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Abstract 

To determine whether medial temporal limbic structures are essential for memory in more than one modality, 
we trained monkeys preoperatively on both visual and tactual versions of a sensory memory task and then 
retested them after they had been given bilateral ablations of either the amygdaloid complex, the hippocampal 
formation, or both. Monkeys with the combined ablations were severely impaired in both modalities. By 
contrast, the amygdalectomized monkeys were only moderately impaired in the two modalities, while the 
hippocampectomized monkeys were impaired in neither. Further examination revealed that the source of the 
impairment in the monkeys with amygdalectomy alone, unlike that in the animals with combined lesions, was 
the small size of the pool from which the test objects were drawn. The latter result suggests that, whereas the 
sensory memory impairment following the combined lesions is basically a recognition loss, the more selective 
impairment following amygdalectomy alone reflects special difficulty in determiing whether a recognized object 
was presented recently. By demonstrating that the profound sensory memory impairment that follows combined 
ablation of the amygdala and hippocampus extends beyond a single modality, the present results strengthen 
the proposals that (i) these two structures are important for sensory memory in all modalities and (ii) the 
multimodal or global amnesia observed in patients with medial temporal lobe damage is likewise due to 
combined amygdaloid and hippocampal lesions. 

Bilateral medial temporal lobe damage in humans results in 
a profound anterograde amnesia, a condition characterized by 
a severely deficient memory for stimuli and events experienced 
subsequent to the damage. The amnesia is also referred to as 
“global” in that it extends to many types of information derived 
from all sensory modalities (Corkin, 1965; Milner, 1972). Al- 
though the neuropathological evidence has been interpreted as 
indicating that this temporal lobe syndrome is due to hippocam- 
pal damage (Scoville and Milner, 1957; Penfield and Milner, 
1958; Penfield and Mathieson, 1974), experimental studies in 
nonhuman primates have suggested the alternative possibility 
that the syndrome results from combined damage to the hip- 
pocampus and amygdala. The latter proposal is based on a 
finding in monkeys that, whereas ablation of the hippocampus 
or amygdala alone resulted in only mild deficits on visual 
memory tasks, combined ablation of these two structures 
yielded extremely severe deficits (Mishkin, 1978; Mishkin et 
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al., 1982). In the present. experiment we attempted both to 
corroborate that finding and to determine whether the same 
results would be obtained in a modality other than vision. To 
this end, monkeys with amygdalectomy, hippocampectomy, or 
the two removals combined were compared on tactual as well 
as visual versions of a sensory memory task. If  the combined 
but not the separate lesions were to yield a severe memory 
impairment in both modalities, then the results would reinforce 
the suggestion not only that damage to these structures yields 
a global amnesia (Mishkin, 1978; Mishkin et al., 1982) but also 
that the amygdala and hippocampus are indeed the critical 
structures for memory in both monkeys and humans. 

Materials and Methods 

Subjects 

The subjects were 10 cynomolgus monkeys (&fucaca fascicularis) and 
1 rhesus monkey (Mucaca mulatta), all experimentally naive, ranging 
in weight from 3.2 to 5.0 kg at the time of surgery. All but one of the 
animals were males. Monkeys were maintained on a diet of monkey 
chow supplemented with fruit and vitamins plus iron. Water was always 
available. 

Apparatus and materials 

The monkeys were trained in a Wisconsin General Test Apparatus 
(WGTA) in a darkened room lined with sound-attenuating tiles. Ad- 
ditional sound masking was provided by a white noise generator. For 
visual testing, the test compartment of the WGTA was illuminated 
with two 60-W incandescent bulbs. For tactual testing, these incandes- 
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cent bulbs were unlit, except in the initial phase of preoperative 
training, during which they were first fully lit and then progressively 
dimmed by use-of a variable resistor. The animal compartment of the 
WGTA was alwavs unlit. The animals’ behavior in the dark was 
monitored on a video screen linked to an infrared camera which, 
together with an infrared light source, was mounted over the test 
compartment. Light was prevented from leaking into the test compart- 
ment during tactile testing by the following measures. During the 
testing session a black, light-tight shade was fastened to the back of 
the WGTA. Also. the video monitor was observed through a small slit 
(2 x 10 cm) in a viewing tube lined with light-tight cloth. In addition, 
the one-way vision screen through which the animals’ behavior in the 
light was normally observed was covered so that any small amount of 
light emanating from the end of the viewing tube could not enter the 
test compartment. Finally, the spaces surrounding the WGTA doors 
were lined with thick black foam rubber. 

The test tray was black and contained a row of three food wells 15 
cm apart, center to center. Light-emitting diodes (LEDs), recessed in 
the test tray 4.5 cm in front of each well, were used to signal the 
position of the objects during tactual testing. The LEDs did not provide 
sufficient light for visual inspection or choice, as evidenced by the 
following: (i) having first learned the task under normal illumination, 
all monkeys underwent a period of training in dim light during which 
they performed at or near chance levels; (ii) the animals did not achieve 
criterion in the dark until they were observed to compare the objects 
tactually before making a choice; and (iii) neither of two dark-adapted 
human observers, viewing the testing area under conditions of darkness 
identical to those used with the monkeys, was able to detect any of the 
objects visually. 

During the preoperative phase of testing, monkeys were trained with 
a fixed set of 40 visually and tactually distinctive objects that differed 
widely in color, size, shape, texture, and compressibility. Each object 
was mounted on a cork, 44 mm top diameter x 15 mm high, that fit 
snugly into the wells of the testing board (cf. Jarvis and Ettlinger, 
1977). This forced the monkeys to grasp and lift and, thus, palpate the 
objects in order to obtain their reward. 

Preoperative training 
Stage 1: Visual learning. The monkeys were first trained to remove 

a gray plaque, placed over one of the three food wells randomly, in 
order to uncover a reward consisting of a small banana pellet (P. J. 
Noyes Co., 300 mg). During this adaptation period the spontaneous 
hand preferences of the monkeys were noted and, then, as a means of 
ensuring that all tactile comparisons would be intramanual, the mon- 
keys were trained to use their preferred hand only. The experimenter 
accomplished this by quickly lowering the opaque screen between the 
animal and test compartments whenever the animal attempted either 
to displace the plaque or to obtain a reward with the nonpreferred 
hand. When the animals had learned to respond with the preferred 
hand consistently, they were trained on delayed nonmatching-to-sam- 
nle (DNMS) in the lieht with the set of 40 obiects. Earlv in training. 
the cork-mounted objects were set in the wells”at an angle so that the 
animals could displace them easily. As training progressed, the objects 
were inserted more firmly. In the first part of each trial, the animal 
was confronted with a sample object overlying the baited central well 
of the test tray, which the animal removed from the well in order to 
obtain the reward. Ten seconds later, the animal was confronted with 
the sample object and another object from the set, now overlying the 
lateral wells of the test tray. In this choice test, the sample was unbaited, 
and the animal was required to remove the other object in order to 
uncover and obtain a second reward. Following a 30-set intertrial 
interval, this same trial sequence was repeated with another pair of 
objects, and so on, for 20 trials per session. During both the within- 
trial delay periods and the intertrial intervals, the animals’ view of the 
test compartment was blocked by the opaque screen. Each of the 40 
objects appeared in only one of the 20 daily trials, and the objects were 
re-paired randomly each day. Also, the location of the correct object 
during the choice test (left or right side) was varied in a balanced order. 
The monkeys were trained on this initial task by the noncorrection 
procedure to the criterion of 90 correct responses in 100 trials. 

Stage 2: Tactile learning. After they had attained criterion in stage 
1, the monkeys were continued on DNMS with the same set of 40 
objects as before, but now the light-dimming phase of training was 
introduced and a correction procedure was initiated. During this stage, 
the animals were kept in the WGTA for 15 to 30 min of dark adaptation 

before testing was begun. Light levels in the test compartment were 
lowered on successive blocks of trials according to a modified titration 
schedule in which initially large steps in light reduction were followed 
by smaller steps. If an animal achieved greater than 75% correct 
responses in a block of 10 trials, then the light level was reduced one 
step. If an animal achieved less than 75% correct responses, then the 
light level remained stable, but for no more than 2 days, after which it 
was lowered one step irrespective of score. In this way, the light level 
was reduced from 0.95 foot-lamberts (the normal light level in the test 
compartment) to 0.0 foot-lambert. The correction procedure, which 
was continued throughout tactual testing, consisted of one or more re- 
presentations of the entire trial sequence (sample presentation plus 
choice test) following an error until the animal made the correct choice. 
In this stage and the next one, the central LED was lit during the 
sample presentation, whereas the two lateral LEDs were lit during the 
choice test. Once the animals reached the point of working in complete 
darkness, training was continued until they mastered the tactual 
DNMS to the same criterion as in the light (see “Stage 1: Visual 
learning”). 

Stage 3: Tactile performance. After attaining criterion in total dark- 
ness, the animals were given a performance test in which the delay 
between the sample presentation and test was increased from 10 set to 
30, 60, and, finally, 120 set, in blocks of 100 trials (i.e., five daily 
sessions) at each delay. During this stage, a record was kept not only 
of correct and incorrect choices and correction trials, but also of which 
objects were paired for each trial and whether or not the animal 
compared the objects, i.e. touched both, before making a choice. On 
completion of stage 3, the animals were divided into three surgical 
groups that were balanced for preoperative learning and performance 
scores. 

Surgery 
Four animals received bilateral hippocampectomy (H), five animals 

received bilateral amygdalectomy (A), and two received both lesions 
combined (AH). One animal that initially received a hippocampectomy 
(Hl) later received an amygdalectomy (AH2), thereby increasing to 
three the number of animals in the combined lesion group. Monkeys 
were anesthesized with an initial dose of ketamine hydrochloride (10 
mg/kg) followed by Nembutal, which was administered intravenously 
as required (approximately 20 to 30 mg/kg). All animals received an 
intravenous drip of a solution of 5% dextrose and 0.45 sodium chloride 
and were monitored for heart rate, respiration rate, and temperature. 
The bilateral surgical ablations, carried out with the aid of an operating 
microscope, were performed aseptically in a single stage, with the one 
exception noted above. After the removals were completed, the dura 
mater was sutured and the scalp was closed in anatomical layers. All 
animals received an antibiotic as a prophylactic measure. 

The hippocampal formation, consisting of the dentate gyrus, hippo- 
campus proper, and all the subfields of the subiculum (Swanson and 
Cowan, 1975), was removed via a ventral temporal approach. The 
occipitotemporal convexity above the labyrinth was elevated to expose 
the occipitotemporal sulcus. Tissue just medial to the anterior 8 to 10 
mm of the sulcus was entered with a small-gauge sucker until the 
ventricle was opened. The hippocampal formation was then retracted 
from the roof of the ventricle, followed anteriorly and posteriorly, and 
aspirated. The boundaries of the hippocampal ablation were the occip- 
itotemporal sulcus ventrolaterally, the roof of the ventricle dorsally, 
the brainstem medially, and the amygdaloid complex anteriorly. The 
removal thus included not only the hippocampal formation but also 
the parahippocampal gyrus and the posterior part of the entorhinal 
cortex. When the lesion was completed, the posterior surface of the 
amygdala was exposed and clearly visible at the rostra1 end of the 
ventricle. 

The amygdaloid complex was removed via an orbital frontal ap- 
proach. The frontotemporal junction above the orbit was elevated 
slightly and the tissue just medial to the anterior tip of the rhinal 
sulcus was entered with the sucker. The amygdala was then removed 
by aspiration, the boundaries of the ablation consisting of the rhinal 
sulcus ventrolaterally, the white matter of the temporal stem laterally, 
and the hippocampus posteriorly. The lesion thus included not only 
the amygdaloid complex itself but also temporal piriform cortex as well 
as the anterior part of the entorhinal cortex, both of which are located 
medial and ventral to the amygdala. When the lesion was completed, 
the rostra1 end of the hippocampal formation (pes hippocampus) was 
exposed and clearly visible in the ventricle. 
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The amygdaloid plus hippocampal removal was the combination of 
the two ablations, with the amygdalectomy preceding the hippocam- 
pectomy in each of the two animals given one-stage removals (AH1 
and AH3), but with the order reversed in the animal given the two- 
stage removal (AH2). The possible importance of order of lesions for 
successful removal of the amygdala is noted below (see “Histology”). 

Postoperative training 

Tuctuul testing. Postoperative training on the tactual DNMS with 
lo-set delay between sample presentation and test was initiated 10 to 
14 days after surgery. Animals that could not reattain criterion within 
1000 trials were allowed up to 500 additional trials with double pres- 
entations of the sample object, first with food reward and then, 10 set 
later, without reward. This procedure was adopted on the assumption 
that maintenance of the rule that the sample object was positive (or 
baited) on its first presentation only would facilitate acquisition of the 
nonmatching principle. When the animals had reattained the criterion 
of 90 correct responses in 100 trials or had reached the retraining limit, 
they were again given a performance test with the longer delays (i.e., 
five daily sessions each with delays of 30, 60, and 120 set intervening 
between sample presentation and test). Animals given double sample 
presentation during relearning continued to receive double sample 
presentation during performance testing. Otherwise, all procedures for 
the tactual memory task were identical to those that were in effect 
during stage 3 of preoperative training. 

Visual testing. Following completion of tactual testing, all animals 
except AH1 were tested on DNMS in the light with the same set of 
objects as before (set A), so that performance in both visual and tactual 
memory could be directly compared. To ensure that a selection was 
made visually, a response was scored the moment either object was 
first touched (i.e., the animals were not allowed to compare objects 
tactually before making their choice). The monkeys were trained in the 
light with delays of 10, 30, 60, and 120 set, in successive blocks of 100 
trials (i.e., five daily sessions) at each delay. 

Visual testing: Effect of set size. The amygdalectomized monkeys in 
the present study were found to perform more poorly on the visual 
memory task than did those in the earlier study (Mishkin, 1978). In 
the earlier study, however, the animals had been trained with a large 
set of objects that yielded novel pairs not only within sessions, as here, 
but also across sessions. In order to examine the effects on performance 
of the size of the object set, four amygdalectomized and three hippo- 
campectomized animals were tested on visual DNMS with two addi- 
tional sets, in the following order: a large set of 200 objects, and a 
second small set (set B) of 40 obiects. With small set B. as with the 
original small set’A, each object appeared in only one trial each day, 
whereas with the larger set, each object appeared in only one trial each 
week. All of the objects in the second and third sets, like those in the 
first set, were mounted on corks and also differed widely from each 
other in color, shape, texture, and size. For these two sets of objects, 
just as with the original set, the monkeys were trained in the light with 
delays of 10, 30, 60, and 120 set, in successive blocks of 100 trials (i.e., 
five daily sessions) at each delay. 

Histology 

Following completion of behavioral testing all animals were perfused 
intracardially with saline and then 10% formalin. The brains were 
embedded in celloidin and sectioned in the coronal plane at 25 pm, and 
every 10th section was stained with thionin. 

All four cases in the hippocampectomized group had complete, 
bilateral removals of the hippocampal formation. In all of these animals 
the expected gliosis in the fornix and in the medial nucleus of the 
mamillary bodies was evident bilaterally. Coronal sections through the 
lesions and surface views for two representative cases (H2 and H3) are 
illustrated in Figures 1 to 3, and surface views only are shown for a 
third case (H4) in Figure 7. The lesion in case Hl, to which an 
amygdalectomy was later added, is illustrated in Figure 6 (see case 
AH2). As for unintended damage, case Hl had none, and cases H2 and 
H3 sustained only a small amount bilaterally, specifically to the inferior 
temporal cortex, where this tissue had been raised to gain access to the 
hippocampus. As a consequence of infarction, however, the damage on 
one side in case H2 extended rostrally from the area that had been 
elevated to include tissue near the caudal tip of the anterior middle 
temporal sulcus (see Figs. 1 and 3). Finally, case H4 had damage to 

almost the entire inferior temporal convexity on the right (see Fig. 7), 
apparently as a result of postoperative infection of the surgical wound. 
The infection had been noted and treated with antibiotics and had 
cleared up within 10 days of surgery; thus the animal was retrained in 
the normal manner. However, bacterial remains were visible on the 
coronal sections at the site of the tissue damage, which consisted of 
moderate to marked cell loss throughout the middle and inferior tem- 
poral gyri and the adjacent lower bank of the superior temporal sulcus. 
On the left, there was slight damage to inferior temporal cortex like 
that in cases H2 and H3, at the level at which this cortex had been 
elevated during surgery. In none of these cases was there detectable 
damage to the amygdaloid complex (see Figs. 2 and 3). 

Histology is available for only four of the five animals that received 
an amygdalectomy, since the fifth case, A5, is still undergoing testing 
in a follow-up experiment. All four cases examined had complete 
removal of the amygdaloid complex, resulting in marked gliosis bilat- 
erally within the stria terminalis. Coronal sections and surface recon- 
structions for two representative cases (Al and A2) are illustrated in 
Figures 4 and 5, while surface views only are shown for the others in 
Figure 7. In addition to the intended removal, there was damage to the 
tail of the caudate nucleus on the right in case Al and bilaterally in 
case A2. Case A3, although receiving no apparent unintended damage 
(see Fig. 7), was found to have enlarged inferior and posterior horns of 
the lateral ventricles. This hydrocephalus, which had been noted at 
surgery when the ventricles behind the amygdalae were opened, was 
associated with a bilaterally shrunken and medially displaced hippo- 
campal formation as well as a patchy cell loss in the anterior insular 
cortex and in the ventral bank of the lateral sulcus. Finally, case A4 
received moderate bilateral damage to the inferior frontal convexity, 
consisting of cell loss in the superficial layers only, presumably due to 
the lifting of this convexity during surgery in order to gain access to 
the amygdala (see Fig. 7). Less extensive damage to this same region 
was found in cases Al and A2, as shown in Figure 4. In none of these 
cases was there detectable damage to the hippocampal formation. 

Two of the three animals in the group with combined amygdaloid 
and hippocampal lesions (AH1 and AH3) sustained complete removals. 
In case AH2 (initially Hl), however, in which the amygdalectomy was 
added in a second-stage operation, there was bilaterally symmetrical 
sparing of the posterodorsal amygdala, including the cortical and medial 
nuclei as well as the posterodorsal parts of the lateral and lateral basal 
nuclei. This sparing was probably due to the absence of the landmark 
normally provided by the intact spherical tip of the hippocampal 
formation at the posterior boundary of the ablation, a landmark that 
was present in all other animals that received amygdalectomy either 
alone or in combination with hippocampectomy. With the landmark 
gone, the height of the posterodorsal amygdala was difficult to judge 
and was underestimated. Nevertheless, in this animal, as in the others 
with combined lesions, gliosis was evident bilaterally in the stria 
terminalis as well as in the fornix and medial nucleus of the mamillary 
bodies. Coronal sections through the lesions and surface reconstruc- 
tions for two of the cases (AH2 and AH3) are illustrated in Figure 6, 
and a surface reconstruction from the remaining animal (AHl) is shown 
in Figure 7. The largest amount of unintended damage was sustained 
by case AH1 (see Fig. 7), the single rhesus monkey in the study and 
the only one that was not tested for visual memory. This animal had 
an infarction of the striate and prestriate cortex along the calcarine 
fissure in the left hemisphere, presumably as a result of occlusion at 
surgery of the calcarine branch of the posterior cerebral artery (Zeal 
and Rhoton, 1978). The damage extended from the posterior limit of 
the intended ablation to the occipital pole but was confined to the 
ventromedial surface of the hemisphere. In addition to the large infarct 
on the left, there was a smaller infarct involving the tail of the caudate 
nucleus and adjacent optic radiations on the right. Finally, this animal 
received slight superficial inferior frontal damage, as in cases Al and 
A2, and bilateral damage to the inferior temporal cortex, primarily 
where this cortex had been raised in order to gain access to the 
hippocampus. Case AH2, which had the two-stage lesion and conse- 
quent sparing of the posterodorsal amygdala, sustained little or no 
unintended damage. Finally, in case AH3, as in AHl, there was destruc- 
tion of the tail of the caudate nucleus and adjacent optic radiations on 
the right. Based on the resulting degeneration of the posterior portion 
of the right dLGN, the radiation damage probably produced a left 
fovea1 field defect, although this deficit was not evident on gross 
neurological examination. In addition, case AH3 sustained minor bi- 
lateral inferior temporal damage, again at the level at which this cortex 
had been elevated. 
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+a +8 

-1 -1 

CASE H2 INTENDED LESION CASE H3 

Figure 1. Hippocampal ablations. Shaded areo.s in the central column indicate intended lesion on ventral surface view of the brain (top) and 
on coronal sections (below). Lateral columns show ventral surface reconstructions of actual lesions (black area) in two cases (top) and coronal 
sections through these lesions (heavy black lines) at the same levels as the sections shown in the central column (below). Oblique hatching (case 
H3, top) denotes region of partial cell loss. Numbers indicate approximate distance in millimeters from the interaural plane (0). Note unintended 
damage to anterior temporal cortex on the left in case H2 (levels +8 and +ll) and to posterior temporal cortex bilaterally in co.se H3 (levels +5, 
+2, and -1). 
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Figure 2. Photomicrographs of Nissl-stained coronal sections from case H3. A, Section through the intact amygdaloid complex (A) at 
approximately +17. B, Section through the hippocampal lesion, at approximately +9. Compare with Figure 1 (right-hand column). Contrast with 
Figure 5, which shows sections at similar levels, but from an animal with amygdalectomy. 

Statistics 

Parametric tests (analysis of variance with repeated measures on 
one factor, Newman-Keuls test, and the t test) and nonparametric tests 
(Mann-Whitney U test) were carried out where appropriate (Siegel, 
1956; Winer, 1971). The use of Bonnferroni tables (Miller, 1980), which 
take into account the number of animals in the group (n), the number 
of comparisons made (k), and the degrees of freedom (u), allowed 
comparison between groups at specific delays. 

Results 

DNMS in the light (stage 1) and an additional 334 trials (range, 
280 to 480) and 65 errors (range, 24 to 93) to attain criterion 
in the dark (stage 2). On the performance test in the dark 
(stage 3), the animals averaged 91% over the three longer delays 
(see Table I). The preoperative scores of the rhesus monkey 
(AHl) fell in the middle of the scores of the cynomolgus 
monkeys (240 trials on stage 1,400 additional trials on stage 2, 
and 91.3% on stage 3). An analysis of variance confirmed that 
the three surgical groups that were formed did not differ sig- 
nificantly in their level of preoperative performance. 

Preoperative learning and performance General effects of the lesions 

Preoperatively, the animals averaged 264 trials (range, 180 With one exception, animals with amygdalectomy (either 
to 320) and 65 errors (range, 30 to 95) for original learning of alone or in combination with hippocampectomy) showed the 
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Figure 3. Photomicrographs of Nissl-stained coronal sections from case H2. A, Section through the intact amygdala, near its posterior extent, 
at approximately +15.5. B, Section through the anterior end of the inferior horn of the lateral ventricle, at approximately +14.0, where the 
rostra1 tip of the hippocampus was removed but overlying amygdala was spared. C, Section through hippocampal lesion, at approximately +12.0, 
showing also the anterior limit of unintended damage to inferior temporal cortex on the I& (arrow). Compare with Figure 1 (&-hand column). 
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characteristic behavioral changes associated with this ablation 
(Weiskrantz, 1956). The changes included reduced fearfulness 

the appropriation of objects by the monkey and their subse- 

and indiscriminate grasping and mouthing of objects, including 
quent retrieval by the experimenter disrupted the monkey’s 

transient coprophagia. The one exception was the monkey with 
relearning, strings were attached to the objects (for this animal 
only) so that the animal could not steal them. 

sparing of the posterodorsal amygdala (case AH2), who showed 
none of these signs. The amygdalectomized monkey whose 

By contrast to the monkeys with amygdalectomy, those with 

lesion has not yet been histologically examined (case A5) chron- 
hippocampectomy alone displayed either no obvious change in 

ically pulled objects into its cage during test sessions. Because 
behavior or appeared slightly more excited or fearful than 
before. One hippocampectomized animal (case H3) displayed 

CASE Al INTENDED LESION CASE A2 

Figure 4. Amygdaloid ablations; conventions as in Figure 1. Oblique hatching on surface views denotes minute regions of partial cell loss in 
orbital frontal cortex. Compare with frontal damage in Figure 7, caSe A4. 
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Figure 5. Photomicrographs of Nissl-stained coronal sections from case Al. A, Section through amygdaloid lesion at approximately +17. B, 
Section through intact hippocampal formation (H), at approximately +lO. Note unintended damage to the tail of the caudate nucleus on the 
right (arrow). Compare with Figure 4 (left-hand column). Contrast with Figure 2, which shows sections at similar levels, but from an animal with 
hippocampectomy. 

mild, transient misreaching. Also, one animal with a combined 
lesion (case AHl) was initially clumsy when using its preoper- 
atively trained hand, and another (case AH3) was reluctant to 
use its preoperatively trained hand but was readily retrained to 
do so. These motor problems, none of which could be correlated 
with visible cerebral damage, did not appear to interfere with 
performance on any of the tasks. It should be noted that, except 
for case AH3, all animals began using their preoperatively 
trained hand immediately upon tactual testing postoperatively. 

Tactual DNMS 

The results of the tactual testing are summarized in Table I 
and Figure 8. Statistical analyses revealed that the surgical 

treatments had a significant effect on the relearning of the 
tactual memory task (F(clf2,9) = 24.05, p < 0.001). In addition, 
there was a significant interaction of group and delay on the 
performance test (F (conservative df 2,9) = 5.63, p < 0.05). 
More detailed comparisons are given below. 

Hippocampectomy alone. Monkeys with hippocampal abla- 
tions averaged only 20 trials to reattain criterion on tactual 
DNMS with a lo-set delay. Furthermore, they showed little 
evidence of forgetting on the performance test even at the 120- 
set delay (see Fig. 8). Indeed, each hippocampectomized animal 
actually performed slightly better than it had preoperatively 
(see Fig. 9), although the group’s postoperative average of 94% 
was not significantly different from its preoperative average of 
91% (t test, p > 0.2). 
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Amygdalectomy alone. The amygdalectomized monkeys ogy.” All five of the amygdalectomized monkeys exhibited some 
showed the widest range of scores in tactual relearning and retardation in reattaining criterion; but, whereas two relearned 
performance, a variability that could not be ascribed to any of in under 500 trials, two others could not relearn within the 
the deviations from the intended lesions noted under “Histol- training limit of 1000 trials. One of the latter animals (case A4, 

CASE AH2 INTENDED LESION CASE AH3 

-2 

Figure 6. Combined amygdaloid and hippocampal ablations; conventions as in Figure 1. Note bilateral sparing of posterodorsal amygdala in 
caSe AH2 (level +18), and unintended damage in case AH3 to inferior temporal cortex bilaterally (level +2) and to the tail of the caudate and 
the lateral geniculate nucleus on the right (levels +2 and +6). 
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CASE AH1 CASE A3 

CASE A4 

CASE H4 

Figure 7. Lesions in cases AHl, A3, A4, and H4 reconstructed onto 
ventral or both ventral and lateral surface views of the brain. Complete 
cell loss is shown in black; partial cell loss is shown in oblique kutching. 

with the unintended damage to the inferior frontal convexity) 
achieved a final score of 81% correct responses, which was 
deemed sufficiently high to warrant moving this animal directly 
to the performance test. The other animal that failed (case Al) 
performed less well, however, and was therefore given double 
sample presentation, after which it reached criterion immedi- 
ately; this animal continued to receive double sample presen- 
tation with the longer delays. The average relearning score for 
the group, including the four animals that reached criterion 
and the one that did not, was 716 trials, which was significantly 
worse than the average score of 20 trials for the hippocampec- 
tomized group (Mann-Whitney U test, U = 0, p = 0.008). On 
the performance test, the amygdalectomized monkeys were 
again moderately impaired. Their average score of 80% was 
significantly below the 94% score of the hippocampectomized 
monkeys (Newman-Keuls test, p < 0.01) as well as their own 
preoperative score of 91% (t test,p < 0.025). Of the five animals 
in the group, the one with enlarged ventricles (case A3) was 
the most impaired on the performance test (see Fig. 9); never- 
theless, elimination of this animal does not greatly alter the 
group’s average performance score (83% excluding case A3 as 
compared with the 80% including it). Not only was there an 
overall difference in the performance of the amygdalectomized 

and hippocampectomized groups, but also their performance 
curves showed a significant interaction even when the scores 
of the animals with combined lesions were eliminated (F(3, 21) 
= 4.37, p C 0.025). The interaction was manifested as a pro- 
gressive decline in the scores of the amygdalectomized monkeys 
relative to the hippocampectomized monkeys with the progres- 
sively longer delays (see Fig. 8), although it is of interest that 
the amygdalectomized monkey with inferior frontal damage 
(case A4) failed to show this decline. 

Combined removals. The group with combined ablation of 
the amygdaloid complex and hippocampal formation was the 
most severely impaired in relearning the tactual memory task. 
Only one animal in three reattained the criterion with single 
sample presentation, and this one (AH2) required the full 1000 
trials despite having had two-stage surgery, training before 
each stage, and sparing of the posterodorsal part of the amyg- 
dala bilaterally. All three of these factors could have contrib- 
uted to the animal’s relatively successful relearning, since the 
other two animals, AH1 and AH3, who had none of these 
advantages, had to be given double sample presentation and 
still achieved only 84% and 77% correct responses, respectively, 
over the additional 500-trial training period. The retraining 
given this group was significantly greater than that required 
not only by the hippocampectomized group (Mann-Whitney U 
test, U = 0, p = 0.028) but also by the amygdalectomized group 
(U = 1.5, p = 0.054). Although two of the three animals with 
combined lesions did not reattain criterion, the group averaged 
84% correct responses at the lo-set delay. With the imposition 
of longer delays, all three animals, including the two that 
continued to receive double sample presentation, showed ex- 
tremely rapid forgetting (Fig. 8). Whereas the combined lesion 
group, like the others, had averaged about 91% correct re- 
sponses over the three longest delays preoperatively, postop- 
eratively it averaged only 63%. This latter score differed sig- 
nificantly not only from the group’s preoperative score (t test, 
p < 0.02) but also from the postoperative scores of both of the 
other groups (Newman-Keuls test,p < 0.01, for both AH versus 
H and AH versus A). The combined lesion group’s sharp decline 
in scores on the performance test clearly contributed substan- 
tially to the overall interaction between group and delay. 

Correlation between relearning and performance. Figure 10 
shows each animal’s postoperative performance score (average 
percentage of correct responses for the three longer delays) 
plotted as a function of its postoperative relearning score (num- 
ber of trials to reattain criterion on the basic tactual memory 
task). The correlation between postoperative relearning and 
performance is large and highly significant (r = -0.84, n = 12, 
p < 0.001) and is even greater if the hydrocephalic case (A3) is 
excluded (r = -0.92, n = 11, p C 0.001). By contrast, neither 
postoperative measure was significantly correlated with any 
preoperative score. This pattern of results strongly implies that 
a single factor acting postoperatively underlies both the relearn- 
ing and performance deficits of the affected animals, an impli- 
cation that is examined further under “Discussion.” 

Analysis of stimulus comparisons. As indicated earlier, a 
record was kept for each test trial of whether the animal 
touched both stimuli before making a choice. All but three 
animals (A4, AHl, and AH3) started making comparisons 
immediately upon postoperative testing, and the three excep- 
tions did so within 300 trials. On average, the animals were 
found to compare stimuli on about 60% of their relearning 
trials and no group differences were evident. On the perform- 
ance test, however, on which the animals compared stimuli on 
approximately 64% of the trials, the amygdalectomized mon- 
keys were found to compare stimuli more often than those in 
the other groups, although only the difference with the com- 
bined lesion group attained significance (A versus AH, U = 0, 
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TABLE I 

Scores on DNMS in the dark” 

PRE-OP POST-OP 

Group 
10 set 30 set 60 set 120 set w* Trials to Relearn 

10 set 30 sac 60 set 120sec x 

Hippocampectomy 
Hl 94 94 88 91 91.0 0 92 91 94 92 92.3 

H2 94 89 88 89 88.8 40 91 93 94 88 91.6 

H3 96 93 91 90 91.3 40 94 98 98 94 96.6 

H4 94 95 95 93 94.3 0 91 95 95 95 95.0 

Amygdalectomy 
Al 92 90 87 91 89.3 1020’ 90 86 80 78 81.3 

A2 98 97 94 94 95.0 340 90 90 87 86 87.6 

A3 93 88 86 87 87.0 440 91 76 66 62 68.0 

A4 91 95 93 97 95.0 1000Fd 81 80 82 81 81.0 

A5 92 91 90 91 90.7 780 90 88 83 77 82.6 

Amygdalectomy + hippocam- 
pectomy 
AH1 94 89 94 91 91.3 1500F’ 84 68 60 58 62.0 

AH2 two-stage surgery 1000 90 70 67 54 63.6 

AH3 91 92 94 88 91.3 1500F’ 77 66 56 68 63.3 

’ Scores are percentages correct in 100 trials except for those listed under “x” and “Trials to Relearn.” 
* Mean percentage correct on performance test (i.e., average score for the three longest delays). 
’ Double nresentation of samnle. instituted after 1000 trials of relearning and continued throughout the performance test. 

*  

d F, failed to relearn in the number of trials indicated. 

p = 0.018). There were no significant differences in the number 
of comparisons as a function of delay, nor was there any 
interaction between group and delay, suggesting that all groups 
attempted a tactile solution even at the longest interval. 

Analysis of errors. On average, animals made approximately 
half of their relearning errors by displacing the incorrect object 
directly (i.e., on “noncomparison” trials) and the other half by 
displacing the incorrect object following comparison with the 
correct object. Although the amygdalectomized monkeys tended 
to make more than half of their errors on comparison trials, 
reflecting their greater frequency of comparisons, there were 
no group differences on the error measure. On the performance 
test, whereas animals with hippocampectomy alone and com- 
bined lesions continued to make about half their errors on 
comparison trials, animals with amygdalectomy committed 
68% of their errors on comparison trials and were found to 
differ significantly from animals with combined lesions on this 
measure (A versus AH, U = 1, p = 0.036). Again, no other 
group comparisons were significant. Neither in relearning nor 
on the performance test were there group differences in the 
number of errors made to specific objects or places. Indeed, 
there was little evidence that any animal made a preponderant 
number of errors due to responding to a particular object or to 
a particular side of the test tray either within or across days. 
Group differences did emerge, however, in the number of cor- 
rection trials per error (correction ratio). Thus, in the first 300 
postoperative trials the hippocampectomized monkeys had cor- 
rection ratios ranging from 1.0 to 1.2, which were significantly 
less than those of both the amygdalectomized monkeys, with 
ratios ranging from 1.2 to 1.6 (H versus A, U = 1.4, p < 0.05), 
and the animals with combined lesions, with ratios ranging 
from 1.5 to 1.7 (H versus AH, U = 0, p = 0.028). The difference 
between the latter two groups fell short of significance (A versus 
AH, U = 2, p = 0.071). The elevated correction ratios in the 
amygdalectomized and combined lesion groups are probably 
not a reflection of perseverative tendencies, since, as already 
indicated, these animals failed to show clear object or place 
preferences. It seems more likely that the elevated ratios simply 
reflect their poor memory. 

Visual DNMS 

With one exception, all monkeys transferred perfectly from 
tactual DNMS (120-set delays) to visual DNMS (lo-set delays) 
on the same set (small set A). The exception, case AH3, had to 
be retrained in the light, first for 1000 trials with single sample 
presentations and then for 100 additional trials with double 
sample presentations, before it reattained criterion. Even then, 
when returned to single sample presentations, it achieved a 
stable score of only 75% correct responses at the lo-set delay 
interval. 

As shown in Figure 11 and Table II, the monkeys’ scores on 
the visual version of the memory task were, in general, higher 
than they had been on the tactual version. Nevertheless, im- 
position of the longer delays revealed a pattern of forgetting 

loot-- 
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Figure 8. Tactual DNMS, group averages. The preoperative curve 
(PRE-OP) shows the average scores for 11 animals. One animal that 
originally received a hippocampectomy later received an amygdalec- 
tomy as well; therefore, this animal is included in two different lesion 
groups (H and AH). To the left of each curve is the average number of 
trials that that group required to relearn tactual DNMS. 
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Figure 9. Tactual DNMS, individual performance. Each pair of bars represents a single animal’s 
preoperative and postoperative scores averaged over the three longer delays. The animals within 
a group are arranged in order of case numbers from left to right (Hl to H4, Al to A5, and AH1 to 
AH3). Case A3 is the monkey with hydrocephalus. 

across lesion groups that was highly similar to the pattern 
displayed earlier in tactual DNMS. This is reflected in an 
interaction of group and delay that approached significance 
@‘(estimated df 2.42, 8.49) = 4.07, p < 0.06). As before, the 
hippocampectomized monkeys displayed a high level of per- 
formance at all delays, whereas the monkeys with combined 
lesions, while performing well above chance with short delays, 
were close to chance at the longer delays. Again, just as in 
touch, the group with amygdaloid lesions performed at a level 
between the other two groups, i.e., more poorly than those with 
hippocampal ablations but better than those with combined 
lesions. Interestingly, the hydrocephalic monkey (case A3), 
which had the lowest performance score of the amygdalectom- 
ized group on the tactile task and whose behavior on this 
measure approached that of the animals with combined lesions 
(see Table I and Fig. 9), had a performance score on the visual 
task that fell midway among the scores of the amygdalectom- 
ized group (see Table II). Although the reason for this pattern 
of scores is unclear, it is tempting to speculate that in this 
animal, whose hydrocephalus presumably was long-standing, 
visual memory developed at the expense of tactual memory. 

Effect of set size onperformance. The results on visual DNMS 
with the three different stimulus sets are presented in Table II. 
When tested with a set of 40 objects, the amygdalectomized 
monkeys were found to perform significantly more poorly than 
animals with hippocampal ablations at the 60- and 120-set 
delays on small set A (t test, p < 0.05, p c 0.057, respectively) 
and at the 120 set delays on small set B (t test, p < 0.05). The 
two groups did not differ, however, when tested with a larger 
pool of 200 objects. The relation between performance and set 
size is illustrated in Figure 12. 

Discussion 

Effects of combined ablations of the amygdaloid complex and 
hippocampal formation 

The present results corroborate the initial demonstration 
(Mishkin, 1978) that combined damage to the amygdaloid 
complex and hippocampal formation in monkeys produces a 
far more severe sensory memory deficit than is produced by 
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Figure 10. Correlation of tactual relearning and performance scores. 
The number of trials each animal required to relearn tactual DNMS 
with a lo-set delay (postoperatively) is plotted against its average 
postoperative score on the three longer delays. The two measures are 
significantly correlated (r = -0.84, n = 12, p < 0.001). The arrow 
indicates case A3, the animal with hydrocephalus; removal of this 
animal yields a higher correlation (r = -0.92, n = 11, p < 0.001). 

damage to either structure alone. More importantly, these 
results extend the earlier findings by showing that the foregoing 
conclusion applies to tactual as well as to visual memory. 
Indeed, the impairment in touch after combined lesions appears 
to be even more severe than the impairment found originally 
in vision. A possible explanation for this difference is discussed 
below in connection with the effects of amygdalectomy. 

The finding of a bimodal impairment after limbic lesions is 
not new. It had already been shown not only that animals with 
combined lesions (Deuel and Mishkin, 1977) but also those 
with hippocampectomy alone (Moss et al., 1981) and amygda- 
lectomy alone (Schwartzbaum and Poulos, 1965) are impaired 
on certain discrimination learning and reversal tasks in both 
the visual and tactual modalities. The present study, however, 
by demonstrating a significant interaction between group and 



The Journal of Neuroscience Tactual and Visual Memory in Monkeys 2577 

delay, suggests in addition that this bimodal impairment after 
limbic lesions is mnemonic. 

Effects of amygdakctomy 

In the present experiment, unlike the earlier study (Mishkin, 
1978), amygdalectomy produced a greater memory impairment 
than did hippocampectomy, a difference that was evident in 
both the tactual and visual versions of the test. The discrepancy 
probably reflects the different set sizes that were employed in 
the two experiments. Evidence for this proposal is provided by 
the finding that, within the present experiment, amygdalectom- 
ized monkeys were moderately impaired relative to hippocam- 
pectomized monkeys when tested with a set of 40 objects but 
not when tested with a set of 200 objects. Further support 
comes from studies (Correll and Scoville, 1965; Mishkin and 
Oubre, 1976) demonstrating that amygdalectomized but not 
hippocampectomized monkeys are markedly impaired on visual 
delayed matching- or nonmatching-to-sample when only one 
pair of stimuli is used repeatedly, the classical method of testing 
visual memory. In short, the memory deficit after amygdalec- 
tomy appears to be inversely related to the size of the stimulus 
set. Such a relationship suggests that the underlying impair- 
ment is not simply in recognition, i.e., the ability to distinguish 
a novel from a previously presented stimulus; rather, the im- 

pairment would seem to be in recency memory, i.e., the ability 
to distinguish between two familiar stimuli on the basis that 
one was experienced more recently than the other. The alter- 
native possibility, namely, that the basic impairment is in 
associating the characteristic of recency with the reward (a 
form of associative memory), appears to be ruled out by the 
finding that the amygdalectomized monkeys were impaired at 
long delays even after they had mastered the associative rule 
at short delays. This consideration leads, in turn, to the con- 
clusion that the common factor underlying the high correlation 
between postoperative relearning and performance among the 
animals of the present study is their recency-memory ability. 
In short, the poorer this memory ability as measured by the 
performance test, the slower the postoperative relearning of the 
associative rule, since recency memory is clearly essential for 
acquisition of the rule. Furthermore, an impairment in recency 
memory could well be exacerbated in tactual as compared with 
visual DNMS because there are fewer characteristics that can 
be used to discriminate objects by touch than by vision, and, 
hence, there should be an apparently greater stimulus repetition 
and concomitantly greater dependence on the quality of recency 
in touch than in vision. 

The foregoing analysis must apply also to the impairment of 
animals with combined limbic lesions. Such monkeys, unlike 
those with amygdalectomy alone, were found earlier to be 

A 
1mr 

Figure 11. Comparison of tactual DNMS (A) and vis- 
ual DNMS (B) with the same object set (small set A). 
Curves in A differ slightly from those in Figure 8, the 
former being based only on those animals subsequently 
tested on visual DNMS: H (N = 3); A (N = 5); AH (N = 
2). 
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TABLE II 
Scores on DNMS in the light” 

Small Set A Large set Small Set B 

B 

10 30 60 120 

DELAYS kiec) 

tir0lJp 
10 set 30 set 60s~ 120 set x* 10sec 30s~ 60s~ 120s~ g 10s~ 30s~ 60s~ 120s~ X 

Hippocampectomy 
H2 
H3 

H4 

Amygdalectomy 
Al 
A2 

A3 
A4 

Amygdalectomy + hippocam- 
pectomy 
AH2 

99 99 96 92 95.7 99 100 97 98 98.3 100 98 92 93 94.3 

100 100 100 97 99.0 100 100 98 97 98.3 100 100 100 96 98.7 

99 100 100 96 98.7 99 98 100 98 98.7 99 100 99 100 99.7 

96 90 86 75 83.7 100 98 99 93 96.7 100 94 93 87 91.3 

100 99 97 93 96.3 100 99 99 96 98.0 100 98 97 93 96.0 

96 97 91 83 90.3 100 100 97 97 98.0 100 98 98 92 96.0 

99 95 87 85 89.0 99 99 99 98 98.7 99 94 94 91 93.0 

94 82 58 50 63.3 

AH3 75 63 62 60 61.7 

a Scores are percentages correct in 100 trials, except for those under “x.” 

b Mean percentage correct on performance test (i.e., average score for the three longest delays). 
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Figure 12. Effect of size of object set on performance of visual 
DNMS at a delay of 120 sec. Black bars indicate scores of amygdalec- 
tomized monkeys (cases Al to A4), and bars with oblique hatching 
indicate scores of hippocampectomized monkeys (cases H2 to H4). 
Vertical lines indicate ranges of scores. Small sets A and B consisted of 
40 objects each; large set consisted of 200 objects. Histograms exclude 
scores for case A5 since this animal was tested on small set A only. If 
this animal’s score on small set A is included, the difference between 
groups A and H is significant at the 0.036 level. 

impaired in the basic process of recognition memory (Mishkm, 
1978), and presumably this is the primary reason for their 
impairment in the present study as well. In addition, however, 
the use of a small pool of objects in the present study and the 
consequent demand on recency as well as recognition memory 
may have exacerbated their deficit. This possibility is consist- 
ent with the finding that the two animals with combined lesions 
that were tested on visual DNMS in the present study per- 
formed worse, on average, than those in the earlier study, 
despite an incomplete lesion in one of the present animals 
(AH2). 

Effects of hippocampectomy 

The hippocampectomized animals performed at high levels 
throughout the experiment on both the tactual and visual 
versions of DNMS; indeed, since they were near ceiling per- 
formance, their scores probably could not have been exceeded 
by those of unoperated animals. These results contrast with 
those of previous experiments on sensory memory in vision in 
which hippocampectomized monkeys were found to be at least 
mildly (Mishkin, 1978) to moderately (Mahut et al., 1982) 
impaired. Since there were numerous procedural differences 
between the previous and present experiments, there are many 
possible explanations for the differences in results, none of 
which logically excludes any other. For example, whereas the 
two previous experiments used rhesus monkeys (M. mulatta), 
the present one employed cynomolgus monkeys (A4. fascicu- 
lark), and a contribution from this species difference cannot 
be ruled out. But there are other, perhaps more likely, possibil- 
ities. For example, differences in the amount of preoperative 
training may have contributed to the differences in results (see 
Mahut et al., 1982). Of the two previous experiments, the one 
employing no preoperative training on the basic task (Mahut 
et al., 1982) yielded a greater impairment than the one that 
did employ such training (Mishkin, 1978). Since the present 
experiment, in which there appeared to be no impairment, 
involved even more preoperative training, the three experi- 

ments taken together suggest that there may be a direct corre- 
lation between the amount of preoperative training and the 
level of post-hippocampectomy performance. Support for this 
idea is provided by a second set of experiments, which examined 
the effects of fornix transection on visual memory in monkeys. 
Here, also, there was a difference in results across studies, with 
animals that received no preoperative training (Gaffan, 1974) 
again showing greater impairment than those that did (Bach- 
evalier et al., 1982). 

Still another possible explanation for the good performance 
of the hippocampectomized monkeys in the present study re- 
lates to the size of the stimulus set. That is, whereas the small 
size of the set used to test tactual and visual memory in the 
present study appeared to be detrimental for the amygdalec- 
tomized monkeys, it may paradoxically have helped the hip- 
pocampectomized animals. This possibility is raised by the 
results of an experiment in which animals were trained on a 
series of DNMS tasks that progressed from one that employed 
trial-unique stimuli, through an intermediate stage, to one that 
made use of a single pair of stimuli presented repeatedly (Mish- 
kin and Delacour, 1975). Under these conditions, hippocam- 
pectomized monkeys learned DNMS with the single pair of 
repeatedly used stimuli significantly faster even than unoper- 
ated control monkeys (M. Mishkin and J. L. Oubre, unpub- 
lished data). No firm conclusion can be drawn with regard to 
the specific contribution of set size to the performance of the 
hippocampectomized monkeys in the present study, since their 
performance was at or near ceiling during this phase of the 
testing. 

Neuroanatomy of amnesia 

Although the present data appear to provide strong support 
for the argument that combined ablation of the amygdala and 
hippocampus is necessary to produce a severe sensory memory 
deficit, there are several alternative explanations for the find- 
ings that need to be considered. 

Inferior temporal cortex. This tissue, which is adjacent to the 
temporal lobe limbic structures, is known to be important for 
visual perception and memory (Fuster et al., 1981; Mishkin, 
1982), and it is therefore reasonable to suppose that unintended 
damage to this region or to the subjacent white matter (Horel, 
1978; Horel and Pytko, 1982) could be responsible for the visual 
memory deficit being attributed here to limbic damage. How- 
ever, even if it held for the visual memory deficit, this expla- 
nation is unlikely to apply to the associated deficit in tactual 
memory, since extensive bilateral ablation of inferior temporal 
cortex produces no discernible tactile impairment (Wilson, 
1957; Moss et al., 1981). But the foregoing explanation, in fact, 
does not apply even to vision. First, it was found recently that 
temporal stem damage by itself does not produce visual memory 
deficits (Zola-Morgan et al., 1982). Second, in the present study, 
the inferior temporal damage in the animals with hippocam- 
pectomy alone, who were unimpaired in vision, was just as great 
as in the animals with combined lesions, who were profoundly 
impaired. 

Even though the unintended inferior temporal damage can- 
not account for the impairment after the combined limbic 
lesions, it had been anticipated that the occurrence of such 
damage, particularly in the animals with hippocampectomy 
alone, would be accompanied by some impairment in visual 
memory. Yet, there was no apparent correlation between the 
hippocampectomized animals’ level of performance and the 
extent of their inferior temporal cortical damage. In particular, 
the animal with almost complete unilateral destruction of the 
inferior temporal cortex, case H4, performed at least as well as 
the others on the visual memory tasks, whereas the lowest- 
scoring animal, case H2, had only moderate unilateral damage 
to this cortex. The lack of correlation may not be surprising, 
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since the unintended damage was mainly unilateral. Neverthe- 
less, there may be a hidden correlation. The unintended inferior 
temporal damage in case H2 was on the side opposite the hand 
used in testing, whereas in case H4 it was on the side ipsilateral 
to the tested hand. Although tactual training restricted to one 
hand (Ebner and Myers, 1962) or visual training restricted to 
one hemifield (Hamilton, 1976) has been shown to result in the 
storage of information in both hemispheres, the trace strength 
in the two may not be equivalent (cf. Ebner and Myers, 1962; 
Semmes and Mishkin, 1965). That is, there may be an asym- 
metrical engagement of the hemispheres in visual memory that 
is dependent on the performing hand, particularly when it has 
been preceeded by testing of tactual memory through this same 
hand. Such a functional asymmetry could explain why case H2, 
with the lesser amount of unilateral inferior temporal damage 
but with this damage occurring in a more critical hemisphere, 
performed more poorly than case H4. Although such an expla- 
nation is of course speculative, it is one that can be tested 
experimentally. 

Hippocampus. The evidence that a limbic lesion produces 
severe memory deficits only if both the amygdala and hippo- 
campus are damaged in combination has recently been reinter- 
preted in a way that still attributes memory processes to the 
hippocampus alone (Squire and Zola-Morgan, 1983). This rein- 
terpretation is based on the argument that, because of its 
relative inaccessibility, the rostra1 pole of the hippocampus 
could well remain intact in some animals with putatively com- 
plete hippocampal removals but would always be removed when 
the rostrally adjacent amygdala was ablated in addition. Thus, 
a severe impairment is produced only by the combined ablation 
because only this lesion leads to complete removal of the 
hippocampal formation. In the present study, however, all of 
the animals with hippocampectomy alone had removals that 
were verified to be complete anteriorly (see “Histology”), and 
yet none appeared to be impaired on either the tactual or visual 
tasks. This evidence is inconsistent with the proposal that, of 
the medial temporal structures, the hippocampal formation 
alone is responsible for the formation of new memories. 

Amygdalohippocampal area. Another anatomical region that 
might sustain damage only when the amygdala and hippocam- 
pus are removed in combination and that could thus be respon- 
sible for the severe memory deficit that follows medial temporal 
surgery is the amygdalohippocampal area (AHA). The AHA 
lies on the medial surface of the temporal lobe between the 
amygdala and hippocampus and forms a transition zone be- 
tween the cortical nucleus of the amygdala and the hippocam- 
pus (Berman and Jones, 1982). In fact, however, no animal was 
found to have complete bilateral removal of the AHA, and there 
was no relation between performance and partial damage to 
this area. For example, the least impaired animal with the 
combined lesion had a unilateral removal of the AHA, whereas 
the most impaired animal in this group appeared to have 
complete sparing of the region. Consequently, it appears highly 
unlikely that the AHA alone is critical for memory processes. 

Entorhinal cortex. Still another region that must be consid- 
ered is the entorhinal cortex, a periallocortical area intimately 
related to, and often considered to be part of, the hippocampal 
formation. This region, unlike the AHA, does qualify as a 
potential target of combined as opposed to separate lesions of 
the amygdala and hippocampus. That is, whereas amygdalec- 
tomy alone involved approximately the rostra1 one-third of the 
entorhinal cortex and hippocampectomy alone involved ap- 
proximately the caudal one-third of the entorhinal cortex, 
combined ablations of the amygdala and hippocampus de- 
stroyed all of it. Since the entorhinal cortex has neuroanatom- 
ical connections with regions that have been implicated in 
memory processes (e.g., magnocellular division of the medi- 
odorsal nucleus of the thalamus; Aggleton and Mishkin, 1984) 
and that are outside the target area of the subicular complex 

(Rosene and Van Hoesen, 1977), it is possible that the combined 
limbic lesions are the most disruptive because of the accom- 
panying destruction of entorhinal cortex. This possibility is 
strengthened by the recent observation that monkeys with 
entorhinal lesions alone are impaired on tests of concurrent 
visual discrimination learning (Moss et al., 1981). Analysis of 
the results of the present experiment, however, failed to reveal 
any within-group correlation between postoperative perform- 
ance and extent of damage to entorhinal cortex. Because this 
negative outcome may have been due simply to the small 
variability in extent of damage to this region, a separate study 
was recently undertaken to investigate the role of the ento- 
rhinal cortex directly (Murray and Mishkin, 1983b). The results 
indicate that even removal of the entire entorhinal area to- 
gether with the hippocampal formation fails to produce a severe 
visual recognition memory deficit in monkeys. 

Hippocampusplus amygdala. The weight of the evidence thus 
suggests that it is indeed the combined ablation of amygdaloid 
complex and hippocampal formation that is responsible for the 
severe tactual and visual memory deficits that were observed 
in the present study. By implication, the present evidence also 
suggests that it is this combined damage that is responsible for 
the global amnesia observed in humans following medial tem- 
poral lobe surgery. But while a contribution from the hippocam- 
pus to memory is widely accepted, a contribution from the 
amygdala is not, perhaps because the amygdala has long been 
known to be essential for the generation of situationally appro- 
priate motivational and affective states and, consequently, a 
critical role in memory processes by the same structure would 
appear to have been excluded. It is of interest in this connection 
that the animal with combined lesions that spared the poster- 
odorsal amygdala (case AH2) showed none of the changes in 
emotional behavior that usually follow amygdalectomy; that is, 
this animal continued to be fearful of human observers and 
continued to be discriminating in its manual and oral inspection 
of objects. Nonetheless, this monkey was severely impaired in 
tests of both tactual and visual memory. The finding thus 
suggests that the affective/motivational functions of the amyg- 
daloid complex may be at least partially separable from its 
memory functions. Such a possibility deserves careful study, 
for a functional dissociation offers one way to resolve the 
theoretical difficulty that is posed by postulating two major but 
disparate functions for this single structure (Mishkin and Ag- 
gleton, 1981). 

Sensory memories and corticolimbic pathways 

The present results have demonstrated that the amygdaloid 
complex and hippocampal formation are involved in both tac- 
tual and visual memory. It has recently been demonstrated that 
visual memory depends on an interaction between the cortical 
visual system, including the striate, prestriate, and inferior 
temporal cortex, and the limbic structures of the temporal lobe 
(Mishkin, 1982). By analogy, it has been proposed that tactual 
memory may also depend on interaction between a cortical 
sensory processing system and the temporal lobe limbic struc- 
tures (Mishkin, 1979; Murray and Mishkin, 1984). The cortical 
processing system for touch may include the second somatosen- 
sory area (SII) and large portions of the insular cortex, siuce 
projections have been demonstrated from SII to the insula and 
from the insula directly to the amygdaloid complex and indi- 
rectly to the hippocampal formation via the perirhinal cortex 
(Mufson et al., 1981; Friedman et al., 1982; Mufson and Me- 
sulam, 1982). Although the function of this pathway is still 
unknown, a tactual memory function for the limbic portion of 
the pathway is now clear. Thus, the possibility that the limbic 
structures participate in tactual memory on the basis of input 
they receive from the tactual cortical areas earlier in the path- 
way can now be tested experimentally. 
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