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Responses evoked by stimulating points along the jnferotemporal gyrus of the
macaque are found in the anterior commissure, amygdala, medial temporal cortex,
the head and hasal posterior portions of the putamen, the tail of the caudate
uncleus, the pretectal tegmentum, just lateral to the central gray matter, and the
superior colliculus. The superior colliculus projeclions come from the posicrior part
of the inferior gyrus ouly, and the amygdala receives Abers only from the anterior
region, Interhemispheric connections of this gyrus go via the anterjor commissure,
with indications of a shift to corpus callosum crossing as infurotemporal cortex
faren IE) blends into prestriate cortex {areas QA and QBO posteriorly}. The
importance of the various input and onput connections ta the inferateinporal area
are considered with regard to vismal discrimination performance, and the differ-
ence in projections of the anterior and posterior areas is relaled to findings of a
functional difference between these regions.

Introduction

This study reports an electrophysiological mapping of the efferent projec-
tions of the inferior temporal gyrus of the monkey. These projections are of
special interest today because of a puradox uncavered by experiments aimed
at delmeating the neural mechanisms mvolved in visual learning and recog-
nition. [Lxperimental ablation {8} or indercutting (13) of the inferior tem-
poral cortex mn nonhwman primates results in severe visual discrimination
disabilities, and lesions in tlns region of the subdominant hemisphere of
man produce disturbances in visual form recognition (7). The common as-
sumption is that visual miormation reaches this cortex secondarily from the
primary visual projections. However, the only known cortieal connections
of the primary visual {striate) cortex traverse the adjacent (peristriate)
cortex and yet virtually complete resection of this territory fails to produce
the visual impairments found to follow inferior temporal damage. Destruc-

L We express our appreciation to Robert Caruthers, James Ketchum, Lauren Ger-
brandt, and James Lynch, who at one time or another participated in these experi-
ments. This research was supported by NIMH Grant MH-12970 and USPHS Re-
search Career Award MH-15,214,
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tion of the inferior pulvinar nucleus of the thalwnus. which provides the
only known direct subcortical input to the inferior temporal gyrus, has also
failed to produce a detectable deficit (4). Pribram (11} suggested, there-
fore, that it would be profitable to consider the output irom the iuferior
temporal cortex, which could be conceived te selectively modify activity in
the primary visual pathway (via some subcortical connections) and thus
account for the specifically visual function of this part of the temporal
lobe,

Interest in the ciferent projections is further generated by recent reports
{(Iwai and Mishkin) 2 that the anterior and posterior parts of the inferior
temporal gyvrus function differently in vision: that the anterior part of the
gyrus is more involved in visual learning and the posterior part in visual
recognition. Could this difference be hased on differences in the termination
of the projections originating along the anterior-posterior extent of the gy-
rus?

The present study maps the subeortical responses evoked by Jocalized
stimulation at points along the inferatemporal cortex. The map thus ob-
tained vields information about subcertical structures which could he found
important in visual learning and recogmtion and reveals something of the
differences in distribution of projections from anterior and posterior seg-
ments, which mav be relevant to understanding recent stucies showing
functional differences hetween these subivisions,

Method

Eight adult menkeys { Macace mulaita) were used. Under sodium pento-
thal anesthesia, they were cannulated intravenously for later injections, in-
tubated for respiration, and then placed in the stereotaxic apparatus, A lo-
cal anesthetic {procaine in ol suspension) was infused around the points of
pressure and the edges of all wounds. In five of them the skull was exposed
by a midiine incision, the temporal muscle on the left was removed, and the
stimip was anesthetized. A rectangular opening was cut in the hone over
the left inferior temporal gyrus and another over the area to he explored
with the recording electrodes, After the dura i both areas was opened, the
monkey was given Flaxedil (3 ml, 1v), placed on a respirator, and main-
tained on the drug (2 ml/hour) throughout the experiment. Tor the last
three animals the procedure was modified to minnmize exposure of the cor-
tex, For the recording electrodes a small midline incision was made as he-
fore, but now only burr holes were drilled at cach site to be investigated.
The dura was opened in each hole with 2 cutting needle and the holes were
protected with moist Geltoam until they were to be used.

2 Paper read at American Psychological Association, Washingtan, [.C. 1967,
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The stimulating electrodes (two to three in cach monkey) were inserted
into the inferotemporal gyrus at an angle of about 45 deg from the vertical,
lowered just to the bone, and then drawn back about 2 mm. These elec-
trodes were left in place throughout the experunent. In the last three mon-
keys a small incision was made in the skin over the temparal region. The
muscle was split and two small (1 mm) burr holes were drilled in the hone,
Stimulating electrodes were inserted in the usual manner, but they were
then cemented in place with dental acrylic, The muscle was sutured m ana-
tomical layers and the skin closed, leaving only the clectrode wires protrud-
ing.

To begin the evoked response mapping a recording electrade was first
Jowered stercotaxically to a point just medial to the stinulating electrodes
to see if the stimulation was effective, Begitming at least 2 hours after the
anitrtal was placed on the respirator, the sites to be investignted were sys-
tematically mupped in Z-mun steps i an anteroposterior and mediolateral
direction. Activity of the brain st the site was observed on an oscilloscope
after each stimulus pulse. Each tract was mupped using either one stimula-
tion site as the recording lead was lowered and one as it was raised, or by
using the three sites in rotation at each point as the clectrode advanced
However, when any response evoked by one stimulbition site was observed,
all other sites were hmnediately checked to determine i they also evoked a
response. An attempt was made to map each tract with at least one anterior
and ane posterior stimulation. In a mumber of the recording tracts v cach
experimient, iron was deposited at either the site of a vesponse or at some
specified level by passing current from a 9-v hatrery through the recording
electrade for 6 sec.

Apparatis. Both the recordiug and stimulating electrades (five monkeys)
were concentric hipolar electrodes made by threading 300-p-diameter ename]
coatedd Nichrome wire through 20- or 22-gange stainless steel spinal nee-
es and coating hoth with vinyl, The tips protraded 1.5 mm bevond the
harrel. A smadl ring was exposed arcund the tip and around the barrel. The
impedance of the concentric electrodes in saline was about 4=3 kohms ar |
kHz. Tn the last three animals the stimulating electrodes consisted of patrs
of adjacent enamel-coated Nichrome strands held together with vinyl The
tips were separated vertically by 1.5-2.0 mm,

The output of the recording electrodes was amplified hy a Tektrouix
preamplifier and again by a d-c amphifier (15,000 X total) and viewed on a
storage oscilloscope, Data were prescrved on Polaroid film,

Histology. At the end of the experiment the monkeys were given an over-
dose of barbiturate and perfused intracardially with normal saline sotu-
tion followed by formahn containing potassinm ferrocyanide. The braing
were hlocked in the stereotaxic plane, removed from the skull, and placed in
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formalin, Later they were ranoved to 209% aleohol. Frozen scctions were
cut at 50w, saving every fourth section, These were mounted and stained
with thionine. Tn fwo brains every sccond section was saved arcund the
clectrode wacts ard the additional sections were stained for fibers by the
Weil method.

Results

The responses to stmulition hetween planes A 190 uwd AG.O aleng the -
ferotemporal gyrus were found 10 have a different distribution from the re-
spotlses to stimulation hetween ASD and A-4.00 We will, therefore, discuss
the projections of the antenior and posterior portions separatety, All of the
stimulation sites, anterior and posterior, are shown as plos signs (+7 on
the side view of the hrain i Thg, 1

Anterior Stunnlation (4190 A60) Responses were observed in the
cortex and fibers o the temporal lobe medial to the rhinal fissure
(AZO-ATLY, the “internal capsule”™ Hhers just ahead of the anterior comnis-
sure (AZ24-AZ23), the fur amterior pare of the potamen adjacent to the head
of the caudate nuclens (AZ0 AZ4) ) the wovgdala (AZI-ATS]), the base of
the putamen fram the level of its juncture with the amygdala 1o its caudal
extreme [AZO-AT1Y, the tait of the caudate nucleus (A6 A3Y, and 1 the
{ihers Detween the putamen amd il of the candnie, The AP coordinates
given here refer 10 the sections i Mg 20 These are sections taken from a
numher of the braoins on which have been superimposed tracts from corre-
sporcling planes 1 all ¢ight of the monkevs, Responses were obtained {rom

Stimulation Sites

g, Lo Sude view ol the headin strewing anterior and posterior Atimmeladio sites.
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those regions of the tracts marked by short horizontal hnes. Where more
than one stimulation site was used  within the region from ALY
to AB, the results are indicated hy plus and minus signs above those tracts,
Thus, 1 the most medial tract at AZ6, the most anterior stimulation site
{(A19 in this case) gave a response at the horizontal marks, whereas stinn-
Intion at two, more postertor sites {ALL and A7} did not. The AP designa-
tions of each section in the figure were chosen to he representative of the
actunl coordinates of the tracts shown on it These vary somewhat from

Al4 Al AN

Fie, 2. Anterior stimulation shown on this and facing pave: Cross-sections showing
ai] tracts explored with recording clectrodes while stimubation was anpiied to sites be-
tween A1V and A6 along the microtempara! wyrus, The lucation of elearcut responszes
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monkey to monkey, but center about the nunbers given. These coordinates
come from lirge monkeys and do not necessarily correspoud with stundard
atlases such as Oleewski (9) and Snider and Lee (16). This is espectally
true of the anterior end of the gyrus, We have used them here to refer to
5 msec) after the stimulus artifact. They also include only responses which
did not simply reverse their polarity when the polarity of the stimulus was
reversed, although their shape was at times altered by the polarity reversal.

A-l A-3 A-5

iz indicated by horizontal marks. Where thore than one stimutation site was tested, the
occurrence or ahsence of & response is indicated by a plus sign or minus sign above the
tract, the maost anterior stimulation indicated at the bottom and the most posterior at
the top.
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F16. 3. Responses recorded from tracts passing through the putamen. Horizoutal
marks indicate the location of the tip of the recording clectrode from which the re-
sponse was photographed. The AT coordinates of the stimulation siles appear next to
each sct of multiple oscilloscope tracings. The voltage and the time scales applicalble to
the photos appear beneath them.

both recording and stimmlating sites, with the hope of avoiding obscurity
about the sites discussed.
All of the responses mentioned above satisfied the criteria that they be
sytichronized with the stimulus and that they begin shortly (not more than
Figure 3 shows an example of the type of record obtained by one pass
through the putamen and tail of the cavdate at A18. The response hegins
with a latency of about 2 msec. As the tip of the electrode passes through
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the base of the putamen the polarity of the response changes, and its form
alters again as the caudate is entered. When both tips finally enter the hip-
pocnpus the response has disappeared. A typical response from the an-
terior commissure is also shown in Iig. 4.

Pasterior Stimudation (A5.0-A-4.0). Responses to stimulation within
this region were observed in the base of the putamen (Al4-All), in the
pretectal tegmentum, just lateral to the periaqueductal grey, the superior
colliculus, and in the corpus callosum (A3-Al), Cross-sections showing
the response sites are found in Fig. 5.

The major differences between the projections of the anterior and poste-

Stim
atr A3 |

25 moec

Fic. 4. Responses recorded from tracts passing through the anterior commissure and
superior colliculus. Horizontal marks indicate the location of the tip of the recording
electrode from which the response was phatographed. The AP coordinates of the stim-
ylation sites appear next to each set of multiple oscilloscope tracings. The voltage and
time scales applicable to the photos appear beneath then.
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rior regions e in the chservation that unly the postertor regton sencs fibers
to the superior colliculus; that the interhemispheric connections of the an-
terior segment pass via the anterior commissure, whereas those of the pos-
terior cross vin the corpus callosum; and that the anterior part sends
projections to the polar and medial temporal cortex and the amygdala,
Though the more anterior plines have not heen mapped as thoroughly by
posterior s by anterior stimulation, the available data suggest that projec-
tions from the posterior temporal cortex to the anterior putamen {adjacent

| 'v‘*-i(' T

SRR
+

o S YTy

A2 AmN A9

Fia 5. Posterior stimulation shown on this and f{acing page: Cross-sections showing
all tracts explored with recording electrodes while stimulation was applied to sites be-
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to the head of the caudate nucleus) and to s base {anterior to Ald) are
lacking, and that the fibers from the posterior cortex go only to the most
posterior portion of the putamen.

Examples of o record from a tract passmg through the putamen which
was obtained with pesterior stimudation (the fourth trace i each photo)

A7 A5 A3

tweenn AS and A-4 along the inferotemporal gyrus. Horizontal marks indicate the loca-
tions of the responses evoked, The plus and minus signs above the tracts have the
samme significance as m g, 2,
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can be found in Fig. 3. Figure 4 shows an example of the collicular re-
sponses. Ther latency was fairly short (1 msec or less) and their form was
simpler than that of other responses with the exception of those from the
corpus callosum.

Discussion

Reliobidity of Results. According to the experimental vesults obtained in
the present study, the inferotemporal cortex projects to the putamen, tail of
the caudate nucleus, amygdala, superior colleuins, anterior commissure,
and corpus callosum. These data are in agreement with those of Whitlock
and Nauta (19} who found, using silver staiming techniques, what has heen
established as anterograde degeneration 1w all of these locations. The con-
currence between these two techniques supports the assumption that the re-
sponses to electrical stimulation observed in our experiments are transmit-
ted orthodronucally and are therefore indicative of direct projections from
the cortex.

The Anterior Posterior Distinction. Qur results show projections to the
superior colliculus 1o be derived only from the region posterior to A3.0,
which also agrees with Whitlock and Nauta, whose more anterior lesion on
the inferior temporal gyvrus did not yield degeneration in the superior collic-
ulus, while the more posterior one did. Further, Whitlock and Nauta
found that the amygdala recetved fibers from the anterior and not the pos-
terior temporal cortex. We also found projections only from the aunterior
area. Finally, Whitlock and Nanta recorded projections from both regions
to the pulvinar, which is the source of thalamic input to the inferotemporal
gyrus, a result which we did not systematically explore in this study.
Whether these antertor-posterior differences in connections are velated to
the differences in the effect of resections on visual hehavior renwiins an open
guestion.

With respect to this question, the cytoarchitectural identity of the paste-
ror portion of the cortex we have investigated (and which has been in-
volved in the anterior-posterior distinction) is somewhat unclear. All of our
stimulating electrodes lte anterior to the inferior occipital suleus and are in
regions which von Bomn and Bailey {3) designated area TE. However, the
distinction between TIL and OA is virtually impossible to make in the re-
gion under the inferior oceipital sulcus. Generally it has been asserted that
the interhennspheric connections of TE go via the anterior commissure and
those of OA (and OB} via the corpus callosum. As we have seen, re-
sponses in the corpus callosum but not jn the anterior comnissure are oh-
tained to stimulation between AS.0 and A-4.0, which may indicate that the
posterior part of the cortex stimulated in our experiments is better classified
as OB than as TE. We have included this posterior-most section of the in-
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ferior cortex in ottr peristriate ablations (14}, whereas Iwai and Mishkin
{see footnote 2) centered their “posterior mieroteniporal” ablations in this
location.

Efferents and the Functions of the Inferotemporal Cortex. In various
ways evervone studying the “association” areas has at one time or another
wrestled with the question of the refatinnship between these areas and the
“primary” cortices whose sensory modality they subserve; for vision, this
question develves upon the relationship between the inferotemporal and
the striate cortex. As noted m the Introduction, the most commonly accepted
hypothesis is that the important connections are transcortical, so that in-
coming visual information s successively processed by the striate, peri-
striate, and mferolemporal cortex, “associnted” with other information, and
passed on to cventually result in diseriminative behavior. The connections
which might link the areas in this fashion do exist, although there isa sue-
cession of studies in which drastic resections of prestriate cortex have failed
to result in any severe impairment of visual discrimination performance (4,
143, This has led to the alternative hypothesis that the most crucial connec-
tion between the inferotemporal cortex and the primary pathways might be
via efferents from the inferotemporal area to subcortical sites, which in turn
wotld modify the activity in the primary pathways.

The results of the present study suggest additional tests of the efferent
hypothesis. The effects on visual discrimination of lesions in several sub-
cortical Tocations can now be tnvestigated, Tt s already known that destruc-
tion of the amygdula, while having effects which are detectable within the
perfarnance of discrimination tasks feg., in successive reversals of a dis-
crimimtion, ete (1) ], produces results that are strikingly different from the
sort of losses suffered after inferotemporal cortex ablation. Amvgdalectomy
stply does not produce the severe discrimination impairment which would
he expected if the amygdala were a crucial waystation for an efferent effect
on the visual system, or cven if it were another step in some transcortical
associative chain connceting sensory input (o hypothalamic “reinforcement™
sites, as Geshwind (6) has proposed.

This leaves three other locd receiving efferents—the superior colliculus,
the tail of the candate noclens, and the putamen—whose involvement in
complex visual processes remains to be considered. Discrepant reports
plague our knowledge of colliculur function. Rosvold, Mishkin and Ssoware-
bart {13) reported no effect on the visual discriminations of monkeys aiter
partial stereotaxic lestons of the colliculi, Surgical removals of these strie-
tures in cats, however, was reported by Blake (2} to produce a visual de-
fect similar to that found after inferior temporal cortex resection. Sprague
{17} also imphcated the collicull of cats in visnal discrimination. Turther,
Pasik and Bender (10} found i monkey a precotliculir site impuetant to
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visual discrimination, a locus which may be homologous to one shown by
Thompson (18} to be involved in the rat.

With respect to the tail of the caudate nucleus, Divac, Rosvold, and
Szwarchart (5) found clear deficits in visual discrimination learning from a
stereotaxic lesion restricted to this locus. Such lesiong might involve as well
the fibers of passage to the hody of the putamen. Nonetheless, the result is
especinlly suggestive in view of the similaritics in effect on delaved response
performance hetween lesions of the dorsolateral frontal “association” cor-
tex and those m the head of the caudate nucleus {3). In fact. the intrinsic
regions of the bram (120 seem to map from front to hack and around into
the temporal lobe onto the corpus striatum of the basal ganglia—the caud-
ate nucleus and putamen—_from head around to tail.

The importance of the putamen to visual function has vet to be tnvesti-
gated. Should 1t turn out that the basal ganglia of the forebrain serve func-
tions similar to those handled by the intrinsic {“assoctation™} sectors of
the cerebral cortex, a good deal will have been learned about both of these
hitherto enigmatic parts of the central nervous system,
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