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Abstract
The molecular and cellular mechanisms by which plasticity is induced in the mature CNS (and,
specifically, in the hippocampus) by environmental input are progressively being elucidated.
However, the mechanisms – and even the existence – of functional and structural effects of
environmental input (and, particularly, stress) early in life are incompletely understood. Here, we
discuss recent evidence that stressful stimuli have a significant impact on neonatal (rat) and prenatal
(human) hippocampal function and integrity. Stressful signals provoke expression and release of
neuromodulators, including the peptide corticotropin-releasing hormone (CRH), leading to
activation of CRH receptors on principal hippocampal neurons. Although physiological activation
of these receptors promotes synaptic efficacy, pathological levels of CRH at hippocampal synapses
contribute to neuronal death. Thus, early-life stress could constitute a ‘double-edged sword’: mild
stress might promote hippocampal-dependent cognitive function, whereas severe stress might impair
neuronal function and survival, both immediately and in the long-term. Importantly, these CRH-
mediated processes could be targets of preventive and interventional strategies.

The ability of an organism to adapt to its environment is integral to its survival [1]. Daily life
involves confrontation with changing situations that can be physiologically or psychologically
challenging. To cope with these ‘physical or perceived threats to homeostasis’ (an operational
definition of ‘stress’) [2], the ability to alter function and expression of neuronal genes has
been developed in the form of molecular and behavioral stress responses. This is advantageous
because it allows rapid behavioral, autonomic and cognitive CNS responses to stressful
circumstances, followed by prompt re-establishment of the functional steady state. Therefore,
upon sensing stress, our brain not only initiates rapid secretion of effector molecules
(noradrenaline and adrenal glucocorticoids), but also responds to the inciting signal with
patterned and coordinated changes in programmed gene expression [1,3,4].

These responses to stress are a ‘double-edged sword’ [5]. While enhancing neuronal
communication and promoting survival, they can impact upon neuronal function and integrity,
both immediately and in the long-term. Consequences of stress, such as its negative influences
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on cognition and emotional stability, are an issue of major relevance to human health: chronic
and/or severe activation of the stress response early in life has been shown to be potentially
injurious in both humans (reviewed in Refs [3,6,7]) and experimental animals [3,4,5,8]. Indeed,
via complex interactions with genetic factors [3], early-life events could be a major determinant
of the smaller brain volume and long-term cognitive dysfunction in pre-term infants [9,10],
and might play a role in certain affective and dementia disorders in the adult and aging human
[1,3,4]. Not surprisingly, mechanisms protecting the immature brain from potentially injurious
effects of early stress have been delineated [11].

The mechanisms by which early-life stress provokes these long-term effects remain unresolved
but evidence for persistent organizational changes (‘programming’) in CNS stress responses
has been building [3,7]. Gaining insight into the biological underpinnings of the consequences
of early-life stress requires understanding of the age-specific processes activated by stressful
stimuli at the molecular, cellular and circuit levels. Here we focus on novel and evolving
concepts regarding the potential mechanisms underlying the short and long-term effects of
early-life stress on hippocampal function (e.g. learning and memory) and integrity. Molecular
events triggered by stress are highlighted, with emphasis on corticotropin-releasing hormone
(CRH), a key stress-activated modulator of limbic neuronal function. We describe recent data
showing that administration of CRH to the brains of immature rats reproduces the consequences
of severe early-life stress, leading to progressive loss of neurons from the CA3 region of the
hippocampus and impaired memory functions throughout life [4]. We also describe the effects
of stress-induced CRH, derived from the maternal placenta, on learning functions in the human
fetus [12] and discuss their implications for the adverse outcomes observed in many pre-term
human infants [7,9,10].

Neuronal circuits and mediators of the responses to stress in adult and
immature brains
Stress-activated neuronal networks

The stress-response network in mature and developing rodents and primates consists of several
interlacing circuits (reviewed in Refs [2,3,8]). The first is neuroendocrine, comprising the
hypothalamic–pituitary–adrenal axis, which is activated in immediate, short-term and long-
term phases. Neurochemical (e.g. autonomic) signals conveying potential threats reach the
hypothalamus, releasing CRH from neurons in the paraventricular nucleus (PVN) to influence
rapid secretion of pituitary corticotropin [Adrenocorticotropic hormone (ACTH); Fig. 1a].
ACTH induces secretion of glucocorticoids from the adrenal glands, and these interact with
specific glucocorticoid receptors (GRs) in the hippocampus and elsewhere in the CNS, shutting
off the hormonal stress response and restoring a steady state [13,14]. Stress-induced secretion
of ACTH and glucocorticoids requires CRH because it is abolished by administration of CRH
antisera or antagonists [15,16].

Proper function of both the activation and the de-activation (‘shut-off’) mechanisms of this
hypothalamic–pituitary–adrenal loop is crucial for handling of acute stress and, importantly,
for resumption of normal CNS function and avoidance of the injurious effects of prolonged
exposure to high levels of glucocorticoids (reviewed in Refs [1,5,6]). This rapid functional
regulation of the neuroendocrine stress network is even more crucial early in life, when
persistent glucocorticoid exposure can impair growth and maturational processes [3,7,9].
Indeed, the presence of an intact, although stimulus-selective, neuroendocrine stress response
has been demonstrated throughout the first two postnatal weeks in the rat [16–19], and this
response is highly influenced by maternal sensory input [20–23]. In the human, secretion of
glucocorticoids in response to stress and pain has been demonstrated in both pre-term and full-
term neonates [24].
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Stress involving higher-order sensory processing activates limbic pathways that contribute to
the ‘central’ stress circuit [25–27] (Fig. 1b). Substantial information, based on lesion-studies
and analyses of immediate-early-gene expression following specific stressors, is available
about the structures and pathways involved. For both the mature and neonatal rodent, these
include the amygdala [19,26] and, as shown more recently, the hippocampus [1,27], as well as
prefrontal cortex. Thus, ‘cognitive’ or ‘emotional’ stress signals converge on the central
nucleus of the amygdala (ACe), inducing immediate-early-gene expression (Fig. 2a,b) and
influencing, for example, facilitation of memory consolidation [28]. From outflow nuclei of
the amygdala [29] selected stress signals reach the hippocampal formation (probably via both
mono- and polysynaptic projections), inducing neuronal immediate-early-gene expression
[27] (Fig. 2c) and, as we discuss later, enhancing synaptic efficacy [30,31].

Although the structures comprising the limbic stress-circuit in both rodent and human are being
progressively defined (using, in the human, novel functional imaging methods [32]), the
identity of the neuromodulators acting on neurons of the amygdala and hippocampus during
stress is not fully known. In addition to the established role of stress-induced plasma
glucocorticoids [1,13,30,33], CRH is emerging as a major mediator of the effects of stress on
neuronal function in these regions. In both adult and developing brain, significant populations
of CRH mRNA-expressing neurons reside in the ACe [34,35] (Fig. 3a) and hippocampus
[34,36,37] (Fig. 3b, 3c). Stress activates expression of Fos and the gene encoding CRH in the
CRH-containing neurons of the ACe in mature and neonatal rat [19]. The crucial role for CRH
in ‘central’ stress responses [38] is also supported by the abrogation of stress-induced behaviors
by administration of CRH antagonists into the ACe [39].

It is likely that the stress-related role of hippocampal CRH is more pronounced during
development. Although stress does not generally activate the scattered CRH-producing
neurons in adult hippocampus (as measured by Fos expression), select stressful stimuli enhance
CRH production and release [4,27] in the robust populations of CRH-positive interneurons
that reside in the neonatal hippocampus [37,40] (Fig. 3b,c). Stress-induced CRH binds to CRH
receptors on principal cells, eliciting Fos expression (Fig. 2b,c). In addition, the CRH-receptor
subtype mediating the actions of the peptide on hippocampal principal neurons (CRF1) is
particularly abundant during the first two postnatal weeks [41]. Indeed, increased abundance
of both CRH-positive neurons and receptor-bearing target cells in developing hippocampus
(together with minimal expression of the CRH-binding protein) support significant and age-
specific roles for hippocampal CRH in mediating the influences of stress on hippocampal
function early in life.

The distribution of CRH-positive cells in human brain is also consistent with a role of the
peptide in high-order cognitive and emotional processing of stress-signals. CRH is abundant
in amygdala, hippocampus and limbic cortical areas [42], where it could enhance arousal and
cognitive function. Interestingly, a marked reduction of CRH levels (and a ‘compensatory’
upregulation of cortical CRH receptors) occurs in demented individuals [42]. Evidence for
CRH production in the human neonate derives from cerebrospinal fluid analyses [43,44], and
in older children comes from studies of human tissue demonstrating CRH and CRF1 in cortical
areas [45]. Although the presence of CRH receptors has not been reported in human neonates,
the behavioral effects of stress-governed placental CRH on the fetal brain indicate the likely
presence of a functional CRH-signaling cascade.

What is the ‘rodent equivalent’ of the fetal and pre-term human?
Because of difficulties inherent in mechanistic human studies, much of the evidence discussed
here derives from the immature rodent, and is correlated with available and emerging human
data. Therefore, constraints on comparing CNS – and specifically hippocampal – maturation
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across these species merit discussion (Box 1). Table 1 provides our current understanding of
the relative rates and stages of hippocampal development in human and rat. Primate information
is provided to facilitate evaluation of important studies on the role of CRH in the consequences
of early-life stress in monkeys [3].

Box 1

Comparative maturation rates of human, primate and rat hippocampal
formations

The developing brain can be viewed as overlapping sets of moving targets, which mature
with variable velocities. In addition, the precise nature of these modules and their rates of
development vary across species, so that inter-species correlations of brain development
are only approximate. Older studies considered the brain as a whole, suggesting that the 5–
7-day-old rat might be ‘equivalent’ to the human newborn [a,b]. More recent work
recognized the different velocities and sequences of maturation of specific CNS regions in
human, primate and rodent [c], suggesting that selective regional comparisons might be
preferred. Therefore, Table 1 of the main text relies on recent reviews of structural and
functional maturation of human and primate hippocampus [d,e] together with well-
established neuroanatomical data on hippocampal maturational milestones in rodents. As
evident from Table 1, analyses of pyramidal and granule cell genesis, and of the structural
and functional maturation of synaptic communication (e.g. the mossy fiber–CA3 pyramidal
cell synapse), provide useful information about the relative time-frames and rates of their
maturation across species. Importantly, Table 1 demonstrates that, even though comparative
analyses limited to the hippocampal formation cannot provide precise correlation of human
and rodent ‘ages’, they do suggest that the first week of life (or days 0–5) in rats might be
comparable to the third trimester gestational period of humans. The first year of human life
might correspond roughly to days 7–14 in the rat, with synaptic numbers peaking at the end
of this period and remaining high through the second human year [f], and the 3rd week of
life in the rat [g,h].
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With these considerations in mind, this review proceeds to focus on mechanisms of the acute
and long-term effects of stress on limbic neuronal function in the neonatal [postnatal day (P)
0–P10] rat and third-trimester human fetus, with emphasis on the role of CRH.

Sources of the CRH that acts on immature limbic neurons during stress
Human

The human placenta expresses CRH mRNA as early as the seventh week of gestation [46], and
the active peptide is released into the maternal circulation [47]. Indeed, later in pregnancy,
CRH levels in maternal plasma reach those observed within only the hypothalamic–pituitary
portal system during physiological stress, although the actions of CRH are tempered by its
association with the CRH-binding protein [48]. Placental CRH is identical to human, and rat,
hypothalamic CRH in structure, immunoreactivity and bioactivity [49] and the gene is highly
conserved between these species [50].

However, regulation of CRH levels by stress, and particularly by stress-induced
glucocorticoids, differs crucially between hypothalamus and placenta. In contrast to their
negative control of the CRH promoter in both human and rat hypothalamus (Fig. 1a),
glucocorticoids activate the CRH-gene promoter in placenta (Fig. 4). This establishes a positive
feedback loop that permits simultaneous increase of plasma CRH and glucocorticoid levels
throughout gestation [49,51,52]. Indeed, pathological amounts of CRH secreted from maternal
and fetal placenta during subacute and chronic gestational stress [12,53] could penetrate the
blood–brain barrier [54] and influence the function and integrity of hippocampal neurons.

Rat
In neonatal rat, the CRH acting on limbic synapses is derived from populations of CRH-
producing neurons in amygdala and hippocampus [37,40] (rodent placenta does not produce
CRH). Whereas a single acute-stress event does not enhance CRH production in the amygdala
of the immature rat, repeated acute stress leads to protracted upregulation of CRH mRNA
expression in this region [19] via stress-induced activation of GRs [55]. It should be noted that
enhanced expression of CRH follows typically the stress-induced release of the peptide
(‘compensatory upregulation’). This increased synthesis promotes augmented peptide release
in response to the next stimulus [8].

As mentioned, the neonatal rat hippocampus harbors large numbers of CRH-containing cells
(Fig. 3b,c), peaking at 18 550 ± 734 on the 18th postnatal day versus 10 729 ± 1322 in the far
larger adult hippocampal formation [40]. Many of these CRH-producing neurons are
strategically located basket and chandelier cells in the pyramidal and granule cell layers,
synapsing directly onto the somata and axon initial-segments of principal neurons [37,40].
Acute stressful stimuli that activate the hippocampus (as determined using electrophysiology
or Fos expression) also lead to transient (24–48 h) upregulation of CRH mRNA levels in the
hippocampal formation [26,27]. The effects of sustained (chronic) stress in the neonatal rat on
CRH abundance in the hippocampus are the focus of current investigations [4].

Effects of CRH on the immature hippocampus
Studies in humans indicate that prenatal exposure to CRH could influence learning and memory
acutely. Fetuses of mothers with chronically elevated plasma CRH levels were less capable of
distinguishing repeated tones from novel ones [12,53], suggesting that abnormal or excessive
activation of CRH receptors in the limbic regions involved in learning and memory might
impair these functions. Similar studies demonstrated that human fetuses between 28–34 weeks
gestational age have attenuated startle responses after the administration of a synthetic
glucocorticoid (betamethasone) to the mother [56], a treatment which should also enhance
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placental synthesis and release of CRH [49,51,52]. Human studies such as these cannot
distinguish between direct effects of CRH on hippocampal neurons and those effects that might
result from CRH-induced release of glucocorticoids, and the consequent activation of
glucocorticoid receptors in fetal hippocampus. Therefore, elucidation of the precise effects of
stress-induced CRH on fetal and neonatal hippocampal neurons requires animal studies.

In the neonatal or infant rat, synthetic CRH has excitatory actions on hippocampal neurons
and, in higher doses, has neurotoxic effects. Application of the peptide to hippocampal slices
reduces slow afterhyperpolarization [57], enhances synaptic efficacy [58] and primes LTP
[31]. In immature hippocampal slices, the peptide enhances the amplitude of evoked CA1
population spikes [59], whereas CRH administration in vivo can lead to prolonged limbic
seizures, via activation of CRF1 [41]. The robust actions of exogenous CRH early in life are
consistent with the notion that release of endogenous peptide from abundant CRH-expressing
hippocampal neurons might mediate the beneficial, as well as the adverse, effects of early-life
stress on the hippocampus. An intriguing ‘paradox’ should be noted: despite its excitatory
actions, CRH is expressed in, and released from, neurons with the morphological and
neurochemical characteristics of inhibitory, GABAergic interneurons. In addition, CRH-
immunoreactive axons form perisomatic ‘baskets’, which are characteristic of inhibitory
neurons and typically associated with inhibitory synapses. The mechanisms of this mismatch
(i.e. excitatory actions of a peptide that is released from inhibitory interneurons) are a focus of
current investigations.

Does CRH contribute to the beneficial effects of mild early-life stress on hippocampal
function? Early-life exposure to the mild stress of a novel environment has been shown to
improve memory in the long-term [60]. Interestingly, this manipulation enhances CRH
expression within seconds (at least in the hypothalamus [61]). Later in life, both mild stress
and CRH have clearly been shown to influence synaptic plasticity and improve hippocampus-
dependent memory function [31,58]. In addition, CRH antagonists blocked the effects of acute
stress on synaptic plasticity, clearly implicating stress-induced release of endogenous CRH at
hippocampal synapses in the mechanisms of these effects [31].

Does CRH contribute to the injurious effects of severe or chronic early-life stress on
hippocampal function and integrity? Recent studies showed that administration of picomolar
CRH doses to P10 rats reproduced the effects of severe stress on hippocampus, provoking
progressive deficits in hippocampus-dependent memory functions, which were associated with
loss of CA3 pyramidal cells [4]. These deficits occurred also in CRH-treated animals in which
plasma glucocorticoids were clamped at low levels, indicating that ‘stress levels’of these
hormones were not required for these effects [4]. The mechanisms for these persistent and
progressive effects of early-life CRH administration involved chronic dysregulation of the
CRH system, because expression of mRNAs for CRH and its receptor CRF1 was persistently
increased in CA3-hippocampal neurons of the experimental animals. The resulting activation
of CRH receptors, coupled with the observed reorganization of excitatory glutamatergic
synapses innervating these CA3 neurons, led to a vicious cycle of progressive neurotoxicity,
with consequent functional deficits [4].

Conclusions: novel mechanisms underlying the effects of early-life stress on
hippocampal function and integrity

This review has focused on the molecular chain of events triggered by stress signals early in
life, highlighting the crucial role of CRH, which is derived from the placenta in the prenatal
human and from uniquely abundant CRH-expressing hippocampal interneurons in the neonatal
rat. The data reviewed here indicate that, in both immature human and rat, activation of the
synthesis, release and receptors of CRH plays a crucial role in the beneficial and adverse acute
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and long-term effects of early-life stress on the hippocampus. Importantly, they suggest that
modulation of these actions of CRH offers an exciting and novel target for preventing the
adverse effects of severe early-life stress on the developing hippocampus.
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Fig. 1.
Stress-activated pathways include the neuroendocrine hypothalamic–pituitary–adrenal axis (a)
and the central, limbic stress-loop (b). (a) ‘Physiological’ stress signals reach the
hypothalamus, causing secretion of corticotropin-releasing hormone (CRH) from neurons of
the paraventricular nucleus (PVN). CRH induces release of adrenocorticotropic hormone
(ACTH) from the pituitary, and ACTH elicits secretion of glucocorticoids (GCs) from the
adrenal gland. GCs cross the blood–brain barrier and activate specific receptors in
hippocampus (and other CNS regions) to ‘shut off’ the neuroendocrine stress response. By
contrast, GCs increase CRH mRNA expression in the amygdala, facilitating stress-responses
[19,35], whereas pituitary ACTH reduces CRH mRNA levels in the amygdala by direct
activation of melanocortin receptors [55]. (b) Stress involving higher-order sensory processing
(i.e. with ‘cognitive’ and/or ‘emotional’ aspects) activates limbic pathways constituting the
more recently elucidated ‘central’ stress circuit. Stressful stimuli reach the key processor, the
central nucleus of the amygdala (ACe), activating the numerous CRH-producing neurons in
this region. Locally released CRH acts on cognate receptors on projection neurons of the
amygdala, which convey stress-related information (directly, or indirectly via the entorhinal
cortex) to the hippocampal formation. Within the hippocampus, stress-induced release of CRH
from interneurons in the CA3 and CA1 pyramidal-cell layers enhances synaptic efficacy and
influences memory function. Arrows indicate facilitatory projections but do not imply
monosynaptic connections. Blunt-ended lines denote inhibitory feedback loops. Abbreviation:
BST, bed nucleus of the stria terminalis.
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Fig. 2.
Reproducing the effects of stress, administration of corticotropin-releasing hormone (CRH) to
immature (10-day-old) rat induces production of Fos protein (black reaction product; arrows)
in select populations of neurons in the amygdala (a,b) and hippocampus (c) that bear the
CRF1 subtype of CRH receptor (brown immunoreactivity). Coronal sections from animals
perfused 2 h after CRH treatment were double-labeled for Fos and CRF1 using standard
methods [37,40,61]. CRH induced Fos production (arrows) preferentially in the central nucleus
of the amygdala (ACe) (a, b) and in CA3a hippocampal pyramidal cell layer (c). Higher
magnification (b) demonstrates cells of the amygdala double-labeled for the nuclear protein
Fos and the membranous CRF1. Scale bar, 100 μm for (a,c), 20 μm for (b). Abbreviation: BL,
Basolateral nucleus of the amygdala.
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Fig. 3.
CRH-positive neuronal populations are abundant in the amygdala (a) and hippocampus (b, c)
of the developing (10-day old) rat. Within the amygdala complex, CRH-immunoreactive cell
bodies and fibers populate preferentially the central nucleus of the amygdala (ACe), which is
involved in ‘processing’ of stress signals [29,35]. In the hippocampus, corticotropin-releasing
hormone (CRH)-producing interneurons reside throughout CA1 and CA3 pyramidal-cell
layers [stratum pyramidale (SP); b; arrowheads]. (c) A high magnification of the CA1 subfield
demonstrates that CRH-immunoreactive interneurons and axon terminals (arrows) richly
innervate pyramidal cell somata, presumably influencing the activity of these neurons. Scale
bar, 150 μm for (a,b), 25 μm for (c).
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Fig. 4.
In the prenatal human, corticotropin-releasing hormone (CRH) derived from maternal placenta
could influence the fetal hippocampus. Sustained stress during pregnancy activates the
maternal neuroendocrine stress axis, resulting in increased production and release of placental
CRH into the bloodstream. In contrast to hypothalamic CRH production, which is suppressed
by stress-induced glucocorticoids (GCs), CRH-gene expression in placenta is enhanced by
GCs, so that maternal stress leads to progressively higher fetal plasma CRH levels. This
maternal-origin CRH reaches the fetal brain (red curved arrow) [54], influencing fetal learning
and/or memory functions [12,53], presumably by activating hippocampal CRH receptors.
Arrows indicate facilitatory pathways but do not imply monosynaptic connections. Blunt-
ended lines denote inhibitory feedback loops.
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Table 1

Selected milestones in hippocampal development of human, rat and primatea

Event Human Rat Primate Refs

General

Maximal growth velocity 2–3 Postnatal months 8–12 Postnatal days 105–120 Prenatal days [62–65]

Hippocampal volume
approximates that of adult

10 Postnatal months 11–30 Postnatal day Birth [62,65–67]

Hippocampal-dependent
learning and memory
established

4–5 Postnatal years 15–16 Postnatal days 1 Postnatal month [68–71]

Neuronal formation

Birth of pyramidal cells First half of gestation Second half of gestation First half of gestation [71–74]

 Onset: Before 15 prenatal weeks ~15 Prenatal days 38 Prenatal days

 End: 24 Prenatal weeks ~19 Prenatal days ~80 Prenatal days

Birth of granule cells of dentate
gyrus

~70% Prenatal (majority by
34 weeks)

~85% Postnatal (majority
by 1 postnatal month)

~85% Prenatal (majority by
end of 1 postnatal month)

[71–74]

 Onset 13–14 Prenatal weeks ~18 Prenatal days ~38 Prenatal days

 End Throughout life Throughout life Throughout life

Differentiation and synaptogenesis

‘Thorny excrescences’ on
proximal CA3 pyramidal cell
dendrites

Postnatal years 1 Postnatal month 1 Postnatal year [75–78]

 Onset 3–7 Postnatal month ~9 Postnatal days Birth

 Maturation 3–5 Postnatal years 21 Postnatal day 3 Postnatal months

Pedunculate spines on distal
CA3 pyramidal-cell dendrites

Postnatal years 1 Postnatal month 1 Postnatal year [75–78]

 Onset Birth 7 Postnatal days Birth

 Maturation 3–5 Years 21 Postnatal days 9–12 Postnatal months

Peak synapse overshoot in
dentate gyrus

1–2 Postnatal years 9–14 Postnatal days 4–5 Postnatal months [67,77–79]

Synapse density reaches adult
levels in molecular layer

7–10 Postnatal months 21 Postnatal days Birth [65,67,71,78]

Period of maximal mossy-cell
differentiation in dentate gryus

7–30 Postnatal months
(adult-like by 5 years)

7–14 Postnatal days (adult-
like by 14 days)

Late prenatal to 1 postnatal
month (adult-like by 9–10
months)

[75,76,78]

Afferent input

Entorhinal cortex to dentate
gyrus

19–20 Prenatal weeks 17 Prenatal days 47–56 Postnatal days [80–82]

Supramammillary afferents
reach juxtagranular and CA2
pyramidal-cell layers

~20 Prenatal weeks Presumed first postnatal
week

~109–165 Prenatal days [83,84]

a
Gestation lasts 270–280, 21 and 165 days in human, rat and rhesus monkey, respectively.
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