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It has been well established that gross damage to the frontal lobes prodires
severe disturbunce of monkeys' performance on delayed-response-type test
(2, 5, 11). However, there g little information relating the topographic organiza-
tion of fronfal cortex to ruch disturbance cxcopt that resection limited to the
precentrul “motor” areas does not produce this slteration in behavior {6). The
present experiments werre designed to determine whether the integrity of a
restiicted portion of the frontal lube anterior to the precentral “moetor” arcas is
espeelally important for perform:nee ot delayed-response—type tasks, '

Data obtained by the method of stryelinine ncuronegraphy were chosen to
guide surgical removals (15). Neuvrcnographically, the frontal cortex, exclusive
of the motor arens, is divisible into three sections, the core of each being & region

T : within which all peints are related by reciprocal connections, These sections are
' L . referred to as {a) dorsolateral, () ventromedial, and {c) ventrolateral. The
S ?; ventrolateral section is part of a more extensive segment extending to the
S temporal polar formation and into the island of Reil, and the behavioral effects of

ablutions restricted to this segment are 16 be reported elsewhere (13).

L The present report deuls, therefore, with a comparison of the hehavioral
o o effccts of bilaterally synitnetrical lesions of the other two neuronographically
BT defined sections of frontal cortex: the dorsolatersl and the ventromedial.

G PROCEDURE

T Sulijeets

. . ’ . Nine puince bahoons (Papio pupiv) were arbitrarily divided among the experimenters for

R the purpuse of precoperative training. They were then placed in three experimenial groupes

_ mutched on the basis of weicht, cach group contuining three animals numbered 1 to 3,

o _' weighing appraximately 4, &, and 9 kg., respectively, The groups will be designated C frr

L L nonoprrite controls, DL for dlaraolateral operates, nnd VM for ventromedial nperates. Fost-
- apcratively, the animala were rearranged into three testing groups, each group contnining

. three animuls of equal weight and hence vhe animal from ench of the three experimental
PR groups, Lich of the three tisting groups was then assigned to a different experimenter.

. _ Soon after eompleting Phinses [ and 11 of the postoperative testing acheduie, VML died
BRI of an acute gastrointesiinal illness. C2, after-aorving as 2 coutrol animal for these two
N phases, was operated upon (VM4) to replace her, He then received the complste poat-

. .-ﬂ S operative testing achedule, iucreasing to 4 Lhe & of the VM group for Postoperative PPhases
T Xund H.

! 8vlvan J. Waplan is now ut Randolph Air Force Bume, Randolph Field, Texus, This
investigntion was supported in part by o grant from Contract VAm23379 of the Vetcrans
Adminigtration. .
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Surgieal Procedures

) Avimals in groups DL cosd VADwere operated alterntely, Usder intraperitoneal godinm-
W . amytal anestherin (ipproximately 0.6 re/ky body weight) 4 tlinear sealp incigion wun neule
extending feom one Arnporal region Lo Lhe other aeross the vertex, A full eelvarium nsteo-
plastic fap wog then furned on the lefe tomporad bope, exposing both cerebral homispheres
forwurd of the central suleus, The duere was apened bilatersily in adl instanees, bui Tar the
ventrumealiad lesinns the Jura was opencd only winimally on the right, nid on the lefL
peverad (usually 2 o 3) sodl veine near the saggital sinng were interrupled with clectro-
caulery, ‘The vorlex wis rubpielly regeeted in scar-minimizing fnshion with an 185 goge
metul sucker designad for ihe purpose. Symnetrical bilaleral remaovals were peforned .
_ A _ in one glage, amb white matter wag pal intentionally invaded. The darsolateral Tesicoag -
L ,'._ R ’ extemded from the arcunde suleus forward 1o the pole, and included the depthe of Lhe sof s
o ' principnlis. The venmtromedial lesions included themedinl aspeet, af Lhe pole and the needin)
orhital, anterior cingulute, and subeallosal gya. The depths af ihe subcallogal {remtial)
suleus were invaded, bul those of the callosomarginal suleusr were spared. Wounds were
cloged in anatomicenl lnyers with silk.

Trsts

In addition to receiving delayed-response training the animats were tested on delayed-
alternation and viguel-diserimination problems, *The alternation task was administrred
only postoperatively in order to determine the effects of frontal Jobe damage on the initial
acquisition of A delayed-responsc-type habit. The visual-digerimination problem was
presented both pre- and postoperatively in order to measure the retention of n habit not
closely related to delayed responsc. Throughout the experimental period systemalic nh-
servutions were made of the animals’ gencral bebavior, and postoperatively quantitative
estimates of the animals’ locomotor activity were obtained.

Apparalus

A transporting cage wns used to move the animal fram the individua! living quarters
Lo an air-comlitioned, soundproofed, datkened testing room. Here the cage was moved
into a dimly illuminated caelosure and secured in pluce facing the opanue screna of the
- Leating appuratus. When the opague scrcen was raised, the animal was confronted with a
aliding tray to which were nttached two rectangulur metal cups, spaced 12 in. apart. Metal
cup-covers, 3 in. by 4 in., served a9 interchangeable stimulua plagques, which the nnimal
quickly learncd to displace to obtuin ibe concraled reward. Unpainted covers were nsed
for the delayed-response and- delayed-alternation tests, Covere bearing un inverled (posi-
tive) and an ercel triangle painted flat black on yellow backgrounds were wsed for the
) visual-discriminatioh problem. A otie-way vision screen separated the aoimal from the
e experimenter, _ ' _ '
' The locomotor activity of the animal was measured in an “activity coge’ hy moeans of
an RCA capacity-operated relay, grounded to the eage floor and to autennae at hoth ends.
Changes in tbe antenuva capacity, caused by movement of the animal in the field between
antenna and ground, activated a counter. The cage was eficlosed in an illuminated, venti- 1
luted, sound-resistant box.* '

Testing Procedures

To adept the animale to the testing situstion they were trained on delayed response
al the O-sec. (minimal) interval without the sercen. A Lrial was presented in the [ollowing
: mauoer: Ooe of the cups was baited with a peanut in full view of the animal, the lide were

i ? The authors are indchied to Dr. George D, Davie for the use of this apparatus, & de-

“ taifed deseription of which ig to be found in Davis (4).
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elosed, the one-way vision sereen wnd Joweral, the tray pushed forward, and the animal
permitted to make a choiee. Lofl anid right cups were baited in a predelermined batanced
ortler, The nodeorrection techinique wis cinployed. No punishment, other thun withholding
reward, wir given for errors, Thirty trials wern presented daily until the criterion of 83
correct in 100 consccutive trinls wan achicved. This training constituled the adaptation
perind. i

The same proecdure wiy tlien used Tor the formal Lests with the following exceptiony,
Fhe alelayed-responie test wag preaeoled with the opagque wercen inlerposed for alelays of
O-fminimal}, 5-, anul I0.scc. wiler buating; for the visual.liserimination problem, cups
were hajted with the opayue sereen lowered; for deloyed dllernalion, eupg were hattod
with the apugque sereen interposed, and 50 (rinds, geparated by 5-sec. delays, were prescnted
by the correction technique. {Because all correction trinls were included in the daily total,
seores below 50 per cenl, indieating consistent Yeft or right position preferences, could be
obtained.) '

Svatemalic obsrrvations of the animals’-behavior were recorded daily before and after
aperatton. These observations embraced kind and degree of (1) motility—running, jumping,
walking into and out of the transporting cage; pacing, circling, sitting in the transporting
enge precediog, during, and following the testing session; (b) reactivity—pouncing at the
experimenter, slapping or biting the cage, attempts to eacape, crouching, defecation,
pilocreetion; and (¢} vocalization—screaming, barking, chattering. ’ '

Posloperatively, six 3-hr. recordings, cach on o gcparate day, were taken of an animnl's
activity in the “activity cage.” Half of each animal’s sessions were run in the moroing
aud balf in the afternoon, The data for a given subject were averaged to yield an-bourly
count, each average being bazed on a total of 18 hr. in the activity cage.

Immediately after each day’s testing tho animal was returned to its home cuge and fed a
synthetie biscuit diet designed to provide 70 cal/kg body weight. Vitamin C in cornstarch
candy was administered Lhrec times a week. Water was always available in the living cage.

Testing Schedule

Preoperntively, following the adaptation perind of delayed response, animals were
trained on thia test to eriterion at 0-, 5-, and 1¢-sce. intervals, suceessively. They were then
trained 1o eriterion oo the visual-diserimination tusk,

Pustoperatively, the testing was divided into three phases: retention of preoperatively
learyed habits (delayed response and visual discrimination}; relearsing of delayed response;
wn<d indtial lewrning of delayed alternntion.

Dhase . Two and one-balf to three wecks postoperatively the animals were tested for
retrplion of the delayed-response habit at the 10-sec. interval with aereen.* A maximum of
750 trials was prescuted, interrupted after the first 300 trials by a retention test for the
vigual-discrimination habit.

Fhase I{. Failure on the retention test for deluyed response was followed 2 mo. post-
oprratively by retrnining at the 0-gec. intervul with screen. Animals that succeeded at
this level werc retrained through 5- anid 10-ace. delays; those that failed (after 750 trials)
received retraining to criterion at the 0-sec. interval without screen, and were then given
an additional 150 trials al the eame delay with screen.

Phase 111, Five months postoperatively eight animalg (C1, C3; DL to 3; VM2 to 4)
wera trained for initial lenrning on the alternstion problem. A maximum of 1,000 triala

~ wuR prescnted. Six months postoperatively the same eight animale were tested in the

aclivity cage.

* For the purpoue of the present study an animal s considered to have shown. partial
retention of this habit if, posleperatively, the number of trinls and errors it required to
atiain eriterion at the 10-sec. deluy waa leas than the cotnbined number of trisls and errors
it required initinlly to attain ctiterion at all delaye. The maximum number of trials pre-
senied postoperatively was greuter than the tolsl number required initially by the slowest
animal, :

B R R i B SRR 2 Ny .
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Anaiomical Proredures

Following vompletion of the behaviotal obgervations the animala were ancrificed by
intruperitonenl injection of o lethal dose of Nembutal, The braine were poreardiaily per-
fused with saline: solution follawed by 140 per cenl formalin, Fixation inoseveral chonges of
10 per cont forinulin for v o weeks was follawed by dehydration in aseendling coneentrations
of alcohol, Thin nitroreliniose {1 per eent) and thick celloidin (10 per cenl) were ued for
imbedding, The hraing were serially seetioned wt 25 tng, with every tenth section saved
and every twondietly seclion atained with analine thionine, Reconsiryclion of Lhe tedien
was made fron every fourth stained seelion; thalamie degencration was estimatad by
mirrpscopic examination in every other siained section, Representative eross seelions
through the lesivn and through the thatimus were made in addition to the reconstruction.

TARLLE ]
Visuan Discriminvarion avn Devaven IEspon«s: PREOUERATIVE LHARNING AND
Posrorerarive RETENTION

Scoren are Arinls and crrora preceding 85 correct choices in LOW consecutive irinls, Tor
dilayed response, preoprrative trinls wnd errors a0+, 5-, and 10-second delays are combinad
into one tulal Aeore, whereas postoperative trinls and eerars wre for the 10-second delay
only. An underlined geore denoles inability to atlain eriterion within the limits of training,
final level of performance being indicaind by the number correct in the kast 100 Lrials,

YISUAL blﬂC“iliNl TION DELAYED RESFINSE
Prepperatlive Pastopwrative n_‘_.I'rcupcml_i:: | Postoperative
5UB). NO. e ———t —_ R N ——
’ Na. {lor-
Trials Errors Trials Errors Triala Ertars Trials Errars rect bant
100 Trials
Cl o0 207 80 36 10 5 110 33 -
C2 20 61 20 8 590 159 | 0 0 —
C3 50 288 20 3 230 &1 | 250 &5 —
VMl 10 a5 ] ] 630 157 f 60 13 —
V2 150 60 [0 5 610. 61 7O A 5fi
VM3 200 110 130 fil 40 120 | 750 313 53
VM4 230 | 0 5 500 e | 20 75 -
|
bl 160 64 140 72 200 05 I 750 370 57
nl2 510 151 150 ™ 210 L L. Hi7 16
DLA 300 128 230 08 1 s 143 | 1o 4n 59
HESUTLS

Behavioral Resulis

Table 1 presents preoperative lenrning and postopetidive relenlion scores [or
leloyed response and visual discriminadion (Ihase 1), Considerable overlupping
Is gern i the preoperative scores of the three experimental groups, with the
greatest variability being found i1 the seores of the nonoperate controls, Post-
nperatively, whereas there are only exceptionul cases of complele retention, an
unalysis by the method of savings reveals many instances of partial retention.
Thus, on the discrimination problem coch animal scored fewer than its original
number of trials ail errors, although the three dursolaterul operutes consistently

T ey,

LY X IRrY

oA

Plagre VAT Sl TR - g, &

A -

B = T o )

A,

R g



DELAYED RESTONSE FOLLOWING FRONTAL LESIONY H0u

required somewhat more training than the olhers to reach criterion. Similurly,
in the delayed-rerponse retention test some animals achieved a criterion score
in fewer trials and errors than they had required initiglly. Two eontrols were

TABLE 2
Derayep Resronse: PosToresamve TLELBARNING
Hcores are trials and errorg preceding 85 correct choices in 100 conserutive trials at
pevernl delay intervals, with screen except whery indiented. An underlined seore denaotens
inuhility to atinin eriterion within the limits of frainiog, final lovel of performance being
indicated by the number eorrect in the lost 100 frinds,

0-sEL. 5-5r0. i {0520,

LEN]. NO. ‘

Trials | Frrors Triala Firors Trinls Errurs

VM2 ( 70 14 140° 36 200 84
| 0 0 : [ a | 4

0-5%C. 0-5EC. WITHOUT BCREEN (-5EC.

Na. Cor- . WNao. Cor-
Errors rect Linat Trials Ertars Triala Errora 120t Tast
100 Trials ) 100 Trinls

Trinls

DL2 oo | 307 42 500 141 160 52
7

PL3 600 | 30 50 310 178 150 5

bl
%
50

|

1_— B
DL o0 | a0 50 20 | 78 | 1

?

TABLE 3
DELAYED ALTERNATION: PoSTGPERATIVE INITIAL LEARNING
Scores are the nuinber correct in the last 100 of ench of four consecutive 250-trial blockas.

NO. CORRELT
TOTAL N, OQF

fUL]. NO. TRIAL PRESENTED

Ist Ind nd

Cl1 20| 80 , — — —
C3 1000 56 60 75 71

VM2 1000 a2 66 79 73
VM3 1000 i i it ! 73
VM4 1000 60 65 71 | 71

DL1 00 40
pr2 | w0 | 39
DL3 | 100 28

45 44
47 &3
47 32

gaw

slightly retarded. However, the three dorsolateral operates and VM2 and VM3
showed no evidence of retention in 750 trials.

Table 2 presents the scores of these last five animuls on the delayed-response
retraining tests (Phase I1). VM2 and VM3 relearned the habt quickly at the
Q-sec. interval with screen and then performerl sueccessfully at the 5- and 10-sce.
delays with little or no further training. In contrast, the three dorsolateral
operates fuiled to relearn within the limits of testing even at the minimal deluy
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with sereen, suecealing only al the sume deluy without screen after prolonged

Araining. Furthermore, these animals showed no evidence of transfer in the

final test when the opaque screen was reintroduced.

Fio. 1. Lateran anp Dorsai Reconstructions oF DomsoraTeral, FronTal Lesions

Representative cross sections through lesion and through thalamus shown below re-
construclion, Black indicates lesion in Lhe reconstructions, degenerution in the thalamus,
and intact cortex in cross sections through the brains. AM, a. anterior medialis; AV, .
anferior ventralis; VA, n. ventralis anterior; VL, n_ veniraliz lateralis; MD, n. medialia
dorsalis; VP L, n. ventralis posterior laleralts; LP, n. lateralis posterior; CM, n. centromedian;
LG, n. geniculatus Interaiis. Numbers indicate serial position of section.

Table 3 presents the delayed-alternation data (Phasc 1IT). Of the eight animals
studied, enly C1 achieved criterion. The ventromedial operates and C3 attained a
level of performance significantly better than chance but below criterion. No
dorsolatersl operate, however, ever performed retiably better than chance.
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Fia. 2. MEDIAL AND VENTRAL HRCONETRUCYIONE OF VENTROMEDIAL LLESIONS
See Fig. 1 for nomenclature,
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Comparison of the records of the animals’ geueral behavior in the testing
situation revealed few changas after surgery. Thus, there was no clear indignlion
in any animal of a postoperative alteration in kind and degree of reactivity
or of vocalization, Ilowever, instances of hypermotility were observed in Lhe
dorsolateral operates more frequently after operation than befure,

In accord with the foregoing observation are the quantitative data obiained
postoperatively on those antmals that were placed in the activity cage. The
average hourly count for the dorsolateral operates ranged from 1,700 ta | 550 as
compared with a range of 700 tn 1,000 for four of the other five animals studied.
VM2, whirh fell outside this range, atiained an average hourly count of 2,100, but
this animal way judged to be cxtremely nctive preoperatively, and no jncrease
way observed postoperatively,

Anatomical Reaulls

Figures 1 and 2 present the histological findings. The dorsolateral Iesions
invade the white matter lying between the sulet principalis and callosomarginalis
and extend caudally above the superior limb of the arcuate sulecus. The ventro-
medial lesions do not include the caudal end of the subcallosal gyrus, and in the
cases of VM1 and VM4 extend far caudally on the anterior cingulate gyrus.
Except for these variations, the lesions, as determined by serial analysis and
reconstruction, correspond to the intended loeus and extent of surgical removal.
Further, they show bilateral symmetry and have clean, sharp boundaries.

All animals with lesions of the dorsolateral frontal cortex have massive de-
generation of the lateral half of the n. medialis dorsalis, a finding which is con-
sistent with those of Walker (20), Mettler (10), and Pribram, Chow, and Scmmes
(14}, The dursolateral operates also had some degeneration of the n. veafralis
anlcrior due, perhaps, to extensive involvement of the cortex medinl and caudal
10 the superior limh of the arcuate suleus (20). With the exception of minimal
degeneration in the dorsocentral part of n. medialis dorsalis in YM1 and VM3,
none of the animals with ventromedi:l lesions have degeneration in these tha-

lamig lovi. On the other hand, degenerulion in the anterior nuelear group is found

in all the ventromedin! operates (and in DL3 where damage to eortex below the

© suleus callosomarginalis is present), Degeneration of n. anterior medialis has heen

related to lesions of the precallosal medial frontal cortex in cats hy Rose and
Woolsey (18) and in tnonkeys by Meitler {10),.and this relationship is confirmed
in the present study. Degeneration in the n. anlerior ventralis, however, is found

in only some of these nnimals, and may be due to interruption of fibers terminat-

ing in the posterior cingulate gyrus, an explanation offered by Rose and Waoolsey
(18) for similar findings in cats. Degeneration in dorsocentral part of the n.

medialis dorsalis, the area of overlap in the thalamic degeneration of the two -

groups of animals, has been attributed by Pribram, Chow, and Semmes (14} to
involvement of the dorsal portion of monkeys' frontal poles,
DISCUESION

Frontal lobe resections made in consonance with neuronographicatly deter-
mined subdivisions produced differential hehavioral results. All animals wilh
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“dursolaters] lesions consisiently fatled the delayed-response-type problems,

whether tested for initinl learning, retention, or relcurning. They took a compara-
tively large number of triuls to perform at criterion on the visusl-discrimination
problem. In addition, they showed locomotor hyperactivity in a variety of
gituations. In contrast to these changes, observed consistently in the dorsolateral
operales, only two of the four animals with ventromedind lesions showed any
alterations. These two animaly failed the delayed-response retention test, but
hoth relearned guickly. All three ventromedinl operates which were trained on
delayed alternation performed at a level well above chance and us high as thut
achicved by one of the two tested controly (C3).

Although the dorsolateral lesions produced greater alterations in all functions
testal, interierence with visual-discrimination performance was minimal, «+on-
firming the results of previous studies (3, 11, 12, 17) and emphusizing the specilic-

ity of the effect. of frontal Jobe damage on' performance on delayed-response—type

tests, The additional finding of locomotor hyperactivity following resection
of dorsolateral frontal cortex confirms the results of Mettler (9) and othcrs
(7, 16). However, this effeet i3 not specific inasmuch as hyperactivity has been
produced by orbital and caudate damage as well. (No caudate damage is apparant
in the present series of animals.) Furthermore, a dissociation between deficient

" delnyed-response petformance and locomotor hyperactmty has repcat.edly been

estahlished (8, 12, 19).

. " Since the hchavmral differences beiween the two groups were produced by
damage to adjacent regions of the frontal lobes, the results permit & more precisce

description than has been possible herétofore of the anatomical limits of the
ncuroanatomical-behavioral relationship. The validity of this relationship de-
peuds, however, on ascertaining whether an equal mass of cortex was involved
in the operations performed on the two groups. Present techniques do not
permit aceurate assessment of extent of removal, but gross inspection sugpests
that the dorsolateral lesions are somewhat more extensive and somewhat deeper
than the ventromedial lesions. Nevertheless, that the difference in behavior
of the two groups is not sttributable to differences in extent of lesions is suggestecl
by the findings that (a) withio each operate group in the prescnt study there
docs not seem to be any correlation between extent of removal and degree of
behavioral deficit; e.g., the two ventromedial operates that had transient deficits
do not appear to have had greater involvement of frontal cortex than the other
animals of their group; and (b) large lesions elsewhere in the cortex (1, 17),
or even including some frontal cortex (13), do not seriously interfere with
delayed-response—type functions.

Support for the hypothesis that interference with separate neural systems
is responsible for the differential hehavioral resulls comes from the histological
studies. The cortical damage in the two operate groups resulted in easily dis-

tinguishable loet of retrograde degeneration in the thalamus; e.g., the dorsolatera! \
resections produced mnssive degeneration in the lateral half of the n, medialis :-._

dorsalis, whereas the ventromedia] extirpations resulted in minimal or no de-
generalion in this nucleus. Inasmuch as different behavioral and histologic
results were produced by the two lesions, it is suggested that neuronographic

o

PRE TN




hv R PRIBEAM, M. MISHKIN, T 1 ROSVOLD, AND S0 00 KATLAY

data, having guirled ihe removals, are relevant o e proldem of cerebral
specindization. :

SUMMARY

{. "Phree puinea bahoons reccived resection of dorseluteral frental cortex,
three of ventromedial frontal cortex, and three served as controls. One of the
vontrals subscquentty reccived a ventromedial operation. Lestons were mude in
consohance with neuronographically determined subdivistons.

2. Preoperatively the animals were trained on delived-response and visual-
diseriminaiion tasks. Postoperatively these wests were agiun preseuted, a delayed-
alternatio problem wag admimstered, and quaniitative estiimates of locomaotor
activity were obtained. Thiroughout, the experimental period systeratic obser-
vilions were nuude of the animals' generad behavior.

3. Upon comnplelton of the behavioral observations tlwe animals were sacriliced,
their briins sectioned, the lesions reconstructed, and thalumic degeneraiion
determined, '

4. Murkedly greater alterations o performance on delsyed -response-Lype
tests were produced by dorsolateral resections than by ventromedial resections.
In addition, the dorsolateral operates showed greater changes in locomotor
activity and in retention of the visual-diserimination habit. Correlitinng were
apparcot between the locus of lesion and the locus of retrograde degencration
in the thalamus. - '

5. These differential findings suggest that neuronographic data are relevant
to the problem of cerebral specialization. .

6. The results sitpport the hypothesis that the integrily of a restricted arca of
frontal cortex is especially important for performance on delayed-response-type
tests, The data indicate that such an area lies in the dorsolateral frontal region
anterior to the precentral “motor” cortex.
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