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In a review of the literature on the development of the medial temporal lobe region in humans, monkeys, and
rodents, Bachevalier and Beauregard indicated that in primates, memory functions subserved by this neural
system emerge early in life and increment gradually with further postnatal maturation. Furthermore, they
stated that the late-developing memory functions of normal neonates was more likely owing to the slow
maturation of the association areas of the cortex than to the slow maturation of the hippocampal formation.
This conclusion was based on the limited knowledge concerning the development of hippocampal-dependent
memory functions and the maturational events in the medial temporal lobe of monkeys. Over the last decade,
however, more information has accumulated about the structural, functional, and behavioral changes
occurring throughout ontogeny in monkeys that suggest a refinement of this view. Whereas there is still
much to be discovered, we thought it timely to put into perspective the latest findings in hope of shedding
light on memory development in general, and particularly, on the role of medial temporal lobe structures in
infant and adult memory. [Note: Hippocampal formation refers to the hippocampus proper (Ammon’s fields),
dentate gyrus, and subicular complex. Hippocampal region refers to the hippocampal formation and the
adjacent entorhinal, perirhinal, and parahippocampal cortex.]

It is generally accepted that memory is not a unitary pro-
cess, but rather consists of multiple systems (for review, see
Squire 1994), only one of which depends critically upon the
hippocampal formation. The dissociation between these
memory systems has received further support from devel-
opmental studies of memory in which it has been shown
that memory processes that are sensitive to hippocampal
dysfunction in adults are late developing in infants. Such
findings have been particularly well documented in ro-
dents. Because neurogenesis in the rodent dentate gyrus is
almost entirely postnatal, the onset of particular behavioral
events can be readily compared to maturational changes in
the hippocampal formation (Altman et al. 1973; Douglas
1975). In particular, these behavioral functions emerge be-
tween ages 20 and 25 d, just at the end of neurogenesis and
synaptogenesis in the dentate gyrus (Altman and Das 1965;
Altman and Bayer 1975; Bayer 1980). For example, the abil-
ity to navigate to a hidden platform in a water maze (Rudy
et al. 1987) or perform a delayed alternation task (Freeman
and Stanton 1991) first appears at this age and is impaired in
adults with damage to the hippocampal formation (Morris
et al. 1982). This tight link between maturational events
within the rodent hippocampal formation and associated
structures and emergence of memory abilities has encour-
aged the extension of these comparisons to other species,
including human and non-human primates.

One striking difference between rodent and primate
species is that the neurogenesis of the hippocampus proper
and dentate gyrus in monkeys and humans is almost entirely
prenatal (Rakic and Nowakowski 1981; Eckenhoff and Ra-
kic 1988). Thus, one might expect to find that hippocam-
pally mediated memory functions should appear compar-
atively early in primate development. Indeed, some behav-
ioral evidence suggests that the hippocampal-dependent
memory system is available as early as the first months or
weeks of life in monkeys (Gunderson and Sackett 1984;
Bachevalier et al. 1993) as in humans (Diamond 1990; Pas-
calis and de Schonen 1994). Thus, monkeys show lasting
recognition memory in the first month of life, and humans
in the first 3–6 mo. This ability is impaired in monkeys and
humans with damaged hippocampal regions. Although
these data led to the conclusion that the hippocampal for-
mation is mature relatively soon after birth in primates (Dia-
mond 1990; Bachevalier and Beauregard 1993), there is
equally compelling behavioral and anatomical evidence to
suggest that maturation of the hippocampal-dependent
memory system is a protracted process that continues for
the first 30 mo in the monkey (Harlow 1959; Bachevalier
and Mishkin 1984), and the first 5–7 yr in the human (Rudy
et al. 1993; Overman et al. 1996). Conversely, there is
mounting evidence that certain hippocampal functions in
rodents are available before the completion of neurogenesis
in the dentate gyrus (Lobaugh et al. 1985; Saperstein et al.
1989). Thus, it appears that some hippocampal-dependent
functions emerge at a time when the hippocampal forma-
tion has not reached complete maturation, whereas other
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functions require a fully developed hippocampal formation.
These unexpected results prompted us to re-examine this
issue.

One difficulty with earlier studies that link maturation
of memory processes with maturation of the hippocampal
formation is that they usually take into account develop-
mental events occurring within this structure, but often fail
to take into account developmental changes in those struc-
tures that have interconnections with the hippocampal for-
mation. It is important to bear in mind that delayed matu-
ration in any one structure within the neural network sup-
porting visual memory could affect the flow of information
within the network and result in altered performance. An-
other potential difficulty is that the neural circuit support-
ing a specific memory process in the adults may not neces-
sarily be that used by the infants to support the same func-
tion. Consequently, linking the emergence of a function to
the maturation of a specific brain structure may not be as
straightforward as previously believed. In light of the fore-
going considerations, we intend to focus this review not
only on the development of the hippocampus formation,
but also on what is known about the development of related
medial temporal cortical structures and their contributions
to the maturation of memory functions in non-human pri-
mates.

However, there are still many gaps in our knowledge of
specific developmental events in monkeys. We will there-
fore occasionally include data from rodents or humans be-
cause there is strong evidence to suggest that the ontoge-
netic progression of structural and cognitive function is par-
allel across species, even though timing relative to birth
may differ. We first show that the hippocampal formation
may have numerous functions with regard to memory and
that these may be reflected not only in changes in its local
circuitry, but also in changes in the pattern of its extrinsic
connections. Second, the pattern of development of these
connections suggests that the functional maturation of the
hippocampal formation is a prolonged, continual process,
with some circuitry and supported functions present early
in infancy and others coming on line throughout the first
years of life. Finally, we argue that the study of hippocampal
development may provide valuable insights into the role of
this structure in learning and memory in the adult and may
suggest directions for future research.

Development of Medial Temporal
Lobe Memory
A number of paradigms have been used to assess the devel-
opment of medial temporal lobe (MTL) memory functions
in primates. As described below, two involve recognition
memory tasks and the other involves relational memory
tasks. Performance on these tasks is often differentially sen-
sitive to damage to specific structures in the medial tempo-
ral lobe, and adultlike proficiency on these tasks shows a

range of maturational onset with adult performance emerg-
ing quite early for some tasks, and much later for others. We
will discuss each behavioral paradigm in the approximate
order in which adult proficiency emerges in monkeys.

Recognition Memory Tasks

Preferential Looking Task
Perhaps the earliest MTL-dependent memory function pres-
ent in primates is recognition memory. Using the monkey’s
natural tendency to prefer novel stimuli as an index of
memory, recognition memory has been showed in the first
2 wk of life in monkeys (Gunderson and Sackett 1984; Bach-
evalier et al. 1993) and in the first few days in humans
(Pascalis and de Schonen 1994). Recognition memory at
these early ages has typically been tested in the preferential-
looking (PL) paradigm (also known as the visual-paired com-
parison paradigm) (Fantz 1964; Fagan 1970). In this task,
the subject is exposed to a visual stimulus during a famil-
iarization period, followed by a delay, during which no
stimuli are present. In the comparison period, the familiar
stimulus is presented side by side with a novel stimulus,
during which the subject’s eye movements are recorded.
Recognition is inferred from the subject’s tendency to pre-
fer, and thus fixate longer to, the novel stimulus. Memory
can be further taxed by varying the interval during the pre-
sentation of the sample and novel stimuli. Using this para-
digm (Fig. 1A), Bachevalier and colleagues (1993) showed
that monkeys as young as 4 wk old were able to show
novelty preference after a 10 sec delay (longest tested).
Using longer retention periods, Gunderson and Swartz
(1985) reported that infant monkeys could recognize visual
stimuli after a 24-h delay as early as the age of 1 mo.

Performance on PL is highly susceptible to medial tem-
poral lobe damage in adult monkeys (Table 1). For example,
ablation of area TE in monkeys completely abolishes novelty
preference (Bachevalier 1990; Buffalo et al. 1999). Perirhi-
nal cortex lesions impair recognition memory for objects at
delays of 10 sec or longer (Clark et al. 1996; S. Nemanic,
M.C. Alvarado, and J. Bachevalier, unpubl. obs.), whereas
damage to area TH/TF disrupted recognition memory only
after 30 sec (Nemanic et al. 2000). Finally, damage to the
hippocampal formation yields delay-dependent impair-
ments that vary with the extent and method of the lesion
and that appear between 10 sec (Zola et al. 2000) and 30
sec (Pascalis and Bachevalier 1999; Nemanic et al. 1999).
Because performance on this task shows such high depen-
dence on several medial temporal lobe structures and be-
cause it appears so early in life, this suggests that one or
more of these structures may functionally be able to sup-
port recognition memory in infants. In fact, preference for
novelty is abolished by extensive neonatal damage to the
MTL (amygdala, hippocampus, and adjacent cortex) in
1-mo-old monkeys (Bachevalier et al. 1993) or by limited
neonatal damage to the hippocampal formation and para-
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hippocampal gyrus in adults (Pascalis and Bachevalier
1999). Although these findings support the idea that some
MTL structures are operating early in life to support recog-
nition memory, they do not indicate which of these struc-
tures might be functional at this early age.

Delayed Non-Matching-to-Sample
Despite the early emergence of preference for novelty, the
ability to use novelty as a guide for choice behavior devel-
ops much later as, for example, in the delayed non-match-
ing-to-sample task (DNMS). The DNMS task measures visual
recognition memory but it also requires problem-solving
capabilities. In this task, the monkey is presented with a
sample object that covers a baited food well. The monkey
displaces the object to retrieve the reward. A short delay
period follows, during which the monkey cannot see the
testing tray. During the choice test, the sample and a novel

object are presented over the lateral wells of the test tray,
but only the well under the novel object is baited. Using
new stimuli for each trial, the subject must learn to pick the
item not previously seen. Memory capacity can be taxed
further by increasing the retention delay, or by increasing
the number of items to be remembered. Bachevalier and
Mishkin (1984) showed that 3-mo-old monkeys could not
master DNMS even at short delays of 10 sec, and yet, at the
same age, infants show long-lasting recognition as measured
by PL (see above). Indeed, adult-like performance on the
DNMS task (Figs. 1B,2) did not emerge until age1 to 2 yr
(Bachevalier 1990; Mahut and Killiany 1990). Human infants
show a similar protracted development of mastery of
DNMS, not reaching adult proficiency levels before age 2 yr
(Diamond 1990; Overman 1990). Furthermore, the ability
to remember across increasingly longer delays also im-
proves with age (Diamond 1990).

Acquisition and performance on DNMS is highly sus-
ceptible to medial temporal lobe damage. As in PL, both
acquisition of DNMS and performance across delays are se-
verely impaired by damage to area TE (Bachevalier and
Mishkin 1994), as well as to the entorhinal and perirhinal
cortices, or to the perirhinal cortex alone (Horel et al. 1987;
George et al. 1989; Murray 1992; Meunier et al. 1993; Su-
zuki et al. 1993; Zola-Morgan et al. 1989, 1993; Eacott et al.
1994; Alvarez et al. 1995). Damage to the parahippocampal
areas TH and TF slightly retards acquisition of DNMS and
affects memory for objects only at the longest delays of 10
min (Nemanic et al. 2000), whereas the same damage se-
verely impairs performance on a spatial version of the task
(M.C. Alvarado and J. Bachevalier, unpubl.). Finally, in con-
trast to the severe recognition memory impairment on PL
after hippocampal ablation (compare Fig. 1A,B), all studies
show only mild impairment on DNMS performance; some
have argued at delays as short as 15 sec (Beason-Held et al.
1999; Zola et al. 2000), whereas others claim not before 10
min or beyond (for review, see Mishkin and Murray 1996;
Bachevalier et al. 1999, Nemanic et al. 1999). Thus, it
appears that for DNMS, as for PL, the MTL cortical areas play
a key role in both acquisition and performance of the
task.

Given the similarity of the two recognition tasks (PL
and DNMS) and the importance of many of the medial tem-
poral lobe structures for performance on both tasks, one
could wonder why their developmental timetables are so
different. Several studies have already shown that the dif-
ferences could not be accounted for by differing abilities to
detect the novel stimulus (Overman et al. 1993), nor can
they reflect simple immaturity in reaching ability (Diamond
1990; Overman et al. 1993) or the inability to retain the
sensory information for long periods (Gunderson and
Swartz 1985). Rather, the differences between the develop-
ment of the two tasks appear to be related to an inability to
associate the reinforcer with the abstract quality of novelty

Figure 1 Development of Recognition Memory. (A) Performance
on Preferential Looking as a function of age (solid bars) (Bacheva-
lier 1990). IBO H (shaded bar) refers to performance of three adults
with neurotoxic lesions of the hippocampal formation (adapted
from Nemanic et al. 1998). (B) Performance on DNMS as a func-
tion of age (solid bars) (adapted from Bachevalier 1990). IBO H
(shaded bar) refers to performance of adults with neurotoxic dam-
age to the hippocampal formation (adapted from Nemanic et al.
1998). Adults were 4 yr or older.
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in DNMS trials (Bachevalier 1990; Overman et al. 1993; Dia-
mond 1995; Diamond et al. 1999). Therefore, we must con-
clude that, unlike PL, the DNMS task requires cognitive
abilities beyond simple recognition. These abilities must de-
pend upon neuronal substrates within and outside of the
medial temporal lobe that mature throughout the first year
of life in the monkey. Possible candidates include the ven-
tral portions of the prefrontal cortex (Goldman-Rakic 1987;
Meunier et al. 1997; Málková et al., in press) and the inferior
temporal cortical areas (Bachevalier et al. 1991; Rodman
1994).

Relational Memory Tasks

Biconditional Discrimination
This task measures the ability to acquire stimulus-stimulus
relations. Subjects are trained to discriminate four stimulus
pairs: AB, AC, CD, and BD, in which AB and CD are re-
warded pairs and AC and BD are unrewarded pairs (e.g.,
Saunders and Weiskrantz 1989). In other words, A and D are
conditional cues whose presence determines whether B or
C is correct. Killiany and Mahut (1990) have shown that

6-mo and 1-yr-old infant monkeys
were impaired relative to adults on
performance of such a task. That
is, they made more errors than
normal adults in acquiring the dis-
crimination, and were impaired
relative to adults when required to
show knowledge of stimulus-
stimulus relations by choosing B
over C when object A was present,
and the converse when object D

was present. In addition, 1-yr-old monkeys with damage
to the hippocampal region (i.e., hippocampal formation
and parahippocampal cortical areas TH and TF) were
similarly impaired on this task relative to performance of
both 1-yr-old normal infants and normal adults. These find-
ings suggest that relational memory processes are available
but not adult-like at the age of 1 yr (Killiany and Mahut
1990).

Spatial Learning
Spatial memory tasks require the ability to select the appro-
priate navigational trajectory based on a specific arrange-
ment of environmental cues. In rodents, memory abilities
requiring the use of spatial relations develop at the age of
∼21 d (Rudy, et al. 1987), and coincide with the end of the
period of neurogenesis in the dentate gyrus (Bayer and Alt-
man 1974). Although the development of spatial memory
has not been systematically studied in infant monkeys, neo-
natal damage to the hippocampal region impairs spatial
memory when the operated monkeys are tested as adults on
a spatial version of the DNMS task (Mahut and Moss 1986;

Málková et al. 1995; Alvarado et al.
1995). Using tests adapted from
the rodent literature, Overman
and colleagues (1996) have re-
cently shown that human children
can perform animal tests of spatial
memory at the age of ∼5 yr, but do
not show adultlike proficiency un-
til the age of ∼8 yr. If the develop-
mental pattern in monkeys follows
the same pattern as that in rodents
and humans, then we could specu-
late that proficient use of spatial
relations in monkeys should ap-
pear at the end of the first year but
may improve over the second year
of life.

Transverse Patterning
Successful performance on the
transverse patterning problem
(Spence 1952) also requires rela-Figure 2 Acquisition of DNMS as a function of age (adapted from Bachevalier 1990).

Table 1. Lesions Affecting Performance on Preferential Looking

Lesion Impaired at (sec) Study

Hippocampal region (aspiration) 30 Pascalis & Bachevalier 1999
Hippocampal formation (radiofrequency) 60 Zola et al. 2000
Hippocampal formation (ibotenic acid) 10 Zola et al. 2000
Hippocampal formation (ibotenic acid) 30 Nemanic et al. 1998
Perirhinal cortex 10 Clark et al. 1997
Area TE 1 Buffalo et al. 1998
Area TH/TF 30 Nemanic et al. 2000
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tional memory abilities and is also late-developing, emerging
at the age of ∼1 yr in monkeys (Málková et al. 1999) with
adult like proficiency appearing between 2 and 3 yr (Fig. 3).
In this task, subjects learn three discrimination problems
that are presented concurrently: A + versus B −, B + versus
C −, and C + versus A −. Successful performance on the task
requires the subject to ignore absolute reward contingen-
cies (50% for each stimulus), and instead, attend to the
relationships between stimuli (Spence 1952; Alvarado and
Rudy 1992). The ability to learn the transverse patterning
discriminations is similarly developmentally delayed in hu-
mans, who are unable to solve the task until the age of ∼5
yr (Rudy et al. 1993), and in rodents, who begin to solve the
task at the age of ∼30 d (J.W. Rudy and M.C. Alvarado,
unpubl.), well after spatial learning abilities appear (21–
25 d).

Evidence that this developmental delay reflects matu-
rational processes within the medial temporal lobe is pro-
vided by studies in which performance on this task is se-
verely impaired by hippocampal lesions. For example, per-
formance was impaired in adult monkeys with either
neonatal damage to the hippocampocampal region (Al-
varado et al. 1995), or neurotoxic damage to the hippocam-
pal formation sustained in adulthood (see Fig. 3; Alvarado et
al. 1998), in amnesic humans with hippocampal or tempo-
ral lobe damage (Rickard and Grafman 1998; Reed and
Squire 1999), and in rats with neurotoxic damage to the
hippocampal formation (Alvarado and Rudy 1995a,b).

Oddity Task
Further examples of delayed development of relational
memory abilities are provided by the oddity task. In this
task, the subject is shown an array of three stimuli, two of
which are identical. The subject is required to pick the
unique (or odd) stimulus to obtain a reward (e.g., A −, A −,
B +). Thus, there is nothing about the absolute properties of
the stimuli to direct choice toward any of the stimuli.

Rather, the value of each stimulus directly depends on
which other stimuli are present. Harlow trained infant mon-
keys on this task and found that they did not attain adult-like
performance until age 3 or 4 yr (Harlow 1959). Similarly,
human children have difficulty solving the task until age 5
or 6 yr (Gollin and Schadler 1972; Overman et al. 1996). It
is not known whether hippocampal damage affects perfor-
mance on this task, although damage to inferior temporal
cortex impairs postoperative relearning of the oddity prin-
ciple (Iversen and Humphrey 1971).

Summary
From the previous discussion, it should be clear that the
memory abilities supported by the medial temporal lobe
structures do not show a single pattern of development.
Some processes (e.g., recognition memory) are present in
the first months of life, but mature over the first year,
whereas tasks requiring greater cognitive demands (e.g.,
relational memory) emerge later and mature over many
years. Yet, performance on each of these tasks shows sen-
sitivity to hippocampal damage. Thus, the development of
adultlike proficiency on behavioral tasks sensitive to medial
temporal lobe dysfunction is a continual, rather than a step-
wise process. By extension, one might expect the neural
substrates of these memory abilities to show a similar de-
velopmental continuum. Whether this functional develop-
ment reflects gradual maturation of either the hippocampus
proper, connections within and between MTL structures, or
maturation of extrinsic connections will be discussed be-
low. However, before doing so, it is useful to briefly review
what is known about the flow of information within the
medial temporal lobe. Because all behavioral tasks de-
scribed above test visual memory, we will focus on the
visual memory circuit within the medial temporal lobe.

Visual Memory Circuit
A number of recent anatomical studies have contributed
significantly to our understanding of the interconnectivity
of medial temporal areas and the hippocampal formation in
the adult primate brain (Insausti et al. 1987; Witter et al.
1989; Suzuki and Amaral 1994a,b; Suzuki 1996). The flow of
information through the MTL provides an increasing con-
vergence of sensory information that allows for processing
of greater complexity. Further, the cortical areas through
which information is passed to the hippocampal formation
are association areas, and recent research suggests that each
makes its own unique contribution to visual memory pro-
cesses. Thus, it is important to determine what contribu-
tion, if any, they may make to memory early in develop-
ment, and whether this contribution is independent of hip-
pocampal function.

In adult primates, the visual information flows into the
temporal lobe via two segregated pathways that provide
qualitatively different visual information. Information about

Figure 3 Performance on Transverse Patterning as a function of
age (solid bars). (adapted from Málková et al. 1999). IBO H (shaded
bar) to performance of three adults with neurotoxic lesions of the
hippocampal formation (adapted from Alvarado et al. 1998).
Adults were 4 yr and older.
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object and facial identity flows through the occipito-tempo-
ral pathway, or ventral stream, that begins in the striate
cortex (area V1) and proceeds along the occipito-temporal
visual pathway through V2, V3, and V4 to the areas TEO and
TE of the inferior temporal cortex (Desimone and Unger-
leider 1989). Object representation increases in complexity
along this pathway and is completely achieved in area TE.
Area TE, in turn, projects heavily to the perirhinal cortex
(areas 35 and 36), which also receives substantial input
from the insular cortex, the orbitofrontal cortex, and the
parahippocampal gyrus (Van Hoesen and Pandya 1975;
Webster et al. 1991; Suzuki and Amaral 1994b). Cells in
these cortical areas respond selectively to object features,
such as size, shape, etc. In addition, response properties of
TE neurons show decremental firing with repeated presen-
tations of a given stimulus. This change in firing pattern
provides a means of novelty, familiarity, or recency detec-
tion which can last as long as 24 h, but which is disruptable
by the presentation of more than two intervening stimuli
(Baylis et al. 1987; Desimone 1992; Rodman 1994; Xiang
and Brown 1998). Thus, neurons in TE may be able to sup-
port a limited form of recognition memory. Neurons in the
perirhinal cortex, like those in area TE, show response dec-
rements with repeated presentations of stimuli (Riches et al.
1991; Fahy et al. 1993; Miller et al. 1993), distinguishing
novel from familiar stimuli for delays as long as 24 h (Xiang
and Brown 1998). These response properties, however, last
longer on average than those in TE, can span the presenta-
tion of 140 intervening stimuli (Brown 1996), and are en-
hanced when a stimulus matches a behaviorally relevant
sample (Miller and Desimone 1994). Thus, in addition to
indicating whether a stimulus is novel or recent, perirhinal
cortex could support a labile but longer lasting form of
recognition memory for a sample stimulus that is held in
mind. The perirhinal cortex also provides visual inputs to
the ventral portions of the prefrontal cortex and these two
cortical areas have been shown to be essential for object
memory (Van Hoesen et al. 1975; Bachevalier and Mishkin
1986; Kowalska et al. 1991; Meunier et al. 1997).

The second visual pathway, which primarily provides
information about spatial location of objects, flows from
striate cortex along the occipito-parietal pathway, or dorsal
stream, to the inferior parietal cortex (Ungerleider and
Mishkin 1982), reaching the temporal lobe via projections
from posterior parietal cortex to area TH/TF of the parahip-
pocampal gyrus. The parahippocampal gyrus also receives
input from V4 and areas TEO and TE, and is reciprocally
connected with the dorsolateral prefrontal cortex (Gold-
man-Rakic et al. 1984; Goldman-Rakic 1987). Neurons in
this area have been shown to respond to spatial view and
head direction (Robertson et al. 1999) and have place fields
(Matsumura et al. 1999). Furthermore, neuroimaging stud-
ies suggest that the human parahippocampal region is acti-
vated during spatial learning (Aguirre et al. 1996). Thus, the

parahippocampal cortex appears to be involved more in
stimulus location than in stimulus selectivity.

Both the perirhinal and parahippocampal cortices
project heavily to the entorhinal cortex (area 28), which in
turn provides the major input to the hippocampal forma-
tion. Electrophysiological studies have shown that hippo-
campal responses are much less tied to stimulus identity
than MTL cortical neurons. For example, hippocampal neu-
rons respond during delays (Colombo and Gross 1994; Co-
lombo et al. 1998), changes in spatial views (Rolls et al.
1997), and when a match or a mismatch is detected, thus
providing a means of choice behavior (Riches et al. 1991;
Hampson et al. 1993; Deadwyler et al. 1996; Wood et al.
1999). Therefore, the hippocampus is involved during rec-
ognition memory tasks, particularly during long delays and
when the location of the subject or the item determines
choice behavior. Responses of hippocampal neurons in re-
lational tasks, other than spatial memory tasks, have not
been investigated.

Before reviewing our knowledge of the maturation of
temporal cortical areas and hippocampal formation in mon-
keys and discussing its relevance for the development of
visual memory in monkeys, one additional point regarding
the flow of inputs within the hippocampal formation needs
to be addressed. The traditional view stipulates that highly
processed cortical input passes, via the perforant path, from
layer II of the entorhinal cortex to the dentate gyrus; via the
mossy fibers, from the dentate to CA3; via Schaffer collat-
erals, from CA3 to CA1 fields; and finally, from CA1 to the
subiculum and out to cortical and subcortical structures.
However, recent work has increased our appreciation for
the nature of connections within the hippocampal forma-
tion and with its cortical targets along the transverse and
longitudinal axes. The findings suggest a heterogeneity of
functions for this structure in that there are several segre-
gated cortico-hippocampal loops, which may play different
functional roles in addition to a potential functional differ-
entiation along the septo-temporal axis (Yeckel and Berger
1990; Witter and Amaral 1991; Blatt and Rosene 1998;
Moser and Moser 1998).

First, along the transverse axis, there is monosynaptic
modulation of CA1 and subiculum originating in layer III of
the entorhinal cortex, thus bypassing the dentate gyrus
(Witter and Amaral 1991). Evidence for the functionality of
this direct pathway in memory tasks was recently provided
by Goldman-Rakic and colleagues. In a 2-DG analysis of hip-
pocampal activity while adult monkeys were performing a
DNMS task, they showed that performance of this task ac-
tivates CA1, subiculum and entorhinal cortex, but not den-
tate gyrus or CA3 (Sybirska et al. 2000).

Second, information coming from the entorhinal cor-
tex is integrated longitudinally along the septo-temporal
axis. For example, Colombo and colleagues (1998) showed
that in monkeys, neurons in the posterior portion of the
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hippocampal formation responded more to delays during
spatial tasks, whereas neurons distributed throughout the
hippocampal formation responded to delays during non-
spatial memory tasks. Thus, the anatomical and electro-
physiological evidence does not support the idea of a lamel-
lar organization of the hippocampal formation.

Finally, from the CA fields, information leaves the hip-
pocampal proper via several routes. The subicular complex
which projects back to the entorhinal cortex and the fornix,
which conveys visual information to subcortical structures.
In addition, the CA1 field projects in a highly topographic
manner to the entorhinal, perirhinal, and parahippocampal
cortices, suggesting further segregation of information and
a potentially unique role for this hippocampal field in mne-
monic functions (Blatt and Rosene 1998).

Altogether, the previous discussion indicates that there
are modules within a given area of the visual streams that
could individually support certain aspects of memory func-
tion. This idea is particularly important with respect to hip-
pocampal development. For example, as discussed below,
at those ages when the trisynaptic circuit is not functional,
the CA1-entorhinal circuit may nevertheless be operational
and could support a limited subset of behaviors. This idea
also has implications for the adult, in that these modules
may support the same behaviors in the mature animal.

Development of Medial Temporal
Lobe Structures
Although there is still controversy as to the contribution of
individual medial temporal lobe structures to learning and
memory tasks, immaturity in any or all of these structures
could influence visual memory processes during ontogeny.
Therefore, in this paper we describe what is known about
the development of each area to determine which struc-
tures are available to support memory at different develop-
mental ages. We focus on the hippocampal formation, the
entorhinal cortex, and the inferior temporal cortex, be-
cause most information has been gathered on these struc-
tures both in terms of functional development and in terms
of behavioral functions. Considerably less information is
available on the development of the perirhinal cortex or the
parahippocampal gyrus (areas TH and TF), but some behav-
ioral data may shed light on the functional development of
these areas as well.

Inferior Temporal Cortical Areas TE and TEO
Anatomical studies indicate that both TE and TEO have es-
tablished feedforward and feedback connections by the first
week of life in monkeys. However, the pattern of connec-
tions in the infant has striking differences from the pattern
in the adult. In particular, TEO has strong connections with
the lateral basal nucleus of the amygdala and area TF that do
not persist into adulthood. Furthermore, connections of
area TE with the perirhinal cortex are more widespread in

infants than in adults (Webster et al. 1991, 1995). These
transient projections retract and the adult pattern of con-
nections is established between ages 2 and 6 mo (M. Web-
ster, J. Bachevalier, and L. Ungerleider, unpubl.). Additional
evidence of the functional development of these areas
comes from lesion and electrophysiological studies.

Damage to area TE produces profound impairments on
DNMS in adult animals but yields a mild impairment when
the damage is sustained in infancy (Bachevalier and Mishkin
1994). Furthermore, such damage results in the retention of
the infant pattern of normally transient projections from
TEO (Webster et al. 1995). These results suggest that area
TEO is functional at birth whereas area TE is, at best, func-
tionally immature.

Electrophysiological evidence also suggests that TE is
immature at birth. Whereas cells in area TE show adult-like
stimulus selectivity in awake, behaving animals by the end
of the first month, the strength of both driven and sponta-
neous responses in infants was weaker than those of the
adults and was almost entirely suppressed in anesthetized
infants younger than the age of 4 mo (Rodman et al. 1993).
Furthermore, metabolic studies have shown that cerebral
glucose utilization in this region peaks at the age of 4 mo in
infant monkeys and reaches the adult level at ∼6 mo (Bach-
evalier et al. 1991). In addition, myelination in this area is
not complete until after the age of 1 yr in monkeys (Yak-
ovlev and Lecours 1967). Thus, although inferior temporal
cortical areas are functional early after birth, they do not
reach full maturity before the end of the first year.

Perirhinal Cortex
Given the recent emphasis on the role of the perirhinal
cortex in visual memory, there are surprisingly few studies
exploring the anatomical development of this region. Neu-
rogenesis in these cortical areas (35 and 36) has not been
directly examined in the primate. Morphologically, how-
ever, development of this area lags behind that of the en-
torhinal cortex (Berger et al. 1993; Berger and Alvarez
1994). In fact, by the fourth gestational month, the rhinal
sulcus is still only a small indent on the cortical surface
(Berger and Alvarez 1994). Yet, despite this apparent lag,
neurotensin (a pyramidal cell marker, NT) immunoreactive
terminals are present in the caudal perirhinal cortex at this
time, suggesting that the perirhinal cortex receives extrin-
sic innervation by the last gestational quarter. Although the
source of this input has yet to be determined, CA1 pyrami-
dal cells are possible candidates, as they have been shown
to send direct projections to the perirhinal cortex in the
adult monkey (Blatt and Rosene 1998), and are NT immu-
noreactive at this age (Berger and Alvarez 1994). At birth,
although the perirhinal cortex can be clearly identified cy-
toarchitecturally and displays adult-like chemoanatomical
characteristics (Berger and Alvarez 1994).

The results of lesion studies suggest that the perirhinal
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cortex may be functional at birth. In a study examining the
effects of early rhinal damage (combined entorhinal and
perirhinal removal), it was shown that neonatal damage to
the rhinal cortex resulted in equally severe impairments to
DNMS as did the same damage sustained in adulthood
(Málková et al. 1998). Whereas it is not yet known whether
just one or both areas contributed to this effect, the results
indicate that the perirhinal cortex may be available to sup-
port some memory functions early in life. However, it still
undergoes postnatal maturation with respect to the pattern
of connections with areas TE and TEO (Webster et al. 1991)
and with the ventrolateral portions of the prefrontal cortex
(Málková et al., in press). Indeed, based on the immaturity
of its cortical inputs, one must conclude that it undergoes
functional maturation at least over the first 6 mo.

Parahippocampal Area TH/TF
Neurogenesis in this cortical region has not been directly
examined. In the neonate, however, both afferent and ef-
ferent connections have been established, although this pat-
tern is immature and is not entirely preserved in the adult
(Webster et al. 1991). In addition, the parahippocampal
cortex receives its major inputs from cortical areas that
have a protracted maturation, such as the parietal cortex
which appears to be fully functional by the age of 3 mo
(Distler et al. 1996) and the dorsolateral prefrontal cortex
which reaches complete maturity around age 2 yr (Alex-
ander and Goldman 1978; Alexander 1982; Goldman et al.
1983). Thus, the data suggest that the parahippocampal
cortex shows protracted functional postnatal maturation.

Entorhinal Cortex
Within the normal monkey gestational period (165 d), cells
in the entorhinal cortex are generated beginning on embry-
onic day 36 (E36), preceding cell generation in the hippo-
campal formation by 2 d, and continuing to E70 (Rakic and
Nowakowski 1981). Cytoarchitectonic analysis revealed
that the laminar subdivisions characteristic of the adult en-
torhinal cortex were identifiable by midgestation with the
exception of the lateral entorhinal cortex (that area occu-
pying the medial bank of the rhinal sulcus) which develops
fully only in the last quarter of gestation. Innervation of this
region is apparent in the second quarter of gestation
(Berger et al. 1993, 1999; Berger and Alvarez 1994, 1996).
Aminergic innervation of this region appears between E56
and E64. This aminergic innervation increases in density at
the end of gestation and shows mature characteristics in the
newborn (Berger and Alvarez 1994). The pattern of labeling
suggests that at least some of these connections are extrin-
sic. For example, as for the perirhinal cortex, NT reactive
terminals, but not NT reactive neurons, are present in the
entorhinal cortex at birth, suggesting the presence of ex-
trinsic innervation at this early age. One possible source of
extrinsic innervation originates in the area CA1 of the hip-

pocampus proper, which does show NT reactive neurons at
this age (Berger et al. 1993).

As discussed for the perirhinal cortex, there is lesion
evidence to suggest that the entorhinal cortex could be
functional at birth (Málková et al. 1998). However, selective
lesion studies are needed to determine the extent to which
damage to the entorhinal cortex alone accounts for those
results.

Hippocampal Formation
Neurogenesis in the hippocampus proper begins approxi-
mately on E38 and continues through E75 (Nowakowski
and Rakic 1981; Rakic and Nowakowski 1981). Genesis of
neurons in the dentate gyrus continues throughout gesta-
tion and is ∼80% complete at birth, but tapers off between
the fourth and 6 postnatal months (Rakic and Nowakowski
1981; Duffy and Rakic 1983; Eckenhoff and Rakic 1988) to
a low level that may continue through adult life (Gould et al.
1999; Kornack and Rakic 1999).

Differentiation of the hippocampal cell fields has been
shown in rodents and humans to proceed from CA1 to CA3
(Bayer and Altman 1974; Arnold and Trojanowski 1996).
Maturation of the CA fields in non-human primates may
follow the same pattern. Presently, there are no data de-
scribing synaptogenesis in CA1. However, neurons in this
region show precocious expression of neurotensin (NT)
and may have established connections with the entorhinal
cortex by midgestation in monkeys, as suggested by the
presence of NT reactive terminals in that region at that stage
(Berger et al. 1993, 1994). Indeed, reciprocal connections
between CA1 and the entorhinal cortex have been estab-
lished in the human fetus at 19 wk gestation, at a time when
the perforant path projections are sparse (Hevner and Kin-
ney 1996).

Area CA3 has been studied more extensively and
shows increases in the maturation rate late in gestation,
presumably reflecting increases in mossy fiber afferentation
(Seress 1992; Seress and Mrzljak 1992; Seress and Ribak
1995a,b). Furthermore, CA3 pyramidal cells display adult-
like ultrastructural features and mature mossy fiber syn-
apses at birth (Vijayan 1986; Seress and Ribak 1995a,b).
Nevertheless, they continue to mature postnatally, with in-
creases in size, number, and complexity of adult-like spines
on the distal dendrites in the second half of the first post-
natal year. Mature mossy fiber synapses are established on
most CA3 pyramidal cells at birth, but new synapses are
formed throughout the first year (Seress and Ribak 1995a).
A similar pattern is observed in the hilar mossy cells, with
adult features maturing over the first 3 postnatal months
(Seress and Ribak 1995a).

In the dentate gyrus, synaptogenesis begins in the third
gestational month and continues throughout gestation (Eck-
enhoff and Rakic 1991). Synaptic density shows a significant
increase in the latter half of gestation and equals that of
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adults at the time of birth. However, whereas prenatal af-
ferents are distributed equally throughout the dentate gy-
rus, there is a postnatal wave of synaptogenesis restricted to
the outer two thirds of the molecular layer (Eckinhoff and
Rakic 1991), which corresponds to the terminal zone of
entorhinal afferents from layer II of the medial entorhinal
cortex (Amaral et al. 1987). This wave peaks at the age of
4–5 mo and is accompanied by a 30% increase in spine
density and asymmetrical synapses as well as a decrease in
shaft synapses.

Lastly, myelination of hippocampal afferents and effer-
ents shows substantial postnatal maturation. Whereas there
are relatively few myelinated axons in the alveus at birth,
approximately one-third of the axons are myelinated in the
3-mo old and 50% in the 7-mo old (Seress and Ribak 1995a).
Myelination of axons in the alveus continues between post-
natal months 7 and 9.

Summary
The anatomical data show that at birth, the basic pattern of
connections between the hippocampal formation and the
medial temporal cortical areas has been established, but is
neither complete nor fully mature. Indeed, synaptogenesis
and myelination in the monkey hippocampal proper and
dentate gyrus continue throughout the first postnatal year.
Other postnatal events include the addition of new neurons
throughout the dentate gyrus, the further refinement of per-
forant path and mossy fiber projections throughout the first
6 mo, and possibly the projections from CA3 to CA1. Within
the temporal cortical areas, visual areas TE and TEO show
substantial postnatal maturation in terms of metabolic func-
tioning, the retraction of transient connections, and the
strengthening and remodeling of permanent connections.
In the absence of electrophysiological evidence, it is impos-
sible at this stage to determine when the perirhinal, ento-
rhinal, and parahippocampal cortical areas are functionally
mature. It is clear that morphologically, the structures
within the medial temporal lobe and their connections con-
tinue to show maturational changes across the first 2 yr of
life in the monkey.

Maturation of Medial Temporal Lobe
Memory Functions
The behavioral data in rats, monkeys, and humans clearly
indicate that the circuit for visual memory is functional at
birth in primates and within a day or two of eye-opening in
the rat (around day 14), but is neither complete nor mature
until approximately the first month in rodents, the second
year of life in the monkey, and the fifth year in humans. This
suggests that at least some circuitry in the hippocampal
region is available early in life, but it is either incomplete or
insufficiently mature to support the full range of behavioral
functions sensitive to hippocampal damage in adulthood.
Thus, the progressive maturation of hippocampal-depen-

dent memory functions during development may reflect
both the maturation of the functional architecture of the
hippocampus proper, the dentate gyrus, and their progres-
sive integrative participation in the cortical circuits that me-
diate memory. The questions at hand are what might these
circuits be, and what do we know about the development
of their component structures? Unfortunately, too little is
known now to permit specific, detailed answers to these
questions. However, given the review of the findings pre-
sented above and findings from the rodent literature, one
might begin to offer some possible explanations.

As recently discussed by Stanton (2000) for rodents,
with respect to hippocampal-dependent tasks such as spa-
tial navigation (Rudy et al. 1987; Altemus and Almli 1997),
contextual fear conditioning (Pugh and Rudy 1996), trace-
eyeblink conditioning (Ivkovich et al. 2000) and spatial de-
layed alternation (Freeman and Stanton 1991), to name a
few, developmental onset is closely tied to completion of
neurogenesis of the dentate gyrus. Perhaps more intriguing,
however, are the results of studies using non-spatial, hippo-
campal-sensitive tasks that suggest that the hippocampal
formation contributes to earlier developing memory func-
tions as measured, for example, by patterned alternation
(Diaz-Granados et al. 1992), or olfactory reversal learning
(Saperstein et al. 1989) emerge before complete hippocam-
pal maturation. Conversely, successful performance on
tasks such as spatial delayed alternation (Castro et al. 1987)
and transverse patterning (J.W. Rudy and M.C. Alvarado,
unpubl.) appears some 10 d to 2 wk after completion of
neurogenesis in the dentate gyrus.

Similar to the developmental pattern in the rat, and
coincident with the onset of synaptogenesis in the dentate
gyrus, infant monkeys increasingly begin to explore their
environment, leaving the mother and engaging in social
play (Suomi 1984), at the age of ∼4 mo. Weaning also begins
at this age and usually continues through months 6 and 7.
This same developmental period in the rat (around postna-
tal day 21) is also associated with weaning, an increased
tendency to leave the nest and explore the environment,
and the onset of spatial memory abilities (Rudy et al. 1987).
Although the development of spatial memory functions in
infant primates remains to be tested, the similarity with
ontogenetic events in rodents suggests that the onset of
spatial memory abilities in monkeys could occur after the
fourth month of life.

In contrast, recognition memory as seen in the prefer-
ential looking task early in life could be supported by allo-
cortical areas, such as perirhinal and entorhinal cortex, as
well as by the direct circuit originating in layer III of the
entorhinal cortex and projecting to CA1 and subiculum.
This circuit appears to be present at birth and could support
recognition memory early in life as it seems to support it in
the adult (Sybirska et al. 2000). Furthermore, given that the
inferior temporal cortex, the entorhinal and perirhinal cor-
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tical regions, and the ventral prefrontal cortex are of par-
ticular importance for learning the non-matching principle
(Meunier et al. 1993, 1997; Zola-Morgan et al. 1989), further
functional maturation within these cortical areas during the
first six postnatal months is required to support the emer-
gence of DNMS rule-learning abilities around this age (Bach-
evalier et al. 1991; Málková et al., in press).

Finally, in monkeys, as in rats, other relational memory
abilities seem to postdate the maturation of the trisynaptic
circuit that is largely complete by the end of the first year.
For example, some infant monkeys could solve the trans-
verse patterning task at the age of 1 yr, but few of these
were able to reach the adult criterion level of 90% correct
before the age of 3 yr (Málková et al. 1999). Performance of
the oddity problem is similarly delayed in monkeys until
ages 2–3 yr. These results indicate that the circuitry for
performing at least one relational memory task is present by
the age of 1 yr, but adult performance on the task may
require the participation of a fully functional hippocampal
formation and its inputs to and from later maturing cortical
areas, such as the dorsolateral prefrontal cortex (Goldman-
Rakic et al. 1984). This portion of the prefrontal cortex is
known to have a protracted maturation (Goldman-Rakic
1987; Lewis 1997), and its damage early in life appears to
affect performance on the transverse patterning task (Al-
varado et al. 1997; M.C. Alvarado, L. Málková, J. Bachevalier,
and M. Mishkin, unpubl.) as well as on spatial tasks (Gold-
man-Rakic 1987).

Conclusions and Perspectives
We began this review intending to identify that point when
the medial temporal lobe is functionally mature. Although
there is still much to be learned about specific developmen-
tal events, the evidence clearly suggests that this region
shows a developmental continuum that directly affects
memory abilities throughout ontogeny.

One interesting conclusion that comes from these data
is the idea that the hippocampal formation may have several
functional modules that contribute differentially to behavior
both in infancy and adulthood and which show different
rates of maturation. Within the context of multiple memory
systems, the general term, hippocampal memory, may be
misleading if in fact this structure does not perform the
same computation on all incoming information. In other
words, it may be possible to dissociate several distinct com-
ponents within the hippocampal-dependent memory.

This review also suggests important directions for fu-
ture research. For example, we know very little about the
anatomical development of structures such as CA1, perirhi-
nal cortex, and TH/TF. Furthermore, electrophysiological or
metabolic studies of all these regions during development
will go far toward our understanding of the circuits medi-
ating both infant and adult memory functions. In fact, re-
sults from these developmental studies will allow us to draw

inferences about the contribution of these structures to be-
havioral development, and by extension, to memory pro-
cesses in general.
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