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ABSTRACT

We performed a stereological analysis of neuron num-
ber, neuronal soma size, and volume of individual
regions and layers of the macaque monkey hippocam-
pal formation during early postnatal development. We
found a protracted period of neuron addition in the
dentate gyrus throughout the first postnatal year and a
concomitant late maturation of the granule cell popula-
tion and individual dentate gyrus layers that extended
beyond the first year of life. Although the development
of CA3 generally paralleled that of the dentate gyrus,
the distal portion of CA3, which receives direct
entorhinal cortex projections, matured earlier than the
proximal portion of CA3. CA1 matured earlier than the
dentate gyrus and CA3. Interestingly, CA1 stratum
lacunosum-moleculare, in which direct entorhinal cortex
projections terminate, matured earlier than CA1 strata
oriens, pyramidale, and radiatum, in which the CA3 pro-

jections terminate. The subiculum developed earlier
than the dentate gyrus, CA3, and CA1, but not CA2.
However, similarly to CA1, the molecular layer of the
subiculum, in which the entorhinal cortex projections
terminate, was overall more mature in the first post-
natal year compared with the stratum pyramidale in
which most of the CA1 projections terminate. Unlike
other hippocampal fields, volumetric measurements
suggested regressive events in the structural matura-
tion of presubicular neurons and circuits. Finally, areal
and neuron soma size measurements revealed an early
maturation of the parasubiculum. We discuss the func-
tional implications of the differential development of
distinct hippocampal circuits for the emergence and
maturation of different types of “hippocampus-depend-
ent” memory processes, including spatial and episodic
memories. J. Comp. Neurol. 519:1051-1070, 2011.
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The hippocampal formation comprises a group of corti-
cal regions located in the medial temporal lobe that
includes the dentate gyrus, hippocampus, subiculum, pre-
subiculum, parasubiculum, and entorhinal cortex (Amaral
and Lavenex, 2007). Although it is well known that dam-
age to the hippocampal formation in adult subjects
results in amnesia (Bird and Burgess, 2008; Brown and
Aggleton, 2001; Eichenbaum et al., 2007; Morris, 2007,
Squire et al., 2007), the precise role of distinct regions of
the hippocampal formation in memory function is particu-
larly elusive (Knierim et al., 2006; Poirier et al., 2008;
Rolls and Kesner, 2006). In addition, there is a large gap
in our understanding of the structural development of the
different regions of the primate hippocampal formation
and the impact of their maturation on the emergence of
particular memory processes (Bauer, 2006; Lavenex
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et al., 2007a). For example, in the case of developmental
amnesia, patients who sustained hippocampal damage early
in life exhibit memory impairments affecting preferentially
episodic memory (the memory for autobiographical events),
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whereas semantic memory (the memory for facts about
the world) is largely preserved (Vargha-Khadem et al.,
1997). In contrast, lesion of the hippocampus in adults
generally impairs both semantic and episodic memory
processes (Squire and Zola, 1996). We have recently
shown similar functional plasticity in monkeys that
received hippocampal lesions early in life. Hippocampal
lesions prevented spatial relational learning in adult-
lesioned monkeys (Banta Lavenex et al., 2006), whereas
spatial relational learning persisted following neonatal
lesions (Lavenex et al., 2007b). A systematic quantifica-
tion of the structural maturation of the primate hippocam-
pal formation would provide fundamental knowledge
regarding the development of different functional circuits
that might contribute to the emergence and differential
maturation of specific declarative memory processes.

All available data indicate that there is significant post-
natal maturation of the primate hippocampal formation
(Lavenex et al., 2007a; Payne et al., 2010). In the monkey
dentate gyrus, for example, although granule cell neuron
production decreases considerably during the first few
postnatal months, a substantial number of neurons con-
tinues to be generated during postnatal development
(Eckenhoff and Rakic, 1988; Jabes et al., 2010; Nowa-
kowski and Rakic, 1981; Rakic and Nowakowski, 1981)
and adult life (Gould et al., 1999; Jabes et al., 2010; Kor-
nack and Rakic, 1999). Indeed, we have recently shown
that about 40% of the total number of granule cells
observed in adult (5-9-year-old) macaque monkeys are
added to the granule cell layer postnatally (Jabes et al.,
2010). Earlier studies also revealed that the dendritic
arborization of the granule cells, located in the molecular
layer of the dentate gyrus, enlarges substantially during
the first 6 postnatal months (Duffy and Rakic, 1983; Ser-
ess, 1992). Seress (1992) reported that, at 6 months of
age, the appearance and numerical parameters of the
entire dendritic tree of individual granule cell neurons are
comparable to those of 1-year-old and 3-year-old mon-
keys. Our own data, however, indicate that the matura-
tion of the dentate granule cell population continues
beyond 1 year of age, as the number of mature-sized
granule cell neurons is lower in 1-year-old monkeys than
in 5-9 year olds (Jabés et al., 2010).

Following the hippocampal circuitry, the targets of the
granule cell projections in the polymorphic layer of the
dentate gyrus and the CA3 field of the hippocampus also
show significant postnatal maturation. Indeed, the mor-
phological characteristics of individual mossy cells in the
polymorphic layer (Amaral, 1978; Buckmaster and Ama-
ral, 2001) evolve gradually during at least the first 9
months after birth in monkeys (Seress and Ribak, 1995a)
and at least until 30 months after birth in humans (Seress
and Mrzljak, 1992). Interestingly, the volume of the poly-

morphic layer continues to increase after the first 9
postnatal months in monkeys (Jabés et al., 2010), which
suggests additional changes in the morphological charac-
teristics of neuronal circuits within this region. The mossy
fibers (the axons of the granule cell neurons) also exhibit
significant postnatal maturation (Seress and Ribak,
1995b). Indeed, even though the mossy fibers that are al-
ready present at birth have mature-appearing synapses
and the thorny excrescences present on CA3 pyramidal
cells are adult-like, the density of spines on CA3 pyrami-
dal neurons follows a developmental pattern similar to
that observed for the mossy cells (Seress and Ribak,
1995a). Moreover, although Timm-stained mossy fiber
terminals are visible at birth, overall staining intensity is
weaker than that observed in 3-month-old and adult
monkeys. The width of CA3 strata pyramidale and luci-
dum (in which the mossy fibers travel and terminate)
reportedly increases further after 6 months of age (see
Fig. 4 of Seress and Ribak, 1995b).

Considering the next stage of the hippocampal cir-
cuitry, CA1 pyramidal cells are highly differentiated 1
month before birth (Khazipov et al., 2001). However, com-
parison of the morphological characteristics of prenatal
CA1 pyramidal cells (Khazipov et al., 2001) with those of
postnatal and adult monkey CA1 pyramidal cells (Altemus
et al., 2005) suggests that further growth and remodeling
of the dendritic arborization continues after birth. This is
in agreement with preliminary data reported by Seress
(2001) suggesting changes in spine density and myelin
formation up to the seventh postnatal month in CA1 in
monkeys. Similarly, in humans, although CA1 pyramidal
cells exhibit early morphological differentiation and
calbindin immunoreactivity (Abraham et al., 2009), myeli-
nation might continue beyond 8 years of age in stratum
radiatum of CA1 (Abraham et al., 2010).

There is very little information regarding the postnatal
development of the other hippocampal regions in prima-
tes. We previously reported preliminary data based
on the immunohistochemical detection of nonphosphory-
lated high-molecular-weight neurofilaments (Lavenex
et al., 2004). In 3-week-old monkeys, only the subiculum
exhibited significant immunostaining, and the processes
that were labeled in infants were relatively fewer and less
intensely labeled compared with adults. In contrast, stain-
ing was near background levels in CA3 of both 3-week-
old and 3-month-old monkeys. CA2 exhibited moderate
staining at 3 months but not at 3 weeks of age. To our
knowledge, there are no study has described the struc-
tural postnatal maturation of the primate presubiculum or
parasubiculum. All the available data, therefore, derive
from miscellaneous studies using different methodologies
at various developmental stages. Notably absent is a
systematic, quantitative evaluation of the postnatal
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structural development of individual regions of the
primate hippocampal formation.

For this study, we used stereological techniques to char-
acterize and quantify the morphological changes underly-
ing the structural maturation of the dentate gyrus; CA3,
CA2, and CAT1 fields of the hippocampus; subiculum; presu-
biculum; and parasubiculum in macaque monkeys during
early postnatal development. The analysis of the entorhinal
cortex will be the subject of a future, separate study.

MATERIALS AND METHODS

Animals and tissue processing
Brain acquisition

Twenty-four rhesus monkeys, Macaca mulatta, four
1-day-olds (2 M, 2 F), four 3-month-olds (2 M, 2 F), four
6-month-olds (2 M, 2 F), four 9-month-olds (2 M, 2 F),
four 1-year-olds (2 M, 2 F), and four adults [5.3, 9.4 (M),
7.7 and 9.3 (F) years of age] were used for this study.
Monkeys were born from multiparous mothers and raised
at the California National Primate Research Center
(CNPRC). They were maternally reared in 2,000-m?
outdoor enclosures and lived in large social groups until
they were killed. These animals were the same animals
used in a previous study on postnatal neurogenesis and
neuron number in the dentate gyrus (Jabes et al., 2010).
All experimental procedures were approved by the Insti-
tutional Animal Care and Use Committee of the University
of California, Davis, and were in accordance with the
National Institutes of Health guidelines for the use of
animals in research.

Monkeys were deeply anesthetized with an intravenous
injection of sodium pentobarbital (50 mg/kg i.v.; Fatal-
Plus; Vortech Pharmaceuticals, Dearborn, MI) and
perfused transcardially with 1% and then 4% paraformal-
dehyde in 0.1 M phosphate buffer (PB; pH 7.4) following
protocols previously described (Banta Lavenex et al.,
2006; Lavenex et al., 2009a). Coronal sections were cut
with a freezing microtome into six 30-um series and one
series at 60 um (Microm HM 450). The 60-um sections
were collected in 10% formaldehyde solution in 0.1 M PB
(pH 7.4) and postfixed at 4°C for 4 weeks prior to Nissl
staining with thionin. All other series were collected in
tissue collection solution (TCS) and kept at -70°C until
further processing.

Nissl staining

The procedure for Nissl-stained sections followed our
standard laboratory protocol described previously (Lavenex
et al.,, 2009a). Sections were taken out of the 10% formal-
dehyde solution, thoroughly washed for 2 x 2 hours in 0.1
M PB (pH 7.4), mounted on gelatin-coated slides from fil-
tered 0.05 M phosphate buffer (pH 7.4), and air dried over-
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night at 37°C. Sections were then defatted for 2 x 2 hours
in a mixture of chloroform/ethanol (1:1, vol.) and rinsed for
2 x 2 minutes in 100% ethanol, 1 x 2 minutes in 95% etha-
nol, and air dried overnight at 37°C. Sections were then
rehydrated through a graded series of ethanol, 2 minutes
in 95% ethanol, 2 minutes in 70% ethanol, 2 minutes in 50%
ethanol; dipped in two separate baths of dH,0; and stained
for 20 seconds in a 0.25% thionin (Fisher Scientific, Wal-
tham, MA; catalog No. T-409) solution, then dipped in two
separate baths of dH,0, 4 minutes in 50% ethanol, 4
minutes in 70% ethanol, 4 minutes in 95% ethanol + glacial
acetic acid (1 drop per 100 ml of ethanol), 4 minutes in
95% ethanol, 2 x 4 minutes in 100% ethanol, 3 x 4
minutes in xylene; and coverslipped with DPX (BDH Labora-
tories, Poole, United Kingdom).

SMI-32 immunohistochemistry

The immunohistochemical procedure for visualizing non-
phosphorylated high-molecular-weight neurofilaments was
carried out on free-floating sections using the monoclonal
antibody SMI-32 (Alexis Biochemicals, Lausen, Switzerland,;
catalog No. CO-SMI-32R-0500), as previously described
(Lavenex et al., 2009a). This antibody was raised in mouse
against the nonphosphorylated 200-kDa heavy neurofila-
ment. On conventional immunoblots, SMI-32 visualizes two
bands (200 and 180 kDa), which merge into a single NFH
line on two-dimensional blots (Goldstein et al., 1987; Stern-
berger and Sternberger, 1983). This antibody has been
shown to react with nonphosphorylated high-molecular-
weight neurofilaments of most mammalian species, includ-
ing rats, cats, dogs, monkeys, and humans (de Haas Ratzliff
and Soltesz, 2000; Hof and Morrison, 1995; Hornung and
Riederer, 1999; Lavenex et al., 2004; Siegel et al., 1993)
and may also show some limited cross-reactivity with non-
phosphorylated medium-molecular-weight neurofilaments
(Hornung and Riederer, 1999).

Stereological analyses
Neuron number

The total number of neurons in the principal layers of
the dentate gyrus (granule cell layer), CA3, CA2, CA1,
subiculum (pyramidal cell layer), presubiculum, and para-
subiculum (layer Il) was determined using the optical frac-
tionator method on the Nissl-stained sections cut at 60
pm (Lavenex et al., 2000a,b; West et al., 1991). This
design-based method allows estimation of the number of
neurons that is independent of volume estimates (Lave-
nex et al., 2000b). About 30 sections per animal (480 um
apart), with the first section selected randomly within the
first two sections through the dentate gyrus and the last
section included based on the presence of a clearly iden-
tifiable granule cell layer, were used for the estimation of
the total number of principal neurons in the different

The Journal of Comparative Neurology | Research in Systems Neuroscience 1053



Jabés et al.

regions of the hippocampal formation. We chose to leave
out the most rostral and caudal portions of certain fields
in order to avoid a biased sampling resulting from the
tangential cut of these extreme regions in coronal sec-
tions. We used a x 100 Plan Fluor oil objective (N.A. 1.30)
on a Nikon Eclipse 80i microscope (Nikon Instruments
Inc, Melville, NY) linked to PC-based Stereolnvestigator
7.0 (MicroBrightField, Williston, VT). The sampling
scheme for each region is presented as Supporting Infor-
mation; sampling schemes were established to obtain
individual estimates of neuron number with coefficients
of error (CE) lower than 0.10.

Neuronal soma size

The volume of the soma of principal neurons within the
dentate gyrus, CA3, CA2, CA1, subiculum, presubiculum,
and parasubiculum was determined using the nucleator
method on Nissl-stained sections (Gundersen, 1988;
Lavenex, 2009; Lavenex et al., 2009a). Briefly, the nucle-
ator can be used to estimate the mean cross-sectional
area and volume of cells. A set of rays emanating from a
randomly chosen point within the nucleus or nucleolus is
drawn and oriented randomly. The length of the intercept
from the point to the cell boundary (l) is measured, and
the cell volume is obtained by V = (4/3 - 3.1416) - I3,
Essentially, this is the formula used to determine the
volume of a sphere with a known radius. Note that the
nucleator method provides accurate estimates of neuron
size when isotropic-uniform-random sectioning of brain
structures is employed (Gundersen, 1988). In our study,
all brains were cut in the coronal plane. Estimates of cell
size might therefore be impacted by the nonrandom
orientation of neurons in the different structures of the
monkey hippocampal formation, which could lead to a
systematic over- or underestimation of cell size in any
given structure. However, this methodological limitation
does not impact the conclusions of the current study,
because the brains from different age groups were
processed and analyzed in the same manner.

In the dentate gyrus, 200-400 neurons per animal
chosen randomly during the optical fractionator analysis
of neuron number were measured. In CA3, 250-400
neurons per animal chosen randomly during the optical
fractionator analysis were measured. In CA2, CA1, subicu-
lum, presubiculum, and parasubiculum, all neurons counted
during the optical fractionator analysis were measured
(CA2: 130-330; CA1: 150-400; subiculum: 170-370;
presubiculum: 200-500; parasubiculum: 200-400).

Volume of distinct regions
and individual layers

The volume of the different layers of distinct hippocam-
pal regions was measured according to the Cavalieri prin-

ciple on Nissl-stained sections cut at 60 um (Gundersen
and Jensen, 1987; Lavenex et al., 2000a,b; West and
Gundersen, 1990). We used a x4 Plan Fluor objective
(N.A. 0.13) on a Nikon Eclipse 80i microscope linked to
PC-based Stereolnvestigator 7.0. About 30 sections per
animal (480 um apart) were used for the measurements
of the dentate gyrus layers. About 15 sections per animal
(960 um apart) were used for the measurements of
the different layers of CA3, CA2, CA1, subiculum, and
presubiculum; the same number of sections, 480 um
apart, was used for the parasubiculum. The first section
was selected randomly within the first two sections
through the dentate gyrus. As for the determination of
neuron number, we chose to leave out the most rostral
and caudal portions of certain fields in order to avoid a
biased sampling resulting from the tangential cut of these
extreme regions in coronal sections.

In contrast to the estimates of neuron number, esti-
mates of the volume of distinct regions and individual
layers, as well as neuronal soma size, might potentially be
impacted by the differential shrinkage of brain tissue
upon perfusion and fixation at different ages across
postnatal development. Indeed, postprocessing section
thickness was less in newborns compared with other
ages (Supp. Info.). However, the results presented below
reveal a differential volumetric development of distinct
hippocampal regions and individual layers that cannot be
accounted for by overall age-specific differences in brain
tissue shrinkage. Moreover, a number of parameters,
including neuronal soma size and volume of individual
layers, did not reveal any differences between ages, argu-
ing against a general confound resulting from differential
shrinkage across development.

Statistical analyses

We performed ANOVAs with age as a factor to analyze
volume and neuron number measurements. Post hoc
analyses were performed with the Fisher PLSD test. We
also performed two-way repeated-measures ANOVAs,
with age as a factor and regions or layers as repeated
measures, to compare the relative growth of distinct hip-
pocampal regions or individual layers in the first year after
birth. The significance level was set at P < 0.05 for all
analyses.

Statistical analyses of soma size were performed on
the modes for the dentate gyrus, because the distribution
of granule cell size was bimodal across ages. For all the
other structures, statistical analyses were performed on
the average soma size for each individual, because soma
size was normally distributed.

No gender differences were found for any of the meas-
ured parameters, so data from both genders were com-
bined for presentation. We also evaluated each structure
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in a systematic manner on the left or right side: we meas-
ured the left hippocampal formation for one male and one
female, and the right hippocampal formation for one male
and one female, in each age group. No lateralization was
found for any of the measured parameters. Thus, our find-
ings and all subsequent considerations are valid and can
be generalized to both the left and the right hippocampal
formation in males and females. All sections used in this
study were coded to allow blind analysis, and the code
was broken only after completion of the analyses.

Photomicrograph production

Photomicrographs were taken with a Leica DFC490
digital camera (Leica Microsystems, Wetzlar, Germany)
on a Nikon Eclipse 80i microscope (Nikon Instruments,
Tokyo, Japan). Artifacts located outside the sections were
removed, and levels were adjusted in Adobe Photoshop
CS, version 8.0 (Adobe, San Jose, CA).

RESULTS

Structural organization of the monkey
hippocampal formation

The nomenclature and cytoarchitectonic subdivisions
of the monkey hippocampal formation have been
described in detail previously (Amaral et al., 1984; Amaral
and Lavenex, 2007; Pitkanen and Amaral, 1993). We pro-
vide here a summary of the main morphological charac-
teristics of each region observed in coronal Nissl-stained
sections, which were used to determine the boundaries
of individual regions in rhesus monkeys (Macaca mulatta;
Fig. 1). We also provide additional descriptions based on
the patterns of SMI-32 immunoreactivity, which provide
useful indications for the definition of certain borders that
might be difficult to identify in Nissl-stained sections. We
focused our stereological analyses on the dentate gyrus;
the CA3, CA2, and CAT1 fields of the hippocampus; subic-
ulum; presubiculum; and parasubiculum. As mentioned
above, the analysis of the entorhinal cortex will be the
subject of a future, separate report.

The dentate gyrus comprises three layers: the principal
cell layer, a densely packed granule cell layer; a relatively
cell-free molecular layer that lies superficial to the
granule cell layer and ends at the hippocampal fissure or
ventricle; and a rather narrow, polymorphic layer located
subjacent to the granule cell layer, which harbors a vari-
ety of neuronal cell types (Amaral and Lavenex, 2007,
Amaral et al., 2007; Lavenex and Amaral, 2000; Lavenex
et al., 2009a). We delineate these three layers according
to these descriptions for all subsequent analyses. Note
that a detailed analysis of postnatal neurogenesis and
neuron number in the monkey dentate gyrus has been
published previously (Jabés et al., 2010). We report some

Postnatal development of the monkey hippocampus

of these findings here in order to provide a complete
description of the differential maturation of individual
regions and layers of the monkey hippocampal formation
during early postnatal life.

The hippocampus is divided into three distinct fields,
CA3, CA2 and CA1. CA3 and CA2 are characterized by
large pyramidal cells, which are located in a relatively
compact principal cell layer. The proximal part of CA3
occupies much of the region enclosed within the limbs of
the dentate gyrus. The distal part of CA3 appears more
compact and darkly stained in Nissl-stained sections than
the proximal part. CA2 is differentiated from CA3 by the
lack of a mossy fiber input (i.e., projections from the
dentate gyrus granule cells; Kondo et al., 2008). CA1 has
smaller and more spherical pyramidal cells in its principal
cell layer, which is substantially thicker and less densely
packed than in CA3 and CA2. The widening of the pyrami-
dal cell layer in CA1 therefore marks the border between
CA2 and CA1. Although SMI-32 immunoreactivity varies
during postnatal development, SMI-32 staining provides
useful landmarks to delineate these three fields. Indeed,
CA1 is not stained at any age, whereas CA2 is already
lightly stained at birth and is darkly stained at 3 months
of age. Similarly, the proximal part of CA3 is not stained
during early postnatal development and is moderately
stained in adulthood, whereas the distal part of CA3 is
moderately stained during early postnatal development
and is darkly stained in adulthood (Lavenex et al., 2004).

The hippocampus is also subdivided into a number of
laminae that run parallel to the pyramidal cell layer. Sub-
jacent to the pyramidal cell layer is the cell-poor stratum
oriens, which in CA1 is less apparent and not clearly iden-
tifiable because of the widening and decreased density of
the pyramidal cell layer. Stratum oriens can be defined as
the infrapyramidal region in which some of the CA3-to-
CA3 associational connections and the CA3-to-CA1
Schaffer collateral connections are located. In rats, stra-
tum oriens contains the basal dendrites of the densely
packed pyramidal cells, whereas, in monkeys, the basal
dendrites of the pyramidal cells are also largely located in
the loosely packed pyramidal cell layer (Altemus et al.,
2005). We therefore included stratum oriens with the py-
ramidal cell layer in the volumetric measurements in all
fields. Deep to stratum oriens is the thin, fiber-containing
alveus. Superficial to the pyramidal cell layer in CA3 is
stratum lucidum, in which some of the mossy fibers
travel. The distal part of stratum lucidum, called the end
bulb, thickens where the mossy fibers bend rostrally and
travel longitudinally for 3-5 mm or about 30% of the
length of the hippocampus (Kondo et al., 2008); the end
bulb helps to delineate the border between CA3 and CA2.
Unlike the rat, in which most mossy fibers travel in a posi-
tion just superficial to the pyramidal cell layer, mossy
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Figure 1. A-F: Coronal, Nissl-stained sections (A,C,E) and corresponding line drawings (B,D,F) at three different rostrocaudal levels of the
newborn rhesus monkey hippocampal formation. G-L: Coronal, Nissl-stained sections (G,,K) and corresponding line drawings (H,J,L) at
similar rostrocaudal levels of the adult rhesus monkey hippocampal formation. Line drawings delineate the different hippocampal fields
and layers measured in this study. DG, dentate gyrus; ml, molecular layer; gcl, granule cell layer; pl, polymorphic layer; CA3, CA2, CA1,
fields of the hippocampus proper; CA3prox, proximal portion of CA3; CA3dist, distal portion of CA3; so, stratum oriens; pcl, pyramidal cell
layer; sl, stratum lucidum; end, end bulb; sr, stratum radiatum; sIm, stratum lacunosum-moleculare; Sub, subiculum; PrS, presubiculum;

PaS, parasubiculum; EC, entorhinal cortex. Scale bars = 1 mm.

fibers travel both within and above the pyramidal cell
layer throughout the entire CA3 in monkeys (Kondo et al.,
2008). Stratum radiatum is located superficial to stratum
lucidum in CA3 and immediately above the pyramidal cell
layer in CA2 and CA1. Stratum radiatum can be defined
as the suprapyramidal region in which the CA3-to-CA3

associational connections and the CA3-to-CA1 Schaffer
collateral connections are located (Kondo et al., 2009).
The most superficial layer of the hippocampus is called
stratum lacunosum-moleculare. It is in this layer that
fibers from the entorhinal cortex terminate (Witter and
Amaral, 1991).
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Figure 1. (Continued)

The border of CA1 with the subiculum is oblique; the
progressively thinner CA1 pyramidal cell layer actually
extends over the initial portion of the subiculum (Fig. 1).
The pyramidal cell layer of the subiculum is slightly
broader than that of CA1. The cell population in the subic-
ulum pyramidal cell layer is more heterogeneous than in
CA1, and the orientation is slightly different. CA1 stratum
radiatum ends at the superficial CA1/subiculum border,
and the relatively cell-free zone superficial to the pyrami-
dal cell layer in the subiculum is called the molecular
layer. A relatively high level of SMI-32 immunoreactivity,

particularly in the proximal segments of apical dendrites,
distinguishes the subiculum from both CA1 and presubic-
ulum throughout postnatal development.

The presubiculum lies medial to the subiculum. It con-
sists of a cell-free layer | and a densely packed, superfi-
cial layer Il composed of small pyramidal cells. At caudal
levels, this superficial cell layer is further subdivided and
includes a thin band of larger and more darkly stained
neurons near its superficial margin. There is a second,
deep layer of cells in the presubiculum, but it is not clear
whether this layer should be considered part of the
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TABLE 1.
Number of Principal Neurons (in Thousands = SEM) in the Macaque Monkey Hippocampal Formation'

Birth 3 Months 6 Months 9 Months 1 Year 5-9 Years Average

Dentate gyrus 4,392 = 206 6,129 = 360 6,347 * 283 6,528 = 479 6,994 = 471 7,213 £ 257 -

CA3 total 933 = 38 988 *= 69 937 = 50 988 *= 50 991 = 28 868 = 32 951 = 19
Proximal 325 = 23 354 = 28 350 = 33 366 = 25 414 = 28 337 £ 17 358 £ 11
Distal 608 = 25 634 = 51 587 £ 34 622 = 50 577 £ 33 530 £ 19 593 £ 15

CA2 112 £ 6 121 = 2 118 £ 5 123 =9 124 = 8 106 = 6 117 = 3

CA1 1,015 = 31 977 * 52 1,056 = 50 1,036 *= 44 1,056 = 57 888 = 8 1,005 = 20

Subiculum 518 = 26 476 * 22 463 = 23 460 = 25 473 = 28 447 = 11 473 = 10

Presubiculum 1,578 = 91 1,457 *= 66 1,473 = 30 1,520 = 111 1,420 *= 85 1,255 *= 52 1,450 *= 35

Parasubiculum 223 £ 10 217 = 10 203 £ 6 222 = 19 197 £ 8 206 = 2 211 £ 4

'N = 4 per age (2 males, 2 females); average across ages: n = 24 individuals (12 males, 12 females). Note that an average value was calculated

only when there was no statistical difference between age groups.

presubiculum or part of the adjoining parasubiculum.
There is, however, some evidence from connectional
studies suggesting that this layer is more closely related
to the deeper layers of the medial entorhinal cortex
(Amaral et al., 1984). Accordingly, we did not consider
this deep layer as part of the presubiculum. Moderate
SMI-32 immunoreactivity distinguishes the presubiculum
from the darkly stained subiculum and the unstained
parasubiculum throughout postnatal development.

The cytoarchitectonic organization of the parasubicu-
lum is quite variable along its rostrocaudal extent, and its
cell population is heterogeneous. The parasubiculum
comprises two layers: a cell-free layer | and a densely
packed cell layer Il. Layer Il is usually fairly well demar-
cated from both the presubiculum and the entorhinal
cortex by two narrow, cell-poor zones on either side of it
(Amaral et al., 1984). In contrast, the cell layers deep to
layer Il are indistinguishable from the deep layers of the
entorhinal cortex (Bakst and Amaral, 1984). Accordingly,
we did not consider these deep layers as part of the
parasubiculum.

Stereological findings

Even a cursory examination of Nissl-stained coronal
brain sections is sufficient to demonstrate that the monkey
hippocampal formation is not mature at birth (Fig. 1). Here,
we performed a systematic, stereological study to provide
quantitative data on neuron number, neuronal soma size,
and neuropil volume in the hippocampal formation of devel-
oping monkeys from birth to 1 year of age and in sexually
mature monkeys between 5 and 9 years of age. These data
provide fundamental information regarding the differential,
structural maturation of distinct regions, layers, and puta-
tive functional circuits in the monkey hippocampal forma-
tion during early postnatal life.

Neuron number
The numbers of principal neurons found in the different
regions of the monkey hippocampal formation are pre-

sented in Table 1. As reported previously (Jabes et al.,
2010), the number of neurons found in the granule cell
layer of the dentate gyrus, one of two brain regions where
significant neurogenesis occurs postnatally, differed
between age groups (Fs 5 = 7.844, P < 0.001). There
was a large difference in neuron number between new-
born (4.39 = 0.21 million) and 3-month-old monkeys
(6.13 = 0.36 million; P = 0.003). After 3 months of age,
neuron number increased further to reach 7.21 = 0.26
million granule cells in 5-9-year-old monkeys. These data
therefore revealed that about 40% of the total number of
neurons found in the granule cell layer of 5-9-year-old
monkeys are added postnatally, with a peak of neuron
addition (25%) during the first 3 months after birth.

As expected, we found no differences in neuron
number between age groups in the other regions of the
hippocampal formation, where neurogenesis has not
been observed postnatally (Table 1; CA3 proximal,
Fs18 = 1.422, P = 0.264; CA3 distal, F5 15 = 0.999, P =
0.446; CA2, Fs545 = 1.327, P = 0.297; CA1, F5 15 =
2.159, P = 0.105; subiculum, F5 1 = 1.123, P = 0.383;
presubiculum, F5 13 = 2.038, P = 0.122; and parasubicu-
lum, F5 15 = 1.068, P = 0.410). Altogether, our quantita-
tive data established that 40% of the granule cell neurons
found in the mature dentate gyrus are added postnatally,
whereas the total number of principal neurons found in the
other regions of the monkey hippocampal formation is
stable from birth to young adulthood (5-9 years of age).

Neuron size

We also measured the volume of neuronal somas in
order to characterize the structural maturation of the
principal neurons in the different regions of the monkey
hippocampal formation throughout postnatal develop-
ment (Table 2; see also Supp. Info. for illustrations of the
distributions of neuronal soma size at different ages). In
the granule cell layer of the dentate gyrus, neuronal soma
size exhibited a bimodal distribution across ages (mode
1: <150 pm?; mode 2: 400-550 pm?®): a large population
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TABLE 2.
Soma Size (um® = SEM) of Principal Neurons in the Macaque Monkey Hippocampal Formation'

Birth 3 Months 6 Months 9 Months 1 Year 5-9 Years Average
Dentate gyrus 578 £ 25 542 = 37 536 = 24 553 £ 24 503 £ 12 544 + 46 543 £ 12
CA3 total 2,914 = 159 3,004 = 245 3,132 = 206 3,432 = 176 3,095 * 82 3,516 = 154 -
Proximal 2,255 + 86 2,648 £ 227 3,014 £ 250 3,314 = 130 2,892 £ 93 3,496 = 188 -
Distal 3,295 £ 200 3,234 £ 260 3,193 £192 3,503 £ 221 3,256 £ 80 3,532 = 168 3,335 £ 76
CA2 2,673 = 90 2,401 = 248 2,750 = 190 2,448 *= 389 2,573 =294 2,465 = 217 2,552 *= 96
CA1 2,129 + 163 2,184 = 207 2,684 = 173 2,625 *+ 383 2,565 = 313 2,783 * 282 2,495 = 109
Subiculum 2,038 £ 92 1,890 = 196 2,191 £ 153 2,121 £ 229 1,958 + 243 1,861 £ 174 2,010 £ 72
Presubiculum 1,015 = 55 1,070 = 66 1,010 = 29 1,072 = 51 922 = 28 754 + 22 -
Parasubiculum 1,283 *= 56 1,255 = 66 1,273 = 39 1,305 = 37 1,243 *= 44 1,249 = 46 1,268 = 18

'N = 4 per age (2 males, 2 females); average across ages: n = 24 individuals (12 males, 12 females). Note that an average value was calculated

only when there was no statistical difference between age groups.

of small cells most prominent during the first months
after birth gradually gave way to mature-sized cells
(Supp. Info.). Accordingly, the number of small cells dif-
fered between age groups (Fs 1 = 5.183, P = 0.004). Af-
ter a transient increase in the number of small cells
between birth and 3 months of age (P = 0.016), which
corresponds to the peak of neuronal addition (Jabes
et al.,, 2010), the small cell population decreased
gradually within the first year after birth. Interestingly, the
number of small cells was still significantly higher in 1-
year-old monkeys compared with 5-9-year-old monkeys
(P = 0.023). Similarly, the number of mature-sized cells
differed between age groups (Fs 14 = 14.582, P < 0.001).
The mature-sized cell population exhibited a gradual
increase between birth and 1 year of age (newborn < 6
months, 9 months, and 1 year, all P < 0.05; 3 months
<1 year, P = 0.005), and, most importantly, the number
of mature-sized cells was lower in 1-year-old monkeys
compared with 5-9 year olds (P = 0.022). These data
indicate that monkey granule cell neurons undergo a
gradual but substantial structural maturation from birth
until beyond the first year after birth in order to achieve
mature morphological characteristics.

In the other hippocampal regions with stable neuron
numbers after birth, some principal neuron populations
exhibited significant morphological changes during early
postnatal development (Table 2; Supp. Info.). Indeed, in
the proximal portion of CA3 (enclosed within the blades
of the dentate gyrus; Fig. 1), the average neuronal soma
size increased during postnatal development (Fs55 =
6.649, P = 0.001; Supp. Info.). Neuronal soma size
increased most significantly during the first 3 months af-
ter birth (newborn < 6 months, 9 months, 1 year, and 5-
9 years, all P < 0.05; 3 months < 5-9 years, P = 0.022).
In the presubiculum, the average neuronal soma size dif-
fered among age groups (Fs 1 = 7.274, P < 0.001; Supp.
Info.). Surprisingly, neuronal soma size appeared to
decrease between 1 year and 5-9 years of age (5-9 years
< all other ages, P < 0.05).

In contrast, we found no significant changes in neuro-
nal soma size during postnatal development in any other
region of the monkey hippocampal formation (Table 2;
Supp. Info.): distal portion of CA3 (F5 g = 0.553, P =
0.734), CA2 (Fs,15 = 0.293, P = 0.911), CA1 (F515 =
1.051, P=0.419), subiculum (Fs 15 = 0.481, P = 0.786),
parasubiculum (Fs 15 = 0.234, P = 0.942).

In sum, our quantitative data revealed a protracted
development of the dentate gyrus granule cell population,
which continues beyond the first year after birth and
therefore extends well past the period of major neuron
production. Interestingly, neuronal soma size in the
proximal part of CA3, which receives a strong projection
from the dentate gyrus granule cells but no direct entorhi-
nal cortex input (Kondo et al., 2008; Witter and Amaral,
1991), increased the most within the first 3 postnatal
months at the peak of neuron addition in the dentate
gyrus. In contrast, neuronal soma size did not increase in
the other regions of the monkey hippocampal formation
during postnatal development.

Volumetric development of distinct
hippocampal regions

A major characteristic of the hippocampal formation is
the clear regional and laminar organization of its functional
circuits (Fig. 2; Amaral and Lavenex, 2007). We therefore
performed regional volume measurements to evaluate the
structural maturation of distinct hippocampal regions (Table
3). We further compared the percentage of the adult vol-
ume of individual hippocampal regions (dentate gyrus, CA3,
CA2, CA1, and subiculum) at birth, 3 months, 6 months, 9
months, and 1 year of age (Fig. 3). We found that, although
the volume of most regions differed between newborn and
1-year-old monkeys (age: F4 60 = 8.709, P < 0.001), some
regions exhibited greater volumetric differences and were
relatively more developed than others within the first year
after birth (regions: F4 60 = 21.179, P < 0.001; interaction:
Fi6,60 = 1.797, P = 0.053). Indeed, the dentate gyrus and
CA3 were overall less well developed than CA2, CA1, and
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subiculum in the first year of life (DG < CA2 = CA1 = Sub,
P < 0.001; CA3 < CA2 = CA1 = Sub, P < 0.001; DG <
CA3, P < 0.05).

Neocortex —

Figure 2. Schematic representation of the hierarchical organiza-
tion of the main serial and parallel pathways through the different
regions of the monkey hippocampal formation. EC, entorhinal
cortex; DG, dentate gyrus; CA3, CA2, CA1, fields of the hippo-
campus; Sub, subiculum; PrS, presubiculum; PaS, parasubiculum.
Scale bar = 1 mm.

CA2 and the subiculum were volumetrically more
mature than the DG, CA3, and CA1 at birth (all P < 0.05).
At 6 months of age, however, CA1 had attained a level of
maturation similar to that of CA2 and the subiculum (both
P > 0.05). At 1 year of age, the dentate gyrus and CA3
were less well developed volumetrically than CA1 (both
P < 0.05). Altogether, these volumetric data reveal a
differential maturation of distinct regions of the monkey
hippocampal formation during the first year after birth.

Volumetric development of distinct layers
within each region

We performed laminar volume measurements in the
different hippocampal regions in order to describe further
their postnatal maturation and characterize the structural
maturation of putative functional circuits (Fig. 2; Amaral
and Lavenex, 2007). We present the quantitative data on
individual layers in Table 3.

Dentate gyrus

The volume of the granule cell layer differed between
age groups (Fs 13 = 5.718, P = 0.002). In newborn mon-
keys, the volume of the granule cell layer was about 60%
of that observed in 5-9-year-old monkeys; in 1-year-olds,
it was 88% of the volume observed in 5-9-year-olds. The

TABLE 3.
Volume of Individual Layers (mm® = SEM) in Distinct Hippocampal Regions of Macaque Monkeys'
Birth 3 Months 6 Months 9 Months 1 Year 5-9 Years Average
Dentate gyrus total 31.9 =27 42.5 * 4.7 455 * 2.6 50.6 = 2.8 56.6 = 2.5 66.7 = 3.5 -
gcl 6.4 = 0.6 7.7 £ 0.9 8.1 = 0.6 9.0 £ 0.5 9.5+ 05 10.8 £ 0.6 -
ml 20.0 = 1.6 28.8 = 3.2 31.3 = 1.8 35.0 = 2.0 39.4 = 1.6 46.2 £ 2.5 -
pl 5.5 + 0.6 6.0 = 0.7 6.1 = 0.3 6.6 = 0.3 7.7 £ 04 9.7 £ 04 -
CA3 total 30.3 £ 2.5 35.6 = 3.2 38.7 £ 20 41.8 £ 3.6 44.6 + 2.7 51.9 £ 2.8 -
so/pcl proximal 5.5 * 0.6 8.4 = 0.9 9.3+ 1.2 10.9 = 11 123 = 1.6 15.6 = 1.5 -
so/pcl distal 16.9 = 1.8 17.9 = 1.4 18.4 = 0.7 20.2 = 2.1 20.3 £ 1.3 229 = 11 19.4 = 0.7
endbulb 1.3 = 0.1 23 0.2 2.2 0.3 2.1+ 0.2 3.0 0.3 3.1+ 05 -
sr 45 * 04 49 * 0.7 6.2 + 0.5 6.4 = 0.9 6.1 £ 0.5 7.2 = 0.3 -
slm 22 *04 2.1*+04 2.5+ 0.3 2.2 = 0.1 2.9 = 0.1 3.1+ 04 2.5 * 0.1
CA2 total 6.0 £ 0.2 6.1 = 0.1 6.2 = 0.4 6.4 *+ 04 6.8 =04 7.1 =04 6.4 = 0.1
so/pcl 2.5 *0.2 2.6 = 0.1 23 £0.2 24 +0.2 2.7 = 0.1 29 =02 2.6 = 0.1
sr 1.9 = 0.2 2.2 = 0.01 24 *+0.2 2.5 *0.2 2.5 *0.2 2.7 £0.2 2.4 0.1
slm 1.6 = 0.1 1.4 = 0.1 1.5 £ 0.05 1.5 £ 0.1 1.6 = 0.1 1.5 £ 0.1 1.5 £ 0.04
CA1 total 41.7 = 41 60.0 = 6.0 70.2 = 3.7 70.9 = 2.9 76.0 = 3.1 75.3 = 3.7 -
so/pcl 20.5 = 2.2 30.7 = 3.0 364+ 1.4 367 + 1.4 38.7 1.7 40.8 £ 1.7 -
sr 9.5+ 1.0 14.2 £ 1.3 17.6 = 1.1 18.9 = 1.8 19.6 = 0.9 18.8 = 1.4 -
slm 11.8 = 0.9 15.1 = 1.9 16.3 = 1.5 15.3 = 0.7 17.8 = 0.7 15.6 = 1.4 15.3 £ 0.6
Subiculum total 217 £ 1.9 24.0 = 2.3 26.1 =19 27.7 £ 2.1 27.0 = 0.4 292 £ 1.2 259 = 0.8
pcl 129 £ 1.3 14.8 £ 1.3 15.6 = 0.8 16.4 £ 1.3 16.2 £ 0.3 18.1 = 0.8 -

ml 8.8 = 0.7 9.1+ 1.0 10.5 = 1.2 11.3 = 0.8 10.8 = 0.6 11.1 £ 0.6 10.3 = 0.4
Presubiculum total 23.7 = 1.7 234 = 1.6 21.5 £ 11 21.9 £ 11 225 = 1.1 19.0 = 1.4 22.0 £ 0.6
| 8.1 =05 8.3 £ 0.6 7.7 = 0.2 7.1 =04 7.2 0.3 6.5 = 0.5 -

Il 15.6 = 1.4 15.1 = 1.2 13.8 = 0.9 14.8 = 0.9 15.3 = 1.1 125 = 1.1 145 = 0.5
Parasubiculum total 3.5+ 0.2 40+ 04 3.4+ 0.2 3.8 0.3 4.0 £0.2 3.9 0.2 3.8 = 0.1

| 0.9 = 0.1 1.2 = 0.1 1.0 £ 0.1 1.1 £ 0.04 1.1 £ 0.1 1.1 £ 0.03 1.1 £ 0.04

Il 2.6 = 0.2 2.8 0.2 2.4 * 0.2 2.7 £0.2 2.9 0.2 2.8 = 0.1 2.7 = 0.1

'N = 4 per age (2 males, 2 females); average across ages: n = 24 individuals (12 males, 12 females).

only when there was no statistical difference between age groups.

Note that an average value was calculated
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Figure 3. Volume of distinct regions of the monkey hippocampal formation at different ages during early postnatal development
(expressed as percentage of the volume of the structure observed in 5-9-year-old monkeys: average = SEM). A: Dentate gyrus, CA3 and

CA1. B: CA2 and subiculum.

volume of the molecular layer also differed between age
groups (Fs 15 = 17.105, P < 0.001) and exhibited a devel-
opmental profile relatively similar to that of the granule
cell layer. In newborn monkeys, the volume of the molec-
ular layer was only 43% of that observed in 5-9-year-
old monkeys; in 1-year-olds, it was 85% of the volume
observed in 5-9-year-olds. The volume of the polymorphic
layer exhibited a different developmental profile. Al-
though the volume of the polymorphic layer also differed
between age groups (Fs,15 = 11.267, P < 0.001), it exhib-
ited only a marginal difference between newborn (56% of
5-9-year-old size) and 9-month-old monkeys (67% of 5-9-
year-old size). In contrast, it exhibited a significant growth
past 9 months and 1 year of age (80% of 5-9-year-old
size) to reach the volume observed at 5-9 years of age
(5-9 years > all, P < 0.05; 1 year > newborn, 3 months,
6 months; P < 0.05).

Comparison of the percentage of the adult volume for
the three layers of the dentate gyrus within the first post-
natal year confirmed that these layers exhibited different
developmental profiles (Fig. 4A; layers: F; 30 = 49.951, P <
0.001; ages: F430 = 5.534, P = 0.006; interaction Fg 30 =
6.476, P < 0.001). At birth, the molecular layer was rela-
tively less developed than the granule cell and polymorphic
layers (both P < 0.001), but it had the same developmental
level as the granule cell layer by 1 year of age (P = 0.302).
In contrast, the volumetric development of the polymorphic
layer was lower than that of the other two layers at 1 year
of age (both P < 0.05). These data suggest that distinct, pu-
tative functional circuits within the dentate gyrus exhibit dif-
ferent developmental profiles.

CA3
We distinguished two subregions: proximal and distal
CAS3. Proximal CA3 occupies much of the region enclosed

within the limbs of the dentate gyrus; it is not composed of
clearly defined layers and does not appear to receive direct
inputs from the entorhinal cortex (Witter and Amaral,
1991). Distal CA3 contains distinct layers (strata oriens,
pyramidale, lucidum, radiatum, and lacunosum-molecu-
lare), in which different projections terminate. In particular,
the projections from entorhinal cortex layer Il neurons
terminate exclusively in stratum lacunosum-moleculare
(Witter and Amaral, 1991). The volume of proximal CA3 dif-
fered between age groups (Fs,13 = 8.430, P < 0.001). In
newborn monkeys, the volume of proximal CA3 was only
35% of that observed in 5-9-year-old monkeys; in 1 year
olds, it was 79% of the volume observed in 5-9 year olds
(Fig. 4B). Similarly, the volume of distal CA3 differed
between age groups (Fs,15 = 4.053, P = 0.012). However,
the volume of distal CA3 in newborn monkeys was already
68% of that observed in 5-9-year-old monkeys; in 1 year
olds, it was 90% of the volume observed in 5-9-year-olds.

Comparison of their relative volumetric development
between birth and 1 year of age revealed that distal CA3
was overall more mature than proximal CA3 (Fig. 4B;
regions: Fy 15 = 53.955, P < 0.001; ages: F4 15 = 4.668,
P =0.012; interaction: F4 15 = 2.072, P = 0.135). In new-
born monkeys, the relative volume of proximal CA3 (35%)
was much lower than that of distal CA3 (68%; P < 0.001).
In 1-year-old monkeys, the relative size difference
between proximal and distal CA3 was not statistically sig-
nificant with the number of monkeys included in the study
[n = 4 per age group; CA3-prox (79%), CA3-dist (90%), P
= 0.150]. Altogether, these volumetric data suggest that
distinct, putative functional circuits within subregions of
CA3 exhibit different developmental profiles.

CA2
The overall volume of CA2 did not differ between age
groups (Fs 15 = 2.014, P = 0.125), and, accordingly, we
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Figure 4. Volume of individual layers/regions of the monkey hippocampal formation at different ages during early postnatal development
(expressed as percentage of the volume of the layer/region observed in 5-9-year-old monkeys: average = SEM). A: Dentate gyrus: gran-
ule cell layer (gcl), molecular layer (ml), polymorphic layer (pl). B: CA3: proximal and distal portions. C: CA1: strata oriens, pyramidale and
radiatum (so/pcl/sr), stratum lacunosum-moleculare (slm). D: Subiculum: stratum pyramidale (pcl), stratum moleculare (ml).

found no age differences in the volume of individual
layers within CA2. Interestingly, CA2 differs from CA3
based on the absence of mossy fiber input and its
interconnectivity with subcortical structures (Amaral and
Lavenex, 2007). For CA2, we grouped strata oriens,
pyramidale, and radiatum, which contain the CA3/CA2
associational connections and found no age differences
(Fs,18 = 1.724, P = 0.180). Similarly, the volume of CA2
stratum lacunosum-moleculare, in which entorhinal
cortex projections terminate, did not differ among age
groups (Fs 1 = 0.971, P = 0.461). These volumetric
data suggest that CA2, and at least some of its functional
circuits, exhibit an early maturation.

CA1

We grouped strata oriens, pyramidale, and radiatum
(CA1-so/pcl/sr), which contain the projections from CA3
(Schaffer collaterals), and considered stratum lacuno-
sum-moleculare (CA1-slm), in which the entorhinal cortex
projections terminate, separately (Amaral and Lavenex,
2007). The volume of CA1-so/pcl/sr differed between

age groups (Fs15 = 14.316, P < 0.001); in newborn
monkeys, it was 50% of the size observed in mature 5-9-
year-old monkeys; in 6-month-olds, it was 90% of the
mature size (newborn < all other ages, P < 0.05;
3 months < all other ages, P < 0.05). In contrast, age
differences in the volume of CA1-sim failed to reach sig-
nificance with four animals per age group (Fs 15 = 2.517,
P = 0.068). Nevertheless, the volume of CA1-sim did
not appear to be adult-like in newborn monkeys (75%
of 5-9-year-old size) but was 96% of its mature volume in
3-month-old monkeys.

Comparison of their relative volumetric development
between birth and 1 year of age revealed that CA1-sim
was overall more developed than CA1-so/pcl/sr (Fig. 4C;
layers: Fq 15 = 62.727, P < 0.001; ages F4 15 = 7.065,
P =0.002; interaction: F4 15 = 2.816, P = 0.063). In new-
born monkeys, the relative volume of CA1-so/pcl/sr
(50%) was lower than that of CA1-slm (75%; P < 0.001).
In 9-month-old monkeys, the difference in the relative
volume of both layers was not significant [CA1-so/pcl/sr
(93%), CA1-sIm (98%), P = 0.294]. These volumetric data
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suggest that distinct, putative functional circuits within
CA1 exhibit different developmental profiles.

Subiculum

We distinguished stratum pyramidale (Sub-pcl), in which
most projections from CA1 terminate, and the molecular
layer (Sub-ml), in which both some CA1 projections and
the entorhinal cortex projections terminate (Amaral and
Lavenex, 2007). The volume of Sub-pcl differed between
age groups (Fs 15 = 2.962, P = 0.040). In newborn mon-
keys, the volume of Sub-pcl was 71% of that observed in
5-9-year-old monkeys; in 1-year-olds, it was 90% of the
mature volume. In contrast, the volume of Sub-ml did not
differ significantly between age groups with four animals
per age group (Fs 15 = 1.513, P = 0.235). Nevertheless,
the volume of Sub-ml was only 80% of 5-9-year-old size in
newborn monkeys and 97% in 1-year-olds.

Comparison of their relative volumetric development
between birth and 1 year of age indicated that the molec-
ular layer was overall more developed than the pyramidal
cell layer (layers: Fq 15 = 10.302, P < 0.006; ages: F4 15
= 1.733, P = 0.195; interaction: F4 5 = 0.590, P =
0.675). At each age, however, the difference in the rela-
tive volume of both layers failed to reach significance
with the number of monkeys included in the study (n = 4
per age group). Nevertheless, these volumetric data sug-
gest that distinct, putative functional circuits within the
subiculum exhibit different developmental profiles.

Presubiculum

The volume of layer | differed between age groups (Fs 1g
= 2.837, P = 0.046). In newborn monkeys, the volume of
layer | was surprisingly larger than that observed in 5-9-
year-old monkeys (125%); in 1-year-olds, it was 111% of its
mature size. In contrast, the volume of layer Il did not differ
between age groups (Fs 15 = 1.118, P = 0.386) with four
animals per age group. Nevertheless, the volume of layer Il
was similarly, respectively, 125% and 123% in newborn and
1-year-old monkeys compared with 5-9-year-olds. Compar-
ison of their relative volumetric development within the first
year of postnatal life confirmed that the two layers of the
presubiculum did not have different profiles of postnatal
development (layers: Fy 15 = 0.202, P < 0.659; ages: Fy 15
= 0.709, P = 0.598; interaction: Fy5 = 1.322, P =
0.307). These volumetric data suggest a distinctive, regres-
sive maturational process of the presubiculum.

Parasubiculum

We found no age-related differences in the volumes of
layer | (Fs1g = 1.505, P = 0.238) or layer Il (F5 s =
0.724, P = 0.614) of the parasubiculum. These volumet-
ric data suggest that the parasubiculum exhibits an early
maturation compared with other hippocampal regions.

Postnatal development of the monkey hippocampus

DISCUSSION

This stereological analysis of Nissl-stained coronal
brain sections demonstrates that the macaque monkey
hippocampal formation is far from mature at birth and
that distinct hippocampal regions and layers exhibit
different profiles of structural development during early
postnatal life. We first discuss the contribution of our
quantitative findings to the overall understanding of the
structural, postnatal development of the primate
hippocampal formation. We then discuss the functional
implications of the differential development of distinct
hippocampal circuits for the emergence and maturation
of different types of “hippocampus-dependent” memory
processes.

Neuron number

Our quantitative evaluation of neuron number in the
different regions of the rhesus monkey hippocampal
formation extends the results of a previous study (Keuker
et al., 2003) and provides a comprehensive, reliable refer-
ence regarding neuron numbers in the macaque monkey
hippocampal formation. We found that neurogenesis in
the dentate gyrus occurs at a relatively high rate within
the monkeys’ first postnatal year (Jabés et al., 2010),
impacting granule cell number and therefore dentate
gyrus structure for a longer developmental period than
previously thought (Eckenhoff and Rakic, 1988). We also
established that the number of principal neurons in the
other regions of the monkey hippocampal formation is
stable between birth and young adulthood (5-9 years of
age). These data are consistent with earlier observations
that neurogenesis ceases prenatally in these regions in
monkeys (Rakic and Nowakowski, 1981), rodents (Bayer,
1980), and humans (Seress et al., 2001).

Dentate gyrus

The protracted period of neuron addition in the dentate
gyrus is accompanied by a late maturation of the granule
cell population, which continues beyond the first post-
natal year. Consistently, the granule cell and molecular
layers exhibit parallel and gradual developmental profiles
during the same postnatal period, suggesting an
extended development of the functional circuits to which
the granule cells contribute. Previous studies reported
that the dendritic length and spine density of individual
granule cells increase until at least the fifth postnatal
months in monkeys (Duffy and Rakic, 1983; Seress,
1992). For rats, Claiborne et al. (1990) reported no differ-
ences in total dendritic length of individual, intracellularly
labeled granule cells at 35 (n = 48), 70 (n = 3 suprapyra-
midal cells), and 111 (n = 2 infrapyramidal cells) days of
age. However, the number of dendritic spines per unit
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length increases between 2 and 7 months of age in rats
(Duffy and Teyler, 1978), which suggests a protracted
postnatal development of the rat molecular layer, parallel
to that observed volumetrically in monkeys (current
study). Unfortunately, there are no data regarding the
postnatal maturation of the afferent projections of the
dentate gyrus in rodents or primates. Although it has
been shown that entorhinal and subcortical projections
innervate the dentate gyrus during fetal development in
both species (Frotscher and Seress, 2007), no study has
evaluated the possible postnatal maturation of the ento-
rhinal projections in rats or monkeys. Only one study
revealed an increase in ChAT immunoreactivity (reflecting
subcortical cholinergic innervation) between P16 and P32
in rats (Aznavour et al., 2005). Similarly, we published
preliminary findings showing that entorhinal fibers inner-
vate the appropriate target zones in the dentate gyrus
and hippocampus of 3-week-old monkeys (Lavenex et al.,
2007a), but we have yet to perform quantitative analyses
of these projections in both infant and adult monkeys in
order to evaluate their possible postnatal maturation. In
humans, there is to our knowledge no information regard-
ing the developmental stage of entorhinal-dentate gyrus
projections at birth. Nevertheless, the myelination of
these projections appears to occur largely during the
postnatal period and is thought to continue even past the
first decade of life in humans (Abraham et al., 2010). Alto-
gether, these data suggest that, although the main affer-
ent connections of the dentate gyrus are already present
at birth in primates, they undergo important morphologi-
cal maturation during postnatal life that might impact the
functional properties of these pathways. Moreover, the
maturation of subcortical projections and associational
projections originating in the polymorphic layer of the
dentate gyrus (see below) might also contribute to some
of the volumetric changes observed in the molecular
layer.

With respect to the late maturation of the granule cells,
we might expect that their axons continue to mature and
influence the development of their target cells in the poly-
morphic layer of the dentate gyrus and the CA3 field of
the hippocampus during postnatal life. Indeed, we
showed that the polymorphic layer exhibits an increase in
volume beyond the first year of life, suggesting a pro-
tracted maturation of its cellular components. It has been
reported that the mossy cells, the major targets of the
granule cell projections in the polymorphic layer (Amaral,
1978; Buckmaster and Amaral, 2001), exhibit clear mor-
phological changes in soma and dendritic structure until
at least 9 months of age in monkeys (qualitative data;
Seress and Ribak, 1995a) and at least 30 months of age
in humans (qualitative data; Seress and Mrzljak, 1992). In
addition, the number of spines per 100 um of dendrite

appears to increase by about 10% between 1 year and 4-
20 years of age in monkeys (Seress and Ribak, 1995a).
Our analyses revealed a 25% increase in volume of the
polymorphic layer between 1 year and 5-9 years of age.
Although the mossy cells and the axons of granule cells
represent a major component of the polymorphic layer, a
variety of other neuronal types and afferent projections
target this area (Amaral and Lavenex, 2007; Amaral et al.,
2007). Despite the early establishment of subcortical pro-
jections to the polymorphic layer of the dentate gyrus,
myelination happens relatively late in the polymorphic
layer, compared with other hippocampal regions, in
humans (Abraham et al.,, 2010). In sum, the postnatal
development of the polymorphic layer circuits is likely
delayed compared with that of the dentate gyrus affer-
ents reaching the molecular layer. However, detailed
analyses of the postnatal maturation of the different cell
types contained in the dentate gyrus will be necessary
to provide a definite answer regarding the functional
consequences of this delayed maturation.

CA3

The developmental increase in volume of CA3 generally
parallels that of the dentate gyrus. However, the distal
portion of CA3, which receives direct projections from
layer Il neurons of the entorhinal cortex, matures volu-
metrically earlier than the proximal portion of CA3
(Fig. 4B). We found at the cellular level that the proximal
CA3 pyramidal neurons exhibit significant changes in
soma size within the first 3-6 postnatal months. In con-
trast, the size of distal CA3 pyramidal neurons did not
vary during postnatal development. Our quantitative data
are thus in agreement with the qualitative report by
Seress and Ribak (1995b) showing that the somas and
dendrites of distal CA3 pyramidal neurons exhibit adult-like
ultrastructural features at birth. There is, unfortunately, no
published information on the ultrastructural characteristics
of developing proximal CA3 pyramidal neurons.

Functionally, proximal and distal CA3 pyramidal neu-
rons might contribute to different hippocampal circuits.
Indeed, proximal CA3 pyramidal cells typically display no
or very few dendrites extending into stratum lacunosum-
moleculare in 33-57-day-old rats (Ishizuka et al., 1995)
or 10-month-old to 21-year-old monkeys (Buckmaster
and Amaral, 2001) and are therefore not in a position to
receive significant, direct inputs from the entorhinal
cortex (Witter and Amaral, 1991). In contrast, pyramidal
neurons located in the proximal portion of CA3 receive
large numbers of mossy fiber terminals on their apical
and basal dendrites and are thus under greater influence
of the granule cells than distally located CA3 cells that
receive only apical mossy fiber inputs (Amaral and Lave-
nex, 2007; Kondo et al., 2008). As mentioned above,
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various aspects of the dentate gyrus structure mature
late during postnatal development; this is also the case
for the mossy fiber projections. Indeed, Timm-stained
mossy fiber terminals, although visible at birth, become
more heavily stained in 3-month-old and adult monkeys
(Seress and Ribak, 1995b). Moreover, the width of CA3
stratum lucidum (in which the mossy fibers travel and
terminate) increases further after 6 months of age (see
Seress and Ribak, 1995b). Our own measurements of the
volume of the end bulb (the zone of stratum lucidum
located distally in CA3, where the mossy fibers bend
rostrally and travel longitudinally; Kondo et al., 2008) also
revealed a continued increase in size between 9 months
and 1 year of age. Consequently, the earlier structural
maturation of distal CA3 pyramidal neurons, compared
with proximal CA3 pyramidal neurons, suggests a differ-
ential maturation of distinct, putative functional circuits
within CA3: a relatively early-maturing system associated
with the entorhinal cortex projections (see also below for
CA1 and the subiculum) and a rather late-maturing
system associated with the mossy fiber projections of the
dentate granule cells.

CA1

Developmental changes in volume reveal that CA1
matures relatively earlier than the dentate gyrus and
CA3, despite the fact that CA3 pyramidal neurons con-
tribute the largest projection to CA1 pyramidal neurons
via the so-called Schaffer collaterals (Amaral and Lave-
nex, 2007; Kondo et al., 2009). CA1 stratum lacunosum-
moleculare, in which the projections from the entorhinal
cortex layer lll neurons terminate, matures earlier than
CA1 strata oriens, pyramidale, and radiatum, in which the
CA3 projections terminate. Our quantitative measure-
ments are in agreement with recent qualitative reports of
a later myelination of fibers in strata pyramidale and radi-
atum, compared with stratum lacunosum-moleculare, in
CA1 of humans (Abraham et al., 2010). In rats, the basal
dendrites in stratum oriens and the terminal dendrites in
stratum lacunosum-moleculare develop first (Pokorny
and Yamamoto, 1981a). Specifically, the length and num-
ber of dendritic segments reach adult values as early as
postnatal day 10 in CA1 stratum lacunosum-moleculare,
whereas they continue to develop until postnatal day 48
in CA1 stratum radiatum. Similarly, the maturation of
axon terminals, spines, and synapses takes place earlier
in CA1 stratum lacunosum-moleculare than in stratum
radiatum [N.B.: beware of the different nomenclature
used in the original publication by Pokorny and Yama-
moto (1981b)]. Altogether these data suggest a differen-
tial maturation of distinct, putative functional circuits
within CA1: a relatively early-maturing system associated
with the entorhinal cortex projections reaching stratum
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lacunosum-moleculare (see also above for CA3 and below
for the subiculum) and a rather late-maturing system
associated with the Schaffer collateral projections from
CA3.

Subiculum and CA2

Developmental changes in volume indicated that the
subiculum was more mature than CA1 until 6 months of
age. However, similar to what was observed in CA1, the
molecular layer of the subiculum, in which the projections
from entorhinal cortex layer Il neurons terminate, was
overall more mature within the first postnatal year com-
pared with the stratum pyramidale, in which most of the
CA1 projections terminate. Unfortunately, there are no
published data on the postnatal maturation of the differ-
ent layers of the subiculum in primates or any other spe-
cies. Our quantitative data therefore suggest a differential
maturation of distinct, putative functional circuits
within the subiculum: a relatively early-maturing system
associated with the entorhinal cortex projections and a
rather late-maturing system associated with the CA1
projections.

In addition, our quantitative volumetric measurements
revealed that the subiculum develops earlier than the
dentate gyrus, CA3, and CA1, but not CA2. These data
are consistent with our preliminary observations based
on the immunohistochemical detection of nonphosphory-
lated high-molecular-weight neurofilaments, which
revealed an early maturation of the subiculum and CA2
(Lavenex et al., 2004). These two structures differ from
the dentate gyrus, CA3, and CA1 based on their particular
connections with subcortical structures (Amaral and
Lavenex, 2007). The subiculum is one of the two primary
output structures of the hippocampal formation (the ento-
rhinal cortex being the other; Amaral and Lavenex, 2007)
and is the major source of efferent projections toward
subcortical structures (Naber and Witter, 1998; Swanson
and Cowan, 1975). The most prominent subcortical
projections of the subiculum reach the lateral septal
nuclei, the nucleus accumbens, and the mammillary
nuclei. In contrast, CA2 projects extensively to the hippo-
campus proper (CA3, CA2, and CA1), has no known pro-
jections toward the neocortex, and does not project
extensively to subcortical structures. However, CA2
receives a particularly prominent innervation from the
posterior hypothalamus, especially from the supramam-
millary area and the tuberomammillary nucleus (Amaral
and Lavenex, 2007). These projections terminate mainly
in and around the pyramidal cell layer and mainly on
principal cells, a region that exhibits early expression of
nonphosphorylated high-molecular-weight neurofilament
immunoreactivity (Lavenex et al., 2004). CA2 pyramidal
neurons are also more strongly excited by entorhinal
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cortex inputs onto their distal dendrites in stratum lacu-
nosum-moleculare compared with CA3 and CA1 pyrami-
dal neurons (Chevaleyre and Siegelbaum, 2010). CA2
neurons, in turn, make strong excitatory synaptic
contacts with CA1 neurons and could contribute, to-
gether with direct inputs from entorhinal cortex layer Ill
neurons to the CA1 stratum lacunosum-moleculare, to
the firing of CA1 pyramidal neurons in the absence of
excitatory inputs from CA3 pyramidal neurons. Alto-
gether, these data suggest how the subiculum, CA2, and
CA1 might mature both structurally and functionally
earlier than their main source of excitatory inputs in the
adult hippocampal formation.

Presubiculum and parasubiculum

The volumetric developmental profile of the presubicu-
lum was unique. Unlike all of the other hippocampal
fields, there was evidence here for regressive events in
the structural maturation of presubicular neurons and
circuits (i.e., decrease in neuronal soma size and volume
of layer | between birth and 5-9 years of age). We do not
know, however, what specific cellular changes could
contribute to this particular maturational profile. Our
volumetric measurements also suggest an early matura-
tion of the parasubicular circuits compared with the rest
of the hippocampal formation. Two unique features of
these structures, compared with other hippocampal
regions, are their reciprocal connections with the anterior
thalamic nuclear complex and their heavy cholinergic
innervation. It is interesting to note that both the presu-
biculum and the parasubiculum also receive direct inputs
from the retrosplenial cortex and give rise to a direct,
albeit minor, projection to the molecular layer of the den-
tate gyrus. Functionally, experiments in rats have shown
that the presubiculum contains so-called head-direction
cells, whereas some neurons in the parasubiculum
discharge in relation to the rat’s location in the environ-
ment, so-called place cells, which are found primarily in
the hippocampus proper (O’Keefe, 2007; Taube, 1995).
Accordingly, cells in the presubiculum and parasubiculum
might contribute to the elaboration of a primitive spatial
representation of the environment before the other hippo-
campal circuits become functional (Langston et al,
2010). The exact nature of this representation remains to
be determined.

Functional implications

The hippocampal formation, as a whole functional unit
(Amaral and Lavenex, 2007; Lavenex and Amaral, 2000),
is essential for the processing of declarative memory,
which includes the representations of unique personal
experiences called episodic memories (Squire and Zola,
1996). In humans, significant changes in the capacity for

declarative memory occur within the first 4-5 years of
life (Bauer, 2006; Richmond and Nelson, 2007), but the
neurobiological basis for such changes has remained
highly hypothetical because of the lack of systematic,
quantitative studies of hippocampal development at the
cellular or systems level (Bauer, 2006; Lavenex et al.,
2007a; Payne et al., 2010; Richmond and Nelson, 2007).
Our stereological data contribute to filling that void and
suggest that the differential maturation of distinct hippo-
campal circuits (Figs. 2-4) might underlie the emergence
and maturation of different memory processes, ultimately
leading to the emergence of episodic memory with the
maturation of all hippocampal circuits.

Spatial memory

Allocentric, spatial relational memory is the memory of
our surroundings that encodes the interrelationships
between individual elements that compose the environ-
ment in which we live (Banta Lavenex and Lavenex, 2009,
2010). In adult individuals, hippocampal integrity is criti-
cal for forming an allocentric representation of space that
codes the goal location in relation to distant environmen-
tal cues (Banta Lavenex et al., 2006; Banta Lavenex and
Lavenex, 2009; Bartsch et al., 2010; Bohbot et al., 2004;
Morris et al., 1982; Nadel and Hardt, 2004; Schenk et al.,
1995).

The implication of CA1 in spatial memory was
prompted by the discovery of “place cells” that fire
according to a rat’s location in an open-field environment
(O’Keefe and Dostrovsky, 1971). Much later, “grid cells”
that display a grid-like pattern of firing covering the envi-
ronment that a rat is exploring were found in the entorhi-
nal cortex (Hafting et al., 2005). Consistently with the
known anatomical organization of the hippocampal
formation (Amaral and Lavenex, 2007; Lavenex and
Amaral, 2000), lesions of the entorhinal cortex induce
unstable CA1 place-cell representations of the environ-
ment (Van Cauter et al., 2008). Although CA1 receives its
most prominent projection from CA3, proper functioning
of CA3 is not necessary to sustain place-cell activity in
CA1 (Brun et al., 2002). The fundamental characteristics
of CA1 place-cell firing can therefore be mediated
by direct entorhinal cortex projections to CA1 stratum
lacunosum-moleculare (Brun et al., 2002) and perhaps
also via entorhinal cortex projections to CA2 as sug-
gested by a recent in vitro study of the control of CA1 py-
ramidal cell activity by CA2 inputs (Chevaleyre and Sie-
gelbaum, 2010). Thus, the early maturation of direct
inputs from the entorhinal cortex to CA1 (and possibly via
CA2, which exhibits an even earlier maturation) might
enable the elaboration of an allocentric, spatial relational
representation of the environment. Indeed, we have previ-
ously shown that spatial relational memory processes are
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present in 9-month-old monkeys (Lavenex and Banta Lav-
enex, 2006), an age at which some functional circuits
within CA1, but not CA3 or the dentate gyrus, might
already be mature (current study; see also Lavenex et al.,
2009b, for evidence at the molecular level). In humans,
the ability to utilize distal landmarks successfully to facili-
tate the discrimination of distinct locations in a sandbox
is believed to emerge at about 21 months of age (New-
combe et al., 1998).

Other aspects of human spatial learning and memory
processes emerge slightly earlier than the ability to elabo-
rate a spatial representation of the environment that
might be dependent on CA1 function. Indeed, the ability
to use dead reckoning or path integration, the internal
representation of external space based on the integration
of sensory information self-generated during movement,
is present as early as 16 months of age (Bremner et al.,
1994; Newcombe et al., 1998). Interestingly, dead reck-
oning is dependent on the function of some hippocampal
circuits, as rats with hippocampal dysfunction are
impaired in using dead reckoning to navigate (Whishaw
et al., 2001). Our current structural data suggest that the
early structural development of the subiculum, presubicu-
lum, and parasubiculum might contribute to the early
functional maturation of “head direction cells” and “place
cells” found in these structures (Langston et al., 2010;
O’Keefe, 2007). Together with their reciprocal connec-
tions with the anterior thalamic nuclear complex and their
direct inputs from the retrosplenial cortex, early matura-
tion of neurons of the subicular complex might contribute
to the early emergence of one type of “hippocampus-de-
pendent” spatial memory system, dead reckoning.

Episodic memory

Episodic memory might be one of the last types of “hip-
pocampus-dependent” memory processes to emerge, at
about 3-5 years of age (Rubin, 2000). Computational
models have proposed that continued neurogenesis in
the adult dentate gyrus plays a fundamental role in the
temporal coding of events and the formation of episodic
memories (Deng et al., 2010; Weisz and Argibay, 2009).
Newly generated immature neurons might contribute to
increased association of events occurring close in time,
whereas events occurring several days apart would be
encoded separately by distinct groups of newly generated
neurons that are not yet fully mature. Our current struc-
tural findings revealed a prolonged period of developmen-
tal neurogenesis and granule cell addition and a further
protracted maturation of distinct dentate gyrus circuits
beyond 1 year of age in monkeys. This might explain the
inability to form enduring episodic memories until the
dentate gyrus has become fully structurally mature.
Indeed, very high levels of plasticity are typically associ-
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ated with the normal development of the brain (Hensch,
2004; Knudsen, 2003), and the dentate gyrus likely is no
exception. Dentate gyrus circuits, and in particular the
balance between highly plastic, immature neurons and
less plastic, mature neurons born earlier during develop-
ment, might not be optimally tuned to contribute to
the separate encoding of distinct episodes until late
postnatal development.

CONCLUSIONS

Our quantitative data suggest a differential maturation
of distinct functional circuits within the monkey hippo-
campal formation during early postnatal development.
The protracted period of neuronal addition and matura-
tion in the dentate gyrus is accompanied by the late
maturation of specific layers in distinct hippocampal
regions that are located downstream from the dentate
gyrus within the hippocampal loop of information proc-
essing. This suggests that the developmental regulation
of neurogenesis might be a limiting factor in the matura-
tion of defined hippocampal circuits and specific memory
functions. In contrast, the early maturation of defined
layers in distinct hippocampal regions, which receive
direct projections from the entorhinal cortex, suggests
that specific circuits and certain “hippocampus-depend-
ent” memory functions might appear earlier than others
during postnatal development. Our current stereological
findings are supported by our recent findings at the mo-
lecular level showing major and consistent changes in
gene expression patterns between birth and 6 months of
age in CA1 and between 1 year of age and young
adulthood in CA3 (Lavenex et al., 2009b). In addition,
other functions subserved by subcortical-hippocampal
circuits might mature even earlier than those subserved
by neocortical-hippocampal circuits. Primates, with their
relatively slow developmental time scale, compared with
rodents, might enable researchers to understand better
how the structural development of distinct hippocampal
circuits might contribute to the functional maturation of
distinct “hippocampus-dependent” memory processes.
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