. The worst way 
to waste federal money in this system is to give funds to support 
basic research with conditions attached that handicap the perform-



ance of the research, or that reduce the ability of institutions to 
encourage the utmost scientific imagination and inventiveness. 

It is fundamental to both a grant and a contract that the 
agency and the university enter into the agreement only for some 
agreed purpose. The only question that can arise concerning the 
purpose is with regard to its breadth. No agency of govern
ment can or should make a grant or otherwise disburse public 
funds without some definition of the reason for their expenditure. 
The practical problem is the expression of governmental purpose 
in such terms as will produce the optimum scientific result. We 
cannot emphasize too strongly that every grant or contract has a 
purpose, and that the fulfillment of that purpose is the respon
sibility of the government, the university, and the scientist. The 
scientist participates actively in the definition of the purpose in 
the preparation of his research proposal. In the remainder of this 
chapter we shall trace the life cycle of a grant, giving special 
attention to the way in which the purpose is unfolded. 

Grant Negotiations 

An accepted pattern of negotiatiOn should precede the 
approval of a grant. For simplicity in describing the process, we 
shall adopt a single set of terms that are not to apply to any 
specific agency but rather to an idealized situation. 'Ve shall speak 
of the instrument as a grant, even though much of what we say 
applies equally well to fixed-price contracts. We shall speak of the 
university, even though other institutions of higher learning do 
participate in the system. The four essential officers involved in 
the negotiation we shall call: (1) the principal investigator, the 
scientist whose ideas are both the origin and the end-product of 
the whole process; (2) the administrative officer of the university, 
the president or his deputy, sharing responsibility with his govern
ing board; (3) the program director, an officer of the government 
agency with scientific knowledge and standing in the scientific com-
munity; and (4) the grants administrator, an officer of the govern- 79 
ment agency responsible for handling government funds in accord-
ance with the rules laid down by the President and Congress. 

Each of the four officers plays a vital role in the negotiation, 
and each performs a function that none of the others can per
form. We believe that each needs a better understanding than he 
now shows of the roles played by all the others. The grants ad
ministrator should be uncompromising on the fiscal responsibility 
of government, but respectful of the scientific purposes of the 
agency, mindful of the fiscal procedures and broader responsibili
ties of the administrative officer of the university, and sensitive to 
the uncertainties that face the principal investigator in the lab-



oratory. The program director, representing the general scientific 

purposes of his agency, should use the services of the grants ad

ministrator as a fellow officer of the government, join the admin

istrative officer in an understanding of the nature of the university, 

and work with the principal investigator as a fellow scientist. 

The administrative officer of the university, when he ac

cepts a grant, places his university in a position of direct legal 

responsibility for government funds, for their care and proper dis

bursement. At the same time he bears a direct responsibility for 

the institution. One of the proper missions of the university is the 

research for which the grant was made. It also has other proper 

missions-the education that is a part of federally supported re

search, the education that lies beyond the federal support, and many 

kinds of public service. 
The principal investigator is in the most complex posi

tion of all. He is at the center of a network of obligations. He 

(as well as the administrative officer) takes responsibility for the 

proper use of federal funds when the grant is accepted. He has 

a responsibility toward the graduate students, postdoctoral fellows, 

and other staff who work with him on the project. He is a pro

fessor of the university, with duties as a teacher both to those 

graduate students who work with him on the grant and to many 

students, both graduate and undergraduate, who do not. He is a 

member of a faculty and may have faculty committee assignments. 

He may have administrative duties in the university, such as the 

chairmanship of a department. He is a member of the scientific 

community, with offices or duties in a variety of learned societies, 

including such posts as advisory editor on one or more journals. 

Yet, in the midst of this maze of duties, one thing is clear: the prin

cipal investigator's work as n. scientist is the determining factor in 

achieving the national purposes envisaged in the grant. 
The negotiation of a project grant begins and ends with 

the principal investigator. He starts with an idea for research 

80 and ends with the support that allows him to go ahead with it. 

If the process were frictionless, negotiation would not be the right 

word for it. The administrative officer of the university may be 

faced with severe decisions as to the use of space and facilities for 

a federally financed project rather than for competing functions. 

He must guard against derogation of the teaching mission of the 

university. He must be sure that nothing in a grant agreement 

frustrates the university's own fiscal procedures (themselves some

times determined by state law). The program director, who can 

arrange the support of only a fraction of the proposals that come 
to him, faces such severe choices that, in our opinion, he always 

needs help, as the following discussion of panels will show. The 



grants administrator must be aware of special legal provisions that 
must appear in grant letters. 

The principal investigator may have a friendly relation
ship with the program director of the federal agency. He may be 
in a position to exchange views with the administrative officer of 
his university and his staff, but as a faculty member he is not likely 
completely to share the administrative point of view or be aware 
of all the competing considerations. He is least likely to know 
personally or negotiate informally with the grants administrator. 
Thus the participants in grant negotiations come to their task with 
divergent attitudes and responsibilities, often leading to frictions in 
the negotiation process. A campaign of education for all four groups 
of officials would pay beneficial dividends. 

We believe that the health of the project system requires 
that three principles remain inviolate, never becoming subjects 
of negotiation or giving rise to restrictive clauses in grants. They 
are: (I) the responsibility of the government for the expenditure 
of public funds; (2) the independence of the universities; and (3) 
the freedom of the scientist to conduct his research, reach his 
conclusions in his own way, and make them public. 

Th e Pmposal 

The purpose of a project, which provides the test of the 
propriety of the use of federal funds throughout the life of the 
grant, is first defined by the principal investigator himself in the 
body of a proposal. Too often this fundamental fact is not well 
enough understood by the scientist seeking support. He may avoid 
later difficulties in making his budget conform to the scientific reali
ties of his research by his own action in broad, yet careful, descrip
tion of his project. Federal granting agencies should make it 
plain in their instructions that the content of the project proposal 
is the basis of the purpose of the research as it will be stated in 
the grant letter. Approval of the proposal by the university and 
by the agency means that the investigator will be expected con- 81 
scientiously to try to reach the scientific objective defined in his 
proposal. If the proposal sets out a highly specific method of inves-
tigating a scientific problem, rather than the fundamental nature 
of the problem itself, even small changes in tactics may cause 
trouble. Thus, investigators can do themselves a major service in 
the very beginning by presenting carefully conceived proposals, 
or they can lose the opportunity and bind themselves in ways that 
will prove unfortunate later on. 

We believe that the impact of administrative restrictions 
can be minimized if project proposals consist of the following 
elements: 



(I) Broad objectives of the proposed research in terms of areas of 
sci~ntific knowledge to be advanced. 
(2) Specific early research objectives stated as illustrative of the 

broader aims. 
(3) Scientific tactics (experimental methods) to be employed. 

With such a proposal, only a deviation from the broad 
objectives of the project proposal should be considered the kind 
of change requiring special approval from the federal agency. 

The Panel and the Consultant 

When a proposal comes to the desk of the program director 
in a federal agency, he must take action to determine whether the 
proposed project should be supported by the government. Each 
program director is knowledgeable in a particular field of science, 
and previous budgetary decisions by the administration, the Con
gress, and the agency have determined that his particular field has 
only a finite sum at its disposal, usually only a fraction of the total 
budgets of all the proposals in hand. A decision must be made, 
in the interest of both the taxpayer and the investigator, on the 
scientific quality of the proposal. We believe that no agency has or 
should have sufficient funds to avoid making this decision. ·we also 
believe that, in general, program directors can seldom make the 
required judgment of scientific quality without assistance. That as
sistance must come from the scientific community itself. 

Agencies have usually recognized, some more formally than 
others, that a judgment of scientific quality can be adequately de
fended only when the scientific community has participated. Selec
tion of advisers from the national pool of scientists in a particular 
discipline, avoiding undue regional or institutional concentration, 
is the best means of securing competent judgments and freedom 
from irrelevant considerations. We use the word "panel" to mean 
a group of scientists qualified in a particular field, who hold ap
pointments to regular terms and meet periodically to pass on the 

82 merit of proposals. Their names should be well known to the 
scientific community, and they should have all pending proposals 
in a given field before them for comparative ranking. Some agencies 
informally use consultants with special competence to pass on par
ticular proposals. Consultants usually render judgments of pro
posals by mail, without knowledge of other referees or of other 
proposals. We believe that consultants can usefully supplement the 
information otherwise available for the judgment of proposals, 
and that agencies that do not use the panel system would benefit 
by calling upon them. 

While we can see certain difficulties in the present func
tioning of the panel system of review, we feel strongly that it 



should be retained and also improved and expanded. The over
whelming majority of scientists who have commented to us on the 
evaluation methods of federal agencies have praised their fairness, 
wisdom, and success. Among the difficulties we see in the function
ing of the system, however, we especially note the following: 
(I) It makes a heavy additional demand on the time and energy of 
the very scientists who have the most to contribute as investigators. 
(2) It tends to be cumbersome and to increase the period of wait
ing from the time of an original proposal until work can begin. 
(3) When some individuals serve too continuously on the panels 
of one or several agencies, and when a few universities are regularly 
over-represented, the burden is too concentrated on the individuals 
involved and the system is open to the charge of favoritism in 
judgment. 
(4) With the constant shifts in the boundaries of disciplines and 
the interdisciplinary nature of much current research, panels may 
not always reflect the current frontiers of research, and proposals 
may be sent to the wrong panels for judgment. 

We believe that the shortcomings of panels can be cor
rected if the federal agencies are alert to the fundamental reasons 
for consulting the scientific community, and if they take steps along 
the following lines: 
(I) The burdens on individual advisers must be kept to a mml
mum, by using more advisers and rotating them often. The pool 
of competent scientists from which panels can be drawn is not only 
large but expanding. 
(2) Every effort should be made to give younger scientists their 
turns on panels, both to spread the work and to infuse new points 
of view. 
(3) The constitution of panels should represent perspective as well 

as specialty. Panels in given fields of science should include some 
members from allied fields. 
(4) While the final responsibility for action rests with the federal 

agency, the advice of the panels must be consistently taken seriously 83 
to maintain the conviction among advisers that their services, even 
though part-time, are important. 
(5) The judgment of panels as to the general reasonableness of 
proposed budgets is a part of their judgment of proposals, but the 
talents of panelists are not being properly utilized when they are 
requested to make detailed decisions on fiscal matters, properly an 

agency responsibility. 
(6) The plural system, in which several agencies support basic 

research n the same broad scientific areas, should be con
tinued because, in addition to its other advantages, it permits indi
vidual investigators to appeal to more than one panel. This 



multiplicity of opportunity is worth more than its increased cost 
in money and in scientist-man-hours served on panels. It tends 
to 'reduce charges of personal or institutional bias on particular 
panels. Moreover, in the face of different approaches of different 
agencies, dictated by their missions, new ideas that may be at var
iance with a current consensus have several chances for apprecia
tive examination. 

Agency Staff 

The program directors, while in general avoiding judgments 
of scientific quality without the advice of the scientific community, 
have a crucial role to play in the project system. Every agency has 
an important and delicate task in building its program staff. Pro
gram directors must be sufficiently knowledgeable about their fields 
to command the respect of the scientists with whom they deal. At 
the same time, their full-time presence as agency employees means 
that they are withdrawn from the ranks of active investigators even 
more completely than panel members. Extended service away from 
direct contact with research problems eventually impairs the pro
gram director's essential grasp of the state of the frontier in his 
area. Agencies can minimize this problem by utilizing scientists on 
leave from university positions; the rotation from campus to agency 
has done much over the last few years to broaden understanding 
of the complexities of the project system. Yet the agencies must 
beware of filling key positions continuously with temporary and 
partially committed people, thus impairing continuity of policy. To 
maintain the quality of agency staffs, the career service should be 
improved by providing compensation at satisfactory levels, and staff 
members should be encouraged to continue their scientific and pro
fessional advancement. 

The decisions leading to the granting of funds already al
located to a field are only half of the essential duties of the program 
director. He must also closely observe research trends within his 

84 area and form judgments on proper levels for the future allocation 
of funds to the field. With the frontiers of research always chang
ing, and with the fission and recombination of disciplines always 
going on, continuous review of trends is necessary if the agency 
director, the Bureau of the Budget, and the Congress are to have a 
rational basis on which to make support allocations in budgets for 
future years. Program directors, with their intimate links with the 
scientific community, are in the best position to provide the data 
necessary for sound program planning. 

The administrative staff of an agency-including the grants 
administrators, the comptrollers, and the counsels-has an important 
role to play in the processing of proposals. It deals with proposals 



at the point at which they are brought into detailed agreement with 
the fiscal practices of the government. We believe that a completely 
strict and proper fiscal administration of federal funds under the 
project system is entirely compatible with the scientific flexibility 
so often emphasized in this report. Detailed, repetitive reporting 
and requirements of advance specifications are familiar administra
tive devices to ensure responsible performance in many procurement 
activities of the government, but their application, even occasionally, 
in the project system is a violation of proven management practices 
in the support of basic research. 

Duration} Size, and Multiplicity of Gmnts 

Since the duration and size of grants vary not only with agency 
policy but with field of science, we can set forth here only general 
principles. The durations of projects range from one to seven or more 
years. The money involved in single grants ranges from a few thou
sand to millions of dollars. Since the time and effort required in the 
preparation of proposals, panel consideration, and agency work tend to 
be the same regardless of the amounts of money and time specified in 
grants, it is natural to regard larger and longer grants as preferable. 

We believe that important economies can be achieved by 
using grants of longer term than a single year, and by refraining 
from calling for reports and reviews at too-frequent intervals, es
pecially early in the life of a project. The necessary periods of un
certainty that immobilize investigators waiting to know whether 
staffs can be engaged and orders placed for equipment can be 
minimized if new proposals are not required at frequent intervals. 

We have already stated our approval of the plural sources 
of federal support as represented by the several agencies. However, 
the multiple accounting and reporting required by multiple grants 
for closely related facets of an investigator's program are wasteful, 
and this system has, in our opinion, gone well past the optimum 
point for best results. We believe tha t vigorous efforts should be 85 made to reduce the need for multiple-agency support by inter-agency 
agreements, with a single agency providing total support of that 
portion of an investigator's work that has a single, broad, scientific 
objective. 

While we recognize that fewer, longer, more stable grants 
save the investigator's time and reduce the high cost of administra
tion in both university and government agency, we are convinced 
that the health of the national research effort requires availability 
of small grants. By means of such grants, the project system must 
provide support for young, relatively untried principal investiga
tors. It must also provide for continuous entry into the system of 



untried ideas that lie outside the current consensus as to where 
the frontier in a given area lies. 

' Therefore we suggest a program of special, small research 
grants for individual independent research, with preference given 
to junior scientists. These grants should be awarded on the basis of 
outlines of research interests, supported by letters of endorsement 
from senior scientists personally acquainted with the work of ap
plicants. Aside from reimbursement for the time of the investigator 
and indirect payment to his institution, the budget should provide 
only for supplies, travel, and smaller items of equipment as a single 
budget item. The investigator should be allowed to pursue what
ever lines of research appear most fruitful to him within the broadly 
described field. Such a program would be based on the recognition 
that many original ideas and discoveries in science have come from 
very young investigators, and we as a nation cannot afford to tie 
all our well-trained young people to narrowly defined objectives 
or to routine work in subordinate positions on big projects. 

Termination of awards by an agency should be given as 
careful and serious consideration as approval of applications. Abrupt 
termination can thoroughly disrupt a research organization and 
scatter valuable personnel. Such devices as notice of the beginning 
of a terminal year and tapering off of grants over reasonable periods 
of time give opportunity to conclude the current stages of projects, 
to develop new proposals for further work, or for skilled personnel 
to find other places of employment. 

Changes in Budget Items 

Two types of projects run no risk of having to make changes 
in budget items during the life of a grant. In one of these the inves
tigator is so completely unimaginative that he can foresee and de
scribe in detail both his results and his methods before he begins. 
This kind of "efficiency" we do not recommend. The other type of 
project that runs no risk of change is that of a creative investigator 

86 who describes his project strictly according to the rules we have dis
cussed; whose proposal moves through its review by both university 
and agency in zero time; and who executes the research so fast or 
works in a field of such gradual change that the state of knowledge 
and technique does not change while he is at work. In actual prac
tice, however, some risk of changes in budgets is inherent in every 
project, no matter how well conceived and executed. 

Often an interval of nine months or more elapses from the 
time an investigator writes his proposal until support is assured and 
the research can begin. During this time the state of knowledge 
may have changed in unanticipated ways. Scientific papers are pub
lished; new instruments become available. The personnel available 



for assistance may shift. New ideas emerge that require modification 
in the direction and emphasis of the project. The original design 
of the project no longer quite fits the state of knowledge or the 
tactical position in the field. 

After the grant is awarded, external factors continue to 
change the configuration of the field. In addition, the investigator's 
own understanding of related problems should begin to sharpen 
rapidly. Even if the larger generalizations with which the inves
tigator began are confirmed, many details will appear in different 
lights as he progresses. Even tactical decisions to change a method 
may affect the budget. And changes stemming from changed univer
sity regulations and the uncertainties that go with employing sev
eral people may affect the precise sums spent in particular categories. 

The granting agency has the responsibility of assuring itself 
that inevitable changes made in budget items during the life of a 
grant do not constitute a change in purpose as originally described 
in the proposal and approved by the agency. Some regulation of the 
transfer of funds from one budgetary item to another is necessary 
if the agency is to have this assurance. We believe that the regula
tions limiting changes in the compensation of senior personnel, in 
travel (especially abroad), and in improvements in the facilities 
of grantee institutions are quite proper. On the other hand, we be· 
lieve that principal investigators should be given maximum latitude 
in modification of other items in their budgets. We also believe 
that any limit on the purchase of initially unspecified equipment 
should be proportional to the total values of a grant. 

If the principal investigator, in his application for renewal 
or continuation of a grant, explains substantial shifts in the specific 
budget items of his project, and thus justifies them on scientific 
grounds, adequate safeguards will be provided against diversion of 
funds. (We believe that a requirement for such explanations would 
be appropriate and sufficient.) Thus, projects will not be delayed 
pending approvals from federal agencies, and agency staffs will be 
spared the dilemma of making either perfunctory approvals or arbi- 87 
trary refusals. 

Total Professional Effort 

Nearly every project grant provides for the payment of 
federal funds for the compensation of professional and technical 
personnel. Since these people are all employees of the university 
that receives the grant, the rules of the university rather than the 
rules of the government (through civil service regulations or other
wise) govern the rates of pay and conditions of employment. 
This fact is a cornerstone of the whole project system. 



AccounLing for the time or effort of technical and support
ing personnel who carry out assigned work on a single grant is 
quite clear-cut. The supporting personnel can be hired in a non
aca'c!emic status on the basis of a standard work week-for instance, 
forty hours. The personnel supported by funds provided by a fed
eral grant should be subject to the same regulations, salary scales, 
and working conditions as those that apply to employees in com
parable positions with salaries paid from university funds. For 
both types of employees, the university must require the same ad
herence to standards of attendance and quality of performance. The 
university should keep, and make available to officers of the grant
ing agency, appropriate records of the working time and salaries of 
all technical and supporting personnel working on a grant. This 
accounting should be annual rather than for briefer periods. 

For principal investigators and other scientists with academic 
appointments, the problem of time-accounting is more delicate, 
whether they are reimbursed from government funds or not. The 
results in research for which they are paid cannot be measured in 
days or hours, or in percentages of them. Scientists do not "put 
in" a specific number of hours per week on a project. Insights 
and ideas do not "come in on schedule." They come to scientists, 
just as they come to politicians and poets, while driving to work, 
while discussing unrelated problems with colleagues at a conven
tion, or even while attending committee meetings. Thanks to long
established scholarly traditions, most universities have met the de
mands of free inquiry by establishing an atmosphere free from re
straint and regulation, with no percentage time assignments and 
with research work freed from administrative direction. It is the 
total professional effort that counts, and, in the last analysis, the 
progress achieved by an investigator over a three- to five-year period 
is the most reliable measure of his effort. 

Under some circumstances a simple fraction of total pro
fessional effort in university duties can be assigned to a grant. Three 

88 cases will illustrate a range of possibilities for a professor who is a 
principal investigator. 

Case 1. During the summer, the professor is not being paid 
by the university and has no formal teaching or administrative duties. 
He can be paid a salary from his research grant based on a fraction 
of his regular salary for that portion of the year for which the extra 
(grant) salary was drawn. 

Case 2. During the regular university year, the professor 
finds his research project so demanding that he requests the admin
istration of the university to lighten his teaching responsibility and 
other duties by a definite proportion, and to reduce his salary from 
local funds by the same proportion. The university then is obliged 



to seek replacement personnel. The funds of the research grant 
having been budgeted to pay the corresponding portion of the inves
tigator's salary, he is then properly committed to the government 
to spend a commensurate portion of his total professional effort 
for that year on the project for which the grant was made. 

Case 3. During the regular university year, the investigator 
undertakes his full teaching responsibility and his full range of 
duties as a professor, for which he is paid full salary from local 
funds. Among the duties for which he is being paid by the univer
sity is research. It may be an active year for the experiments in 
process under his grant, and he may spend what time he can work
ing on it himself. He has full-time responsibility for the supervision 
of supporting personnel, who will continue to work through this 
period. Because of the fluctuations of activities geared to the 
academic calendar, the professor may be completely engaged in teach
ing duties and examinations one week, and then, because of 
a laboratory emergency, spend 80 hours on his research project the 
next. Because some of his research assistants are probably also his 
graduate students, much of the time he spends with them cannot 
be assignable separately to teaching or research. The two are 
intimately intermingled. Under case 3, any effort at time-account
ing, even in terms of a fraction of total effort, is unrealistic, and 
should not be demanded by the agency. 

vVe recognize that many variations in the patterns of com
pensation described in the three cases can be produced by multiple 
grants, each claiming their fraction. We also recognize that pro
fessional schools and large facilities, with many non-teaching ap
pointments for senior scientists, produce difficult problems of applica
tion. However, we believe that the concept of total professional 
effort, when properly defined by academic institutions, contains 
within it not only a realistic measure for the scientist but an ade
quate safeguard for the government. 

This tracing of the grant through its life cycle has enabled 
us to illustrate the principles that should govern every federal 89 
agency in supporting basic research in institutions of higher learn-
ing. The plural system of support, which we have praised and 
which we wish to see continued, precludes a government-wide 
uniformity in every detail of policy and procedure. Nevertheless, 
uniformity in the principles o£ support will foster the diversity of 
research patterns which contributes to the strength and glory of 
contemporary American science. 



VIII 
The Role of the Institutions 
of Higher Learning 
in the Operation of the Project System 

Improving the Administration of Grants in the Universities 

Because the grant is a cooperative arrangement of trust 
between the government and the university, the health of the project 
system and the achievement of national purposes through it depends 
upon enlightened policies both within the universities and among 
the government agencies. We believe in the importance of the uni
versities' traditional self-disciplined freedom and in federal support 
on terms that will protect this freedom, because this combination 
has proved to be the most productive of increasing effectiveness in 
basic research which, in turn, is absolutely essential to the well-being 
of the nation and of civilization. 

90 It is desirable to protect the freedom of a university 
scientist to choose a subject of research according to his own interests, 
because it will let science deploy more rapidly and effectively 
along the new and moving frontiers of knowledge. This freedom 
is not inconsistent with continuing federal government plans for a 
total national research program involving the selection of particular 
fields for special financial support. Moreover, this freedom of the 
investigator does not relieve the university administration of making 
responsible and discriminating judgments in deciding which projects 
or types of research to approve. Administrative officers should con
sider the relationship of proposals to the development of long
range university interests. 



Weak university administration is no more in the interest 
of the government than it is of the universities themselves. Nor is 
it desirable to develop grant-supported university programs so heavily 
specialized in a few fields that the universities fail to fulfill their 
traditional function of providing an environment for education 
and free inquiry in all fields of knowledge. But the administrations 
of universities, both in the way in which they get their funds and 
by the nature of their faculty appointments, are, to a much greater 
extent than business corporations, or some private foundations, lim
ited in the freedom with which they can commit their resources. 
A large part of their money comes (from the states and private 
sources as well as from the federal research programs) for particular 
purposes which cannot be changed by administrative decisions. The 
general structure of expenditure is set by the appointment of pro
fessors on permanent tenure, whose independence IS the basic 
guarantee of academic freedom. 

A university can make a major contribution to the cause 
of fiscal responsibility by maintaining a business and accounting 
staff with both high professional standards and knowledge of the 
granting procedures of the various federal agencies. The touch
stone of the university stewardship of government funds is the rule 
that federal grant money should be expended with the same pru
dence, economy, and probity that governs the expenditure of univer
sity funds from other sources. This rule works well only to the 
extent that the university has clear policies for the expenditure of 
large sums. Unfortunately, where federal research money now 
equals the entire university budget of a few years ago, adequate 
mechanisms for supervising its proper, productive use are sometimes 
lacking. 

An able business staff can do much to relieve principal 
investigators of the detai led bookkeeping and financial reporting 
required by grants. It can also keep abreast of the latest inter
pretations of grant requirements by the various agencies. It can 
advise the investigator, when he draws up his proposal, as to the pro- 91 
visions in the grant that will ensue from the content of his ap-
plication. It can serve as a watchdog to be sure that the inves-
tigator, unaware of the niceties of legal phraseology, does not 
give away some essential freedom of action to a government agency 
in the course of negotiation. It should educate the investigator in 
the legal responsibilities he assumes when his university accepts a 
grant. It can direct the investigator to the agency whose program 
is most relevant to the project proposed. 

Even with punctilious attention to the fiscal side of the 
federal grants on his campus, the administrative officer has not 
exercised his full responsibility if he does not give some kind of 



academic review to project proposals. He cannot, however, give 
direct orders to faculty members about the substance of their research, 
any more than a government agency can. The national panels are 
in ct. much better position than are administrative officers to rank 
proposals by scientific quality. The university has, of course, re
viewed a professor's general capability as a scholar and teacher 
when it bestowed a tenure appointment on him. The academic 
review of project proposals addresses itself to the question whether 
a grant is consistent with the concept of the university as a com
munity of scholars engaged in the education of youth and in public 
service, as well as in the advancement of knowledge. 

We believe that all universities will do well to examine 
their mechanisms for the review of grant proposals, and that nearly 
all these mechanisms require drastic improvements. While specific 
measures to be taken depend upon previous accomplishments and 
local circumstances, we believe that some form of research board, 
representing both administration and research faculty, might be 
found widely useful. No university that does not now have a large pro
gram of federally supported research projects can realistically hope 
to gain one if it tries to manage its research grants by haphazard 
and outmoded policies. 

Graduate Education and Basic Research 

The 1960 report of the President's Science Advisory Com
mittee, Scientific Progress, the Universities, and the Federal Gov
ernment, examined carefully the connection between basic research 
and graduate education. We believe that this connection requires 
re-emphasis, because its relevance to the health of the project system 
is just as great today as it was in 1960. 

Graduate education can be of highest quality only if it is 
conducted as a part of the research process itself. The research must 
not be in the form of mock problems; it must be a part of the ex
ploration of the unknown, with all the uncertainties and chal-

92 lenges that go with it. By the same token, research can remain 
truly a quest, with freedom to follow unexpected lines, if the tentative 
conclusions of recent scientific research are tested in the interplay 
of advanced teaching. 

Two trends are discernible which, if extended far enough, 
would lead to the impairment of the fruitful combination of re
search with graduate education. In some fields, basic research has 
moved into laboratories that have lost close touch with university 
teaching departments. Special conditions of geography or size some
times dictate that a basic research facility be located away from a 
university center. Some of these facilities have clone distinguished 
work in basic research. Nevertheless, we do not believe that the 



pattern of the intellectually isolated research facility should be en
couraged without compelling reason. We agree with the President's 
Science Advisory Committee Report in its call for invention of ways 
to bring about further interpenetration of these institutions with the 
universities. 

The other trend that may impair the fruitful combination 
of research and graduate education stems from a lack of strong 
policy within the universities themselves. Administrations, under 
pressure to retain distinguished scientists who are tempted by the 
simplicities of life in non-teaching laboratories in government, re
search institute, or industry, find that the easiest counter-offer is a 
promise of reduction in teaching. Some scientists retire from vir
tually all contact with students, while others only a little less dis
tinguished are so overloaded with teaching that they are forced out 
of research. Administrations, hoping to add to the prestige of their 
universities by encouraging large-scale research projects of high vis
ibility, may expect faculty members to buy large amounts of re
leased time from the university. If the administration then allows 
a professor buying released time to use grant money to run up his 
salary far above the regular university scale, the stage is set for teach
ing of all kinds-graduate and undergraduate-to become a "poor 
rela tion" to research in the university. 

University administrations need courage to be far-sighted in 
maintaining a balance between teaching and research. They also 
need the active help of enlightened policies in the federal agencies, 
for these agencies affect both basic research and graduate education 
by their fellowships and grants. Research professorships and post
doctoral fellowships that specifically exclude teaching should be care
fully weighed for possible schismatic effects on research and educa
tion in the universities. 

I ndi1·ect Costs 

One of the most serious fiscal problems to develop in the 
operation of the project system has grown up around the payment 93 
of indirect costs to universities. The roots of the overhead payment 
or indirect cost problem go all the way back to the OSRD. Because 
it conducted federally supported research, a university clearly in-
curred some expense that could not easily be separated from other 
institutional expenses. Thus, the difficulty of description in ac-
counting terms is precisely what made indirect costs indirect. The 
no-gain-no-loss principle for research contracts indicated that the 
government should defray these costs, which, as the amount of fed-
eral support grew, became a real drain on the institution. Clearly, 
the vastly expanded research program owed some share to the uni-
versities for administration buildings, maintenance services, account-



ing systems, libraries, and dormitories, in a way that the finest dis
tinctions of the accountant could never quite pinpoint. The realiza
tion. gradually dawned that no absolute difference exists between 
direct and indirect costs, and, as accounting procedures have devel
oped, some items, retirement benefits for instance, have moved from 
one category to another. As different agencies developed differ
ent patterns of reimbursement, comparability became ever harder 
to achieve. 

The introduction of the grant instrument for the support 
of research initiated a different pattern for the reimbursement of 
indirect costs. Ideally, the grant makes only a partial contribution 
toward a purpose to which the grantee institution is already fully 
committed, and on which it is willing to spend some of its own 
funds. We believe that this principle is correct, and, as we noted 
earlier, the institution often does make a sizable investment of its 
own funds in the form of the investigator's salary. But indirect costs 
have become so large that the universities cannot easily assume these 
costs on every research project that a faculty member arranges. A 
generation ago, when outside funds provided only a few minor sup
plementary research expenses, an administrative officer could quite 
properly encourage every professor to seek funds from any possible 
source and in any amount that he could get. But when federal re
search expenditures reach many millions of dollars per year on a 
single campus, the administrative officer can no longer afford to take 
the old approach. The university must be maintained as a com
munity of scholars dealing with all aspects of knowledge, and there 
are not enough unrestricted funds from non-federal sources to provide 
for that and also for the management of massive new programs. 

The administrative officer with a large federal grant pro
gram is tempted to do several dangerous things if indirect costs 
are not adequately covered: (1) He may divert funds from work in 
other branches of knowledge. (2) He may divert funds from the 
teaching function of the university. (3) He may neglect the proper 

94 administration of federal funds. (4) He may divert federal funds 
to questionable uses. In partial recognition of these dangers, the 
government agencies that use grants have been allowed to pay a 
flat rate, a percentage of the direct costs of the grant. In recent 
years, the percentage paid by the National Institutes of Health and 
the National Science Foundation, for instance, has ranged from 15 
per cent to 25 per cent. Since actual overhead on individual proj
ects varies, and the costs at different institutions vary, the flat rate 
can easily produce individual instances of overpayment and under
payment. 

The contract pattern of reimbursement, developed by the 
Department of Defense and adopted in Circular A-21 of the Bureau 



of the Budget, is a negotiated rate based on an audit of the ex
penditures of the institution. Hence the administrative officer of the 
university, in general preferring the flexibility of the grant, looks 
wistfully at the contract when he thinks of indirect costs. Most uni
versities have felt that on grants with a flat rate they have been 
undercompensated, and thus forced into cost-sharing for government
financed resea1ch, in a way not chosen by themselves and not ad
vantageous to the over-all health of their institutions. A report to 
Harvard University comments, "Research can be carried on ef
fectively in the long run only if a university maintains its overhead 
in an intellectual and academic, as well as an administrative, sense 
.... It is not a question of asking the government for more money, 
but rather, of asking it to give its funds with a proper regard for 
the total function of the university." 

The indirect cost issue unfortunately has become a wedge 
not only between the government and the universities but also be
tween investigators and administrators on university campuses. The 
investigator can see where direct costs go in his project, and he 
realizes that the national panel in his discipline has only a finite 
number of dollars to grant, so that, the more money paid into in
direct costs by the government, the less remains available for re
search. All that goes to the university in indirect costs simply 
disappears, as far as the investigator is concerned. The administra
tive officer, on the other hand, concerned with institutional balance 
and with those parts of the university that would be deprived of 
funds from other sources if the federal projects drain off local funds, 
is likely to be quite as emphatic as the investigator, but in the 
other direction. We suggest that university administrations should 
make special efforts to explain their use of funds from indirect cost 
payments to their faculty members. 

We believe that federal agencies should pay for indirect 
costs, on grants as well as contracts, at a rate substantially equivalent 
to audited costs. We also believe that an institution that accepts 
payments for indirect costs should accept the obligation for those 95 
institu tiona} functions that, in fact, give support to the research 
activity, thus supporting the investigator and his department ade-
quately. 

Institutional and General Research Grants 
Tied to the Project System 

Almost from the beginning of the project system, it became 
obvious that, while the independence of the universities was being 
reasonably preserved, the effects on the institutions that received the 
grants were great simply because the research was done there. Often 
these effects were of greater significance than the results of research, 



which in a given case might not be decisive. The effects showed 

up where the institutions, with the help of project funds, were able 

to bl'lild up a "capability" for the future with the faculty personnel 

they had attracted and facilities they had established. The kind of 

grant that, as its main object, would build up an institution's 

capability has therefore seemed attractive to some universities during 

the last two decades. Yet institutional and general research grants 

have always entailed the judgment of scientific excellence on an 

institutional basis. The project system has brought satisfactory reso

lution of the problem of judging scientific quality. The advocates of 

institutional grants have always to meet the charge that they will 

depart from the highest standards of excellence, and hence waste the 

taxpayer's money. Yet every institution, no matter how many projects 

its faculty members attract, could increase its capability if it had 

free funds with which to supplement project grants. 

The National Science Foundation and the National Insti

tutes of Health have, in a modest way, recognized the need for 

supplementary grants somewhat similar to institutional grants. We 

believe that an extension of this type of grant is desirable and that, 

if the purpose is broadly enough defined, it would enable a uni

versity to support many types of activities that do not fit neatly 

into the project system. The fact that institutional grants of this 

type are awarded in direct proportion to the volume of project 

grants received by an institution means that the judgment of scien

tific quality supplied by the scientific community carries over indi

rectly to provide a standard of quality. 

Development Grants to Alter 
the Geographical Distribution of Federal Funds 

Supplementary institutional grants do nothing to protect 

the project system from the charge that it makes the rich richer 

and the poor poorer. We consider it a most unfortunate effect of 

the application of the interrelated system that it historically has 

96 led to concentration of federal support funds at relatively few insti

tutions. The country would be stronger and national purposes more 

nearly fulfilled if there were many more good investigators at many 

more institutions. If there were no place in the country from which 

an institution of higher learning of great distinction was inaccessible, 

the general welfare of every citizen would be vastly increased. As 

John Wesley Powell told the Congress nearly a century ago, "The 

learning of one man does not subtract from the learning of another, 

as if there were a limited quantity of unknown truth. Intellectual 

activity does not compete with other intellectual activity for exclu

sive possession of truth; scholarship breeds scholarship, wisdom 

breeds wisdom, discovery breeds discovery." 



vVe are convinced, however, that a desirable pattern of dis
tribution of research capability cannot be achieved by wholesale 
redistribution of the federal funds which the Congress, for important 
national purposes, has made available through the project system. 
To deprive investigators who have proved themselves worthy of sup
port, in order that those who have not proved themselves may have 
a share of support, would mean a lowering of national capability 
in science. And even if large amounts of federal money were avail
able for the purpose, support to institutions that do not have sound 
policies to foster research would be wasteful. The local university 
must provide academic freedom, proper salaries, and reasonable 
work loads before federal support, either in projects or institutional 
grants, will work in the direction of excellence. 

Therefore, we believe that a program of development grants 
should be launched in support of research and graduate education 
in institutions with potentiality for becoming strong in the future. 
We recognize that the framing of criteria by which these grants 
should be awarded is not an easy task. We suggest that development 
grants should not be extensively used until principles and the cri
teria for such awards have been carefully studied by a competent 
special task force. Since controversial questions are at issue, the 
membership of this task force should be drawn primarily from two 
groups: scientists from leading academic institutions not eligible for 
such development grants, and lay citizens of broad national inter
ests, representative of various geographical areas and of various 
economic interests. The criteria should be kept distinct from those 
used by the selection panels in the present project system. Judgment 
of quality by established standards of excellence gives the project 
system its present integrity, and the loss of those standards would 
not help emergent institutions at all, in the long run. Judgment 
of potentiality and the stimulation of excellence can succeed only 
if the development grant is awarded for its proper purpose. 

Th e Permanent lntenelated System 

When development grants have done their work and in
creased the number of strong universities in every region of the 
nation, they should be phased out to let the project system, modified 
by supplementary institutional grants, take over. Thus we are ad
vocating here, as we have throughout this report, a strengthening 
of the partnership that has served the nation well for two decades. 
The achievements of the investigators who perform research will be 
greater if the institutions in which they work are stronger. If the 
government's ability to ensure fiscal responsibility is secure, its ability 
to assist both the investigator and his institution will be increased. 
The system will be stronger if not one but several qgencies have 
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strong policies in support of basic research. And the system will 

be strengthened with the solution of other pressing problems which 

the Congress, the Executive, and the universities must meet forth

rightly. The one feature of the partnership of the federal govern

ment and the institutions of higher learning that dominates the 

future, as well as the past, is the immense productivity in scientific 

discovery and the great strength that the presence of science brings 

to our national life. The federal government, the universities, and 

the scientific community still have far to go together. 

Clearly the government and the universities have essential 

responsibilities-both separate and joint-for the success of the sys

tem. So, too, the scientific community has an essential role to play. 

That part of the total scientific community with which we are con

cerned in this report-the scientists in the institutions of higher 

learning-are a part of a larger society of scholars. As such, their 

responsibilities are multiple. They have obligations to advance scien

tific knowledge, but also for the education of youth. They must 

give conscientious and enlightened service on panels and other ad

visory bodies, and as individuals they must often give advice on the 

selection of research proposals. We urge that the members of the 

scientific community look upon this service as advancing science as 

significantly as i£ they had spent the same time in their laboratories. 

By defining the purpose of the grant or contract in his proposal, 

the scientist participates in the process that brings him support. 

When he accepts support funds, he accepts a trust to render con

scientious effort to achieve the purpose of the grant or contract. He 

acquires no other rights to the funds. The responsibility of the 

scientist as a member of the scientific community works in the direc

tion of harmony with the responsibilities of the government and the 

universities. To reduce the incidental mutual irritations of the sys

tem, the simple guidelines of this report have been put forward. We 

hope that they will help the partnership of the federal government, 

the universities, and the scientific community in the grand purpose 

98 of advancing the welfare of the nation, and with it the welfare 

of all mankind. • 


	mss32_b068_f15_001
	mss32_b068_f15_002
	mss32_b068_f15_003
	mss32_b068_f15_004
	mss32_b068_f15_005
	mss32_b068_f15_006
	mss32_b068_f15_007
	mss32_b068_f15_008
	mss32_b068_f15_009
	mss32_b068_f15_010
	mss32_b068_f15_011
	mss32_b068_f15_012
	mss32_b068_f15_013
	mss32_b068_f15_014
	mss32_b068_f15_015
	mss32_b068_f15_016
	mss32_b068_f15_017
	mss32_b068_f15_018
	mss32_b068_f15_019
	mss32_b068_f15_020
	mss32_b068_f15_021
	mss32_b068_f15_022
	mss32_b068_f15_023
	mss32_b068_f15_024
	mss32_b068_f15_025
	mss32_b068_f15_026
	mss32_b068_f15_027
	mss32_b068_f15_028
	mss32_b068_f15_029
	mss32_b068_f15_030
	mss32_b068_f15_031
	mss32_b068_f15_032
	mss32_b068_f15_033
	mss32_b068_f15_034
	mss32_b068_f15_035
	mss32_b068_f15_036
	mss32_b068_f15_037
	mss32_b068_f15_038
	mss32_b068_f15_039
	mss32_b068_f15_040
	mss32_b068_f15_041
	mss32_b068_f15_042
	mss32_b068_f15_043
	mss32_b068_f15_044
	mss32_b068_f15_045
	mss32_b068_f15_046
	mss32_b068_f15_047
	mss32_b068_f15_048
	mss32_b068_f15_049
	mss32_b068_f15_050
	mss32_b068_f15_051
	mss32_b068_f15_052
	mss32_b068_f15_053
	mss32_b068_f15_054
	mss32_b068_f15_055
	mss32_b068_f15_056
	mss32_b068_f15_057
	mss32_b068_f15_058
	mss32_b068_f15_059
	mss32_b068_f15_060
	mss32_b068_f15_061
	mss32_b068_f15_062
	mss32_b068_f15_063
	mss32_b068_f15_064
	mss32_b068_f15_065
	mss32_b068_f15_066
	mss32_b068_f15_067
	mss32_b068_f15_068
	mss32_b068_f15_069
	mss32_b068_f15_070
	mss32_b068_f15_071
	mss32_b068_f15_072
	mss32_b068_f15_073
	mss32_b068_f15_074
	mss32_b068_f15_075
	mss32_b068_f15_076
	mss32_b068_f15_077
	mss32_b068_f15_078
	mss32_b068_f15_079
	mss32_b068_f15_080
	mss32_b068_f15_081
	mss32_b068_f15_082
	mss32_b068_f15_083
	mss32_b068_f15_084
	mss32_b068_f15_085
	mss32_b068_f15_086
	mss32_b068_f15_087
	mss32_b068_f15_088
	mss32_b068_f15_089
	mss32_b068_f15_090
	mss32_b068_f15_091
	mss32_b068_f15_092
	mss32_b068_f15_093
	mss32_b068_f15_094
	mss32_b068_f15_095
	mss32_b068_f15_096
	mss32_b068_f15_097
	mss32_b068_f15_098
	mss32_b068_f15_099
	mss32_b068_f15_100
	mss32_b068_f15_101
	mss32_b068_f15_102
	mss32_b068_f15_103
	mss32_b068_f15_104
	mss32_b068_f15_105
	mss32_b068_f15_106
	mss32_b068_f15_107
	mss32_b068_f15_108
	mss32_b068_f15_109
	mss32_b068_f15_110
	mss32_b068_f15_111
	mss32_b068_f15_112
	mss32_b068_f15_113
	mss32_b068_f15_114
	mss32_b068_f15_115
	mss32_b068_f15_116
	mss32_b068_f15_117
	mss32_b068_f15_118
	mss32_b068_f15_119
	mss32_b068_f15_120
	mss32_b068_f15_121
	mss32_b068_f15_122
	mss32_b068_f15_123
	mss32_b068_f15_124
	mss32_b068_f15_125
	mss32_b068_f15_126
	mss32_b068_f15_127
	mss32_b068_f15_128
	mss32_b068_f15_129
	mss32_b068_f15_130
	mss32_b068_f15_131
	mss32_b068_f15_132
	mss32_b068_f15_133
	mss32_b068_f15_134
	mss32_b068_f15_135
	mss32_b068_f15_136
	mss32_b068_f15_137
	mss32_b068_f15_138
	mss32_b068_f15_139
	mss32_b068_f15_140
	mss32_b068_f15_141
	mss32_b068_f15_142
	mss32_b068_f15_143
	mss32_b068_f15_144
	mss32_b068_f15_145
	mss32_b068_f15_146
	mss32_b068_f15_147
	mss32_b068_f15_148
	mss32_b068_f15_149
	mss32_b068_f15_150
	mss32_b068_f15_151
	mss32_b068_f15_152
	mss32_b068_f15_153
	mss32_b068_f15_154
	mss32_b068_f15_155
	mss32_b068_f15_156
	mss32_b068_f15_157
	mss32_b068_f15_158
	mss32_b068_f15_159
	mss32_b068_f15_160
	mss32_b068_f15_161
	mss32_b068_f15_162
	mss32_b068_f15_163
	mss32_b068_f15_164
	mss32_b068_f15_165
	mss32_b068_f15_166
	mss32_b068_f15_167
	mss32_b068_f15_168
	mss32_b068_f15_169
	mss32_b068_f15_170
	mss32_b068_f15_171
	mss32_b068_f15_172
	mss32_b068_f15_173
	mss32_b068_f15_174
	mss32_b068_f15_175
	mss32_b068_f15_176
	mss32_b068_f15_177
	mss32_b068_f15_178
	mss32_b068_f15_179
	mss32_b068_f15_180
	mss32_b068_f15_181
	mss32_b068_f15_182
	mss32_b068_f15_183
	mss32_b068_f15_184
	mss32_b068_f15_185
	mss32_b068_f15_186
	mss32_b068_f15_187
	mss32_b068_f15_188
	mss32_b068_f15_189
	mss32_b068_f15_190
	mss32_b068_f15_191
	mss32_b068_f15_192
	mss32_b068_f15_193
	mss32_b068_f15_194
	mss32_b068_f15_195
	mss32_b068_f15_196
	mss32_b068_f15_197
	mss32_b068_f15_198
	mss32_b068_f15_199
	mss32_b068_f15_200
	mss32_b068_f15_201
	mss32_b068_f15_202
	mss32_b068_f15_203
	mss32_b068_f15_204
	mss32_b068_f15_205
	mss32_b068_f15_206
	mss32_b068_f15_207
	mss32_b068_f15_208
	mss32_b068_f15_209
	mss32_b068_f15_210
	mss32_b068_f15_211
	mss32_b068_f15_212
	mss32_b068_f15_213
	mss32_b068_f15_214
	mss32_b068_f15_215
	mss32_b068_f15_216
	mss32_b068_f15_217
	mss32_b068_f15_218
	mss32_b068_f15_219
	mss32_b068_f15_220
	mss32_b068_f15_221
	mss32_b068_f15_222
	mss32_b068_f15_223
	mss32_b068_f15_224
	mss32_b068_f15_225
	mss32_b068_f15_226
	mss32_b068_f15_227
	mss32_b068_f15_228
	mss32_b068_f15_229
	mss32_b068_f15_230
	mss32_b068_f15_231
	mss32_b068_f15_232
	mss32_b068_f15_233
	mss32_b068_f15_234
	mss32_b068_f15_235
	mss32_b068_f15_236
	mss32_b068_f15_237
	mss32_b068_f15_238
	mss32_b068_f15_239
	mss32_b068_f15_240
	mss32_b068_f15_241
	mss32_b068_f15_242
	mss32_b068_f15_243
	mss32_b068_f15_244
	mss32_b068_f15_245
	mss32_b068_f15_246
	mss32_b068_f15_247
	mss32_b068_f15_248
	mss32_b068_f15_249
	mss32_b068_f15_250
	mss32_b068_f15_251
	mss32_b068_f15_252
	mss32_b068_f15_253
	mss32_b068_f15_254
	mss32_b068_f15_255
	mss32_b068_f15_256
	mss32_b068_f15_257
	mss32_b068_f15_258
	mss32_b068_f15_259
	mss32_b068_f15_260
	mss32_b068_f15_261
	mss32_b068_f15_262
	mss32_b068_f15_263
	mss32_b068_f15_264
	mss32_b068_f15_265
	mss32_b068_f15_266
	mss32_b068_f15_267
	mss32_b068_f15_268
	mss32_b068_f15_269
	mss32_b068_f15_270
	mss32_b068_f15_271
	mss32_b068_f15_272
	mss32_b068_f15_273
	mss32_b068_f15_274
	mss32_b068_f15_275
	mss32_b068_f15_276
	mss32_b068_f15_277
	mss32_b068_f15_278
	mss32_b068_f15_279
	mss32_b068_f15_280
	mss32_b068_f15_281
	mss32_b068_f15_282
	mss32_b068_f15_283
	mss32_b068_f15_284
	mss32_b068_f15_285
	mss32_b068_f15_286
	mss32_b068_f15_287
	mss32_b068_f15_288
	mss32_b068_f15_289
	mss32_b068_f15_290
	mss32_b068_f15_291
	mss32_b068_f15_292
	mss32_b068_f15_293
	mss32_b068_f15_294
	mss32_b068_f15_295
	mss32_b068_f15_296
	mss32_b068_f15_297
	mss32_b068_f15_298
	mss32_b068_f15_299
	mss32_b068_f15_300
	mss32_b068_f15_301
	mss32_b068_f15_302
	mss32_b068_f15_303
	mss32_b068_f15_304
	mss32_b068_f15_305
	mss32_b068_f15_306
	mss32_b068_f15_307
	mss32_b068_f15_308
	mss32_b068_f15_309
	mss32_b068_f15_310
	mss32_b068_f15_311
	mss32_b068_f15_312
	mss32_b068_f15_313
	mss32_b068_f15_314
	mss32_b068_f15_315
	mss32_b068_f15_316
	mss32_b068_f15_317
	mss32_b068_f15_318
	mss32_b068_f15_319
	mss32_b068_f15_320
	mss32_b068_f15_321
	mss32_b068_f15_322
	mss32_b068_f15_323
	mss32_b068_f15_324
	mss32_b068_f15_325
	mss32_b068_f15_326
	mss32_b068_f15_327
	mss32_b068_f15_328
	mss32_b068_f15_329
	mss32_b068_f15_330
	mss32_b068_f15_331
	mss32_b068_f15_332
	mss32_b068_f15_333
	mss32_b068_f15_334
	mss32_b068_f15_335
	mss32_b068_f15_336
	mss32_b068_f15_337
	mss32_b068_f15_338
	mss32_b068_f15_339
	mss32_b068_f15_340
	mss32_b068_f15_341
	mss32_b068_f15_342
	mss32_b068_f15_343
	mss32_b068_f15_344
	mss32_b068_f15_345
	mss32_b068_f15_346
	mss32_b068_f15_347
	mss32_b068_f15_348

