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Abstract

The mechanisms that regulate neuronal function are a sum of genetically determined programs and
experience. The effect of experience on neuronal function is particularly important during
development, because early-life positive and adverse experience (stress) may influence the still
“plastic” nervous system long-term. Specifically, for hippocampal-mediated learning and memory
processes, acute stress may enhance synaptic efficacy and overall learning ability, and conversely,
chronic or severe stress has been shown to be detrimental. The mechanisms that enable stress to
act as this “double-edged sword” are unclear. Here, we discuss the molecular mediators of the
stress response in the hippocampus with an emphasis on novel findings regarding the role of the
neuropeptide known as corticotropin-releasing hormone (CRH). We highlight the physiological
and pathological roles of this peptide in the developing hippocampus, and their relevance to the
long-term effects of early-life experience on cognitive function during adulthood.
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Input from the Environment Influences Neuronal and Circuit Function

In addition to intrinsic, genetically determined programs, inputs from the environment, or
experience, regulate neuronal function. Thus, brain development and organization and the
evolution of systems and circuits are governed by inherent, gene-dependent programs. Much
has been unraveled about the genes that control neuronal fate, and differentiation and
migration, and about the establishment and pruning of synaptic connectivity (1-3). These
genetically determined programs provide a blueprint for the connectivity among neurons,
the specificity of their input and responses, and the numerous other unresolved parameters
that determine the function of the central nervous system (CNS) as a whole. Superimposed
on this intricate, intrinsic blueprint, mechanisms that permit modulation by “experience”
exist in the mammalian CNS. In other words, the CNS is designed with the capacity to be
influenced, both immediately and long-term, by sensory input from within as well as the
outside environment. This modulation, termed “plasticity,” involves altered expression and
function of specific neuronal genes in discrete regions, cells, and synapses in response to a
wide range of signals. For example, short-term neuronal plasticity (e.g., synaptic
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strengthening) is a key mechanism in long-term potentiation (LTP) and thus memory
formation. Environmental input, including stress (4) and fear (5) can influence and enhance
this process, leading to improved memory and increased chances for survival. Thus,
stimulus-induced neuroplasticity, including the type that occurs upon stressful signals, may
be advantageous. However, excessive or chronic adverse inputs have been shown to lead to
long-term changes in neuronal function that can result in impaired synaptic activity (and in
memory dysfunction). Our understanding of the mechanisms by which such stimuli (e.g.,
fear or stress) reach neurons and influence their function is incomplete, particularly in view
of the remarkable progress that has been made in identifying the genes and proteins involved
in regulating the genetic programs that govern brain development and maturation.

Environment-Driven Neuroplasticity is Most Critical During Development

The effects of experience on neuronal activity are particularly important during
development, when external stimuli may influence CNS function and interact with ongoing
developmental programs to alter final neuronal “hard-wiring.” Indeed, during the first
postnatal weeks, neuronal birth, differentiation, and migration are still ongoing (6-8), and
neuronal connectivity—for example, in the hippocampus—is incomplete (9-12). Do early
life experiences, both “positive” (e.g., environmental enrichment) or “negative” (severe
stress), alter the structure and the function of the hippocampus? And if so, what are the
mechanisms? In this article, we discuss these questions, and provide evidence that “positive”
and “negative” experience utilize common molecular mechanisms, activated to differing
degrees, to influence the hippocampus both acutely and in the long term (Fig. 1).

Evidence for Long-Term Effects of Early-Life Experience on Neuronal
Function in the Hippocampus: The Double-Edged Sword

Extensive evidence from human and animal studies documents the profound effects of early-
life experience on hippocampus-mediated memory functions during adulthood. These
studies demonstrate several principles: Importantly, the nature and magnitude of the inciting
environmental stimuli determine whether their long-term effects will enhance or impair
hippocampal function (Fig. 1). For example, on the “positive edge of the sword,” maternal
contact during development promotes cognitive function later in life in rats as well as
primates (13,14). Environmental enrichment also improves hippocampal function, perhaps
by inducing neurogenesis and increasing the survival of newly formed granule cells (15).
Furthermore, environmental enrichment enhances Morris water maze performance, a
measure of hippocampus-dependent learning and memory function, in both adult and
developing rats. Remarkably, the magnitude of the effect is greatest during the
developmental period, suggesting a greater extent of neuro-plasticity during this age (16).

Along the “sinister” edge of the sword, a large body of evidence supports the notion that
adverse experience (e.g., severe stress) early in life results in impaired hippocampal function
and structure. In humans, it has been well-documented that neglect and abuse during
childhood correlate with a higher incidence of learning disabilities later in life, implying
hippocampus-mediated learning and memory deficits (17). Studies using magnetic
resonance imaging (MRI) indicate that adults who are subjected to abuse early in life have
smaller average hippocampal volumes compared with age-matched controls (18,19). Animal
studies in nonhuman primates and rats are in general agreement with this human data. In
primates, rearing monkeys in isolation (with no maternal or sibling contact) results in
learning and memory deficits but no hippocampal volume loss (14,20). In addition,
reproducing the neurohormonal profiles that occur during stress via administration of stress-
induced hormones to developing primates or rats can mimic the effects of adverse early-life
experience, including delayed neurodevelopment (21), memory deficits, and loss of
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hippocampal pyramidal cells (22,23). The ability of stress hormones to reproduce the effects
of early-life stress supports their mechanistic role in stress-induced hippocampal
dysfunction. Indeed, a common denominator of early-life stimuli that modulate hippocampal
systems positively or adversely is their activation of neuroendocrine and neuronal stress-
induced molecular cascades (20,24).

Putative Mechanisms for Experience-Dependent Modulation of
Hippocampal Function

Stress is defined operationally as signals from within or outside the organism that activate
the stress-response machinery. What are the molecules and circuits that are activated by
stressful signals? In rodents and primates, stress activates two major pathways, including the
hypothalamic pituitary adrenal (HPA) axis and the limbic-neuroendocrine circuit. Activation
of the HPA axis in response to stressful stimuli involves rapid secretion of corticotropin-
releasing hormone (CRH) from terminals of peptidergic neurons in the paraventricular
nucleus of the hypothalamus (PVN) to influence the release of adrenocorticotrophic
hormone (ACTH) from the corticotrophs of the anterior pituitary. Once secreted, ACTH
travels through the bloodstream and induces the adrenal glands to release glucocorticoids.
Systemically, glucocorticoids increase available energy that is necessary for rapid adaptation
to acute stress; centrally, they provide regulatory feedback to the HPA axis via activation of
glucocorticoid receptors in the PVN, amygdala, and hippocampus (25-30).

Interestingly, this stress-response, including rapid release and especially the increased
expression of hypothalamic CRH, also occurs during experiences that would not a priori be
considered “stressful.” For example, removal of a neonatal rat from its cage (such as occurs
during the handling paradigm) suffices to induce expression of the CRH gene (31,32). Thus,
if “stress” is defined as an experience that activates the CRH-ACTH glucocorticoid cascade,
then early-life experiences including handling and other changes in the environment, might
be considered mild stressors (Fig. 1).

The second major stress-mediating circuit consists of limbic pathways that are more
sensitive to stressors involving higher-order sensory processing (29). Based on immediate
early gene analyses and lesion studies, these limbic pathways primarily involve propagation
and integration of stress responses in the amygdala and hippocampus (33-36). Specifically,
the central nucleus of the amygdala (ACe) is a key region involved in regulating the central
stress response: stimulating this nucleus reproduces stress behaviors (37), whereas ablating
it eliminates stress-induced release of CRH from PVN (38). There is abundant evidence that
subsequent to integration in the amygdala, information regarding “emotional” or “cognitive”
stress, but not some types of physical stress (39), reaches the hippocampus. First, enhanced
memory consolidation observed in aversive learning paradigms (which activate the HPA
axis) requires activation of glucocorticoid receptors in both the amygdala and hippocampus
(4). Second, lesions of the basolateral nucleus of the amygdala (BLA) block the memory-
modulating effects of glucocorticoids on the hippocampus, suggesting that amygdala
precedes hippocampus in the circuit involved in stress-related information (40). Once they
reach the hippocampus, stress-related signals enhance hippocampal LTP (41,42), and
activate the immediate early gene c-fos in hippocampal neurons in a stressor-specific
manner (36). These observations indicate that glucocorticoids contribute to activation of
stress-induced changes in the amygdala and hippocampal neuronal function. However, more
recent information suggests that in addition to these well-established stress hormones, the
neuropeptide CRH is a likely contributor to the activation—and modulation—of these
structures in response to stress.
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CRH-expressing neurons and CRH receptors are found in amygdala nuclei, which are key
components of the limbic stress circuit (43-46). ACe contains a high concentration of CRH
(44), and CRH receptors are concentrated in the basolateral nucleus of the amygdala (BLA)
(46,47). Stress triggers the release of endogenous CRH in ACe (48,49,50a), and
administration of CRH antagonists into ACe can attenuate stress-induced behaviors (50).
Relay stations that connect amygdala outflow nuclei (e.g., lateral and basal) to the
hippocampus also contain CRH-expressing neurons. These include the entorhinal cortex
(51) and bed nucleus of the stria terminalis (BNST) (44). In the hippocampal formation
itself, early work described the presence of small numbers of CRH-containing interneurons
(52,53). It should be noted that these studies focused on the mature hippocampus. In the
developing hippocampus, recent studies from our laboratory have identified and
characterized a large population of CRH-expressing interneurons that directly innervate cell
bodies of hippocampal pyramidal cells, thus significantly influencing their activity (54,55;
Fig. 2). Indeed, the developmental profile of this robust CRH-expressing cell population is
consistent with a key role for the peptide in mediating the beneficial and adverse effects of
early-life stress on hippocampal neurons (42,55).

Is CRH Involved in the Mechanisms by Which Early-Life Experience
Improves Hippocampal Function Long-Term?

Early Life Experience Improves Hippocampal Function Long-Term

Evidence from human and animal studies suggests that maternal contact and interaction with
peers and siblings are vital for normal functional development of the hippocampus
(14,20,56,57). Deprivation of either of these factors may lead to physiological alterations,
resulting in impairment of hippocampus-dependent learning and memory. As expected,
experimental paradigms designed to enhance these positive environmental factors during the
critical developmental period (roughly postnatal days 2—10 in the rat) permanently modify
the HPA axis (58,59), leading to better “coping” with stressful stimuli during adulthood. For
example, daily handling of neonatal rats leads to a significant attenuation and shortening of
the stress response later in life, compared with animals raised with no disturbance (59-62).
In addition to better stress-coping mechanisms, adult, neonatally handled rats exhibit
improved spatial memory acquisition skills when evaluated in the Morris water maze (24).
The positive effects of early-life handling have been found to depend on increased maternal
licking and grooming of the handled pups upon their return to their home cages (13,63).
However, the mechanisms by which increased maternal sensory input influences specific
molecules and circuits in the pups' brains and the nature of these key molecules have
remained a mystery (23,59,64). Intuitively, transmitters and hormones that are induced
during stress and contribute to the limbic stress response (57,65) constitute excellent
candidates to transduce the “stress experience” into short- or long-term molecular and
functional changes of this system (66). Therefore, we consider the role of alterations in
hippocampal and potentially hypothalamic glucocorticoid receptors (GR) as well as levels
and/or function of CRH and CRH receptors (23,24,58) in these results of early-life
experience.

In fact, significant changes in both hippocampal and cortical GR, and in hypothalamic CRH,
are found in adult rats that have been handled early in life. Hippocampal GR levels are
increased, permitting a more efficient “shut-off” mechanism for the stress response (62).
Thus, the elevated GR mRNA levels and GR binding are consistent with the enhanced
negative feedback (e.g., “shut-off”), and shortened stress response in these adult rats (62). A
role for CRH has also been demonstrated: Adults who experience neonatal handling express
less CRH in the PVN (58,59). This would predict attenuated CRH release (measured by
ACTH and corticosterone plasma levels), as was demonstrated in these animals (58,59). In
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summary, changes in both hippocampal GR and in hypothalamic CRH may contribute to the
attenuated response to stress in adults who were handled as neonates (58,59,67). However,
the precise chain of events, and the specific mechanisms by which the early-life-handling
process provokes these profound life-long changes has remained elusive. Understanding the
sequence of changes leading from early-life experience to overall better “coping” with stress
throughout life is of tremendous clinical importance, because it can suggest therapeutic or
interventional strategies for stress-related disorders (24).

How does neonatal handling (or the resulting increased maternal sensory input) lead to the
persistent increase of hippocampal GR and reduction of hypothalamic CRH? Although it has
often been suggested that the primary, early effect of maternal sensory input is at the level of
the hippocampus, directly increasing GR expression (68), most of the current evidence
suggests an alternative scenario. Recent studies have demonstrated that daily neonatal
handling suppresses hypothalamic CRH mRNA expression prior to the increase in
hippocampal GR expression (59) (Fig. 3). This suggests that alteration in CRH levels,
induced by the handling-provoked enhanced maternal sensory input, may be a key early
event. Thus, reduced CRH expression could be an early, primary change that leads to a
cascade of downstream molecular alterations—including increased GR expression in the
hippocampus—which ultimately affect hippocampal function. The proposed sequence of
this cascade suggests that lower levels of hypothalamic CRH lead to diminished CRH
release during stress, with subsequent reduction of glucocorticoid secretion. Lower plasma
(and thus brain) glucocorticoid levels disinhibit (upregulate) hippocampal GR expression
(69). This cascade leads to a new molecular and functional steady-state, constituting the
reduced HPA axis tone observed in adult rats handled during early life. Importantly, the
increased expression of GR in the hippocampal formation may also alter synaptic activity
and memory function (70-72).

Direct Effects of CRH on Hippocampal Neurons

In the scenario depicted in the previous section, early-life experience influences
hippocampal function indirectly, via initial alterations of CRH expression in the
hypothalamus. However, is hypothalamic CRH expression alone regulated by early-life
experience? Could neonatal stress or experience also elicit rapid changes of CRH expression
in the hippocampus?

Evidence for selective modulation of CRH mRNA expression in hippocampus by specific
early-life stimuli has recently been provided (36). In the hippocampal formation, CRH is
primarily expressed in interneurons, which are interspersed throughout the pyramidal-cell
layer, where they innervate the principal cells (54,55). Thus, alteration of CRH synthesis and
subsequent release from these interneurons can directly influence the function of
hippocampal pyramidal neurons (42,73). Within the hippocampus, the postsynaptic actions
of CRH are excitatory (31). Intracellular electrophysiological recordings from hippocampal
CALl and CA3 pyramidal neurons of the adult rat revealed that exogenous, applied CRH
increased the firing of CA1 pyramidal neurons in response to excitatory input, and reduced
afterhyperpolarization following an action-potential train elicited by depolarizing current
(74). In immature slices, CRH led to hyperexcitability of CA3 pyramidal neurons, resulting
in a net increase of glutamate release and enhancement of synaptic efficacy (73). Indeed, the
peptide enhances LTP, thus facilitating memory retention (42,75-77). Importantly, recent
studies have documented the effects of endogenous CRH, which was released during stress,
on hippocampal synaptic plasticity (42). Thus, selective stresses elicit release of endogenous
hippocampal CRH, and the endogenous peptide facilitates hippocampal function (42).

CRH exerts its excitatory influence on hippocampal pyramidal cells by activating post-
synaptic G-protein-coupled membrane-bound receptors. Two receptor subtypes for this
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peptide (CRF; and CRF,) have been identified and characterized, and their differential
anatomical distribution suggests distinct functional roles (45-47,78). Using selective non-
peptide antagonists, our laboratory found that CRF; is the receptor mediating the excitatory
effects of CRH in hippocampus (28), which is strongly expressed in the hippocampal
pyramidal-cell layer (46). Activation of the CRFq receptor induces the cCAMP cascade,
leading to phosphorylation of the cAMP-response element-binding protein (CREB). The
phosphorylated form of CREB (pCREB) regulates the transcription of genes containing the
cAMP-response element (CRE), such as the immediately early gene c-fos as well as CRH
itself (79). CRH synthesis and release influences hippocampal function as discussed here. In
addition, C-fos expression in CRF1-expressing neurons (80) should lead to activation of
many diverse molecular cascades, which may further influence neuronal function.
Importantly, we found that blockage of CRH receptors, which prevents stress signals from
inducing c-fos expression in CRF1-bearing hippocampal neurons (80a).

The Effects of CRH on Hippocampal Neurons are Most Potent Early in Life

Hippocampal-slice studies have demonstrated enhanced excitatory properties of CRH in the
immature compared with the adult hippocampus (73,81). These observations are further
strengthened by in vivo studies showing that picomolar amounts of CRH administered into
the lateral ventricle of infant rats produce severe limbic seizures that last for several hours
(82), and a much higher dose (200-fold or 50-fold if calculated per g of brain weight) is
required to elicit excitatory discharges in the adult (83,84). In addition, administration of
CRH to immature rats has been shown to injure hippocampal neurons in a pattern that is
highly reminiscent of that found in stress-induced injury (23,85), yet administration of
equivalent doses to the adult does not produce neuronal injury. This finding is particularly
striking because other excitatory compounds, such as kainic acid, which injures neurons in
the adult, cause similarly severe seizures in immature animals, but fail to provoke excitatory
neuronal death (86,87). A partial explanation for this age-dependent powerful effect of CRH
on hippocampal neurons may involve the abundance of target receptors—studies using in
situ hybridization as well as receptor binding have shown that CRFq-receptor levels peak in
the hippocampus during development (47,88). Importantly, CRH may enhance neuronal
excitability for a prolonged period in the immature rat. Repeated administration of CRH
resulted in striking augmentation of the excitatory potency of the subsequently administered
kainic acid (89). Thus, one can propose a scenario in which stress leads to enhanced
hippocampal CRH levels, which “primes” both the excitatory and excitotoxic influences of
glutamate (31,73). Indeed, CRH-receptor antagonists have been shown to ameliorate
glutamate-induced neurotoxicity, suggesting a role for endogenous CRH in this excitotoxic
mechanism (90-92; see also 93). The findings cited here demonstrate that CRH in
pathological amounts (although still in the picomolar range) can contribute to neuronal
injury in the immature hippocampus. Are hippocampal pyramidal cells exposed to such
“excessive” levels of CRH during stress? Does peptide-mediated excitotoxicity contribute to
the adverse effects of early-life stress on hippocampal neuronal function and integrity?

Is CRH Involved in the Mechanisms by Which Severe, Chronic Early-Life
Stress Impairs Hippocampal Function Long-Term

As mentioned previously, severe or chronic stress during development can produce adverse
effects on the hippocampus, impairing hippocampal function permanently. Candidate
mechanisms for such long-term effects include signaling processes that have been found to
be induced by stressful challenges in the immature CNS. The major stress hormones
mediating these molecular cascades are CRH and glucocorticoids, and it has been shown
previously that saturation of GRs by “stress levels” of glucocorticoids results in
hippocampal neuronal injury (94). However, GRs reside primarily in CA1, (95) whereas
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stress-induced damage involves mainly CA3 pyramidal cells (96). In addition,
glucocorticoids fail to reproduce the effects of stress on hippocampal integrity when
administered in a manner that is not stressful to the animal (e.g., in food), suggesting that
other factors may be involved (97).

We reasoned that if CRH is one of the stress-activated factors that contributes to the
mechanism by which early-life stress causes long-lasting impairments of hippocampal
function and integrity, then early-life administration of the peptide should reproduce these
deficits. Indeed, a recent study from our laboratory supports this prediction. Significant
structural and functional hippocampal deficits were found in adult rats given CRH early in
life (postnatal d 10) (23). Structurally, the adult rats treated with CRH during development
had a significantly lower number of CA3 hippocampal pyramidal cells as compared to
vehicle-treated age-matched controls. This loss of pyramidal cells appeared to be
progressive, because at 12 mo, CRH-administered animals diverged more from age-matched
controls compared with the 8-mo time-point. The loss of CA3 pyramidal cells was also
reflected by altered growth patterns of the mossy fibers, the axons of the dentate gyrus
granule cells that normally innervate these CA3 neurons. This exuberant growth
(“sprouting™) is consistent with, and typical of, a loss of normal targets of the mossy fibers
(98). Importantly, the synapses formed by the aberrant mossy fibers on the remaining CA3
pyramidal cells are excitatory (glutamatergic), which could promote further excitotoxic
injury to these neurons.

In addition to these structural changes, administration of CRH to developing rats induced
hippocampus-mediated learning and memory impairments that were similar to those induced
by early-life stress (14,23). Specifically, deficits in spatial memory acquisition skills,
measured using the Morris water maze test, were observed in adult rats given CRH early in
life compared to controls. Short-term memory deficits were also detected in these animals
using the nonaversive object-recognition test. Importantly, both of these aspects of memory
function are hippocampus-dependent. As shown previously for the cell loss, the decline in
hippocampal function in the CRH-treated animals was progressive, and worsened over time.

Does the Effect of Early-Life CRH Administration on the Hippocampus Require
Glucocorticoids?

CRH induces the release of endogenous glucocorticoids, which in high (*“stress”) levels may
impact hippocampal neurons via activation of GRs (99). Therefore, the possibility that early-
life administration of CRH exerted its long-term effects on hippocampal structure and
function indirectly—e.qg., via glucocorticoids—was investigated: CRH was given to
immature rats rendered devoid of endogenous steroids (adrenalectomized). Glucocorticoid
levels were then maintained at levels much lower than those seen during stress (“clamped”)
by supplementing the drinking water. In these animals, in which saturation of hippocampal
GR did not occur, early-life administration of CRH still caused significant loss of
hippocampal pyramidal cells and impairment of hippocampus-mediated learning. These
findings indicate that high plasma glucocorticoid levels are not required for the anatomical
and cognitive adverse effects of early-life CRH administration.

Why would a single administration of CRH to the infant rat produce a progressive loss of
hippocampal neurons and hippocampus-dependent cognitive function? Further insight into
the mechanisms involved was provided through the analysis of CRH and CRF; expression
in the hippocampus after early-life administration of the peptide. Adult rats given CRH early
in life had significantly elevated CRH and CRF; mRNA steady-state levels compared to
controls. Thus, CRH administration to immature rats approximated the pattern of
hippocampal-cell activation provoked by stress (33,100), and led to chronic elevation of
CRH synthesis in hippocampal interneurons, as shown for certain early-life stressors (36).
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Enhanced CRH levels in the hippocampus resulted in increased stress-induced release of the
peptide from terminals that innervate CA3 pyramidal cells. This, coupled with upregulated
levels of the CRF receptor, promoted the overall synaptic effects of CRH. High levels of
synaptic CRH, combined with the increased glutamate release from the observed excitatory
aberrant mossy-fiber synapses (Fig. 4), probably contributed to excitotoxic injury
(31,85,90,92). Surviving neurons formed targets for further mossy fiber sprouting and the
formation of new excitatory synapses, perpetuating this vicious excitotoxic cycle (23). Not
surprisingly, progressive hippocampal-cell loss was reflected in progressive deficits in
hippocampus-mediated learning and memory tasks (23).

Early-life experience, particularly stress, influences neuronal function in the hippocampus
both acutely and long-term. Here, we discuss recent data supporting the notion that CRH
may be a critical contributor to these processes. CRH is a neuropeptide, and members of this
family of neurohormones exert their effects over a greater distance and longer time period
compared to traditional neurotransmitters. The effects of neuropeptides generally last for a
period of minutes to hours rather than seconds, probably because mechanisms for their
clearance from the synaptic cleft (e.g., transporters or rapid degradation) are less prevalent.
This time frame is optimal for mechanisms of memory acquisition, such as LTP. In contrast
to the beneficial effects of physiological CRH release, the prolonged actions of abnormally
high levels of CRH, released under pathological conditions, may promote excitotoxicity
during an age when activity-induced excitotoxicity is rare (31,101). The nature of these
detrimental effects of the peptide, and their critical role in mediating the clinically important
adverse effects of early-life stress on hippocampal-cell viability and function, have been
highlighted in this review.
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Fig. 1.

Hippocampal function, both short-term (e.g., LTP), and long-lasting (e.g., neuronal survival)
is influenced by early-life experience. The figure highlights the role of the neuromodulator
corticotropin-releasing hormone (CRH) in the mechanisms that mediate this “double-edged
sword” effect.
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Fig. 2.

Expression pattern of CRH-secreting neurons in the hippocampal formation. (A) CRH-
expressing neurons (arrows) are particularly common in the principal cell layers of the
hippocampus, as shown in the immunocytochemistry photomicrograph from an 18-d-old rat.
(B) CRH-expressing cells are interneurons as evident from the robust expression of GAD
(glutamic acid decarboxylase, the GABA-synthesizing enzyme), seen as dark signal in the in
situ hybridization reaction. These CRH-expressing interneurons form “baskets” of processes
around the cell bodies of the pyramidal cells (inset), innervating them directly. The age-
dependent profile of CRH-expressing cells in the hippocampus is shown in panel (C). Total
numbers of CRH neurons increase progressively from P1 to P18, with a subsequent decline
to adult levels. Scale bar = 700 um for A, 150 um for B, and 50 um for inset.
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Fig. 3.

Alternative mechanisms by which early-life-handling in rats leads to an attenuated stress
response in adulthood. The authors emphasize that the precedence of the “chicken” (reduced
CRH expression in hypothalamic paraventricular nucleus [PVVN]) over the “egg” (increased
expression of glucocorticoid receptors [GR] in hippocampus) is specific to the process under
discussion.
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Fig. 4.

CRH administration to neonatal rats reproduces the structural and functional hippocampal
deficits induced by early-life stress. (A) Cell numbers in subregions of the CA3 pyramidal-
cell layer from CRH-treated, vehicle-treated, and naive controls were determined at age 12
mo. One-way ANOVA with Tukey's multiple analysis indicated significant (p < 0.05; *vs
naive; + vs vehicle-treated) neuronal loss in CRH-treated rats in all CA3 subregions at 12
mo of age. (B) Sections of CA3A pyramidal cell regions from vehicle- and CRH- treated
rats (sacrificed at 12 mo), subjected to Timm's stain for visualizing the high zinc content of
mossy fiber (axons of the CA3-innervating granule cells) terminals. In CRH-treated rats,
these terminals were abnormally abundant within CA3 stratum oriens (so). (C) CRH-treated
rats show a trend toward impaired performance (increased escape latency) using the Morris
water maze at age 3 mo. By 6 and 10 mo, rats treated with CRH early in life take
significantly longer to locate the hidden platform (two-way ANOVA, treatment effect at 6
mo: Fy 132 = 9.62, p < 0.001; at 10 mo; F5 132 = 5.53, p < 0.01). s, stratum lucidum. Scale
bar = 50 um. These data are modified and reproduced from (ref. 23).
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