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In MAN THE “superior midfrontal zone” has beeir considered to be of prime
significance. in the intellectual delicit resulting from frontal lobe removals
{8}, a consideration which has reccived some experimental confirmation (7).
In monkey, homologous cortex has been shown to be critically related to the
performance disability in delayed response and delayed alternation problems
{1, 12). Laghley has suggested that, since the performance of classical delay
problcms depends in part on vision, the decrement in performance following
frontal lesiuns might be related to the invasion of the posterior pottion of the
superior midfrontal zone: "the frontal eye fields.”” This suggestion received
some support from the results of sclective partial ablations of frontal cortex

in man which indicated that while excision of no one cortical area of those

sampled influenced intellectual functions permanently, those involving the

~ frontal eye fields produced “the most pronounced of the transient effects

noted™ {7).
In addition to locus, the type of mjury may be n‘nportant in relatmg
changes in behavior to frontal lobe lesions. Stated explicitly, maximum be-

havioral change is expected to result from pathologically functioning tissue

rather than from lack of tissue per se (5). With regard to the relationship be-
tween frontal lesions and delayed response performance, support for this
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hypothesis has been adduced. One study has shown that an animal with

severe impairment of delayed response performance following frontal resec-
tion was susceptible fo Jacksonian seizures when benzedrine waa admin-

istered in doses too small to affect unoperated animals {3). Another study re-
- poried the effects on delayed response performance of implantation of

aluminum hydroxide cream over the anterior fronlal cortex. Marked, al-

thou;,h inconsistent, impairment of performance resulted from such lesions
in spite of the fact that only minimal anatomical damage to cerebral tissue

could be ohserved (9).

The present study was undertaken to answer specifically the queshons -

pused by the previous experimenta. (i) Can the decrement in delayed re-

iy luq study wius supported in part by Contract VAm, 24379 of the Veterans' Admin-
imtralion im i grant 1o Dr. John 1fulton who aided us by his cncouragement and interest,

Pra. Kurl Lashley nael 1. (0. Hebb wet the problem which was pursued by Dr. Hobert
Hlam {2} unlil his death, Histological seclions were mude by Mins Lila Rupp, Mrs Robert

Tuchker assivled in the preparation of the manuscript.
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. sponge problem solving performance be se]ectively'related to iﬁjury of the
- “frontal eye fields”? (ii) Is Lhe decrement . in delayed response performance
. related to dysfunction of this cortex rather than dbsence of tissue?

MATERIALY AN METIODE

Four Chuema baboons, immadure femnlos, were trained Lo a criterion of 90 por cend
“enrrect respunses in 00 consecutive tridds in A visaal pattern discrimination and inethe
delayed response proldem, Apparatus, festing procedures, and preosperative Lesting schedule
were identicn! with thore deseribed. in doetail by Pribram e of, (327, In addition, visual
fields and virual pursuil were examined by the method describd hy l’nlar un wned thig-

- shaw (10;,

1ta. 1. Reconstruction, reprosentative ceose sectiona through e mtma and thulnmus

of braina of bahoonk (G and 1 who received resections of fmniuf eyt- fie iriq

I#tack indicates
lesion in cortex and degeneration in thidamua, :
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ed to ii'ljU!'V of the T'wo sminuils were subjecied Lo bilaterasl, oncsbagae resections of botl banks of Lhe
o e —apgle and superier rmus of the arcuste suleas and Lthe surrgunding exposed corlex, A
eaponse performance third nnimal hod implanted on each homispherd four 1o, dismeter sitver dises filled with
2 of tissue? aluminum hydroxide cream, fwo within the limbs of the arcunte sulcua, one abave the
: ' “wuprrior rnmus, and ene on the moedial surface above the cingulate gyrus. The fourth animal
served s an unoperaled control. All surgicnl procedures were performed aseplicelly
through a full ealvarium flap hinged on the Jeft lemporak musele, T hu aluminum hydroxide
iscrimination and in (he ©ereamn was prepared from commereial /\mphn;,t,l by dllulmn willy porninl saline wilution
sperntive testing schidule to 1 workable consistency sind sterilized by, immersion in o bath of bailing water for 20
A2, In additien, visua) ' nureules, . _ ‘ _ _ .
d by Pribram nnd Bag- ' Dutring the first postoperative mouth ail foue animats were Lesbed waeekly in the visagal
7 ﬁc-_ltl nndd pursinit Lasks and given 100 Leials of visoal diserimination. Also during Ehae tical,
pastoperative month THG Leinds (50 Lrials pee day of delayod vresponse werne given aned Chia
number of trials repesied ench month ' for six mwenthy, amd thereafter every theee months
for the remninder of the first postoperative year. During the fenth postoperative manth
all were trained to perform. b drluy(.d akternation problem in the manncr described by
Pribroom ef af. (12).

In addilion to the olher procedures, the animal with the aluminum hydruxide cream
impleatation and 1he unoperated control were subjected, during the eighth postoperative
morlh, Lo intravenous injections of metrazol suflicient to produce generalized convulsive
aeizurcs. Delayed response testing was resumed within 15 minutes following the end of the
seizures and continued for 350 trials (at 50 trials per day) distributed over the week follow-
ing the injection. Subsequently, 1 mg./kg. per duy of orally administered benzedrine way

“given all four animals deily for one week. Testing continued during this period. Electro-

encephalogrums were obtained once preoperatively and once each postoperative month
for 12 months, Animals were anesthetized with sodium pentobarbitol (30 mg./kg.) for
this procedure. No wakmg records were made Jest such a prot..edure interfere wlth behavioral
testing..

Following completion of the teatmg program all operates were sacrificed. Their brains
were perfused with saline golutioh and with 10 per cent formalin, They were then fixed,
dehydrated in alcohols, imbedded in ¢elloidin, serially sectioned and stained with thionine,
From Lhese sections, ihe corlical extent of the lesions was reconstructed.

Reconatructions, representative cross sections and thalamic degeneration are ahowri\
in Fig. 1. The lesions are approximately bilalerally symmcetrical and involvd the anterior |
Mors:il sgranular, and’ Lhe_posterior dorsal granular (rontnl cortex. The resection exlenila.
T inelueds: the deptha of the nrcuate sulcus, capecially that of the superior limb., “The pes-
lerior exbremily of: the principal suleus is algo involved. Helrograde thalamic degenerntion
ik timited to the lateral portion of e n, medinlis doralis, capecially the paealamellar
purtmn the moedial portions of the n. ventraliz unlerior, and the n. ventralis lateralis,
I'hese observations confirm those obtained in the macaque mnnk(.y regarding thc Lhulnmo-

“eortical relntionship of {his portion of the brain (4, 11). -

The dises filled with aluminum hydroxide cream had oullined, in the frontal u:rt:\x
RdJII([nt anterior and dorsal Lo the arcuatc sulcus, round arens which were compressed
and which lind lost the \aminar arrangement of nerve cells. Throughout and around the
marjins of each of these areas was a’ moderate amount of glial proliferation. The cortex
surroinding’ each lesion stained poorly with thionine fur as far as 2 mm. although no
chromatolysis, pyknosis, or other abnormality wnsapparent ‘Serial analysis of the thalamua
fmled to reveal any cellular abnurmaht.y ' .

' eriterion of e per.eent.

RESULTS

1 Seizures. All electroencephalographic records fell mthm normal llrmts
except those obtained. postoperatively from the animal with aluminum hy-
droxide -cream implantations: These records showed abnormal; relatively’
‘high voltage slow waves (3-4/sec.). These glow waves were first observed in
the second postoperative month and reached a maximum amplitude of 100

o _ #V. in the gixth postoperative month. They were still present but of ap-
b lesions and thalamus . proximately half this amplitude in the twelfth postoperative month. The
e fields.”” Black indicates ) ee 2t ol ; . . . S
S ; slow activity wuas approximately equal bilaterally and though obtained from
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all leads was maximal in the frontal and central recordings. In addition,
occasional bizarre spikes were observed in the left frontal recordmg durmg_

‘the second, third, fourth, sixth, and seventh postopemtwe months. No other

abnormalities were observed.
Except after metrazol injections, convulsions were observed only in the

animal with aluminum hydroxide cream implantation. They were seen for
‘the first time two months postoperatively, were Jacksonian in type, and con-
sisted in a nystagmoid jerking of the eyes which spread to involve the head

and occasionally the upper extremitics. They lasted 2 minutes each; no

- genernlized convulsions ensued. The seizures appeared to be bilalerally

‘symmetrical at this time. One or two scizures were obscrved daily - some
“during the period of behavioral testing. No immediate ‘effect of scizure on

test performance was seen: The animal would usually continue té respond,
and resporid correctly, even during the period of an.observable seizure. These
convulsive episodes continued in this manner during the next month, but in-

“creased in frequency and duration. Approximately three and one-half months

postoperatively the seizure pattern spread to involve the trunk musculature,
Turning of eyes and head was followed by body rotation and then by circular
runmng in ever tightening sp)rals These running seizures were ohserved to

“be in either a clockwise or in a counterclockwise direction; occasmnally, the

running would abruptly change direction. At this time, the seizures could be

initiated by threatening the animal with a stick, or by presenting him with

food. Seizures were often terminated by clonic-tonic generalized convulsions

~ accompariied by-compléte unresponsiveness. Four months postoperatwely

' the seizures became less frequent, though when they occurred they were as .

severe as before. By the end of the fourth postoperative month convulsive

episodes were no longer ¢ observed and could rot be induced by threatemng

ngtUrLS or by presentatmn of food,
Convulsions were produced by mtravenous injections of metraZol in the

animal with aluminum hydroxide cream implantation and in the control
animal. However, the dose necessary to produce convulsions was one-balf

as great for the former as compared with the latter animal. Oral administra-
tion of benzedrine did not result in convulsnons in any Operate or in the con-
trol animal: : - :

' 2. Behavior. There: was no- gross hmltatmn of eye movements in’ any ani-
mal even during the first pestoperative week. No change in eye movements
was noted whether the observations were made while the animal was 'spon-
tancously” searching or durmg the testing of visual pursmt Nor was there
any 1rnpau'ment of the visual field in these ammals :

'l here hay heen umhldertlblu controversy T gardmg it paeudohemmnopm" nllegﬂd to
follow unilateral frontal resections; as the ablations in the current cxperimends were made
bilslerally in one dlnge, no information regariling this problens was obtained. The aulhor
has seen u transient change in performance lasting alinut sne woek following a unilateral
provedure when two objerds are broughl simultaneously ibto both tempaorenl. fields of Lhe
animal (double vimuitancous stimulation). Turing this perind. animals fail to re Hp(lnd to
uhijects in the visual feld contraluleral Lo the lesions even when such objectys ure pre.
ferred” food i_hu.lmna_‘l_ or “Lhreatening” (stick) and the paired object is “neutral” {pranuty.
In such animals a visual ficld defect was not detecied when ciher methods were used,
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Il‘dlnb‘i Il'l Add]t]on | Tuble 1. Delgved #'LW{:)H:;Z{'{HJ!:::f};;;f;r:.:::;‘:rtr::;::;';::ir;:mig(l P -4-K0 frials
1tal recording dunug i A L —
.-I\'B months' No other 'I'M._ ) . H:ii!{:()n G B:ibm_m R Rahoon T Buhoon J
A B ' uperittive Reseelion Aluminum Hescetion (Contral
gbserved only in the month e
“They were scen for f 77 B8 .. 71 HO
rian in type, and con- 21 70 91 (6 : fi“
| to involve the head | gj gg* . 2*: é;
2 minutes each; no . 5 78 . ant 75 - NS
»d to be bilaterally f; :}’ -?}Z ' 22 ‘;j‘
hserved _da_ll}.!'—--some PR g9 . g3 86 56
» effect of scizure on e e e
'c:o'nt,inue"to respond, ) [Jt: Iihu;‘llan :eu:ut"vq]ob:]erw’d d ;F:-lgr N At i e
rvable ..B_EIZUIIE. Th‘?se If)ela;l(\(l!l ;rl.'(t:;m:’:e ;)(::fgfm tr::].srf(.ureg L(l.lfnan:mtlli(\::]tr; (1) ref;:ctllr:nq of the "'frontal eyu
' next r_nonth, but in- ficlds'' (hzboons G and 1) and {ii) aluminum hydroxide cream implanty over the “frontal
and one-half inonths _ cyu fields'’ (haboon H) and of a control animal (haboon J). Scares are per cent correct of
@ trunk musculature, 150 consecutive trisls. Note lag belween onset of - cunvulalons and decrement in delayed
- - responac performance in baboon H.
.and then by circular
res were observed to _ - _ .
‘on’ ocmgmnany, ‘the Finally, therewas no impairment of visual pattern discrimination perform-
the geizures could be ance. The animals had learned this discrimination with a mean of 240 trials
pregeﬁtmg' him with prenperatively (range 120- 410); all animals reached criterion postc:peratlvely
weralized convulsions within 10 trials. During the periods of decrement in delayed response per-
nths postoperatively formance, {he animal with the aluminum hydroxide cream implantation
scurred they were as agaln gave criterion visual discrimination performance without further train-
ve month convulsive ing.
‘uced by threatehing -Scores obtamed in the delayed response test are detailed in Table 1. To.
: be noted are the ﬁndmgs that (i) the animals with resections showed a decre-
ng of metrueol in the men{ in performance (70 per cent level) which persisted for approximately
i and in.the contral six months postoperatively, and (ii) the onset and termination of decrement
-ulsions was one-half in performance (to a 65 per cent level during the fourth and fifth postopera-
aal. Oral administra- tive months) of the animal with aluminum hydroxide cream 1mplantat10n
perate or‘in the con- did not. coincide with-the ousct and. termination of convulsive seizures (sec- .
' ond to fourth month). Temporal dissociation between convulsions and per-
r)\rements in any ani- formance decrement is also observed to follow metrazol induced seizures
1e.in eye mov ements _ {(see Table 3), Oral administration.of benzedrine had the same effect on all
e animal was ‘spon- operales and on the control animal: only 10-15 trials per day were com-.
rauit. Nor wag there - pleted. These were performed without any noticeable decrement when scores
' ' are compared with the immediately preceding performance of the animal.
!nhemianu;;ia"allugud to Scores of original learning of the delayed alternation problem are pre-
experiments were made sented in Table 2. These are to be compared with the scores of other frontal
a8 ‘obtained. The author " operatcs prcaented by Pribram et al. (12). Although performance of the ani-
“il‘t‘;"rlli;‘:;:fﬁ“il‘:{:‘{i‘;"‘f"}"‘(}! mals with resections is below that of the control animal in this study, other_
imals fail to respond to controls have performed at the lower level. The question of whether the ani-
1- such objecty are *pre- mals wilh resections performed within normal Jimits must therefore be left
_'"t i8 ““neutral” (peanut). open until data on more animals are ava:lable
r methods were used.
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Table 2. Defaved afternation. (1011 postoperative months)
Week HBaboun G K]“h“l.m H Baboon ] Rahonn J
ee Resection uminum Resection Conirol
b cream :
1 3 76 | 82 100
2 79 T4 56 98
3 83 71 86 i -
4 77 : B4 88
5 . 77 81 91

Dolnyed alt&-rnntmn pulurmnme BCOreA uf the ﬂmmalq uavd in Llll‘! sLudy Q(‘nrcq are
per venl correct of 260 conseculive trials. These resulta are to be compared with those

ohtained vnder similar conditions in baboona with dorsolateral or ventromedinl frontzll'_

granukar cortex rmectmnu reporied by Pribram of al. (12),

3. Summary of results. Resection of the "fron tal eye fields™ interferes with

delayed response performance; however, this inlerference is not as drastic as
that resulting from lesions which also include the dorsolateral frontal yran-
vlar cortex (12). Immediate postoperatwe scores of 70-75 per cent are at-

tained when the resection is limited to the frontal eye fields and improvement

of performance occurs with time and practice —a stable performance level
coinparable to preoperative performance may be attained within a year.
Postoperative initial learning of delayed alternation compares favorabl y with
‘that of other frontal operates and one control animal (C3 reported by Pri-
‘bram et al.) although two other nonoperate controls (C1 and baboon J) per-
formed at a higher level.
, Aluminum hydroxide cream 1mplantat10ns result in Jacksoman seizures
-:begmnmg with eye and head movements and in sporadic decrement in de-

layed response performance level. Seizures and performance decrement are -

not necessanly associated; seizures may be present without concomitant
‘decrement in performance (viz., Tableé 2, 2nd and 3rd month); onset of the
decrement in performance does not follow metrazol-induced seizures im-
mediately but is delayed- for a day and persists for four days although no

Tabie 3. Metruzol in Rth pastnpem!wt' mnn.'h

Bahoon H " Baboon J

{Irritutive) . {Control)
Da)lm 3 1V injectiona of 3 TV injections of
0 7.1 o, metraznl ench 1.5 ce. mrdrazol sach
1 : 92 . 90
23 44 91
4 80 g2
8-7 _ 95 ' g2

(..omp'mnnn oi' the oﬁ'e(.ln of metrazol mdm ed convulqmnn on thl. perl‘urmzlm © ui de-
lnyud response by an animal with aluminum hydroxide crenm implantation ever the
"fronlal eye fields” (haboon Hl 'and a comtrel animal (biboon J). Numberes indicate per-
. furmance scores on 100 conseculive trials except on day 1. The score for this day is based
un 50 trials given within 15 minutes followmg the last induced convulsion,
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furt her seizures are noled; metrazol-induced seizures in the nonoperate con-
trol animal are not. followed by any decrement of performance (Table 3.

Discussion

The fmdm;,% of the current study indicate that lesions of the fronlal eye
fields do nul impair delayed response performance as drastically as lesions
which also invade the dorsolateral frontal granular cortex (12); this result
makes it unlikely that the decrement in performaiice can be related to the
central mechanisms regulaling eye movements. This contention ig further
supported by the partial digsociation belween convulsive episodes and
change in performance, Since, in a study by Blum (1), impaired delayed re-
sponse performance followed frontal lesions whether the predelay cue was

~ auditory or visual, that author.concluded that “decrement in postoperative

performance is unrelated to the modality through which the diﬂ’erentlatmg
cue i3 received.” Thus it appears that the involvement of frontal cortex in
delayed response performance cannot be selecmvely related to the visual

-modality, no rnatter whether a “'scnsory”’ or a ‘'motor"”’ mechamsm is hypoth-

esized.
The dissociation between decrement in performance resulting from the

‘aluminum hydroxide cream implantation and. the electrical evidence of

dysfunction casts some doubt on the concepiion that the effects of frontal
resections are primarily due to the effects of scars produced at the borders
of the ablation. The dissociation between: change in performance and con-
vulsive episodes, as well as the delay in onset of performance decrement fol-
lowing metrazol seizures, makes it necessary to modify current hypotheses

: ‘_'c0ncern1ng the mechanism of the production of deficit: neither the idea that

“irritative” lesions cause dysfunction as measured by the electroencephato-
gram, nor the conception that “'loss” of the tissue presumed to provide the
locus of “‘immediate-memory traces,” account, by themselves, for all the

data. pparently the cerebral mechanism implicated in delayed response
‘performance is suceptible to disruption either by.resection or by aluminum

hydroxide cream 1mplantat:0n As yet this mechamem deﬁes precme spemﬁ-
cation.

SUMMARY

1. Four Chacma baboons were trained to a cnterlon of 90 per cent cor-
rect responses in 100 consecutive trials in a visual pattern discrimination and
in the delayed response problem,

2. Two animals were subjected to. bllat.era] one-stage resections of - both
banks of the angle and superior ramus of the arcuate sulcus and aurroundmg :
exposed cortex. A third animal had implanted on each hemlsphere four 1 em.
diameter silver discs filled with aluminum hydromde cream, two within the
limbs of the arcuate sucus, one above the superior ramus, and one on the
medial surface above the cingulate gyrus. The fourth animal served as an
unoperated control.
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3. Decrement in performance was restricted to the delayed response situ-
ation in those animals given resections of the frontal eye fields. Performance
“ranged around the 70 per cent level for six months pastoperatively.

4, The animal with the aluminum hydroxide cream implantation suffered

from seizures, both electrical and behavioral. In addition, this animal showed : i
‘a decrement in delayed response performance for a period of two months. =~ jin - ¢

- This decrement was partially dissociated in time from the occurrence of y ‘
seizures. -

5. Metrazol-induced seizures resulted in-decrement or delayed response
periormance in the animal with aluminum hydrox1de cream tmplantation,
but not. in the unoperated control. Ducrement in performance was delayed, .
however; immediately after seizures the animal performed at criterion, but v
perforinance fell to chance during the following two days. h

6. 1t isconcluded that frontal eye ficlds, although implicated in delayed
_ response perforimance, are nol critically related to this behavior since more
‘ L :11|teri0rly placerd lesions resull in & more profound deficit in performance. It

187l conelnderd that the elfeet of such anteriorly placed lesions eannot be _ _
v - ascribed to scarving of the frontal eye fields since aluminum hydroxide cream L
Jesions have only a temporary effect on performance. Finally, an interesting . T
and yet unexplained phenomenon has heen described: the temporal d:ssoma- .
tion between convulswe episodes and performance decrement

VAV
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