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Introduction

Think for a moment about all the memories you
conjure up in a typical day. Perhaps something in
today’s newspaper reminds you of a recent debate
with a friend, a TV program brings to mind a memo-
rable vacation, or a perfume sampled at the depart-
ment store recalls a favorite aunt. Our ability to
retrieve the factual and event-based information
from our past is called declarative memory. More
formally, declarative memory is defined as the facts
and events from our own personal histories that can
be consciously brought to mind.We form and retrieve
declarative memories every hour of the day. Without
a functioning declarative memory system, as is the
case in amnesia, we would be unable to hold down
a job, keep track of our daily appointments, or find
our way around. Declarative memory not only plays a
critical part of our daily lives, but the facts and events
in our declarative memory help shape our personal-
ities and define who we are.
Surprisingly, the first systematic studies of human

memory did not begin until the late 1800s. In 1881,
the French psychologist Theodule Ribot published
Les Maladies de la Memoire (Diseases of Memory).
In it, Ribot provided the first systematic description
of human amnesic patients, noting that when brain
injury causes memory impairment, recent memories
are more susceptible to disruption than remote mem-
ories. This principle has become known as Ribot’s
Law. In 1885, Hermann Ebbinghaus published Uber
das Gedachtnis (On Memory), in which he was the
first to apply systematic experimental approaches to
the study of normal human memory. For example, he
showed that some memories are only short-lived
while others are long lasting, and the amount of
repetition can influence the duration of the memory.
In 1890, the famous American psychologist William
James published Principles of Psychology in which he
described distinctions between what he called pri-
mary memory, defined as information that forms the
focus of current attention, and secondary memory,
defined as memory that persists even after it has
dropped out of consciousness.
By the beginning of the twentieth century a major

debate in the field concerned whether memory func-
tion was localized to a particular brain area or was
distributed throughout the brain. The results from
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early experimental studies were mixed. However, in
the 1920s Karl Lashley, a well-known psychologist at
Harvard University, performed a series of influential
experiments that addressed this debate. He trained
rats to run in a simple spatial maze and then exam-
ined the effect of lesions to different parts of their
cortex. He found that the larger the cortical lesion,
the more severe the memory impairment on the rat’s
maze performance. He referred to these findings as
the Law of Mass Action and concluded that memory
was distributed over widespread cortical areas. This
view dominated the field for more than 25 years, until
findings from a single landmark study transformed
our understanding of the localization of memory in
the brain.

In 1957, Scoville and Milner described the effects
of experimental bilateral lesions of the medial tempo-
ral lobe in 10 patients. These surgeries were done in
an attempt to relieve a variety of psychiatric or neu-
rological conditions, including schizophrenia, manic
depressive psychosis, and, in one case, epilepsy. One
striking and completely unexpected result of these
experimental procedures was a profound memory
loss that appeared to be correlated to the amount
of bilateral hippocampal damage sustained by the
patients. This memory loss was most obvious and
easiest to study in patient H.M., who underwent the
surgery in an effort to relieve severe and intractable
epilepsy. Other patients also exhibited memory loss,
but were more difficult to study because of their
persistent psychiatric conditions. H.M., who received
one of the largest medial temporal lobe resections,
was described as being able to recall nothing of recent
events of his life, though his childhood memories
remained intact. Moreover, while H.M.’s memory
impairment was profound, affecting memory for
all sensory modalities tested (i.e., visual, auditory,
somatosensory, and even olfactory memory), his gen-
eral cognitive and intellectual abilities were spared.

This landmark study demonstrated several funda-
mental principles of memory organization in the
brain. First, it showed definitively that memory
could be localized to a particular brain area, namely
the medial temporal lobe. Second, it demonstrated
that memory could be studied independently of
other general cognitive functions. Third, it led the
way to more recent demonstrations that the medial
temporal lobe has a critical and selective role in estab-
lishing declarative memory for facts and events.
Fourth, this report was the catalyst for the ensuing
experimental studies focused on defining more pre-
cisely the neuroanatomical basis of declarative mem-
ory. The following sections describe findings from the
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series of experimental lesion studies and neuroana-
tomical studies in animals that, cumulatively, led to
the identification of the subset of medial temporal
lobe structures important for declarative memory.

 
 
 
 

C

D

Uncus

Hippocampus

Hippocampus

Hippocampal gyrus
(posterior part)

a b

c d

Figure 1 This is a reproduction of the original from the 1957

work of Scoville and Milner, illustrating Scoville’s estimate of

H.M.’s medial temporal lobe resection. The drawing at the top

shows a ventral view of the human brain, indicating the estimated

boundaries of the lesion. (a through d) Coronal sections arranged

from anterior (a) to posterior (d), showing the estimated extent of

the lesion. In these coronal sections, the left side shows the

estimated amount of tissue removed while the right side is

shown intact in order to label the different target brain structures.

Reproduced from Scoville WB and Milner B (1957) Loss of recent

memory after bilateral hippocampal lesions. Journal of Neurology,

Neurosurgery & Psychiatry 20: 11–21, with permission from the

BMJ Publishing Group.

 

The Amygdala, Hippocampus, and
Development of an Animal Model of
Human Amnesia

The amygdala and the hippocampus are two promi-
nent structures that sit just deep to the cortex of the
medial temporal lobe. The amygdala is a rounded
almond-shaped structure that is situated in the anterior
portion of the medial temporal lobe behind the cortex
of the temporal pole. The hippocampus is an irregular
tube-shaped structure that is located just posterior to
the amygdala. The noted neurosurgeon Dr. William
Scoville, who performed the surgery on patient H.M.,
described the medial temporal lobe resection as
removing 8 cm of the medial temporal lobe tissue,
including the temporal pole, amygdala, and approxi-
mately two-thirds of the anterior–posterior length of
the hippocampus (Figure 1). Scoville and Milner
initially hypothesized that bilateral damage to the
hippocampus was responsible for the severe memory
impairment, but because H.M.’s resection also
included bilateral damage to the amygdala, they
could not rule out the possibility that combined dam-
age to both the hippocampus and the amygdala was
collectively responsible for the deficit.
To address the question of which medial temporal

lobe structure or structures underlie declarative mem-
ory, experimentalists attempted to develop an animal
‘model’ of human amnesia. Nonhuman primates have
been particularly valuable animal model systems
because their general brain organization, intelligence,
and dominant visual system mirror our own. The
strategy was to determine if bilateral medial temporal
lobe lesions in an animal model could reproduce the
profound memory impairment seen in patient H.M.
If the deficit could indeed be reproduced, this animal
model then becomes a very useful tool with which to
examine the effect of damage to specific structures
or combinations of structures on memory. In 1978,
Mishkin was the first to successfully develop an ani-
mal model of human amnesia in the monkey. This
study focused on recognition memory, defined as
the ability to determine that a given stimulus has
been seen before. Recognition memory is a form
of declarative memory known to be impaired in
human amnesic patients. In his seminal study, Mis-
hkin examined the effect on recognition memory of
combined damage to the hippocampus and the amyg-
dala, made to resemble the damage sustained by
patient H.M. Animals with separate lesions of either
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the hippocampus or the amygdala were also tested.
All of the lesions included some inadvertent damage
to the surrounding cortical areas. Recognition mem-
ory was tested using a delayed nonmatching to sam-
ple task (Figure 2(a)). In this now widely used task,
animals are first shown either a single sample stimu-
lus or a series of to-be-remembered sample stimuli.
After a variable delay interval, animals are presented
with a sample stimulus and a novel stimulus. They
must learn to choose the novel, or ‘nonmatching,’
stimulus to receive a reward. Mishkin’s study showed
convincingly that combined, but not separate, lesions
of the hippocampus and amygdala produced a severe
recognition memory deficit (Figure 2(b)). These
results suggested that it was combined damage to
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Figure 2 (a) This panel shows a schematic diagram of the delayed nonmatching to sample task, a benchmark task used for studying

recognition memory in monkeys. Animals are first presented with a rewarded (þ) ‘sample’ stimulus over a central food well. After

displacing the sample object and retrieving the reward, there is a variable delay interval (typically between 8 sand 10min), after which time

the sample stimulus and a novel stimulus are presented over two lateral food wells. The animals learn to choose the novel, or

‘nonmatching,’ test stimulus to receive a reward (þ). After the intertrial interval, the sequence is repeated using a novel pair of

objects. The objects used in this task are typically ‘junk’ three-dimensional objects, including small toys, containers, or other

similarly sized objects. (b) Illustration of the performance of groups of monkeys with combined damage to the amygdala and hippocampus

(AH lesion group), or separate amygdala (A group) or hippocampal (H group) lesions on the delayed nonmatching to sample task. Delay

interval indicates the time delay between the sample and the test phase of the task. List length refers to a condition where lists of 3, 5, or 10

sample stimuli were presented before the test phase. This manipulation increases memory demand by increasing interference

between the sample stimuli. Note the profound memory deficit of the AH group even on the shortest delay interval used. Adapted

from Mishkin M (1978) Memory in monkeys severely impaired by combined but not by separate removal of amygdala and hippocampus.

Nature 273: 297–298.
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the hippocampus and amygdala that was responsible
for H.M.’s severe memory deficit.
Other scientists replicated the severe memory

impairment observed in monkeys following large
medial temporal lobe lesions (Figure 4(a)). This lesion
has been referred to by Zola-Morgan and his collea-
gues as the HþAþ lesion, where H refers to hippo-
campal damage and A to amygdala damage, with the
þ symbols indicating inadvertent damage to the sur-
rounding cortex made to access the underlying hippo-
campus and amygdala (Figure 3). Additional studies
showed that the memory impairment exhibited by the
HþAþ group paralleled key features of human amne-
sia. Specifically, it was shown that the impairment
extended to both the visual and the somatosensory
modalities, that it was long lasting, and that the
memory impairment was selective for only certain
forms of memory while other forms of memory
known to be spared in human amnesia were intact.
Findings from human neuropsychological studies

reported at about the same time that the effects
of HþAþ lesions being characterized showed that
bilateral damage limited to the hippocampus resulted
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in significant memory impairment. However, the
memory impairment was not as severe as that of
patient H.M. To confirm these observations in
human patients experimentally, Zola-Morgan and
his colleagues tested a group of monkeys with bilat-
eral lesions limited to the hippocampus and the adja-
cent cortex (Hþ group) on the delayed nonmatching
to sample task. The Hþ lesion group exhibited signif-
icant memory impairment on this task, but similar to
the observations in human patients, the deficit was
not as severe as the deficit seen following large
HþAþ lesions (Figure 4(a)). Note that this finding
differed from Mishkin’s report of no memory
impairment following hippocampal lesions (H lesion
in Figure 2(b), which also included damage to the
surrounding cortex), most likely because that study
used the relatively less sensitive prelesion training
strategy while the Hþ group was tested using a more
sensitive postlesion training strategy.

These findings suggested that additional damage
sustained by the HþAþ group, but not the Hþ
group, must be underlying this more severe deficit.
Based on the original report by Mishkin, the first
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Figure 3 Schematic illustration of the extent of damage sus-

tained in Zola-Morgan’s HþAþ lesion group. Shown on the top is a

ventral view of a macaque monkey brain. Shaded areas indicate

the approximate location of the intended lesion. Also shown are

the relative locations of the amygdala and hippocampus, which

are situated just below the cortex of the ventral medial temporal

lobe. Drawings (a)–(e) show coronal sections through the lesion

site, illustrating the largest (stippled) and smallest (gray area)

extent of damage. Note the similarities between the lesion illu-

strated here and the illustration of H.M.’s presumed lesion in

Figure 1. Also note the similarity between the intended lesion of

the AH group of Mishkin (Figure 2(b)) and the HþAþ group of

Zola-Morgan and colleagues. The major difference was simply the

nomenclature usedby the twogroups. Adapted fromZola-MorganS

and Squire LR (1985) Medial temporal lesions in monkeys impair

memory on a variety of tasks sensitive to human amnesia. Behav-

ioral Neuroscience 99: 22–34.
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obvious candidate was the additional damage to the
amygdala. To test this idea, Zola-Morgan and collea-
gues developed techniques that would allow selective
damage of the amygdala without involvement of the
surrounding cortex. In contrast to the prediction from
Mishkin’s study, Zola-Morgan showed that animals
with bilateral lesions limited to the amygdala per-
formed completely normally on the delayed non-
matching to sample task (Figure 4(b)). Even more
convincingly, it was shown that the addition of a
selective amygdala lesion to a Hþ lesion (HþA lesion
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group) did not exacerbate the memory deficit ob-
served following Hþ lesions alone. These findings
showed definitively that the additional damage of
the amygdala was, in fact, not contributing to the
severe memory impairment of the HþAþ group.
This left the possibility that the inadvertent damage
to the surrounding cortex was underlying the more
severe memory deficit of the HþAþ group. This pos-
sibility was particularly surprising because ever since
the original description of H.M., attention had
focused almost exclusively on the likely role of the
hippocampus and amygdala in memory. Cortical
damage was acknowledged (Figures 1 and 3), but
generally considered unrelated to the memory impair-
ment. Two additional pieces of evidence emerging
at the time further strengthened the idea that the
surrounding cortical areas may be important for
declarative memory.

The Entorhinal Cortex

The first piece of evidence came from anatomical
studies examining the connections of the monkey
entorhinal cortex, a brain area strongly associated
with the hippocampus. In the early 1900s the famous
Spanish neuroanatomist Ramón y Cajal first noted
the massive projections from layers II and III of the
entorhinal cortex to the dentate gyrus, part of the
hippocampal region. Based on this strong anatomical
projection, Cajal speculated that the functions of the
entorhinal cortex and hippocampus would also be
strongly linked. To emphasize this strong anatomical
link, the term ‘hippocampal formation’ is often used
to refer to the hippocampal region, including the
dentate gyrus, hippocampus proper, and subicular
complex, together with the entorhinal cortex.

Boundaries and connections In the monkey, the
entorhinal cortex is situated medial to the rhinal sul-
cus on the ventromedial aspect of the anterior tempo-
ral lobe (Figures 5 and 7). Important early anatomical
studies by Van Hoesen and colleagues described
some of the cortical inputs to the monkey entorhinal
cortex. However, the full complement of anatomical
projections to this area was not known. To address
this question, Insausti, Amaral, and colleagues ana-
lyzed a series of retrograde tracer injections made
throughout the monkey entorhinal cortex. Retro-
grade tracers are transported from the axons that
terminate in the injection site to the cell bodies of
origin, where the tracer can be visualized. Plotting
the locations of retrogradely labeled cell bodies result-
ing from a given injection site identifies all the brain
areas that project to that site, while the number of
labeled cells in each brain area provides an indication
of the relative strength of that projection.
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Figure 4 (a) This graph illustrates thememory deficit exhibited by the Hþ and HþAþ group on the delayed nonmatching to sample task.

Note that the Hþ group exhibited a significant but less severe memory impairment compared to the HþAþ group. For both groups, the

most severe impairment is seen at the longest delay intervals. (b) This graph illustrates the effect of selective amygdala damage on the

delayed nonmatching to sample task. This graph makes two key points: first, that bilateral lesions limited to the amygdala that do not

involve the surrounding cortex (A group) do not cause memory impairment, and second, that the addition of an A lesion to an Hþ group

(HþA) does not exacerbate the memory deficit of the original Hþ group. This study showed definitively that the amygdala was not

contributing to the severe visual recognition memory deficit exhibited by the original HþAþ group. C, control group. Adapted from Zola-

Morgan S, Squire LR, and Amaral DG (1989) Lesions of the amygdala that spare adjacent cortical regions do not impair memory or

exacerbate the impairment following lesions of the hippocampal formation. Journal of Neuroscience 9: 1922–1936; and Zola-Morgan S,

Squire LR, Amaral DG, and Suzuki WA (1989) Lesions of perirhinal and parahippocampal cortex that spare the amygdala and

hippocampal formation produce severe memory impairment. Journal of Neuroscience 9: 4355–4370.
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Figure 5 illustrates the cortical connections of the
monkey entorhinal cortex. A major finding was that
the entorhinal cortex receives almost two-thirds of its
direct cortical inputs from the surrounding perirhinal
and parahippocampal cortices. Earlier anatomical
studies suggested that these areas are higher-order
association areas that receive convergent inputs
from multiple sensory modalities. Other direct inputs
to the entorhinal cortex include olfactory and
somatosensory inputs from the piriform cortex and
insula, respectively, spatial inputs from the retrosple-
nial cortex, auditory inputs from the superior tempo-
ral gyrus, and multimodal sensory inputs from the
orbitofrontal cortex. The discovery that the major
cortical inputs to the entorhinal cortex originate in
the surrounding perirhinal and parahippocampal cor-
tices suggested that these adjacent cortical areas were
more intimately linked to the hippocampal formation
than previously appreciated.
The second critical piece of evidence highlighting

the possible role of the perirhinal and parahippocam-
pal cortices in memory was a reexamination of
the extent of the lesion in Zola-Morgan’s original
HþAþ group. This reexamination revealed that
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not only was the entorhinal cortex removed in this
group, but also a much larger extent of both the
perirhinal and the parahippocampal cortices was da-
maged than had originally been appreciated. These
findings, together with the newly described connec-
tions of the entorhinal cortex, strongly suggested that
the extra damage to the surrounding perirhinal and
parahippocampal cortices was underlying the more
severe memory impairment in the HþAþ group rela-
tive to the Hþ group.

The Perirhinal and Parahippocampal Cortices

Lesion studies To test the hypothesis that the peri-
rhinal and parahippocampal cortices contribute to
memory, Zola-Morgan and colleagues examined the
effects of bilateral lesions limited to these areas that
spared the adjacent and underlying entorhinal cortex,
hippocampus, and amygdala (PRPH lesion group) on
a battery of memory tasks, including the delayed
nonmatching to sample task. Consistent with this
hypothesis, PRPH lesions produced a severe recogni-
tion memory impairment that was similar in severity
to the deficit exhibited by the original HþAþ group
(Figure 6). Like human amnesia, the impairment of
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Figure 5 Illustration of the relative strength of the cortical inputs

to the monkey entorhinal cortex. These data were taken from one

representative case of retrograde tracer injection in the entorhinal

cortex (Case IM-6 of Insausti and colleagues). The entorhinal

cortex receives nearly two-thirds of its direct cortical input from

the adjacent perirhinal and parahippocampal cortices. Other

inputs include olfactory inputs, somatosensory inputs as well as

strong multimodal input from the orbitofrontal cortex, and spatial

input from the retrosplenial cortex as well as auditory input from

the superior temporal gyrus (STG). Reproduced from Suzuki WA

(1996) Neuroanatomy of the monkey entorhinal, perirhinal and

parahippocampal cortices: Organization of cortical inputs and

interconnections with amygdala and striatum. Seminars in the

Neurosciences 8: 3–12.
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Figure 6 Illustration of the severe deficit exhibited by the peri-

rhinal and parahippocampal (PRPH) group on the delayed non-

matching to sample task. The performance of the HþAþ group is

shown for comparison. Adapted from Zola-Morgan S, Squire LR,

Amaral DG, and Suzuki WA (1989) Lesions of the perirhinal and

parahippocampal cortex that spare the amygdala and hippocam-

pal formation produce severe memory impairment. Journal of

Neuroscience 9: 4355–4370.
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the PRPH lesion group encompassed multiple sensory
modalitiesandwaslonglasting.Findingsfromnumerous
other studies confirmed that damage including the peri-
rhinal and parahippocampal cortices resulted in severe
memory impairment. These lesion findings provided
definitive evidence that the perirhinal and parahippo-
campalcorticescontributedtomemory.Subsequentneu-
roanatomical studies focused on these areas helped
clarifyhowthese areas contribute tomemory.

Boundaries and connections A major factor that
slowed progress in identifying the memory functions
of the perirhinal and parahippocampal cortices was
the fact that at the time, very little was known about
these cortical medial temporal lobe areas. For exam-
ple, both the boundaries and the nomenclature
applied to these areas had been highly inconsistent,
making it difficult to know where one area ended and
the next one began. Amaral and colleagues performed
a preliminary reevaluation of the boundaries of these
areas as part of their description of the cortical inputs
to the entorhinal cortex. The current boundaries
of the perirhinal and parahippocampal cortex are
informed by data from tract tracing studies, cytoarch-
itectonic analyses of the cell staining and density
patterns, as well as chemoarchitectonic analyses of
neuropeptide staining patterns. Figure 7 illustrates
the boundaries of the perirhinal and parahippocampal
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cortices on a ventral view of the monkey brain as well
as in coronal sections. By comparing the boundaries of
the perirhinal and parahippocampal cortices shown in
the coronal sections in Figure 7 to the boundaries of
the HþAþ lesion shown in the coronal sections of
Figure 3, one can gain an appreciation for how much
of the perirhinal and parahippocampal cortex was
damaged in the original HþAþ group.

What are the connections of the perirhinal and
parahippocampal cortices? Early anatomical studies
suggested that both the perirhinal and parahippocam-
pal cortices received convergent input from areas
involved in processing multiple sensory modalities.
But like the entorhinal cortex, it was unclear if all of
the inputs to the perirhinal and parahippocampal
cortices had been identified. To address this question,
a series of neuroanatomical studies were undertaken
to define the full complement of cortical inputs to
these areas. The results from a series of retrograde
tracer injections made throughout the perirhinal and
parahippocampal cortices revealed two major find-
ings. First, these areas receive a massive convergence
of input from widespread areas, including visual,
somatosensory, and auditory association areas, as
well as higher order multimodal association areas,
including the frontal lobe and the dorsal bank of the
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Figure 7 (Top) Photograph of the ventral view of a macaque

monkey brain, where the boundaries of the entorhinal (ER),

perirhinal (PR), and parahippocampal (PH) cortices are shown

on the right hemisphere and the major sulci are labeled on the

left hemisphere. The dashed line on the right hemisphere shows

the location of the rhinal sulcus, which forms the boundary

between the entorhinal cortex medially and the perirhinal cortex

more laterally. Drawings (a)–(d) illustrate individual coronal sec-

tions through the perirhinal and parahippocampal cortices. The

locations of these coronal sections are indicated by vertical lines in

the ventral view. Note that by comparing this figure with Figure 3,
one can gain an appreciation of the extent of the perirhinal and

parahippocampal cortices damaged in the HþAþ group. A, amyg-

dala; amts, anterior middle temporal sulcus; H, hippocampus; ots,
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superior temporal sulcus. Second, the perirhinal and
parahippocampal cortices receive distinctly different
sets of cortical inputs, suggesting potentially different
roles in memory.

The major input to the perirhinal cortex (Figure 8)
arises from the adjacent visual area TE, a major com-
ponent of the ‘ventral visual pathway’ important
for processing visual object information. The second
strongest input to the perirhinal cortex originates
in the parahippocampal cortex, suggesting strong
cross-talk between the two areas. Other inputs-
include multimodal sensory input from the dorsal
bank of the superior temporal sulcus and orbito-
frontal cortex as well as somatosensory input from
the insular cortex. These projections are largely
reciprocal. The powerful inputs from visual area
TE, taken together with the devastating effects of
lesions, including the perirhinal cortex on the delayed
nonmatching to sample task, suggest that perirhinal
cortex is particularly important for visual object
memory.

Like the perirhinal cortex, the parahippocampal
cortex also receives strong visual input, but this input
comes from more posterior visual areas TEO and V4
(Figure 9). In contrast to the perirhinal cortex, with
its prominent inputs from the highest order visual
area TE, the parahippocampal cortex receives more
prominent input from the so-called dorsal visual
processing pathway, important for processing visual–
spatial information. These spatial inputs arise from
the retrosplenial cortex, posterior parietal cortex,
dorsal bank of the superior temporal gyrus, and
dorsolateral regions of the prefrontal cortex. These
findings suggest that the parahippocampal cortex
may be particularly important for spatial memory.
Neuroanatomy of Declarative Memory

Figure 10 illustrates the connections of the key medial
temporal lobestructures important fordeclarativemem-
ory. These areas include the hippocampus, together
with the surrounding and strongly interconnected
entorhinal, perirhinal, and parahippocampal cortices.
The connections of these areas exhibit a hierarchical
organization, with the hippocampus acting as the
ultimate site of information convergence. The hippo-
campus receives its major input and provides it major
output to the entorhinal cortex, which receives its
major cortical inputs and outputs from the surround-
ing perirhinal and parahippocampal cortices. The
latter two areas act as a gateway of sensory informa-
tion flow between the hippocampal formation, on
the one hand, and widespread areas of neocortex,
on the other.
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cortical inputs to the perirhinal cortex. These data were taken from

one representative case of retrograde tracer injection in the peri-
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input to the perirhinal cortex arises from visual area TE and TEO,

important for processing visual object information. The parahip-
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cortex. Other inputs include somatosensory input from the insula
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temporal sulcus (STSd) and orbitofrontal cortex. Thus, while the

perirhinal cortex is a site of multimodal sensory convergence, its

major input originates in visual areas TE and TEO. Reproduced

from Suzuki WA (1996) Neuroanatomy of the monkey entorhinal,

perirhinal and parahippocampal cortices: Organization of cortical
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Figure 9 Schematic illustration of the relative strength of the

cortical inputs to the parahippocampal cortex. The percentages

shown here are taken from one prototypical case of retrograde

trace injection in the parahippocampal cortex (Case M2–90 of

Suzuki and Amaral). Like the perirhinal cortex, the parahippocam-

pal cortex also receives strong visual input, but this input arises

from more posterior visual area V4. Relative to the perirhinal

cortex, the parahippocampal cortex receives disproportionately

more direct input from the so-called dorsal visual processing

stream, important for processing spatial information. These inputs

arise from the retrosplenial cortex, the dorsal bank of the superior

temporal sulcus, the posterior parietal lobe, and the dorsolateral

prefrontal cortex. Reproduced from Suzuki WA (1996) Neuroana-
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cortices: Organization of cortical inputs and interconnections with
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Understanding the anatomical connections of these
medial temporal lobe areas provides the foundation
for elucidating the role of these structures in declara-
tive memory. For example, these anatomical connec-
tions suggest that the severe memory impairment
exhibited by the PRPH group is not due exclusively
to damage of the perirhinal and parahippocampal
cortices, but also to the fact that the PRPH lesion
cuts off virtually all of the cortical interconnections
of both the entorhinal cortex and the hippocampus
(Figure 10). Importantly, numerous studies have con-
firmed that damage limited to the hippocampal for-
mation both in humans and in monkeys also produce
significant, though less severe, memory deficits than
the deficits seen following damage to the surrounding
cortex. The powerful and reciprocal interconnections
between these medial temporal lobe structures sug-
gest that functional interactions between these areas
may also be important for memory. This idea is
supported by findings showing that the extent of
medial temporal lobe damage correlates with the
severity of impairment on the delayed nonmatching
to sample task. However, the differences in the con-
nections of these areas, particularly between the peri-
rhinal and parahippocampal cortex, suggest that
these cortical areas may also participate in different
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forms of memory, with perirhinal cortex important
for object memory and the parahippocampal cortex
important for spatial memory. This idea is also sup-
ported by experimental findings in monkeys.

The lesion and anatomical studies in the monkey
model system also make strong prediction with re-
spect to the actual brain damage sustained by patient
H.M. Specifically, it is clear that the impairment in
patient H.M. is substantially more severe than the
memory impairment in patients with damage limited
to the hippocampal formation bilaterally. Findings
from animal studies predict that that patient H.M.’s
lesion involves the hippocampus together with the
surrounding cortex. Unfortunately, for many years
the precise extent of H.M.’s lesion could not be con-
firmed with structural magnetic resonance imaging
(MRI) scans because it was thought that the surgical
clips left in place after his original surgery were
not compatible with imaging. However, it was later
determined that the clips would not pose a danger to
H.M., and in 1997 Corkin and colleagues brought
the study of the neuroanatomy of declarative mem-
ory full circle when they published a historic
MRI analysis of H.M.’s brain lesion. This study con-
firmed that H.M. sustained bilateral damage to the
amygdala as well as approximately the anterior
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Figure 10 Schematic illustration of the connections of the hippocampus and the entorhinal, perirhinal, and parahippocampal cortices.

The relative strength of the connections estimated from retrograde tracer experiments is illustrated by the color and thickness of the

interconnecting lines (see key in upper right). Note the hierarchical organization, with the hippocampus acting as the pinnacle of

the hierarchy. The hippocampus receives its major inputs and outputs from the entorhinal cortex, which receives its major inputs from

the perirhinal and parahippocampal cortices. These latter two cortical areas act as themajor gateway of sensory information flow between

widespread areas of the neocortical mantel, on the one hand, and the hippocampal formation, on the other. Note the differences in the

patterns of inputs between the perirhinal and parahippocampal cortices. These anatomical connections provide a framework for

understanding the mnemonic functions of the medial temporal lobe. HPC, hippocampus; Ia, agranular portion of the insula; Id,

dysgranular portion of the insula; Ig, granular portion of the insula; LIP, lateral intraparietal area; STG, superior temporal gyrus; STSd,

dorsal bank of the superior temporal sulcus. Reproduced from Suzuki WA and Amaral DG (1994) Perirhinal and parahippocampal

cortices of the macaque monkey: Cortical afferents. Journal of Comparative Neurology 350: 497–533.
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half of the hippocampus. Moreover, consistent with
the predictions from the animal studies, the MRI
scans confirmed that the resection also involved all
of the entorhinal cortex and parts of the perirhinal
cortex bilaterally, though the parahippocampal cortex
was spared. These findings, taken together with studies
of other well-characterized amnesic patients
with MRI or histological confirmation of the medial
temporal lobe damage, support the idea that results
from experimental animal studies are directly applica-
ble to humans. These parallel findings reinforce
the value of animal models in elucidating the principles
of memory organization in the brain.
The discussion here has emphasized the lesion and

anatomy studies in monkeys. However, important
studies in the rodent model system have also provided
fundamental contributions to our understanding of
the medial temporal lobe areas important for declar-
ative memory. Taken together, these experimental stu-
dies have not only identified the structures important
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for declarative memory, but have also laid the ground-
work for the next generation of questions concern-
ing how each of these medial temporal lobe areas
contribute and/or interact to acquire new declarative
memories. These studies also form the foundation
for clinical strategies to treat various neurological
conditions wherein declarative memory is impaired,
including both normal human aging and Alzheimer’s
disease. Progress in the basic research of the brain
basis of declarative memory will be critical in addres-
sing these pressing clinical issues.
See also: Amnesia: Declarative and Nondeclarative

Memory; Amygdala: Structure and Circuitry in Primates;

Amygdala: Structure and Circuitry in Rodents and

Felines; Animal Models of Amnesia; Entorhinal Cortex;

Episodic Memory; Functional Amnesia; Hippocampus;

Neuroanatomy Methods in Humans and Animals; Neu-

ropsychological Testing; Neuropsychology: Theoretical

Basis; Perirhinal Cortex.
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