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ABSTRACT
Stress is an evolutionarily conserved process that allows for mitigation of
environmental stimuli that threaten the individual’s health and wellbeing. The
response to a stressful stimulus is centrally governed by the HypothalamicPituitary-Adrenal axis which begins by activation of neurons in the paraventricular
hypothalamus (PVN) and their secretion of corticotropin-releasing factor (CRH)
into the blood. CRH works down-stream of the PVN to cause secretion of
adrenocorticotropic hormone (ACTH) which travels in the circulation to the
adrenal cortex where it stimulates release of glucocorticoids (GCs) that travel
throughout the body to cause sympathetic activation, increased arousal and
vigilance and behavioral changes necessary for mitigation of a stressor.
Stress can lead to neuropsychiatric disorders in vulnerable individuals and
this vulnerability is thought to be conferred by a complex combination of genetic
predisposition and environmental stressors. Among the candidate genetic
factors contributing to stress-induced disease is the brain-derived neurotrophic
factor (BDNF.) Genetic dysregulation of BDNF regulated secretion via the Val66-Met single nucleotide polymorphism has been associated with disruption of
mood and anxiety in humans and animal models. Both acute and chronic stress,
as well as exogenous application of GCs, have been found to regulate BDNF
expression in the PVN. Additionally, BDNF infusion to the lateral ventricles of
rodents causes elevations of CRH transcript in the hypothalamus.
In this thesis I present my investigation of the hypothesis that BDNF in
CRH-expressing neurons is a critical regulator of the behavioral response to
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stress. I have shown that BDNF colocalizes with CRH in parvocellular neurons
of the PVN and that targeted deletion of BDNF from CRH neurons throughout the
brain results in altered behavioral response to stress. Specifically, I have shown
that loss of BDNF from CRH neurons prevents stress-induced alterations in
anxiety-like and exploratory behavior in the Open Field Test and Elevated Plus
Maze but not the Light-Dark Box Test. Additionally, I have demonstrated that
BDNF KO mice exposed to one week of chronic stress have elevated circulating
GCs and reduced PVN expression of glucocorticoid receptor (GR) compared to
stressed controls and to non-stressed controls and BDNF KOs. These findings
imply that BDNF in CRH cells is necessary for chronic stress-induced changes in
behavior and that these behavioral changes are mediated by BDNF-dependent
inhibition of HPA-axis activity.
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“Nature uses only the longest threads to weave her patterns, so each small piece
of her fabric reveals the organization of the entire tapestry.”
-

Richard Feynman
The Law of Gravitation, Chapter 1, p. 34
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CHAPTER 1. INTRODUCTION
1.1. The Neurocircuitry of Stress
Stress is often thought of as merely something to be avoided, a state that
degrades health and quality of life. Indeed, an environment of continuous stress
or even an acute traumatic event, when encountered by a vulnerable individual,
can lead to disordered psychological states especially as it relates to anxiety and
mood (Thiel & Dretsch, 2011). However, stress is an essential evolutionary
adaptation that allows the individual to mitigate threats to its survival and
wellbeing that may be defined as the variable and complex interplay between
physiological, psychological and behavioral processes that occurs within an
organism in response to stimuli that jeopardize its homeostatic wellbeing.
These stimuli, termed “stressors” can be broadly classified by the type of
threat they pose. Threats to the physical integrity of an organism are referred to
as “systemic” stressors and include such catastrophically traumatic events as
sudden severe blood loss and whole-body inflammation. Conversely, stressors
may be primarily or wholly psychological in nature, meaning at least part of the
threat they pose is generated within the mind. These “psychogenic” stressors
include things like social intimidation, phobias and negative self-appraisal. The
“stress response” is engaged when an organism encounters a stressor and
consists of a milieu of hormonal and neurochemical changes that modulate
vigilance, arousal and/or action (Thiel and Dretsch, 2011; Neese and Young,
2000).
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Perception of a stressful stimulus results in activation of the hypothalamicpituitary-adrenal (HPA) axis (Figure 1.1) (Selye, 1956; Thiel & Dretsch, 2011).
Parvocellular neuroendocrine cells (PNCs) of the hypothalamic paraventricular
nucleus (PVN) are activated to release corticotropin-releasing hormone (CRH)
and arginine
vasopressin (AVP) via
neurosecretory
terminals at
the median
eminence into
hypothalamohypophyseal portal
system. CRH and
AVP travel in the blood
to the anterior pituitary
where they induce
secretion of
adrenocorticotropic
hormone (ACTH)
which in turn travels in
the circulation to the adrenal cortex where it stimulates secretion of
glucocorticoids (GC). GC travel throughout the body to mediate sympathetic
activation and behavioral changes characteristic of the canonical “flight/fight or
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freeze” response (Cannon, 1929, 1932; Bracha et al., 2004). Once the stressor
has been removed, the stress response is suppressed by the action of GC on
glucocorticoid receptors in the PVN and anterior pituitary.
Stress does not always result in disease. Vulnerability to stress-induced
pathology is thought to result from a complex interplay of genetic and epigenetic
factors combined with significant environmental stressors leading to loss of the
ability to be adaptable and to maintain the body in an altered state during stress
(Franklin et al., 2012; Daskalakis et al., 2013; Karatsoreos & McEwen, 2011).
This maintenance, originally introduced as “allostasis” by McEwan (1998), means
that adaptations are in place to promote and maintain survival mechanisms in the
body and are not confined to a critical range that, as is the case with
homeostasis, implies death when breached. The cost that allostatic responses
can exert over time is known as allostatic load (McEwan, 2000a) and thus
allostatic overload occurs when this toll eventually manifests itself as a stressrelated neuropsychological disorder (Thiel & Dretsch, 2011).
The neurocircuitry that mediates the stress response (Figure 1.2) is
centered around the hypothalamic PVN and the complex integration of inputs
that regulate its activity state (Levy & Tasker, 2012; Wong & Schumann, 2012;
Herman et al., 2012; Wamsteeker & Bains, 2010; Jankord & Herman, 2008; Bao
et al., 2007; Laryea et al., 2015; Traver et al., 2006). Sensory perception of
environmental context is relayed to the PVN via several direct and indirect
circuits. Under basal conditions, activity of the PVN is kept under tonic inhibition
by ɣ-aminobutyric acid (GABA) inputs from the posterior bed nucleus of the stria
3

terminalis (BNST), medial pre-optic area (mPOA) and other hypothalamic nuclei
including the peri-PVN and the ventrolateral dorsomedial nucleus (vl-DMH).
These inhibitory inputs are governed by excitatory circuits from the pre-limbic
medial prefrontal cortex (mPFC) and hippocampal (HC) and ventral subiculum
(vSUB) afferents. Tonic inhibition is maintained in PVN PNCs by the potassiumchloride cotransporter 2 (KCC2) which extrudes Cl- from inside the cell to
maintain an inward current of Cl- ions thru GABA-A receptors and
hyperpolarization to inhibit PNC activity (Wamsteeker & Bains, 2010).
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Upon perception of a stressful stimulus, the PVN is activated to release
CRH and AVP via excitatory and noradrendergic inputs from the solitary nucleus
(NTS) and in the brainstem, locus ceruleus and the anterior BNST. In the
context of stress, GABAergic input also becomes excitatory due to the collapse
of the chloride gradient secondary to adrenergic inhibition of the ability of KCC2
to extrude Cl-, thus allowing GABA-AR currents to become depolarizing upon
bursts of activity from GABA afferents (Hewitt et al., 2009; Wamsteeker & Bains,
2010; Maguire, 2014; Mody & Maguire, 2012).
PVN organization and output is summarized in Figure 1.3. Cells of the
PVN have historically been broadly divided into two groups based on morphology
and these cell types fall into specific subnuclei. Magnocellular neurons are
notably larger and generally occupy the lateral regions of the PVN. These cells
secrete oxytocin which
mediates parturition,
lactation and emotional
connection, and AVP
which modulates vagal
tone, into the
neurohypophysis
(posterior pituitary).
The relatively smallerbodied parvocellular
neurons (or PNCs) are
5

characterized by their ability to secrete neuroendocrine species such as CRH,
urocortins and thyrotropin-releasing hormone (TRH) as well as many other
peptidergic signals. PNCs may be subdivided into preautonomic and
preautonomic pools with the former projecting to the brainstem and spinal cord
and the latter being primarily responsible for secretion of CRH into the median
eminence upon stress activation.
1.2. The Stressed PNC Synapse
1.2a. GABA-ergic Synapses on PNCs (Figure 1.4). Resting tonic inhibition of
PNCs of the PVN is dynamically maintained during circadian fluctuations in
circulating GCs that oscillate in a diurnal pattern. Low GC levels signal primarily
via the mineralocorticoid receptor (MR) and peak near the start of the active
phase to maintain diurnal rhythms of arousal, metabolism, immune response and
cardiovascular activity (Chung, et al., 2013). Under these conditions, circulating
catecholamines are low and KCC2 on GABA-ergic synapses remains active.
This allows inward chloride currents to be maintained at GABAARs (Maguire,
2014) and tonic inhibition to prevail.
Acute stress results in dephosphorylation and inhibition of KCC2 via
adrenergic receptor activation. KCC2 blockade causes collapse of the chloride
gradient with buildup of Cl- intracellularly such that the reversal potential of
GABA-ergic currents (EGABA) is reversed and GABAAR activation by bursts of
GABA becomes excitatory. Excitatory GABA signalling is associated with
LTPGABA and LTDGABA, implying a role for changes in GABA-ergic synaptic
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plasticity in mediating stress-induced behavior. Indeed, chronically stressed
mice with deficits in KCC2 have depression-like behavioral changes (Miller &
Maguire, 2014). This change is mediated by reductions in KCC2 expression and
in KCC2 phosphorylation at Serine940 leading to a state in which the intracellular
chloride load is not sufficiently relieved and GABAAR activity is either weakly
inhibitory or excitatory (Miller & Maguire, 2014).

1.2b. Glutamatergic Synapses on PNCs (Figure 1.5). Under basal conditions,
glutamate synapses are largely quiet with basal levels of glutamate receptors in
the synaptic density and vesicular reserves of AMPARs and kainate receptors
awaiting stimulated recruitment. Acute stress results in rapid glutamatergic
bursts onto PNC dendrites causing NMDAR activation, calcium flux into the
synapse and post-synaptic potentiation via insertion of AMPARs (iGLURs) into
the membrane. After chronic stress, elevated circulating GCs results in reduced
7

GR expression. Moreover, persistently elevated glutamate signaling is mediated
by elevation in number of glutamatergic synapses on PNCs and an increase in
AMPARs containing the kainate-prefering GluR5 subunit as well as a reduction of
NR2B-containing NMDARs and of GR. This potentiation leads to hyperresponsiveness to environmental stimuli such that once benign experiences
become stressful, culminating in excess CRH production, chronically elevated
GC and increased anxiety-like behaviors in rodents (Thiel and Dretsch, 2011.)

1.3. Neurotrophins and Neurotrophic Receptors
Neurotrophins are a family of structurally related growth factors involved in
development, differentiation and survival of neuronal cells that are evolutionarily
conserved in vertebrates from insects to mammals. In mammals, there are four
neurotrophic family members, which include nerve growth factor (NGF), brainderived neurotrophic factor (BDNF), neurotrophin-3 (NT3) and neurotrophin-4
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(NT4). Homozygous loss of NGF (Crowley et al., 1994), NT3 (Donovan et al.,
1996; Ernfors et al., 1994a) and BDNF (Ernfors et al., 1994b) results in smaller
offspring that fail to thrive and die perinatally, suggesting that neurotrophins play
critical roles in survival.
The groundwork of the discovery of the family of neurotrophins and their
effects on neuronal survival was laid in the 1930s by Viktor Hamburger’s original
studies of the effects of removal or addition of limb buds from chick embryos and
the subsequent changes in neuron number in the spinal cord levels associated
with wing innervation. Hamburger reasoned that “each part of the peripheral field
controls [the development of] its own nervous center and that some signal that
travels from the periphery into the axon terminus and back to the neuronal cell
body must be responsible for this control. Later, Rita Levi-Montalcini and
colleagues built on this foundation by showing that the innervated target had the
ability to suppress developmental cell death of innervating neurons and that a
diffusible factor must be responsible for this trophic effect (Levi-Montalcinia&
Levi, 1943; Hamburger & Levi-Montalcini, 1949).
The first neurotrophin family member, NGF was isolated from the salivary
glands of mice (Montalcini and Hamburg, 1953) and its importance in vivo was
demonstrated by Stanley Cohen in 1960 by showing that injections of antibodies
to NGF resulted in neuronal cell death. After the discovery of NGF, it would take
until the late 1980s for a second neurotrophin, BDNF, to be isolated (Barde et al.,
1982; Leibrock et al., 1989) and its discovery was closely followed by that of NT3
(Hohn et al., 1990; Jones & Reichardt, 1990; Maisonpierre et al., 1990;
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Rosenthal et al., 1990) and NT4 (Berkemeier et al., 1991; Hallbrook et al., 1991;
Ip et al., 1992). Mature NTs, including BDNF, exist as noncovalently associated
dimers of ~13.5 KDa protomers (Bothwell and Shooter, 1977; Radziejewski et al.,
1992).
High-resolution crystal structures of all four NTs have been characterized
(Butte et al., 1998; McDonald et al., 1991; Robinson et al. 1999) and show a
highly conserved “cysteine knot” structure consisting of a backbone of 2 pairs of
anti-parallel β strands stabilized by three disulfide bonds. The similarity in
structure of the interaction interface permits formation of heterodimers in vitro,
but this has not been demonstrated in vivo (Jungbluth, 1994; Philo et al., 1994;
Robinson et al., 1995).
Each of the neurotrophins are expressed by and give functional support to
overlapping populations of neurons (Davies et al., 1986; Lindsay et al., 1985) and
their expression is temporally regulated throughout development with NT3 at high
levels in the central nervous system (CNS) during embryogenesis (Maisonpierre
et al., 1990) and BDNF dominating postnatally (Hofer et al., 1990; Maisonpierre
et al., 1990).
Neurotrophin mRNA transcripts are translated into 210-270 amino acid
proneurotrophins in the rough endoplasmic reticulum with translation occurring
either in the cell body or locally within distal dendrites. The proneurotrophins are
packaged into secretory vesicles where they are cleaved by proprotein
convertase family proteases into the mature 120 amino acid neurotrophins
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(Seidah et al., 1996). The secreted mature neurotrophin can act on the cell from
which it was secreted in an autocrine fashion or it can act on neighboring cells in
a paracrine fashion.
Upon secretion, neurotrophins act as ligands for p75NTR and the tyrosinereceptor kinase (Trk) family of protein kinase receptors. p75NTR is a member of
the tumor necrosis factor (TNF) receptor superfamily that is expressed primarily
during early development where its binding to neurotrophins mediates
programmed cell death (Dechant & Barde, 2002). Meanwhile, activation of Trk
receptors mediates the cell survival, growth, differentiation and plasticity
properties of neurotrophins.
Trk receptors consist of single-pass type I transmembrane proteins with
heavily glycosylated extracellular domains that contain leucine-rich repeats
flanked by cysteine rich repeats and two immunoglobulin-C2 domains proximal to
the transmembrane region where ligand-receptor interaction takes place (Ultsch
et al., 1999; Wiesmann et al., 1999, Holden et al., 1997). Variation in the
extracellular domain resulting from alternative splicing of Trk mRNA and
generation of altered Trk isoforms can alter binding affinity between the ligand
and Trk receptor (Clary and Reichardt, 1994). Upon ligand binding, Trk
receptors dimerize and tyrosine residues in the autoregulatory loop of an
intracellular tyrosine kinase domain are phosphorylated, thus initiating signal
transduction (Figure 1.6).
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Although, neurotrophin receptors can function independently, when coexpressed within a cell they can affect each other’s functions. For example,
p75NTR can increase ligand affinity and selectivity for Trk receptors (Benedetti et
al., 1993). All pro-neurotrophins and their mature counterparts can bind and
activate p75NTR but the mature neurotrophins bind Trks in a specific manner
such that NGF prefers TrkA, BDNF and NT4 prefer TrkB, and NT3 binds with
highest affinity to TrkC and more weakly to TrkA and B (Bothwell, 1991).
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Upon NT-Trk ligation, the Trk receptor dimerizes and autophosphorylation
initiates intracellular signal transduction cascades. Y490 phosphorylation results
in a conformational change that creates a Src Homology 2 Domain (Shc) which
leads to activation of phosphatidylinositol-3-kinase (PI3K) via growth factor
receptor bound protein 2 (Grb2) and Gab1. PI3K activation allows a change in
local membrane composition and this enables protein kinase B (Akt) to
translocate to the membrane and become activated. Activation of Akt results in
increased in protein translation via the mTOR pathway, in axonal outgrowth via
the inactivation of GSK-3β, and in neuronal survival via inhibition of the proapoptotic Bad, forkhead transcription factor (FKHRL1), and IκB. Grb2 also
interacts with son of sevenless (SOS) to stimulate Ras activation and
subsequently initiation of the c-Raf/MEK/Erk cascade which contributes to local
axonal outgrowth and cAMP response element binding protein (CREB)-mediated
transcription.
Upon Y875 phosphorylation, phospholipase C gamma (PLCɣ) is recruited
to hydrolyze phophatidylinositol(4,5)-bisphosphate (PI(4,5)P2) into diacylglycerol
(DAG) and tris-phophate (IP3) leading to release of intracellular calcium ions
and activation of Ca2+-calmodulin-regulated protein kinases (CamKii),
calcineurin and protein kinase C (PKC). PKC activation stimulates the cRaf/MEK/Erk cascade as well as the capsaicin VR1 channel and the transient
receptor potential channel (TRPC) which contribute to the rise of Ca2+ at growth
cones and synapses. In the case of TrkB, phosphorylation at the PLCɣ site also
results in cAMP and CREB-dependent transcription and in the formation of TrKB13

postsynaptic density 95 (PSD95) complexes at synapses (Deinhardt & Chao,
2014).
1.4. Regulated Secretion of BDNF
In addition to its effects on neuronal development and survival, BDNF has
been shown to mediate glutamatergic synaptogenesis and synaptic plasticity in
the adult brain contributing to an array of behavioral changes, including
alterations in anxiety- and depression-like behaviors (Tsankova et al., 2006;
Krishnan et al., 2007; Monteggia et al., 2007; Taliaz et al., 2011). However, a
clear link between BDNF in CRH+ neurons and alterations in behavior has not
been demonstrated. The studies described in this thesis investigate the role of
BDNF in CRH+ cells mediating anxiety- and depression-like behavior. Regulated
secretion of BDNF is thought to be essential for these latter effects and is
mediated by pre-synaptic and post-synaptic mechanisms.
BDNF transcripts may be translated in the cell body in rough endoplasmic
reticulum (RER) into proBDNF. ProBDNF forms a homodimer that transits
through the Golgi and accumulates in the trans-Golgi network (TGN) where it
interacts with sortillin (Chen et al., 2005) to be directed to the regulated pathway
in dense core vesicles (DCVs). Much of the proBDNF is cleaved in the TGN by
furin and proconvertases into mature BDNF but some is left intact until it is
secreted into the extracellular space where it can then be cleaved by tissue
plasminogen activator into the mature form (Lessmann et al., 2003; Nagappan et
al., 2009; Yang et al., 2009). DCVs are anterogradely transported along the
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axon in a KIF1A-dependent fashion (Lo et al., 2011) and accumulate in the
presynaptic terminal where they are released in an activity-dependent manner.
This presynaptic secretion of BDNF can regulate development and maintenance
of neuronal networks (Altar and DiStefano, 1998; Lessmann et al., 2003;
Matsumoto et al., 2008; Shinoda et al., 2011).
Alternatively, BDNF transcripts may be trafficked via the mRNA binding
protein, translin, to RNA granules that are transported to distal dendrites via the
trans-activating elements staufen and Pur-α, the kinesin-5 subfamily of molecular
motors and the RNA-associated protein CArG box binding factor A (Baj et al.,
2011; Falley et al., 2009; Hirokawa, 2006; Raju et al., 2011). In response to
presynaptic glutamatergic stimulation BDNF transcripts in dendrites may be
locally translated and secreted into the synaptic cleft. Secreted BDNF can then
act in an autocrine or paracrine fashion. By binding TrkB on the post-synaptic
membrane, BDNF can exert post-synaptic potentiation effects; whereas, binding
TrkB on the presynaptic membrane can result in potentiation of neurotransmitter
release and also regulation of synaptogenesis (Bronfman et al., 2011).
1.5. The BDNF Val-66-Met Single Nucleotide Polymorphism
BDNF has been implicated in pathological mechanisms leading to
neuropsychiatric disease. Perhaps the most direct evidence for a role for BDNF
in humans comes from patients who carry the Val-66-Met single nucleotide
polymorphism (SNP) of the Bdnf gene. This SNP is highly prevalent with up to
one quarter of the population carrying at least one allele (Database of Single-
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Nucleotide Polymorphisms – National Center for Biotechnology Information,
National Library of Medicine, 2012) and is associated with reduced episodic
memory function, reduction in hippocampal volume and increased tendency to
develop mood abnormalities and anxiety disorders in humans (Hajek et al., 2012;
Egan et al., 2003; Frielingsdorf et al., 2010; Soliman et al., 2010; Verhagen et al.,
2010; Chen et al., 2006; Dincheva et al., 2012; Martinowich et al., 2007; Hosang
et al., 2014). Additionally, healthy male carriers of the Met allele showed
reduced psychosocial stressor-induced HPA-axis and cardiovascular reactivity
and reduced self-reported ratings of perceived stress compared to those with
Val/Val genotype (Alexander et al., 2009).
The BDNF Val-66-Met allele impedes BDNF signaling. As a consequence
of substitution of a guanine (G) to an adenine (A) at position 196 in the BDNF
transcript, the normally expressed valine (Val) is substituted for methionine (Met)
at codon 66 in the prodomain region of the growing peptide and the regulated
secretion of BDNF in at least two ways. Firstly, it has been demonstrated at the
transcript level that the substitution of G for A prevents normal association with
translin, thus inhibiting dendritic targeting of the transcript and thereby reducing
local dendritic translation and activity-dependent secretion of BDNF (Baj et al.,
2013). Secondly, after production of the pro-peptide in the soma, presence of
Met prevents normal association of the pro-BDNF with sortilin, thereby reducing
its effective trafficking to dense core vesicles for anterograde transport to the
axon terminus (Chen et al., 2004, 2005).
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The role of the Val-66-Met BDNF allele in the pathophysiology of
neuropsychiatric disorders has been further elucidated by studies in rodents.
Val-66-Met knock-in mice homozygous for the SNP show increased anxiety-like
behavior in the open field and impaired contextual (but not cue-dependent) fear
conditioning. Additionally, they exhibit reduced responsiveness to chronic
antidepressant treatment, a significant decrease in hippocampal volume, and an
approximately 30% reduction in activity-dependent secretion of endogenous
BDNF (Chen et al., 2006, 2008).
1.6. BDNF/TrkB Signaling in Stress and Anxiety
In addition to the Val-66-Met associations with altered mood and anxiety
phenotypes, in 2013 a meta-analysis of the human literature showed alterations
in BDNF expression in patients with anxiety disorders. Changes in circulating or
soft tissue levels of BDNF were specific for the specific anxiety disorder being
examined (Suliman et al., 2013). Corroborating these findings, studies in rodents
have consistently demonstrated that BDNF expression in the hippocampus
(Givalois et al., 2001), hypothalamus (Marmigere et al, 2003) and pituitary (Rage
et al., 2002) were elevated after immobilization stress.
The PVN of rodents was shown to have high levels of BDNF (Aliaga et al.,
2002; Castren et al., 1995; Rage et al., 2002) and TrkB (Merlio et al., 1992; Yan
et al., 1997). Moreover, work by Smith and colleagues using adult male SragueDawley rats demonstrated with double in situ hybridization that BDNF and CRH
transcripts colocalized in cells of the hypothalamic PVN (Smith et al., 1995). This
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result was later revisited by Givolais et al., who showed that BDNF and CRH
transcripts in the PVN of rats were highly correlated in serial sections (Givolais et
al., 2004). Additionally, both acute and chronic immobilization stress increases
BDNF transcript in the PVN in conjunction with elevated CRH transcript content
(Givalois et al., 2004; Smith et al., 1995).
In line with these findings, GR deletion from the PVN resulted in
disinhibition of the HPA axis and elevations in CRH and BDNF mRNA in the
hypothalamus suggesting that BDNF/TrkB and GC/GR signaling converge upon
CRH (Jeanneteau et al., 2012). GCs have been shown to selectively activate
TrkB both in vitro and in vivo independently of BDNF expression changes via
interactions with GR. The ability of GCs to increase Trk receptor activity resulted
in the neuroprotection of neurons deprived of trophic support (Jeanneteau et al.,
2008), however, chronic corticosterone administration reduced TrkB-GR
interaction as well as BDNF-stimulated PLC-gamma, and BDNF-triggered
glutamate release (Numakawa et al., 2009).
BDNF infusion experiments in rodents reinforce the hypothesis that
BDNF/TrkB signaling mediates the stress response and its effect on anxiety-like
behavior. A single intracerebroventricular (ICV) infusion of BDNF is sufficient to
increase CRH transcript in the PVN as well as circulating levels of ACTH and
CRH (Givalois et al., 2004.) This effect was replicated for chronic stress by
studies showing that 12 days of chronic ICV infusion of BDNF resulted in
elevated CRH and urocortin mRNA in the PVN (Toriya et al., 2010).
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Interesting results have been found in genetic manipulations of
BDNF/TrkB signaling as well. Forebrain overexpression of mature BDNF
increased anxiety-like behavior (Papaleo et al., 2011) whereas TrkB
overexpression studies revealed mixed effects. While stress-naïve
overexpressors of TrkB had reduced anxiety-like behavior in one study (Koponen
et al., 2004), a different transgenic line of TrkB overexpressors showed anxiogenic behavior in the context of methyl-mercury stress induction (Karpova et al.,
2014). Additionally, TrkB deletion from adult neural progenitor cells of the
hippocampus increased anxiety-like behavior (Bergami et al., 2008, 2009) and
TrkB knockout in cholecystokinin+ GABAergic neurons resulted in chronically
elevated corticosterone and CRH transcript in the PVN (Geibel et al., 2013). To
date, no studies have examined the effects of targeted deletion or
overexpression of BDNF or TrkB in the hypothalamic PVN or in CRH+ cells.
1.7. Contributions of this Thesis
It has been demonstrated both in human disease and in rodent models
that BDNF is critically involved in the response to stress and stress-induced
disease. However, very few studies have examined the role of BDNF in brain
regions that are fundamental mediators of stress (such as the PVN).
Furthermore, despite many studies showing correlations between stress-induced
changes in BDNF and CRH levels, only one study definitely showed BDNF
transcript expression in CRH cells (Smith et al., 1995) and no studies have tested
whether this pool of BDNF is important for the stress response or stress-related
disorders. In this thesis I investigate the hypothesis that BDNF in CRH+ cells is
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a critical regulator of stress-induced anxiety-like behavior. To test this
hypothesis, I have generated a line of mice with targeted deletion of Bdnf in
CRH cells and examined the effect of chronic restraint stress on anxiety-like
behaviors in these anmials. Molecular and biochemical studies have been
conducted to show how BDNF depletion from CRH neurons elicits changes in
plasma glucocorticoid levels and PVN expression of GR that might contribute to
alterations in anxiety-like behavior. My results show that BDNF in CRH+ cells is
necessary for the stress-induced changes in anxiety-like behavior in adult male
mice.
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CHAPTER 2. MATERIALS AND METHODS
2.1. Animals
Adult male mice (8-12 weeks old) were single-housed at the Tufts
University School of Medicine, Division of Laboratory Animal Medicine, in clear
plastic cages in a temperature- and humidity-controlled environment with a 14:10
light:dark cycle (ZT0 = 0700h) and ad libitum access to food and water. Animals
were handled according to protocols approved by the Tufts University
Institutional Animal Care and Use Committee and in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals.
CRH cell-specific BDNF knockout mice (BDNF2L/2L:CRH-Cre mice) were
generated by crossing mice which carried floxed BDNF alleles that had been fully
backcrossed onto a C57BL/6 background with transgenic mice that express crerecombinase under control of the CRH-promotor (MMRC). Briefly, loxP sites
were inserted around exon 9, the single coding exon of BDNF, to generate mice
with floxed BDNF alleles such that cre-mediated recombination of the floxed
BDNF results in a null BDNF allele. Developmental activation of the CRHpromotor in BDNF2L/2L:CRH-Cre mice results in cre-recombinase expression,
BDNF allele excision and subsequent BDNF depletion from CRH+ cells. Agematched littermate controls (BDNF2L/+) were used in all experiments to reduce
genetic background differences.
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2.2. Restraint Stress
Psychogenic stress was achieved by administration of forced restraint.
Mice were restrained for 30 min per day for 7 days in 50 mL conical vials that had
been modified with nose holes to allow the animal access to fresh air. Mice were
removed to their home cages after each 30 min restraint and these mice
remained in their home cages for 12 h after the last restraint prior to behavioral
testing or tissue collection.

2.3. Behavioral Testing
Baseline health and circadian activity behavior were tested in stress-naïve
mice. After one week habituation to single housing, body weight and
consumption of standard chow were measured weekly for 2 weeks and average
food intake per week was calculated. Home cage locomotor activity was
assessed for 5 days with the SmartFrame® Cage Rack System
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(Hamilton/Kinder; Poway, CA) and average distance moved per hour was
calculated. This system consists of PC-interfaced horizontal photobeam frames
that continuously tracts the animal’s movement in the home cage. Data are
collected in the form of photobeam breaks as an indication of activity within
different predetermined “zones” in the home cage using MotorMonitor® software
(Hamilton/Kinder).
To test the effects of stress on behavior, stress-naïve controls and BDNF
KO mice were compared to matched cohorts exposed to one week or two weeks
restraint stress. Mice were subjected to tests in order of increasing adversity of
the testing conditions as described in Figure 2.1. Tests were video-recorded and
subject activity was analyzed using the Noldus/Ethovision XT10 behavioral
tracking software. For all tests, apparatus were disinfected between subjects
using Vimoba (Quip Laboratories) and 70% ethanol solutions. All tests were
conducted during the light phase (ZT 5-12) under ambient room light at standard
RT in a black-walled space to avoid distracting visual cues. Tests for anxiety-like
behavior were conducted on day 9, 18 h after the last sub-mandibular bleed.
Open Field Test: On the Test day, mice placed in the center of a white-walled
plexi-glass open field of 40 cm x 40 cm were allowed to explore freely for 5 min
then were returned to their home cage for 2 h before the next test. Distance and
velocity traveled in the open field as well as time and entries in the center of the
field were quantified.
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Light-Dark Box Test: Mice were placed in the center of a well-lit white-walled
chamber of 20 cm x 20 cm connected via a small opening to an enclosed, blackwalled dark chamber of equal size. Mice were allowed to move freely between
the two chambers for 5 min and the latency to enter the dark box as well as
distance, velocity, frequency of entry and time spent in the light box were
recorded. After testing, mice were returned to the home cage for 2 h before the
next test.
Elevated Plus Maze: The apparatus consisted of an elevated (40 cm from the
floor) cross-shaped maze with arms of length 35 cm and width 4 cm. Two
opposite arms were enclosed by black plastic walls of height 5cm (closed arms)
while the other two were unenclosed platforms (open arms). Mice were placed in
the center of the maze facing an open arm and allowed to explore freely for 5
minutes. Latency to enter the closed arms, total distance and velocity travelled in
the maze, and distance, velocity, frequency of entry and time spent in the outer
halves of the open arms was recorded. After testing, mice were returned to the
home cage.
2.4. ICV injection of colchicine
Mice were anesthetized using a cocktail of 0.7:1.4:7.9
xylazine:ketamine:saline at a dose of 10 uL per gram body weight. Unilateral
intra-cerebroventricular (ICV) injection of 2 uL of 20 ug/uL colchicine were
delievered to the right lateral ventricle (coords: A/P -0.5, M/L +1.0, D/V -2.0) and
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the animal was allowed to recover in the home cage overnight. Animals were
deeply anesthetized and perfused as described below.
2.5. Immunohistochemistry
Tissue collection: BDNF2L/+ controls and BDNF2L/2L:CRH-Cre mutant mice
were deeply anesthetized by intra-peritoneal injection of 0.1mL/10g body weight
of 1.4 mg/mL ketamine and 0.7 mg/mL xylazine in sterile normal saline. Mice
underwent transcardial perfusion with 20 mL of ice-cold 0.1M phosphate buffered
saline (1xPBS) followed by 20 mL of ice-cold 4% para-formaldehyde (PFA) in
1xPBS. Brains were collected and post-fixed in 4% PFA overnight at 4ºC and
cryoprotected for 48 h in 30% sucrose in 1xPBS. Tissue was frozen in TissueTek O.C.T. Compound (Sakura, Finetek) and coronally sectioned at 30 μm into
1xPBS on a Leica Cryostat. Sections were stored at -20ºC in cryoprotectant
(30% ethylene glycol, 30% sucrose, 0.1% polyvinyl-pyrrolidone, in 1xPBS).
Immunostaining: Free-floating sections were washed in 1xPBS (3 x 10 min) and
non-specific binding was blocked in 10% normal donkey serum, 0.3% Triton X100 in 1xPBS for 1 h at room temperature. Sections were incubated in 1:10,000
rabbit anti-CRH IgG (Salk Institute) for 5 d and 1:1,000 goat anti-BDNF(P-14) IgG
(Santa Cruz, sc-33905) for 2 d in blocking solution at 4ºC. Sections were
washed in 1xPBS (3 x 10 min) and incubated in 1:200 biotinylated donkey antirabbit secondary antibody (Jackson ImmunoResearch, 711-065-152) in blocking
solution for 2 h at 4ºC. Sections were then washed in 1xPBS (3 x 10 min) and
incubated in 1:1,000 Alexa Fluor 488 streptavidin (Jackson ImmunoResearch,
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016-540-084) and 1:200 Cy3-conjugated donkey anti-goat IgG (Jackson
ImmunoResearch, 705-165-003) in block for 2h at room temperature. Sections
were washed in 1xPBS (3 x 10 min) and incubated in 1:1,000 DAPI in 1xPBS,
mounted in Fluoromount G (SouthernBiotech, 0100-01) onto superfrost plus
slides and imaged using Nikon A1R confocal microscopy.
2.6. Immunoblotting
Tissue Collection: Controls and BDNF KO mice were deeply anesthetized with
isoflurane, underwent cervical dislocation and decapitation, and their brains were
rapidly removed to ice-cold 1xPBS. Coronal slices (800 μm thick) containing the
hypothalamic PVN or the central, medial and basolateral divisions of the
amygdala were prepared using a VT 1000S Vibratome (Leica Microsystems) and
bilateral tissue punches were collected into sterile 1.5 mL microcentrifuge tubes
containing a solution of 1:100 HALT protease inhibitor (Thermo Fisher, 78429) in
TPER (Thermo Scientific, 78510) on wet ice. Samples were homogenized using
a glass pestle, sonicated for 15s and centrifuged at 14,000 RPM for 5 min at 4ºC.
The supernatant was collected and aliquotted into sterile 0.2 mL microcentrifuge
tubes and stored at -20ºC.
Bradford assay: To estimate protein concentration within lysate samples, a
Bradford assay was run. Samples were prepared in duplicate by adding 1 μL
protein lysate to 159 μL deionized water and 40 μL Bradford Reagent (Sigma,
B6916) in a 96-well microplate. Absorbance at 595 nm was read using a
microplate reader and concentration of protein was calculated from a standard
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curve generated using a series of dilutions of bovine serum albumin (Fisher,
BP1600-100).
Western blotting: 4 μg of each protein extract were separated in an 8%
acrylamide gel and transferred to Immuno-blot PVDF membranes (Thermo
Scientific, PI-88518). Membranes were blocked overnight at 4 ºC in 5% non-fat
milk in a solution of 1% Tween-20 1X tris-buffered saline (TBS-T) and incubated
for 4 h at RT in 1:1,000 rabbit anti-GR(M-20) IgG (Santa Cruz, sc-1004) or
1:5,000 mouse anti-β-tubulin IgG (Sigma, T4026). Membranes were then
washed in blocking solution (3 x 15 min), incubated 1 h at RT with 1:20,000 in
blocking solution HRP-conjugated goat anti-rabbit (Santa Cruz,sc-2004) or goat
anti-mouse (Jackson ImmunoResearch, 115-035-003) secondary antibodies, and
rinsed in TBS-T (2 x 15 min) followed by TBS (1 x 10 min) and 1xPBS for 5 min.
Membranes were then reacted in ECL PRIME solution (GE Healthcare,
RPN2232) for 5 min and exposed to Amersham Hyperfilm (GE Healthcare,
28906838) to visualize bands at 95 kDa and 55 kDa for GR and β-tubulin,
respectively. Densitometry was performed using the Bio-Rad Quantity One 1-D
analysis software. GR intensity data were normalized to β-tubulin to control for
variation in loading.
2.7. Corticosterone ELISA
Plasma collection: Blood from BDNF2L/+ controls and BDNF2L/2L:CRH-Cre
mutant mice was collected by sub-mandibular bleeding just before the active
phase (ZT 11-12) on day 1 prior to the first restraint period and on days 8 or 15,
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24 h after the last restraint period. Blood samples were immediately centrifuged
at 14,000 RPM and plasma supernatant was collected, rapidly frozen on dry ice,
and stored at -80ºC.
ELISA: Corticosterone concentration in 10 μL samples of plasma was quantified
using the ENZO Life Sciences Corticosterone ELISA kit (ADI-900-097) per the
product instructions. Samples were prepared in triplicate, absorbance at 405 nm
was read using a microplate reader, and concentration of protein was calculated
from a standard curve generated using a series of known dilutions of
corticosterone.
2.8. Statistical analyses
Statistical analyses were carried out using SigmaPlot 12.5 (Systat
Software Inc.) Unbinned behavioral data and densitometry data measurements
were analyzed by two-way ANOVA. Binned behavioral data and corticosterone
ELISA data were analyzed by two-way repeated measures ANOVA. Data were
considered statistically significant when p < 0.05 and post-hoc Tukey test for
multiple comparisons was run when significance was established. All values
represent mean ± SEM.
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CHAPTER 3. RESULTS
3.1. BDNF expression in CRH neurons
We sought to confirm previous reports indicating that BDNF is produced
by CRH neurons in the PVN. For this, naïve adult male wild type mice received
ICV injection of colchicine (to inhibit anterograde protein transport and encourage
cell body sequestration of BDNF and CRH) 24 h prior to sacrifice by perfusionfixation and their brain tissue was probed for BDNF and CRH using
immunofluorescence. BDNF expression in CRH+ cells of the hypothalamic PVN
was confirmed using confocal imaging (Figure 3.1). These images demonstrate
BDNF immunoreactivity in both large magnocellular CRH-negative neurons and
small parvocellular CRH-positive neurons of the PVN.
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3.2. BDNF KO mice
In order to investigate the role of BDNF in CRH-positive neurons, mice
with loxp-flanked BDNF alleles (BDNF2L/2L, Rios et al. 2001) were crossed to
mice containing the Cre transgene under control of the CRH promoter (MMRC).
In order to assess health, feeding, circadian and locomotor activity behavior,
baseline parameters of naïve BDNF KO mice and controls were tested (Figure
3.2). Loss of BDNF from CRH+ neurons did not alter baseline body weight,
average weekly food intake, or home-cage locomotor activity over the circadian
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Figure 3.2: Deletion of BDNF in CRH-neurons does not alter baseline body weight (A), food intake
(B) or home cage locomotor activity (C).
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3.3. Loss of BDNF in CRH+ neurons did not alter feeding or body weight in
chronically stressed mice.
In order to assess the role of BDNF in CRH cells in stress-induced
behavior, BDNF KO mice and littermate controls (males, 8-12 weeks old) were
subjected to daily 30-minute restraint sessions for 7 days and their behavior was
compared to that of stress-naïve mice. Loss of BDNF in CRH+ cells did not alter
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Figure 3.3: One week of daily restraint stress reduced body weight (A) in control and
BDNF KO mice but did not alter average weekly food intake (B).

3.4. BDNF in CRH neurons is necessary for the behavioral effects of one
week chronic stress.
Anxiety-like behavior was examined using the open field test (OFT), lightdark box (LDB) and elevated plus maze (EPM) paradigms. We found that BDNF
KO mice were resistant to the anxiogenic effects of one week daily restraint in
OFT behavior (Figure 3.4). Whereas stressed control mice displayed reduced
distance travelled and center region entries in the OFT, stressed BDNF KO mice
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had no significant change from baseline in these parameters. Both controls and
BDNF KO mice had reduced time spent in the center of the OFT.
In the LDB (Figure 3.5) both control and BDNF KO mice exhibited reduced
exploration of the light box as well as reduced light-dark transition and time spent
in the light after chronic stress. Latency to escape the light box was not
significantly altered in any group, largely due to the great amount of variation in
this parameter.
While in the OFT and LDB, chronic restraint stress had anxiogenic-like
effects in controls, in the EPM, stressed controls had a paradoxical anxiolytic-like
phenotype (Figure 3.6) with increased open arm entry and time spent in the open
arms. Importantly, stressed BDNF KO mice exhibited behavior comparable to
that of stress-naïve mice similar to the findings in the OFT. In contrast to the
controls, BDNF KO mice showed no significant change in distance travelled,
latency to escape the open arm or open arm time following chronic stress. In
aggregate, these studies indicate that loss of BDNF from CRH+ neurons
prevents the changes in anxiety-like behavior caused by one week of chronic
restraint stress.
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Figure 3.4: BDNF deletion in CRH neurons prevents anxiogenic-like effects on open field behavior
induced by chronic restraint stress. A) Diagram of the OFT apparatus with center region indicated
by shading. B) Representative pseudocolor plots indicating dwell time within the OFT. BDNF KO
mice were resistant to chronic stress-induced reductions in distance traveled (C, D) and frequency
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See Table 3.1 for F values and degrees of freedom.
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reduced velocity in the light box (C) after chronic stress. However, chronic stress did not
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3.1 for F values and degrees of freedom.
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3.5. Chronic stress alters glucocorticoid signaling in mice lacking BDNF in
CRH+ cells.
Changes in responses to stressors are often accompanied by alterations
in glucocorticoid signaling. Therefore, we investigated whether BDNF KO mice
exhibited changes in corticosterone secretion. Plasma corticosterone was
measured in control and BDNF KO mice before and after one week of daily
restraint stress. Under naïve conditions, levels of plasma corticosterone were
similar in control and BDNF KO mice. Interestingly, whereas stress produced a
trend toward increase of resting corticosterone levels in control mice (p = 0.056),
it induced a greater than two-fold elevation in plasma corticosterone BDNF KO

plasma [Corticosterone] (pg/mL)

mice (Figure 3.7).
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Figure 3.7: BDNF KO mice have elevated resting glucocorticoids after chronic stress.
Plasma corticosterone assessed immediately before the active phase (ZT 11-12) and
20h after previous restraint stress using ELISA. Two-way ANOVA and post hoc Tukey
test revealed: # p=0.055, *p<0.05. See Table 3.1 for F values and degrees of freedom.
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Despite having elevated levels of GC, BDNF mutants are resistant to the
effects of stress on anxiety-like behavior suggesting dysfunction of HPA-axis GCdependent negative feedback. To test whether the GC signal was being
adequately received in stress-related areas in the brain, we tested GR
expression in the PVN and amygdala of stressed and naïve controls and BDNF
KO mice. We found that chronic restraint stress produced a reduction in GR
expression in the PVN of BDNF KO but not control mice (Figure 3.8). In contrast,
there was no significant change in GR expression in the amygdala after stress
(Figure 3.9). It is possible that the upregulation of resting GCs in BDNF KO mice
is a consequence of reduced GR expression and signaling in the PVN such that
HPA-axis activity cannot be adequately suppressed.
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Chapter 4. Discussion
4.1. Overview
The studies presented in this thesis provide novel insight into the role of
BDNF mediating behavioral responses to chronic stress. I have shown that
selective deletion of Bdnf from CRH neurons impacts HPA-axis activity following
chronic stress with concomitant alterations in stress-induced anxiety-like
behavior.
Whereas one week of chronic restraint stress causes alterations in
anxiety-like behavior in the OFT and EPM in adult male control mice, these
changes do not occur in mice lacking BDNF in CRH neurons. These findings
suggest that selective depletion of BDNF in this cell population confers a
protective effect against the deleterious effects of chronic stress. Interestingly,
both BDNF KO and control mice exhibited elevated anxiety-like behavior in the
LDB. Alterations in HPA axis reactivity to chronic stress might underlie the
behavioral changes observed in BDNF mutant mice. Accordingly, I found that
whereas chronic stress causes a trend toward increased plasma corticosterone
in control mice, this effect is exaggerated in BDNF KO mice, which exhibit a twofold increase in circulating corticosterone compared to basal levels. Importantly,
whereas chronic stress does not significantly alter GR expression in the PVN or
amygdala of control mice, BDNF KO mice have reduced levels of GR in the PVN,
but not amygdala, after stress.

40

GR signaling in the PVN plays a critical role in negative feedback
mechanisms acting on the HPA Axis. Therefore, blunted GR signaling in the
PVN of BDNF KO mice might explain the HPA axis hyperactivity and behavioral
changes they exhibit following chronic restraint stress. In aggregate, the data
contributed by this thesis show a previously unidentified role for BDNF in CRH
neurons as a critical regulator of stress-associated anxiety-like behavior.
4.2. Chronic Stress and Anxiety
I have shown that chronic stress produced varying effects on anxiety-like
behavior in adult male control mice as measured by three separate tests and that
these effects were not consistently expressed in mice lacking BDNF in CRH
neurons. Specifically, the BDNF KO mice were protected from effects of chronic
stress on performance in the OFT and EPM but not in the LDB. The importance
of using multiple tests rests on the multidimensional nature of emotional
behaviors. The OFT, LDB and EPM all rely on the natural conflict between the
drive to explore a novel environment and the unconditioned avoidance of
potentially threatening situations (Crawley et al., 1997). As such, behavioral
phenotypes measured by these tests rely on movements within the apparatus
and thus are open to confounding by alterations in locomotor activity and sensory
modalities. These tests were originally developed and shown to be valid based
on their ability to predict anxiolytic efficacy in rats but have been used extensively
to study anxiety-like behavior in mice as well. Mice cannot be considered
equivalent to rats and additionally, various strains of mice produce different
behavioral phenotypes in these tests (Crawley et al., 1997; Cryan & Holmes,
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2005). The mice used in the studies described here were fully backcrossed in a
C57Bl6 background.
Performance in each test can be understood as a representation of
different but overlapping neurobiological players. Importantly, given alteration in
genetics or environmental exposure may be detectable as a change in behavior
in some tests but not others (Ramos, 2008). Indeed, all three tests are highly
sensitive to the anxyiolytic-like effects of clinically effective benzodiazepines
suggesting they each can detect changes in GABAAR activity. However, their
ability to accurately predict the anxiolytic effects of other psychoactive drugs such
as SSRIs and SNRIs are mixed, suggesting that detection of the contributions of
other neurotransmitter systems to anxiety-like behavior is not as straightforwardly
assessed by these tests (Cryan & Holmes, 2005). Therefore it is possible that
lack of BDNF expression in CRH neurons alters signaling pathways and/or
neurotransmitter systems that are preferentially recruited during performance in
the OFT and EPM but not in the LDB.
I found that chronic restraint stress elicited an increase in open arm time in
control mice and that this effect was absent in BDNF KO mice. At first glance the
observations in control mice might seem counterintuitive as chronically stressed
rodents typically show elevated anxiety-like behavior as indicated by decreases
in open arm time in the EPM, avoidance of the central region of the OFT and
reduced light box time in the LDB (Pearson et al., 2011). However, it is important
to note that other investigators have reported paradoxical increases in EPM open
arm time in mice that have experienced chronic social defeat stress (Watt et al.,
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2009) as well as lack of center avoidance in the OFT (Yoon et al., 2014) and
alterations in locomotor activity that complicate interpretation of anxiety-related
data (Padovan & Guimaraes, 2000; Albonetti & Farabollini, 1992; Zhu et al.,
2014).
Additionally, slight variations in the tests can lead to nuanced expression
of anxiety-like behaviors. The ability of the mouse to avoid the stressful context
varies among the tests with the stress induced by the OFT being inherently
inescapable. In contrast, the LDB and EPM offer regions within the apparatus
that are thought to be relatively protective such that the mouse can mitigate the
stress imposed by the more aversive areas. The tendency of the subject to avoid
a particular area within each test relies on meaningful variation in aversiveness of
the areas within the maze (Crawley et al., 1997; Cryan & Holmes, 2005).
In the LDB, escape from the presumptive anxiety-provoking part of the
apparatus is more clear cut with the dark box being highly protective in contrast
to the open and bright light box. In the EPM, the protective effect of the closed
arms is perhaps open to debate in the context of prior history of restraint stress.
The open arms in the EPM are thought to be aversive whereas the closed arms
are considered to be relatively protective. However, if chronic restraint were to
equalize the aversiveness of the open and closed arms (due to the narrow,
close-walled nature of the closed arm being reminiscent of the narrow restraint
apparatus), then it would be expected that the mice would no longer
preferentially avoid the open arm. In this context, escape behavior would be
directed toward locomotor activity throughout the entire maze. This is perhaps in
43

play in my experiments as I report that stressed control mice have reduced
locomotor activity in both the OFT and LDB but have no change in locomotor
activity in the EPM.
Albeit the limitations and caveats of utilizing multiple anxiety-tests, I have
demonstrated that chronic restraint stress induces alterations in anxiety-like
behavior in control mice and that some of these behavioral effects are absent in
mice lacking BDNF in CRH neurons. One possible explanation of this finding is
that mice lacking BDNF in CRH+ neurons may have deficits in associative
learning and memory. BDNF is well established to have essential roles in these
functions (Radiske et al., 2015; Khabour et al., 2010; Radecki et al., 2005, Alder
et al., 2005, 2003) and CRH is known to be expressed by a small subset of
neurons in the hippocampal (Chen et al., 2004) and cortical (Merali et al., 2004)
areas that govern them. Additionally, BDNF Val66Met mice have been shown to
have alterations in repetitive associative learning paradigms (Freundlieb et al.,
2015). Whether mice lacking BDNF in CRH neurons have impaired learning and
memory was not explored in this thesis, but would provide an excellent avenue
for future experiments.
Another possible explanation is that BDNF in CRH cells is necessary for
the normal behavioral response to chronic stress. These findings suggest that
BDNF in CRH cells is necessary for behavioral alterations induced by chronic
stress. The behavioral sequelae resulting from depleting BDNF globally in the
brain or in selective cell populations as shown here is consistent with a role for
this neurotrophin in the pathophysiology of anxiety disorders.
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However, it is important to note that as previously reported for depressivelike behavior, the effects of BDNF on anxiety-associated behavior appear to be
context dependent. Indeed, mice with global central depletion of BDNF
exhibited dramatic increases in anxiety-like behavior in the light/dark exploration
test (Rios et al, 2001). Moreover, mice with global overexpression of the TrkB
receptor exhibited reduced anxiety-like behavior in the elevated plus maze and in
the light/dark exploration test (Koponen et al, 2004). In contrast, mice with
forebrain overexpression of BDNF exhibited increased anxiety-like behavior in
the OFT and EPM (Govindarajan et al., 2006). Furthermore, my studies show
that selective depletion of BDNF in CRH neurons appears to confer protection
against the effects of chronic restraint stress on anxiety-associated behaviors.
Those findings implicate BDNF secreted by CRH neurons in pathological
mechanisms promoting maladaptive behaviors induced by stress and illustrate
the complexity of neurotrophin action. This suggests that BDNF in CRH cells is
necessary for the normal behavioral response to chronic stress.
CRH neurons also reside in the amygdala and hippocampus, two areas
expressing BDNF. Thus, the possibility that impeding BDNF secretion in those
cells contributes to the behavioral outcomes observed in the BDNF KO mice
described here cannot be ruled out. However, because alterations in GR content
in the PVN and HPA axis reactivity in response to stress were observed in the
mutants, it is reasonable to implicate altered BDNF function in this region.
Indeed, GR signaling in the PVN is critical for regulation of the HPA axis and
perturbing GR signaling was reported previously to elicit alterations in anxiety45

associated behaviors (Discussed below). Nonetheless, the collective data
indicate an important role of BDNF in CRH neurons regulating anxiety-associated
behaviors induced by chronic stress.
4.3. Chronic Stress and GC/GRs
In this thesis, I demonstrate that one week of chronic restraint stress
produces a trend toward increased resting plasma corticosterone levels in control
mice and that this effect is significantly higher in BDNF KO mice. This finding
indicates hyperactivity of the HPA axis in response to stress in the mutants and
suggests that BDNF is necessary for maintaining basal HPA axis activity.
Interestingly, the hyperactivity in the HPA axis in stressed BDNF KO mice
occurs in conjunction with reduced GR protein expression within the PVN and
intact levels in the amygdala. In contrast, control mice exhibit no change in GR
expression in either of these regions. It is possible that the upregulation of
resting GCs in BDNF KO mice is a consequence of reduced GR expression and
signaling in the PVN such that HPA-axis activity cannot be adequately
suppressed.
This idea is supported by previous studies by Moses Chao and colleagues
showing that PVN-specific reduction of GR results in elevated HPA-axis activity
as evidenced by enhanced CRH immunoreactivity in the PVN and elevated
plasma levels of ACTH and corticosterone (Jeanneteau et al., 2012). The authors
also showed that GC-GR ligation inhibits CREB-mediated CRH induction by
neutralizing the CREB coactivator CRTC2, thus suppressing HPA-axis activity.
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The literature is replete with examples of various chronic stress paradigms
resulting in chronic HPA hyperactivity and reductions of GR associated with
anxiety-like behavior in rats (Razzoli et al., 2006, 2007, 2010; Skutella et al.,
1994) and mice (Lumley et al., 2000; Reber & Neumann, 2008; Avgustanovich et
al., 2003; Kinsey et al., 2007; Adamacio et al., 2009). Interestingly, several
studies have also shown that in the context of genetic reduction of GR
expression, elevated circulating GC and paradoxical anxiolytic effects are
observed in rats (Watt et al., 2009) and mice (Tronche et al., 1999; Boyle et al.,
2006). There is also evidence that targeted GR deletion can result in reduced
basal HPA activity and anxiogenic like behavioral effects (Schmidt et al., 2009;
Wagner et al., 2011) (Table 4.1).
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Given the complex pleiotropic and context-dependent effects of GC-GR
signaling in mediating stress-associated anxiety-like behavior, the somewhat
counterintuitive finding that our BDNF KO mice have reduced GR expression and
hypercorticosteronism yet are resistant to the anxiety-altering effects of chronic
stress becomes a bit less perplexing. From my results it appears that BDNF in
CRH neurons is important in maintaining GR expression in the PVN in the face of
short term chronic stress and that loss of this GR maintenance prevents chronic
stress-induced changes in anxiety-like behavior.
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4.4. Convergence of BDNF and GC/GR Actions
I have demonstrated that loss of BDNF from CRH cells is associated with
reduced PVN expression of GR protein in the context of chronic stress. How
does this apparently BDNF-dependent reduction of GR occur? Is there indeed a
mechanism by which BDNF signaling can regulate GR transcription? The
literature offers little insight into the mechanisms by which GR expression is
regulated, however there is a wealth of evidence that GC/GR signaling mediates
BDNF expression. These previous reports and my current findings suggest that
these two pathways reciprocally regulate each other.
The Bdnf gene has a complex and highly conserved gene structure with
multiple tissue-specific promotors that are sensitive to distinct environmental
factors (Timmusk et al., 1994; Aid et al., 2007; Pruunsild et al., 2007; Cunha et
al., 2010). Additionally, there are nine exons that produce several alternatively
spliced transcripts, all of which contain the single coding exon (exon IX) for
BDNF. Transcripts generated from specific promotors can be altered by chronic
stress, including exon IV-containing transcripts which are down regulated in the
hippocampus by stress (Smith et al., 1995a, b).
Disruption of GR expression has been shown to profoundly alter both
BDNF transcript and protein expression. GR haploinsufficient mice have
reduced BDNF expression in the hippocampus during the inactive period but
elevated during the active phase (Schulte-Herbruggen et al., 2007), whereas GR
overexpressors show doubled BDNF protein levels in this region (Ridder et al.,
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2005). In contrast to these findings, mice heterozygous for GR in the parietal
cortex had elevations in BDNF in both active and inactive periods of the circadian
cycle (Schulte-Herbruggen et al., 2007) and a similar manipulation in the PVN
resulted in up-regulation of BDNF (Jeanneteau et al., 2012). Despite this
evidence there has not yet been found a GR DNA binding site within the Bdnf
gene, suggesting that the mode of GR’s effect on BDNF expression is not
straightforward. It is possible that the reduction in GR protein expression I
observed in BDNF KO mice can be attributed to compensatory reduction of GR
transcription or translation in response to low levels of BDNF.
Another reported area of overlap between GR and BDNF actions include
GC’s ability to weakly activate Trk in the absence of neurotrophin.
Phosphorylation of Trk in this way requires GR binding to DNA and
transcriptional regulation (Jeanneteau et al., 2008). Indeed, TrkB activation in
the absence of BDNF has been shown in several studies (Lee et al., 2002a,b;
Chao et al., 2003; Lee and Chao, 2001; Iwakura et al., 2008; Rantamaki et al.,
2011). Furthermore, GRs have been shown to physically interact with TrkB to
potentiate activation of the PLC-ɣ pathway following BDNF activation of TrkB
(Numakawa et al., 2009). The implication of these findings is that reduced GR
activation in the PVN of BDNF KO mice might have additional effects on
neurotrophin-dependent and independent TrkB signaling that might ultimately
impact synaptic plasticity of neural circuits in the PVN to mediate behavioral
responses to chronic stress.
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Additionally, Mkp-1 is a gene that is regulated by both GC/GR and BDNF
signaling. MKP-1 acts as a phosphatase at MAPK to mediate its signal duration.
MAPKs phosphorylate many microtubule and actin-related proteins and loss of
MAPK activity prevented BDNF-dependent formation of axonal branches
(Jeanneteau et al., 2010.) In this way, GC/GR actions modulate BDNF-induced
axonal branching.
Interestingly, GC/GR and BDNF/TrkB signaling have opposing effects on
the regulation of CRH expression. BDNF infusion has been shown to elevate
CRH transcript in the PVN and is thought to mediate this process via TrkBCREB-dependent activation of CRH transcriptional activity. Conversely, GC/GR
signaling is well known to suppress CRH production in the PVN. GC/GR
signaling deactivates CREB-mediated CRH induction via reducing the ability of
the CREB coactivator (CRTC2) from mediating translocation of activated CREB
to the nucleus.
Considering the complex interplay between BDNF and GR, additional
studies are needed to explain the apparent BDNF-dependent reduction of GR in
the PVN of BDNF KO mice.
4.5. Working Model
The data presented in this thesis show a previously unidentified role for
BDNF in CRH neurons regulating stress-associated anxiety-like behavior. In
addition, they suggest that BDNF is necessary for normal GR expression and
function within the PVN and regulation of the HPA axis in the context of chronic
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stress. In light of these findings, I propose that BDNF-dependent GR expression
and signaling in the PVN mediates behavioral changes elicited by exposure to
chronic stress (Figure 4.1, 4.2).
Under stress-naïve conditions, tonic GABAergic input to PNC neurons of
the PVN is inhibitory. Additionally, glutamatergic input from the solitary nucleus
(NTS) and other stress-sensitive regions is low. This arrangement prevents CRH
and AVP release and thereby inhibits activation of the HPA axis (Hewitt et al.,
2009).
However, upon detection of a stressful stimulus, GABAergic input to the
PVN can become excitatory secondary to KCC2 inhibition and collapse of the
chloride gradient. (Hewitt et al., 2009; Mackenzie & Maguire, 2015). Excitatory
GABA as well as glutamatergic activation stimulates CRH and BDNF release
from CRH+ cells and facilitates their transcription. Activity dependent secretion
of BDNF results in autocrine and/or paracrine activation of TrkB receptors which
alter nuclear transcription via CREB. (Autry & Monteggia, 2012). Additionally,
GC feedback onto the PVN results in GC-GR ligation and the complex
translocates to the nucleus where it suppresses CRH transcription in CRH PNCs
and can affects CREB-mediated alterations in gene transcription both in CRH
PNCs and in cells that communicate with PNCs in the PVN (Laryea et al., 2015.)
In the context of chronic stress, frequent bursts of GCs bind GRs and in
order to maintain GR expression that is sufficient to modulate the diverse actions
of GR (i.e. suppression of the response to future stressors in the PVN and
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synergistic stimulation of the behavioral response to future stressors in other
brain regions), GR transcription must occur to compensate for the persistent
depletion of the GR by GC bursts and provide negative feedback to the HPA axis
(Laryea et al., 2015). The literature regarding regulation of GR expression is
quite sparse but BDNF stands as an ideal candidate to regulate GR transcription
and/or translation. In addition to our data which support the idea that loss of
BDNF contributes to GR depletion in the PVN, known mechanisms of BDNF
actions support this hypothesis. Firstly, expression and release of BDNF is
activity-dependent and this neurotrophin is known to act both through paracrine
and autocrine mechanisms (Autry & Monteggia et al., 2012). This property of
BDNF offers the opportunity for it to exert essential signaling effects on both
incoming pre-synaptic terminals and on the CRH cells themselves, respectively.
Secondly, BDNF signaling is known to regulate transcriptional programs in a
CREB-dependent manner and protein translation through an mTOR-PI3 kinase
pathway (Schratt et al., 2004).
GRs are expressed not only in CRH neurons where they suppress CRH
expression but also in GABAergic and glutamatergic inputs onto these cells,
where they exert a negative regulatory effect to ultimately suppress the HPA
axis. In conditions of chronic stress where the GABAergic input is excitatory,
GR-mediated inhibition of this and the glutamatergic input decreases the
excitatory drive on to CRH neurons. It is not clear, whether presynaptic or
postsynaptic sites are depleted of GR as a consequence of BDNF depletion in
CRH neurons. It is possible that lack of autocrine activity of BDNF in CRH
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neurons, which are known to express TrkB receptors, during chronic stress
results in depleted levels of GRs.
Alternatively BDNF could act normally through paracrine mechanisms at
presynaptic terminals to regulate GR expression and signaling. There are ample
example examples in the literature showing that BDNF can act as a retrograde
signal. In this model, loss of the inhibitory effects of GR in GABAergic and
glutamatergic inputs to CRH neurons in BDNF mutants could lead to increased
excitatory drive onto these cells and a hyperactive HPA axis during chronic
stress.
Wild type mice are able to maintain their GR expression in the PVN during
one week of chronic stress, allowing them to maintain HPA-axis homeostasis and
to mount responses to new stressors, in this case, exposure to anxiogenic
behavioral paradigms. In contrast, mice lacking BDNF in CRH neurons cannot
maintain basal levels of GR in the PVN. This loss of PVN GR contributes to
disinhibition of the HPA axis resulting in elevated basal GCs and decreased
responses to new threats.
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4.6. Future Directions
Does BDNF regulate expression of GR?
I have shown that GR expression is reduced in the PVN of BDNF KO mice
after chronic stress. This could represent loss of BDNF-induced transcription
and/or translation of GR, however there is as yet no evidence in the literature to
support this role for BDNF. Alternatively, GR, which is known to negatively
regulate BDNF expression, could be reduced in BDNF KO mice as a homeostatic
response to depleted BDNF stores in CRH neurons. A future experiment to test
whether BDNF mediates GR expression could be to treat cultured neurons in
vitro with exogenous BDNF and subsequently examine the effect on GR
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expression. GR protein could be measured using immunoblotting techniques
and relative expression of GR transcript could be assessed via RT-qPCR
analysis.
Does loss of BDNF prevent stress induced synaptic plasticity on CRH neurons?
I have shown that BDNF KO mice do not respond to the novel stress of
the OFT or EPM after one week of chronic restraint stress, whereas control mice
exhibit alterations in anxiety-like behavior in these tests. A possible explanation
for this lack of response in the BDNF KO mice could be that whereas chronic
stress induces synaptogenesis onto CRH neurons in a BDNF-dependent manner
in control mice, this plasticity is absent in BDNF KO mice due to the CRH-neuron
specific loss of BDNF.
One way to begin to test this hypothesis is to examine expression of
synaptic markers on CRH neurons. Using immunohistochemistry techniques,
one could visualize and quantify glutamatergic synapses (PSD95 and Vglut2
colocalization) and GABA-ergic synapses (GAD65/7 and gephryn) on CRH
neurons before and after chronic stress in control and BDNF KO mice. If BDNFdependent synaptic remodeling onto CRH neurons is an essential mediator of
anxiety-like behavior after chronic stress, one would expect to see a deficiency of
these plasticity events in BDNF KO mice after stress.
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Does CRH neuron activity after chronic stress depend on BDNF?
The lack of behavioral response to test-induced stress seen in BDNF KO
may also reflect reduced ability of the CRH neurons to become activated above
resting levels due to a ceiling effect. To test this hypothesis one might examine
CRH neuron activation via immediate early gene expression (c-Fos) after acuteon chronic stress in BDNF KO mice. To achieve the desired stress conditions,
following one week of homotypic stress (daily restraint stress), the animal could
be exposed to a heterotypic stressor, for example forced swim, and then
immediately sacrificed and perfused. C-Fos expression in CRH-neurons would
reflect acute-on-chronic stress response. If indeed the BDNF mediates CRH
neuron excitability after chronic stress, one would expect to see reduced cFos
staining in CRH neurons of BDNF KO mice.
4.7. Summary
In summary, the studies described in this thesis provide novel insight into
the role of BDNF mediating behavioral responses to chronic stress. I have
shown that selective deletion of BDNF from CRH neurons impacts HPA-axis
activity following chronic stress with concomitant alterations in stress-induced
anxiety-like behavior. My results suggest that selective depletion of BDNF in this
cell population confers a protective effect against the deleterious effects of
chronic stress. Alterations in HPA axis reactivity to chronic stress might underlie
the behavioral changes observed in BDNF mutant mice. Whereas chronic stress
causes a trend toward increased plasma corticosterone in control mice, this

58

effect is exaggerated in BDNF KO mice, which exhibit a nearly two-fold increase
in circulating corticosterone compared to basal levels. Importantly, whereas
chronic stress does not significantly alter GR expression in the PVN or amygdala
of control mice, BDNF KO mice have reduced levels of GR in the PVN, but not
amygdala, after stress. In conclusion, the data contributed by this thesis show a
previously unidentified role for BDNF in CRH neurons as a critical regulator of
stress-associated anxiety-like behavior.
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