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Early life stress (ELS) is implicated in the etiology of multiple psychiatric disorders.
Important biological effects of ELS are manifested in stress-susceptible regions of
the hippocampus and are partially mediated by long-term effects on glucocorticoid
(GC) and/or neurotrophin signaling pathways. GC-signaling mediates the regulation
of stress response to maintain homeostasis, while neurotrophin signaling plays a
key role in neuronal outgrowth and is crucial for axonal guidance and synaptic
integrity. The neurotrophin and GC-signaling pathways co-exist throughout the central
nervous system (CNS), particularly in the hippocampus, which has high expression
levels of glucocorticoid-receptors (GR) and mineralocorticoid-receptors (MR) as well as
brain-derived neurotrophic factor (BDNF) and its receptor, tropomyosin-related kinase
receptor B (TrkB). This review addresses the effects of ELS paradigms on GC- and
BDNF-dependent mechanisms and their crosstalk in the hippocampus, including
potential implications for the pathogenesis of common stress-related disorders.

Keywords: early life stress, glucocorticoid, glucocorticoid receptor, BDNF, HPA-axis, TrkB, hippocampus

INTRODUCTION

Glucocorticoids are steroid hormones and the end product of the hypothalamus-pituitary-adrenal
(HPA) axis, which regulates the stress response. GC effects are mediated by MR and GR (De
Kloet et al., 1998; McEwen, 1998; de Kloet et al., 2005a);. MR and GR are abundantly expressed
in hippocampus and hippocampal function is implicated in both appraisal processes and stress
adaptation. Through MR, GCs influence the brain’s appraisal of novel information and memory
retrieval, and thereby influence behavioral coping responses (de Kloet et al., 2005a). As GC
concentrations increase in response to stressors, GR are activated to promote stress adaptation,
reallocation of energy resources in preparation for future events and recovery of the system (de
Kloet, 2003; de Kloet et al., 2005a).

One important target of GCs is BDNF-signaling, which is a crucial contributor to the
modulation of axonal guidance, synaptic plasticity and neurite outgrowth (Jeanneteau and Chao,
2013). MR, GR and the BDNF receptor, TrkB, are co-expressed in hippocampal neurons,
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supporting this region as the primary site of immediate
interactions between the GC- and BDNF-signaling pathways
(Jeanneteau et al., 2012).

In this mini-review we present the effects of ELS on
GC- and BDNF-dependent mechanisms in the hippocampus
using primarily evidence from ELS animal models. The most
commonly used rodent and non-human primate model in
this context is the maternal separation (MS) paradigms with
each displaying variations in developmental age, repetition and
duration (Table 1). GC- and BDNF-signaling pathways influence
each other and here we propose that ELS provokes a change in
their equilibrium that contributes to heightened risk for stress-
related psychopathology.

HPA-AXIS AND ELS

There is a distinct pattern of HPA-axis activity during early
development first described in rodents, which maintains stable
and low circulating GC levels during the stress hyporesponsive
period [SHRP; postnatal days (pnd) 1-10 in mice and pnd 3-
14 in rats] (Sapolsky and Meaney, 1986; de Kloet et al., 2005b).
Early life experiences can disrupt the SHRP by elevating basal
GC secretion and turning the HPA-axis responsive to subsequent
stressors. Thus, ELS not only exerts acute effects but also impacts
long-term developmental trajectories in the brain (de Kloet
et al., 2005b). In humans, the SHRP occurs during the postnatal
months 6-12 and adverse experiences during this period can have
a long-lasting impact on the HPA-axis (Gunnar and Quevedo,
2007).

MS is an established procedure of inducing acute stress effects
during early life that yields long-term effects. MS results in
heightened HPA-axis responsiveness in the early postnatal period
and triggers a variety of stress-related behavioral phenotypes
in later life (Daskalakis et al., 2014). However, MS effects
are dependent on many factors, including the duration and
frequency of the separations, age of the pups, and context
under which the pups experienced the separation from the dam
(Rosenfeld et al., 1992; van Oers et al., 1998; Enthoven et al., 2010;
Daskalakis et al., 2011). Furthermore, the long-term effects of MS
depend on match or mismatch with later life context (Daskalakis
et al.,, 2012). Studies using other ELS paradigms (variations of
maternal care, limited nesting) demonstrate similar long-term
effects that are mediated through GC-dependent mechanisms
(Liu et al., 1997; Champagne et al., 2008; Ivy et al., 2008).

Long-lasting alterations in the HPA-axis induced by ELS in
rodents have been linked to experience-dependent epigenetic
modifications in regulatory regions of stress-related genes
(Weaver et al., 2004; Murgatroyd et al., 2009). In humans, where
early adversity is associated with adult stress-related disorders
and HPA-axis dysregulation, similar epigenetic changes were
reported as observed in the above-mentioned rodent studies
(McGowan et al., 2009; Daskalakis and Yehuda, 2014; Ruby
et al, 2015). Interestingly, epigenetic changes caused by ELS
might depend on genetic predisposition (Klengel et al., 2013).
Therefore, the interplay of genetic background (hit-1) with
early experiences (hit-2), might create a vulnerable or resilient

neuroendocrine profile which, upon adult stress exposure (hit-
3), can produce an adaptive healthy or a maladaptive pathologic
response (Daskalakis et al., 2013).

BDNF SIGNALING AND ELS

ELS has consequences for structural and physiological properties
of stress-sensitive brain regions and behavior. For instance,
rats with a history of low maternal care displayed decreased
hippocampal synaptogenesis, BDNF, long-term potentiation
and memory at baseline (Liu et al., 2000). Neurotrophins
are crucial mediators in the facilitation of brain connectivity,
neuronal plasticity, synaptic integrity and the promotion of basal
neurogenesis (Ghosh and Greenberg, 1995; Lee et al., 2002). The
most abundant neurotrophin in the mammalian CNS is BDNF.
It is synthesized in the endoplasmic reticulum as a pre-pro-
molecule and undergoes two cleavage steps from pre-pro via pro-
BDNF to its mature form, which is packaged in secretory vesicles
(Pang et al., 2004; Revest et al., 2014). Upon neuronal activity,
BDNEF is released from the synapse and diffuses to its receptor
TrkB. Upon BDNF-binding, TrkB undergoes homodimerization
and autophosphorylation and thus, the activation of downstream
signaling cascades involved in neuronal integrity and survival
(Chao, 2003). Genetic modifications of BDNF have a crucial
effect on synaptic plasticity as shown in an animal study using
BDNF heterozygous (4/Met) for the Val66Met polymorphism.
After 7 days of restraint stress with BDNF het and wild-type
(WT) mice, BDNF het mice displayed reduced apical dendrite
density in the prefrontal cortex (PFC) and in addition, impaired
working memory in comparison to WT littermates (Yu et al,
2012). Moreover, BDNF influences synaptic transmission and
its efficacy is influenced by this single nucleotide polymorphism
(SNP) in its prodomain. In the same mouse model, the amount
of NMDA receptor mediated currents in the hippocampus
and the infralimbic medial PFC of BDNF Met/Met mice was
significantly lower than in BDNF Val/Val mice (Ninan et al,
2010; Pattwell et al., 2012). The human BDNF gene seems to be
under high selection pressure against genetic variability, since
in a whole exome sequencing study of 14 schizophrenia trios
and a subsequent study performing targeted exome capture
in 48 sporadic schizophrenia cases, both cohorts displaying
a high number of cases with childhood trauma, no novel
genetic variants in the BDNF gene were observed (Kranz et al,,
2015a,b).

BDNF-signaling is also influenced by ELS (Alleva and
Francia, 2009). In humans, ELS can evoke significant
memory impairments in adulthood (Bremner et al, 2003)
in association with reduced BDNF levels (Grassi-Oliveira et al.,
2008). Moreover, these associations depend on the Val66Met
polymorphism (Chen et al., 2006; Elzinga et al., 2011; Molendijk
et al, 2012). A similar pattern was observed for peripheral
BDNF expression in young rhesus macaques. Carriers of the
Met allele of the functionally ortholog polymorphism at codon
46 displayed decreased BDNF levels after maternal deprivation
(Cirulli et al., 2011). Besides the combined effects of genetics
and MS on BDNF expression, there are epigenetic effects
associated with ELS. The relationship of MS and epigenetic
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regulation of BDNF has been studied extensively in rodent
models (Table 1).

Effects of ELS on BDNF mRNA and Protein

Expression

There are too few studies to conclude on the direction of
changes in BDNF expression levels in the hippocampus or
other brain regions (<24 h after first maternal separation onset).
One possibility is that BDNF expression decreases acutely after
MS. However, pups exposed to MS also experience dietary
restriction due to the absence of the mother. It has been
demonstrated that dietary restriction increases BDNF expression
in the hippocampus, striatum and the PFC in rats (Duan et al,,
2001).

In the postweaning period and depending on the
characteristics of the MS protocol, increased BDNF expression
is reported more consistently. In the period between adulthood
and senescence, BDNF expression is reduced, but the time of the
switch depends on experimental characteristics (ELS paradigm,
stress context in adulthood), sex, rodent strain and brain region
of interest.

Effects of ELS on Epigenetic Regulation of
BDNF

ELS influences the methylation status of the activity-dependent
BDNF exon IV expression. One study has shown in rats that
repeated maternal separation (RMS) leads to a biphasic effect
of the exon IV promoter methylation status. At P21, RMS
results in lower H3K9 dimethylation of the exon IV promoter
but from adolescence (2 months) into adulthood (15 months),
the initially decreased dimethylation after RMS reverses into a
significantly increased dimethylation. Low dimethylation status
at P21 yields a high BDNF exon IV transcription and vice
versa during adolescence and adulthood (Suri et al., 2013). In
another study where the exon IV promoter methylation change
was not confirmed, increased exon IX promoter methylation
was reported in hippocampus in maternally separated pups
(Kundakovic et al., 2013). In a different ELS paradigm, rat
dams with restricted availability of nesting material resulted in
reduced maternal licking and grooming behaviors toward their
pups and reduced physical interaction between the dams and
their offspring (Ivy et al., 2008). This paradigm mimics infant
neglect as well, which entails increased basal corticosterone levels
in the offspring (Rice et al, 2008). Interestingly, maltreated
offspring display hypermethylation of the activity-dependent
BDNF exon IV promoter region in the PFC, which leads to
decreased exon IV expression (Roth et al, 2009). A follow-
up study demonstrated additional methylation changes in
the hippocampus and amygdala upon exposure to this stress
paradigm. These effects were sex and brain region specific
(hypermethylation of exon I in males in ventral hippocampus and
of exon I in basolateral amygdala (BLA) in females) (Roth et al.,
2014). These results were obtained using adult rats and highlight
the robust methylation alterations in BDNF that occur through
ELS. Finally, another study showed that communal nesting of
the pups increased histone acetylation at the BDNF exon IV
promoter (Branchi et al., 2011).

ELS Effects on Synaptic Plasticity and

Behavior

Irrespective of the MS paradigm, neurogenesis in the
subventricular zone of the hippocampus appears to be
consistently increased in the early postweaning phase and
decreased during late adulthood. Moreover, synaptic plasticity
related proteins such as neural cell adhesion molecule 1
(NCAM1) and synaptophysin are downregulated during
adulthood after MS. Finally, a behavioral phenotype occurs
in association with the temporal appearance of the above-
mentioned changes, including memory impairment, learned
helplessness, reduced social interaction, anhedonia and anxiety.

Synthesis

These studies indicate that ELS induced alterations of BDNF
expression in a brain-region specific and age-dependent manner
and provide evidence that BDNF upregulation potentially acts as
a neuroprotective mechanism upon ELS exposure.

INTERPLAY BETWEEN BDNF AND GC

Effects of BDNF and GC on GR

Transcriptome

The GC- and BDNF-signaling pathways influenced by ELS
are interlinked throughout life. A recent study confirmed
that the GR-specific transcriptome is significantly altered by
BDNF. Furthermore, simultaneous treatment of primary rat
hippocampal neurons with a synthetic GC, dexamethasone
(DEX), and BDNF induces the expression of a unique set of
GC-BDNF responsive genes. The majority of these genes are
involved in neurite outgrowth and differentiation (Lambert et al.,
2013). In the same study, the authors established that BDNF
leads to specific phosphorylation of the GR at serines 155 and
287 (Lambert et al., 2013). The latter serine (S287) is stress-
hormone responsive, since DEX alone is sufficient to increase
phosphorylation. In addition, increased S287 phosphorylation is
observed in corticotropin-releasing hormone (CRH) expressing
neurons in the parventricular nucleus (PVN) in mice that were
exposed to 10 min of forced swim test.

Impact of BDNF and GCs on Brain
Morphology

It is well established that chronic stress affects the morphology
of brain structures such as the hippocampus and the amygdala
(Watanabe et al., 1992; Magarinos et al., 1996; Vyas et al., 2002).
However, questions remain as how stress load and duration
affect these brain regions on a structural level. Interestingly, a
single exposure to emotional stress has been shown to increase
dendritic length and number in amygdala and vice versa in
the hippocampus (Rao et al, 2012). However, a recent study
suggests that these neuronal phenotypes exclusively occur in
rats displaying a vulnerable phenotype, with the degree of
cytoarchitectural change predicting the changes in behavioral
patterns (Cohen et al., 2014). Based on these findings it is of
interest to understand if these stress effects on brain morphology
are mediated by GCs. Corticosterone injections over the course
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of 3 days led to increased spine formation and concomitant
spine elimination. In contrast to these findings, administering
daily corticosterone over 10 days caused higher spine elimination
(12.1-22.7%), but no increase in spine formation (Liston and
Gan, 2011). Interestingly, the developing brain (P30) was even
more sensitive. This GC effect seems to be mediated in the
CNS directly and preferentially through MR. In another study
investigating pubertal rats revealed that a single corticosterone
administration evokes differential spatio-temporal effects in the
PFC and the BLA (Kim et al., 2014). In particular, 6 days after
a moderate dose of corticosterone injection (10 mg/kg) in the
medial PFC the dendritic branches and lengths were decreased
in parallel with working memory performance. Those effects
returned to baseline 1 week after these measurements (day 12).
In the BLA the effects of an acute corticosterone injection were
slower in onset (day 12 after injection) and were also normalized
after a week (day 20). When stress and acute corticosterone
administration coincide, they antagonize each other rather than
acting in an additive manner (Rao et al., 2012; Cohen et al., 2014).

GC and neurotrophin systems both act in antagonistic as
well as in synergistic manners. BDNF and GC are involved
in dendritic arborization, whereas BDNF is generally more
associated with spine formation and stabilization with GC rather
playing an important role in spine turnover (Jeanneteau and
Chao, 2013). Mice carrying the minor allele (Met) of the human
BDNF Val66Met (rs6265) variant, which alters the structural
conformation of the BDNF pro-domain, display less branching
in the dentate gyrus (Chen et al.,, 2006). With regard to GC,
one study showed that chronic GC application results in spine
loss in the barrel cortex. Interestingly, transient increased GC
levels mostly affected newly formed spines, whereas chronically
increased GCs affected spines that have been developed early in
life (Liston and Gan, 2011).

Molecular Mechanisms of BDNF and GC

Interplay

BDNF can directly influence the HPA-axis regulation through
alterations of CRH expression levels. In primary hippocampal
neurons, BDNF administration induced a three-fold increase
in CRH expression. On the other hand, DEX administration
led to repression of CRH, which could not be normalized
by BDNF treatment (Jeanneteau et al, 2012). A chromatin
immunoprecipitation experiment revealed that DEX treatment
evoked increased GR-binding to the CRH promoter (Miller
et al., 2011; Jeanneteau et al., 2012). In contrast to DEX,
BDNF leads to an increase of cAMP response element-binding
protein (CREB) -binding to its site on the CRH promoter, which
is in proximity (22 bp) to the GR-binding site. The central
mechanistic element in CRH regulation is the recruitment of
CREB to the CRH promoter. For transcriptional activity, CREB
requires the interaction with a coactivator protein named CREB-
regulated transcription coactivator 2 (CRTC2). The increase of
GC levels lead to the relocalization of the nuclear CRTC2 to
the cytosol and thus decreased CREB transcriptional activity at
the CRH promoter (Jeanneteau et al., 2012). In the same study,
hypomorphic GR mice had increased BDNF expression and TrkB
phosphorylation levels in the PVN in comparison to control

littermates. This data is consistent with cross-talk between the
neurotrophin and HPA-axis systems through the converging
pathways, which are yet to be fully elucidated (Figure 1).

Another link between the GC- and BDNF-signaling pathways
seems to involve the mitogen-activated protein kinase (MAPK)
pathway. Chronic stress not only produces high levels of
corticosterone and depressive-like behavior (de Kloet et al.,
2005a), but also increases levels of a phosphatase in the
MAPK pathway, (ie., dual specificity phosphatase 1; MKP-
1) in the brain. Chronic overexpression of MKP-1 induces
detrimental effects by inhibiting axonal growth (Duric et al.,
2010). Normalizing GC levels and consecutively MKP-1
expression levels leads to a restoration of stress-related
depressive phenotypes through normalization of BDNF
expression. Alternatively, constitutive knockdown of MPK-1 is
associated with stress-resilience (Jeanneteau et al., 2010).

High GR levels decrease the abundance of the activity-
dependent BDNF exon IV transcript in the dentate gyrus, CAl
and CA3 regions of the hippocampus without influencing exon
I and II transcripts (Smith et al., 1995; Hansson et al., 2006).
This calibration effect is corroborated by observations from
adrenalectomized mice, in which corticosterone production is
abolished and BDNF expression is increased in the CAl, CA3
and dentate gyrus of the hippocampus (Chao et al,, 1998). In a
further study it was demonstrated that acute GC activity evokes
transiently increased tissue-plasminogen activator (tPA) protein
levels. The presence of higher levels of tPA yields an increased
proteolytic cleavage of pro-BDNF to mature BDNF. The higher
amount of mature BDNF itself binds TrkB and enhances
downstream MAPK phosphorylation, which is necessary for the
formation of enhanced contextual fear memory (Revest et al,
2014).

CONCLUSION

There is growing body of evidence that the GC-BDNF crosstalk
is essential for the early-life programming of the HPA-axis
and neurotrophin signaling. During early life, high BDNF and
low GC levels are required for neuronal maintenance, synaptic
integrity and dendritic spine stabilization in the hippocampus.
BDNF-GC equilibrium is crucial throughout life as a major
mechanism for stress response regulation. ELS can influence
the set point of this equilibrium and thus cause long-term
sensitizing effects on stress vulnerability. There is a body of
evidence that ELS shifts BDNF as well as GR expression levels
in the developing CNS. The long term effect of ELS exposure
is a downregulation of BDNF expression (Table1) and GR
expression in the hippocampus (Sutanto et al, 1996; Aisa
et al., 2007). The combination of both low BDNF and low
GR expression favors the vulnerability to develop stress-related
disorders during adolescence and adulthood, especially upon
additional stress exposures. Phenotypes associated with the ELS-
induced reductions of BDNF and GR expression in rodents
(Table 1) have been additionally observed to be associated with
the interaction of the BDNF Met risk allele (Val66Met) and
childhood trauma in humans (Molendijk et al., 2012; Aas et al,,
2013). Therefore, it is important to understand that genetic and
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FIGURE 1 | Interplay of TrkB and GR signaling pathways in the CNS. In the presence of BDNF, the TrkB receptor homodimerizes and initiates several signaling
pathways promoting neuronal survival, growth and differentiation (Akt and MAPK). Activation of the PLCy pathway leads to CAMKII-mediated phosphorylation of the
transcription factor CREB. In presence of a low amount of GC, the CREB-coactivator CRTC2 is dephosphorylated and translocates to the nucleus and binds to
phospho-CREB. The phospho-CREB-CRTC2 complex binds at the CRH promoter and drives basal CRH expression in the PVN. Upon occurrence of ELS, the HPA
axis signaling pathway is activated, yielding increasing GC levels. GC pass the plasma membrane and enter in to the cytosol and binds to GR, thereby inducing
homodimerization (GR-GC complex). The GR-GC complex targets the BDNF promoter and drives basal BDNF production. Exceeding GC levels evoke a translocation
of the CREB-coactivator CRTC2 to the cytosol and its phosphorylation, thereby inactivating CREB-dependent CRH production. Thus, the GR and TrkB pathways are
calibrated and a specific balance of both GC and BDNF levels is necessary during neurodevelopment to keep homeostasis. Abbreviations: CNS, central nervous
system; TrkB, tyrosine kinase receptor type 2; GR, glucocorticoid receptor; CAMKII, Calcium/Calmodulin-Dependent Protein Kinase Il; CREB, cAMP Responsive
Element Binding Protein; CRTC2, CREB Regulated Transcription Coactivator 2; ELS, early life stress; GC, glucocorticoids; BDNF, brain-derived neurotrophic factor;
ACTH, adrenocorticotropic hormone; HPA axis, hypothalamus-pituitary-adrenal gland axis.
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