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ABSTRACT

Alcoholism is a devastating disease afflicting roughly 17 million Americans.
While this figure is staggering, it is all the more striking that 87% of the population can
drink without developing dependence, given the addictive potential of alcohol. This
suggests the existence of mechanisms which curb excessive alcohol intake and prevent
the majority of alcohol drinkers from developing dependence. Previously we identified a
homeostatic pathway in the dorsal striatum in which the brain-derived neurotrophic factor
(BDNF) is upregulated by ethanol and subsequently acts to reduce ethanol intake
(McGough et al., 2004). The central aim of this dissertation is the elucidation of the
molecular mechanism underlying striatal BDNF homeostasis, as well as the
determination of the functional significance of BDNF homeostasis with respect to ethanol

consumption and the progression to addiction.
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Here I demonstrate a complete signaling pathway in which ethanol treatment of
striatal neurons increases BDNF protein, resulting in the phosphorylation of its receptor
TrkB and subsequent activation of the MAPK pathway. Importantly, I show that ethanol
increases production of the downstream effector, preprodynorphin, via a BDNF- and
MAPK-dependent mechanism.

In addition, I show that in vivo conditional deletion of BDNF increases ethanol
intake. Conversely, increasing BDNF expression in brain regions including the striatum
decreases ethanol intake via a dynorphin-dependent mechanism. I also demonstrate that
activation of dynorphin’s receptor, the kappa opioid receptor, blocks acquisition of
ethanol conditioned place preference, indicating that the BDNF/dynorphin pathway may
inhibit the formation of ethanol-related memories.

Finally, I reveal a role for the BDNF homeostatic pathway in the progression to
addiction. Specifically, I show that BDNF homeostasis breaks down throughout the
corticostriatal circuit after extensive experience with ethanol. Critically, BDNF
homeostasis does not recover following two weeks of abstinence from ethanol, indicating
that inhibition of corticostriatal BDNF may be a hallmark of the addictive process which
underlies the propensity to relapse.

Taken together, these data establish an integral role of BDNF in the dorsal
striatum, via its downstream effector dynorphin, in regulating ethanol intake and

preventing the progression to addiction.
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CHAPTER 1

Introduction



Alcohol dependence and addiction are pervasive problems in our society,
affecting the lives of millions of Americans. According to the National Institute on
Alcohol Abuse and Addiction’s National Epidemiologic Survey on Alcohol and Related
Conditions conducted in 2001-2002, 4.65% of Americans were classified as alcohol
abusing while 3.81% demonstrated alcohol dependence (Grant et al., 2004). This
represents roughly 8.5% of the population, or 17 million people, having alcohol-related
illnesses. As alcohol-related health care costs were estimated at $148 billion in 1992
(Harwood et al., 1999) and rates of alcoholism have not decreased over the ensuing 15
years, alcoholism and alcohol dependence create significant financial strain on our
society. Thus research addressing the neurobiological basis of alcohol dependence is
vital to finding a solution to this grave societal problem.

Nonetheless, the 8.5% of the population dependent on alcohol pales in
comparison to the vast number of “social drinkers” in our society — those who are able to
drink moderate quantities of alcohol on an occasional basis but never develop
dependence. According to Gallop Poll surveys conducted over the past 65 years, the
proportion of the population reporting to be alcohol consumers (as opposed to complete
abstainers) has remained consistently between 60% and 70% of those surveyed, about
eight times the number of alcoholics in our society (The Gallup Organization, 2007).
While the development of alcohol addiction in 13% of all drinkers is a staggering metric
for the addictive properties of alcohol, the ability of 87% of the alcohol-consuming
population to safely consume alcohol socially throughout their lifetimes without
developing dependence points to the existence of mechanisms which function to

counteract the development of alcohol addiction. This suggests the existence of



homeostatic mechanisms which curb excessive ethanol intake to prevent the majority of
drinkers from developing dependence. Indeed, at the synaptic level homeostatic
signaling has been suggested as a mechanism by which neurons retain responsiveness in
the face of altered synaptic activity or efficacy (Turrigiano, 2007). Accordingly, this
homeostatic pathway would be activated by acute exposure to alcohol — for instance, a
single drink — and function to return the system to its baseline status, perhaps by
promoting decreased subsequent ethanol intake.

One such homeostatic pathway triggered by acute ethanol exposure commences
with translocation of the receptor for activated C kinase 1 (RACKI1) from the cytoplasm
to the nucleus upon ethanol treatment (Ron et al., 2000). This translocation triggers
increased gene expression (He et al., 2002), and one of the genes downstream of the
nuclear translocation of RACKI1 is the brain-derived neurotrophic factor (BDNF) (Yaka
et al., 2003). Expression of RACKI1 as a tat-fusion protein (Tat-RACKT) imparts on
RACKI1 the ability to cross the blood-brain barrier and gain access to brain cells
(Schwarze et al., 1999). Systemic administration of Tat-RACK1 increases BDNF
expression in the dorsal striatum and decreases ethanol intake, while ethanol intake itself
also increases BDNF expression in the dorsal striatum (McGough et al., 2004). Thus, we
proposed the following homeostatic model, in which ethanol acutely increases dorsal
striatal BDNF expression, initiating a cascade of events which are ultimately responsible
for inhibiting further ethanol consumption (Figure 1.1A).

Given this model, the central goal of the thesis work described herein was first to
elucidate downstream signaling events and effector proteins required for BDNF

regulation of ethanol intake, as well as to determine whether the progression towards



more compulsive ethanol intake would coincide with breakdown of BDNF signaling
(Figure 1.1B). The integral components of the homeostatic pathway elucidated in this
dissertation are BDNF, the mitogen-activated protein kinase (MAPK) pathway and the
downstream effector protein dynorphin, which regulate ethanol consumption via their

action in the dorsal striatum.

Ethanol A BDNF A

BDNF TrkB

Concon ]I

T T I Ethanol Intake

1 1 1 Ethanol Intake

Figure 1.1. Homeostatic control of ethanol intake by BDNF signaling.
(A) Ethanol intake acutely increases BDNF expression via nuclear translocation of RACKI, triggering
downstream events which modulate ethanol intake. (B) After chronic exposure to ethanol, RACKI1
becomes unresponsive to ethanol, resulting in an inability of ethanol to increase BDNF expression. This
breakdown of the BDNF homeostatic response to ethanol causes a concomitant failure of the regulation of
ethanol intake by BDNF and its downstream effectors.

THE DORSAL STRIATUM AND ALCOHOL ADDICTION
Cellular composition, circuit connectivity and function
The dorsal striatum is a central component of the basal ganglia, receiving

glutamatergic projections from the cortex and thalamus which are modulated by



dopaminergic inputs from the substantia nigra pars compacta (SNc) (Surmeier et al.,
2007). The striatum is composed primarily of GABAergic medium-sized spiny neurons
(MSNs) which have classically been subdivided into two types based on their efferent
projections, dopamine receptor expression and neuropeptide content. The neurons
belonging to the direct pathway, which project directly to the basal ganglia output
regions, the substantia nigra pars reticulata (SNr) and the internal segment of the globus
pallidus, express dopamine D1 receptors as well as the neuropeptides substance P and
dynorphin. The indirect pathway neurons, which must relay information via the external
segment of the globus pallidus and the subthalamic nucleus before reaching the basal
ganglia output regions, express dopamine D2 receptors and enkephalin (Steiner &
Gerfen, 1998).

The segregation of D1- and D2-class dopamine receptor expression into specific
MSN subtypes is not without controversy, however. Several reports have demonstrated
colocalization of D1 and D2 receptor expression in 20 to 50 percent of MSNs analyzed
(Lester et al., 1993; Surmeier et al., 1996; Deng et al., 2006) , while others have
demonstrated complete coexpression in striatal primary neuronal cultures (Aizman et al.,
2000; Falk et al., 2006). Interestingly, additional data suggests that coexpression of D1
and D2 receptor mRNA in the rat is minimal but that a subset of neurons in a restricted
region of the striatum express D1 receptors together with the D2-like D3 receptor (Curran
& Watson, 1995). Dopamine D1 and D2 receptor co-expression in primary striatal
cultures was not reflected in overlapping expression of substance P/dynorphin and
enkephalin, while D1 and D2/D3 receptor colocalization in adult animals was

consistently reflected in coexpression of the neuropeptides. Thus in vivo dopamine



receptor subtype coexpression may have functional consequences not observed in vitro.
However, it is unknown whether neurons co-expressing D1 and D2/D3 receptors are
distributed evenly throughout the striatal projection systems or restricted to either the
direct or indirect pathway. Finally, it should be noted that some researchers continue to
refute the existence of substantial dopamine receptor colocalization (Le Moine & Bloch,
1995; Aubert et al., 2000) and thus the topic remains a point of contention in the field.
Divergence in dopamine receptor subtype and neuropeptide expression is not the
only source of diversity in the dorsal striatum, however. Its functional heterogeneity
stems in large part from the topography of the cortical efferents, which impart different
behavioral functions on their striatal targets. Cortical input to the dorsal striatum forms a
ventromedial to dorsolateral gradient, with the most ventromedial portions receiving
more limbic input and the most dorsolateral receiving only sensorimotor projections.
Thus the dorsal striatum can be primarily subdivided into two parts: the medial portion,
which synthesizes inputs from various association cortices, the dorsal prefrontal cortex
and the amygdala, and the lateral portion, which receives afferent projections from
sensorimotor cortex (Voorn et al., 2004). This variety in circuit connectivity underlies

the functional heterogeneity of the region.

Dorsal striatum-dependent learning and implications for addiction

As mentioned above, the two main subdivisions of the dorsal striatum, due to
different afferent connectivity, appear to regulate different forms of learning. The
dorsolateral striatum (DLS), which is connected to the sensorimotor cortices, has been

suggested to be the seat of habits (Yin & Knowlton, 2006). Habitual actions are



described as inflexible stimulus-response reactions, in which the occurrence of a well-
known cue drives a motor behavior which is insensitive to manipulations of the value of
the reinforcer. This may be analogous to drug-seeking in addicts, in which drug-
associated cues (i.e., the stimulus) serve as a trigger to perform a habitual pattern of
actions to obtain drugs (i.e., the response). Unlike the dorsolateral striatum, the
dorsomedial striatum (DMS) receives input from various association cortices, the dorsal
regions of the prefrontal cortex (PFC) and the amygdala. Because of this circuit
connectivity, the DMS maintains sensitivity to reward values and thus subserves a more
flexible type of behavior, referred to as response-outcome (Yin & Knowlton, 2006), in
which the behavioral response is performed specifically to obtain a reinforcer (or drug).
The key difference between DLS- and DMS-dependent memories is the sensitivity of the
learned behaviors to reinforcement value. Thus while addiction research has traditionally
focused on the nucleus accumbens (NAc), or ventral striatum, as it receives inputs and
integrates information from various limbic brain regions, attention has recently shifted to
the dorsal striatum as a locus for the maladaptive habit formation which may underlie
addiction (Robbins & Everitt, 2002; Gerdeman et al., 2003). The fact that actions
become habitual following extensive training suggests that the entire dorsal striatum — in
a progression from dorsomedial (drug-sensitive) to dorsolateral (compulsive/habitual) —
participates in the various stages of development of drug dependence. Importantly, the
BDNF homeostatic pathway, which is selectively activated in the dorsal striatum, may

function to negatively regulate that progression.



MOLECULAR COMPONENTS OF HOMEOSTASIS
Brain-derived neurotrophic factor

When originally isolated from the brain, BDNF was noted for its neurotrophic
abilities — namely, its capacity to support cellular survival and neurite outgrowth of
sensory neurons (Barde et al., 1982). BDNF is widely expressed throughout the nervous
system, with highest expression in the cortex and hippocampus but detectable levels in all
brain regions tested (Hofer et al., 1990). BDNF belongs to the nerve growth factor
family of neurotrophic factors which, upon release from neurons, signal via binding to
receptor tyrosine kinases of the tropomyosin-related kinase (Trk) class (Barbacid et al.,
1991) or the p75 neurotrophin receptor (Chao & Hempstead, 1995). Neurotrophins are
initially synthesized as proproteins, which are proteolytically processed to yield the
mature form of the neurotrophin (Lu, 2003). Proneurotrophins bind preferentially to the
p75 neurotrophin receptor, while mature neurotrophins selectively bind to their cognate
Trks (Chao & Bothwell, 2002). BDNF acts by binding to the receptor tyrosine kinase
TrkB (Klein et al., 1991; Soppet et al., 1991), triggering receptor dimerization and
autophosphorylation (Kaplan & Miller, 1997, 2000). TrkB can be expressed in either of
two isoforms, with its full-length 145 kDa isoform (TrkB-FL) containing an intracellular
signal transduction domain which is lacking in the 95 kDa truncated isoforms (TrkB.T1
and TrkB.T2) (Klein et al., 1990; Middlemas et al., 1991). Like BDNF, TrkB is widely
expressed throughout the nervous system, with TrkB-FL showing neuron-specific
expression while the truncated TrkB appears in neurons as well as in glia and astrocytes
(Altar et al., 1994). Thus the neuron-specific TrkB-FL confers on a wide variety of

neurons the capacity to initiate BDNF-dependent signaling cascades.



TrkB Signaling

Following BDNF binding, TrkB is autophosphorylated at multiple tyrosine
residues within the intracellular tail of the receptor, activating signaling via the MAPK,
phosphoinositide 3-kinase (PI3K) and phospholipase C-y (PLC—y) signaling cascades
(Yuen & Mobley, 1999). The most membrane-proximal phosphorylation site, Tyrosine
484, interacts with Shc and provides the initiation site for both the MAPK and PI3K
pathways (Atwal et al., 2000), while Tyrosine 785 directly interacts with PLC-y to
activate its signaling cascade (Middlemas et al., 1994). Tyrosines 670/674/675 comprise
the autocatalytic domain of TrkB (Guiton et al., 1994; Middlemas et al., 1994) and
phosphorylation of all three of these tyrosines is required for complete activation of
downstream signaling events (McCarty & Feinstein, 1998).

Activation of TrkB increases neuronal survival and neurite outgrowth principally
through activation of the PI3K pathway, although MAPK signaling can be activated to
promote survival following an insult (Kaplan & Miller, 2000). However, activation of
the MAPK or PLC-y pathway primarily functions to increase downstream gene
transcription, with PLC-y triggering the release of intracellular calcium stores and
activating calcium-responsive downstream signaling partners such as calcium and
calmodulin-dependent kinase and protein kinase C 6, which can in turn activate MAPK
signaling (Huang & Reichardt, 2003). As a major regulator of gene transcription
downstream of TrkB, we have chosen to focus on the MAPK pathway as a locus for

ethanol-induced BDNF signaling.



MAPK signaling & regulation of BDNF-induced gene expression

TrkB activates MAPK signaling via activation of upstream adaptor proteins,
which in turn initiate signaling via the MAPK pathway. TrkB directly interacts with and
phosphorylates Shc, which then activates Ras via guanine nucleotide exchange factors
(GEFs) such as son of sevenless (SOS), which binds to Shc via the adaptor protein
growth factor receptor-bound protein 2 (Grb2) (Egan et al., 1993). Following activation
by Shc, Ras GEFs promote the conversion of Ras from its GDP-bound to its GTP-bound,
or active, state, in which it can activate downstream signaling via the MAPK pathway
(Quilliam et al., 2002). The initial phosphorylation acceptor in the MAPK cascade is the
MAPK kinase kinase Raf. Upon activation by Ras, Raf phosphorylates the MAPK
kinases MAPK and ERK kinases 1/2 (MEK1/2), which in turn phosphorylate the MAPKs
extracellular signal-regulated kinases 1/2 (ERK1/2) (Huang & Reichardt, 2003). Note
that variation has been found in the mechanisms of MAPK activation by Trks, including
the substitution of Shc with Frs-2 as the initial phosphorylation acceptor, as well as use of
Rap in place of Ras (Segal, 2003). Activated ERKs can then translocate to the nucleus or
activate ribosomal S6 kinases (RSKs), which also move to the nucleus, where both can
activate transcription factors to alter gene expression. Thus, a primary function of
BDNF-induced MAPK signaling is regulation of gene expression. One such gene whose
expression can be altered by BDNF is preprodynorphin (Pdyn) (Croll et al., 1994), the

precursor of the dynorphin protein, which will be discussed in detail below.

10



Synaptic plasticity and memory formation

Aside from its well-defined roles in development and trophic support, one of the
central functions of BDNF in the adult brain is regulation of synaptic strength, or long-
term potentiation (LTP). This process of synaptic adaptation has been suggested to be
the molecular correlate of memory formation (Teyler & Discenna, 1984; Bliss &
Collingridge, 1993; Miyamoto, 2006). A majority of the research detailing the
mechanisms of BDNF-dependent LTP has been carried out in hippocampal systems, in
part due to the tractability of the hippocampal network, with its well-defined cellular
layers and synaptic inputs. In hippocampal preparations, BDNF is upregulated following
LTP-inducing stimuli (Patterson et al., 1992), and BDNF is required for synaptic
potentiation, as reduction of BDNF blocks development of LTP (Korte et al., 1995;
Patterson et al., 1996; Korte et al., 1998). Importantly, while BDNF alone is not
sufficient to induce LTP, it is permissive, as addition of BDNF specifically potentiates
activated and not neighboring synapses (Gottschalk et al., 1998) and co-application of
BDNF with subthreshold stimuli results in LTP (Kovalchuk et al., 2002). As BDNF-
dependent LTP has been observed in cortical synapses as well (Aicardi et al., 2004), it is
likely that BDNF may function as a modulator of synaptic efficacy in multiple brain
regions, including the striatum.

BDNF modulation of synaptic plasticity requires TrkB receptor activation and
signaling (Kang et al., 1997), in particular via activation of the MAPK cascade (English
& Sweatt, 1997). Importantly, both hippocampal-dependent behaviors (Alonso et al.,
2002a; Alonso et al., 2002b; Gooney et al., 2002) and amygdala-dependent memory

formation (Ou & Gean, 2006) have been shown to be both BDNF- and MAPK-
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dependent. Taken together, these data indicate that BDNF signaling via the MAPK
pathway plays a crucial role in the synaptic plasticity underlying certain forms of learning
and memory. As memory formation is central to the development of addiction (Berke &
Hyman, 2000; Hyman et al., 2006), a major focus of this dissertation is the delineation of
ethanol-induced BDNF signaling pathways which may be crucial for inhibiting the

neuroadaptations underlying alcohol addiction.

BDNF & Addiction

Due to its functions both in regulating neuronal plasticity as well as in providing
trophic support against insults (Huang & Reichardt, 2003), BDNF has been explored as a
means of regulating drug response for well over a decade now; however, the results have
been somewhat conflicting. Initial studies demonstrated that administration of BDNF to
the substantia nigra (SN) via minipump for 2 weeks reduced amphetamine-induced
locomotion despite increasing basal locomotor activity (Martin-Iverson et al., 1994).
This same treatment regimen applied to the ventral tegmental area (VTA), the brain
region which sends dopaminergic projections to the NAc, successfully blocked
biochemical changes normally resulting from chronic morphine and cocaine treatments
(Berhow et al., 1995), such that VTA tyrosine hydroxylase (TH) levels remained
unchanged, as did cyclic AMP-dependent protein kinase (PKA) and adenylyl cyclase
(AC) activities in the NAc. As adaptations in VTA TH levels and NAc PKA activity are
hallmarks of chronic drug administration for psychostimulants, opiates and ethanol

(Beitner-Johnson et al., 1992; Ortiz et al., 1995; Self et al., 1995), these data indicate a

12



role for BDNF in protection against certain chronic drug-induced molecular and
behavioral adaptations.

In contrast to these studies, subsequent work found that continuous administration
of BDNF into the NAc over a two-week period increased locomotor activation by
cocaine (Horger et al., 1999), although blocking endogenous BDNF in either the VTA or
NAc by infusion of BDNF neutralizing antibodies had no effect on locomotor
sensitization to cocaine (Freeman & Pierce, 2002). Interestingly, in both cases NAc
infusions altered locomotor responses to novelty, with activity increased by BDNF
infusion and decreased following injection of neutralizing antibodies. Thus the
discrepancy between these two data sets does not appear to be the result of an acute
difference in mechanism of action at the time of sensitization testing and may illustrate a
difference between the capacity of the system to respond to exogenously applied BDNF
as compared with intrinsic BDNF. Recent work has demonstrated a role for endogenous
BDNF transcription (Filip et al., 2006) and signaling in the shell region of the NAc in
response to acute cocaine injection as well as cocaine self-administration (Graham et al.,
2007). While Graham and colleagues (2007) demonstrate a role for BDNF in the NAc
shell in increasing cocaine self-administration, our previous results have demonstrated a
dorsal striatum-specific increase in BDNF after acute ethanol exposure (McGough et al.,
2004). Activation of the PLC-y pathway by cocaine in the NAc shell suggests that it
triggers LTP (Minichiello et al., 2002) and thus may indicate a functional dissociation
between NAc shell and dorsal striatal BDNF responses to drugs of abuse. Specifically, as
potentiation of cocaine self-administration by BDNF is specific for the NAc shell but not

the NAc core or dorsal striatum (Graham et al., 2007), it is possible that cocaine-induced
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BDNF potentiates synaptic transmission in the NAc shell while in the dorsal striatum
BDNEF likely inhibits potentiation via increased production of its downstream effector

dynorphin, which inhibits LTP (Simmons & Chavkin, 1996).

Dynorphin

Dynorphin is the endogenous ligand for the kappa opioid receptor (KOR)
(Chavkin et al., 1982). Both dynorphin and the KOR are expressed in multiple brain
regions (Civelli et al., 1985; DePaoli et al., 1994), particularly throughout the striatum
(Fallon & Leslie, 1986; Mansour et al., 1994). Maximal KOR expression is observed in
the midbrain striatal afferent projection regions, the substantia nigra pars compacta (SNc)
and VTA (Mansour et al., 1994). Within the striatum, KORs localize mainly to
presynaptic axon terminals (Meshul & McGinty, 2000), and activation of striatal KORs
reduces neurotransmitter release (You et al., 1999). In the hippocampus, dynorphin has
been localized to dendritic vesicles and has been suggested to function as a retrograde
inhibitory neurotransmitter at dentate gyrus synapses (Drake et al., 1994). In light of the
presynaptic localization of KORs in the striatum, these data suggest that local dynorphin
signaling within the striatum serves to reduce presynaptic transmission and regulate
striatal plasticity.

Given the central role of BDNF in synaptic plasticity, and since alteration of gene
expression is an integral function of BDNF signaling, proteins regulating synaptic
efficacy present attractive targets as downstream effectors of BDNF signaling. Pdyn, the
mRNA precursor of dynorphin, has been shown previously to be regulated by prolonged

infusion of BDNF into the dorsal striatum (Croll et al., 1994). This likely occurs
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following coincident activation of both activator protein 1(AP-1) and cyclic AMP
response element (CRE) sites in the Pdyn promoter (Douglass et al., 1994; Messersmith
et al., 1994; Messersmith et al., 1996), as BDNF has been shown to regulate both AP-1
and CRE-dependent transcription (Gaiddon et al., 1996). Importantly, while BDNF
increases Pdyn in the dorsal striatum, it decreases Pdyn levels in the hippocampus (Croll
et al., 1994). The underlying cause of this brain region-specific responsiveness of Pdyn
to BDNF signaling is unknown; however, it may be due to differential epigenetic
regulation (reviewed in Tsankova et al., 2007), thus yielding differential sensitivity of
Pdyn to BDNF signaling. Alternatively, endogenous regulation of Pdyn levels by
serotonin has been shown to occlude the ability of cocaine to increase Pdyn in the
hippocampus but not the striatum (D'Addario et al., 2007), and thus serotonin-dependent
regulation of hippocampal, but not striatal, Pdyn expression may alter its responsiveness
to BDNF signaling. Regardless of the source of this differential responsiveness of Pdyn
to BDNF signaling, it indicates that BDNF may subserve differential mnemonic functions
in these two brain regions. Dynorphin blocks hippocampal-dependent spatial memory
formation (McDaniel et al., 1990; Sandin et al., 1998), and since BDNF modulates LTP
in the hippocampus, its downregulation of hippocampal Pdyn may serve to prevent
synaptic depression by Pdyn. Conversely, since BDNF treatment increases Pdyn in the
striatum, this suggests a role for BDNF, via dynorphin, in decreasing striatal activation.
Interestingly, striatal dynorphin expression is reduced in mice expressing half as much
BDNF (Saylor et al., 2006), indicating that endogenous BDNF regulates dynorphin
expression. Taken together, these data suggest that BDNF in the striatum may function

to inhibit synaptic potentiation via increased expression of Pdyn.
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Dynorphin & Addiction

Due to its ability to dampen dopamine release (You et al., 1999) and induction of
its expression by multiple drugs of abuse (Hurd & Herkenham, 1992; Gulya et al., 1993;
Helton et al., 1993; Smith & McGinty, 1994; Wang et al., 1995; Turchan et al., 1997,
Adams et al., 2000; Beadles-Bohling et al., 2000; Zhou et al., 2002), dynorphin has long
been considered a modulator of drug response (Herz, 1998), including for ethanol
(Spanagel, 1996). KOR agonists have been shown to increase the threshold for
intracranial self-stimulation, indicating an interference with its rewarding properties
(Todtenkopf et al., 2004). In addition, KOR agonists block morphine and cocaine place
preference (Suzuki et al., 1992; Funada et al., 1993) as well as self-administration of
multiple drugs of abuse (Kuzmin et al., 1997; Negus et al., 1997; Schenk et al., 1999,
2001), including alcohol (Lindholm et al., 2001). Importantly, both dynorphin and the
KOR have been implicated in human alcohol abuse. A polymorphism in the Pdyn
promoter consisting of multiple copies of a 68 base pair repeat, which contains an
additional AP-1 binding site and thereby alters stimulus-induced Pdyn transcription, has
been suggested to modulate human propensity for addiction (Zimprich et al., 2000) and
may contribute to vulnerability to codependency on cocaine and alcohol (Williams et al.,
2007). Genetic analyses of Pdyn and OPRK1, the gene encoding the KOR, from alcohol
dependent families have shown associations between multiple regions of Pdyn and
chromosome 2 of OPRK1. Taken together these results indicate that dynorphin plays a
vital role in the regulation of drug responsiveness, not only in animal models but in

humans as well, thus suggesting a mechanism by which dynorphin, as a downstream
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effector of BDNF, could modulate the protective effects of BDNF in the dorsal striatum

against the development of alcohol addiction.

SUMMARY

The reduction of ethanol intake by BDNF, in combination with the induction of
BDNF expression by ethanol, suggests a centrality of BDNF signaling mechanisms in the
dorsal striatum in the regulation of ethanol intake. The work detailed in this dissertation
first characterizes the signaling pathway and a downstream effector regulated by ethanol-
induced BDNF (Chapter 2). It further demonstrates a behavioral function of this pathway
in controlling ethanol intake and suggests putative mechanisms underlying this regulation
of ethanol intake (Chapter 3). Finally, a breakdown in homeostasis is demonstrated,
which may function as the molecular underpinning of addiction and the tendency to
relapse (Chapter 4). The sum of these data, as viewed within the framework delineated in
this chapter, shed light on important neuronal adaptations to alcohol involved in the
regulation of ethanol intake. It is my hope that this work may serve as a foundation to

launch new avenues of research in the quest to find a treatment for alcoholism.
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CHAPTER 2

Ethanol activates BDNF signaling via the MAPK cascade to increase production of

its downstream effector, preprodynorphin
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ABSTRACT

We recently identified brain-derived neurotrophic factor (BDNF) in the dorsal
striatum to be a major component of a homeostatic pathway controlling ethanol
consumption (McGough et al., 2004; Jeanblanc et al., 2006). We hypothesized that
ethanol-mediated activation of the BDNF signaling cascade is required for the ethanol-
related function of the neurotrophic factor. Here we demonstrate that exposure of striatal
neurons to ethanol results in the activation of the BDNF receptor TrkB, leading to the
activation of the mitogen-activated protein kinase (MAPK) signaling pathway and the
subsequent increase in the expression of preprodynorphin (Pdyn). Importantly, we show
that ethanol-induced Pdyn expression is both BDNF- and MAPK-dependent, indicating
that Pdyn is a downstream effector of the BDNF homeostatic response to ethanol. Taken
together, these results suggest that BDNF regulates ethanol drinking behavior by
initiation of MAPK signaling and the ensuing production of downstream gene products,

including Pdyn.
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INTRODUCTION

Alcoholism is a devastating disease, with 8.5% of the American population — over
17 million adults — categorized as alcohol abusing or dependent (Grant et al., 2004). Yet
60 to 70% of the population has admitted to consuming alcohol (ethanol) in self-report
surveys taken annually over the past 65 years (Gallup Poll, surveys conducted annually
between 1939 and July 12-15, 2007(The Gallup Organization, 2007)). The discrepancy
between these two statistics suggests the existence of mechanisms which curb excessive
ethanol intake such that the majority of social drinkers do not develop dependence.

The neurotrophic factor BDNF is a likely candidate for inhibiting the transition to
addiction, as in humans chromosomal markers flanking the BDNF gene (Uhl et al., 2001)
have been associated with the development of addiction to multiple drugs of abuse,
including alcohol (ethanol). A polymorphism altering a single residue in the BDNF
propeptide (Val66Met) has also been linked to earlier onset of alcoholism (Matsushita et
al., 2004). In addition, much evidence exists suggesting a role for BDNF in regulating
neuronal responses to drugs of abuse, at both the molecular and behavioral levels (Pierce
& Bari, 2001; Bolanos & Nestler, 2004). BDNF infusion into the ventral tegmental area
(VTA) blocks the development of molecular adaptations to chronic morphine and cocaine
treatment (Berhow et al., 1995), and acute administration of (Meredith et al., 2002; Zhang
et al., 2002; McGough et al., 2004; Le Foll et al., 2005; Liu et al., 2006) or withdrawal
from (Tapia-Arancibia et al., 2001; Grimm et al., 2003) multiple drugs of abuse has been
shown to increase BDNF levels in various brain regions. Importantly, reduction in
BDNF expression results in increased ethanol intake (Hensler et al., 2003; Pandey et al.,

2004; Pandey et al., 2006). For instance, in the central and medial amygdala reduction of
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BDNF by antisense oligonucleotides increases both ethanol intake and anxiety-like
behaviors, indicating a possible role for amygdalar BDNF in drinking associated with
anxiety relief. In addition, the same treatment with BDNF antisense, which increased
ethanol intake, also reduced phosphorylation levels of proteins known to be downstream
of BDNF signaling (Pandey et al., 2006), demonstrating that BDNF may regulate anxiety
and ethanol intake via activation of a downstream signaling cascade. Recently cocaine
has also been shown to increase BDNF levels and signaling in the nucleus accumbens
(NAc), although in contrast to the attenuation of ethanol intake by dorsal striatal and
amygdalar BDNF, blockade of BDNF in the NAc decreased cocaine self-administration
(Graham et al., 2007).

Previously, we found in the dorsal striatum that BDNF participates in a
homeostatic pathway triggered in response to ethanol and which, in turn, regulates
behavioral responses to ethanol (McGough et al., 2004; Jeanblanc et al., 2006).
Specifically, we found that ethanol exposure increased BDNF expression in the dorsal
striatum, and that increased BDNF expression resulted in decreased ethanol intake
(McGough et al., 2004). In addition, mice expressing half as much BDNF (BDNF™)
displayed increased sensitivity to ethanol in multiple paradigms, showing elevated
preference for an ethanol-paired environment, increased locomotor sensitization to
ethanol and higher ethanol intake following a period of deprivation as compared with
wild-type (WT) mice (McGough et al., 2004). Subsequently, we found that inhibition of
BDNF signaling using the Trk inhibitor K252a increased ethanol intake, and this effect
was abolished in BDNF" mice, in which BDNF signaling is reduced compared with WT

mice, due to expression of half as much BDNF protein (McGough et al., 2004). Thus, we
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hypothesized that ethanol treatment activates the BDNF-mediated signaling cascade,
leading to the upregulation of downstream proteins whose activities are responsible for
BDNF’s ability to control ethanol consumption.

BDNEF initiates signaling by binding to its receptor, TrkB, resulting in receptor
autophosphorylation and subsequent activation of several signaling cascades, including
the MAPK cascade (Huang & Reichardt, 2003). As BDNF-dependent activation of
MAPK in neurons results in increased gene transcription (Marsh et al., 1993) and acute
administration of cocaine, morphine or nicotine has been shown to increase striatal
MAPK activity (Valjent et al., 2004), we hypothesized that ethanol treatment would
result in increased activation of the MAPK pathway and subsequent upregulation of
genes encoding downstream effectors of BDNF signaling. In addition, we hypothesized
that the protein products of these downstream effector genes would be responsible for
decreasing ethanol intake.

Because ethanol intake selectively increases BDNF levels in the dorsal striatum
(McGough et al., 2004), we sought a downstream effector whose expression in the dorsal
striatum could be increased in a BDNF-dependent fashion. As detailed in Chapter 1,
extended administration of BDNF into the striatum has been shown to increase the
expression of Pdyn (Croll et al., 1994), and mice heterozygous for BDNF also show
reduced striatal Pdyn expression (Saylor et al., 2006). Additionally, striatal MAPK
activation is required for induction of Pdyn expression by amphetamine (Shi & McGinty,
2006). Interestingly, multiple drugs of abuse, including ethanol, have been shown to
increase dynorphin expression in the striatum (Spangler et al., 1993; Lindholm et al.,

2000; Fagergren et al., 2003). Increasing Pdyn expression in the nucleus accumbens by
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infusion of HSV-CREB resulted in place aversion to subthreshold doses of cocaine which
was dependent on dynorphin signaling (Carlezon et al., 1998). In addition, dynorphin
expression is higher in the striatum of DBA/2 mice, who drink lower quantities of
alcohol, than in the high-drinking C57BL/6 strain (Jamensky & Gianoulakis, 1997).
Additional evidence has implicated dynorphin and its receptor, the kappa opioid receptor
(KOR) (Chavkin et al., 1982), in modulation of ethanol intake. Systemic administration
of U50,488H, a KOR agonist, decreased two-bottle choice ethanol intake in rats
(Lindholm et al., 2001), whereas systemic administration of nor-binaltorphimine, a KOR
antagonist, increased two-bottle choice ethanol intake in rats (Mitchell et al., 2005).
Importantly, polymorphisms in the KOR have been associated with increased risk of
alcoholism in humans (Xuei et al., 2006), indicating that dynorphin may be directly
involved in protection against the development of alcohol addiction. In light of these
data, we hypothesized that ethanol treatment activates BDNF signaling via the MAPK

pathway to increase the expression of dynorphin.

METHODS
Reagents

Recombinant human BDNF, TrkB-Fc and the Fc fragment of human IgG were
purchased from R&D Systems, Inc. (Minneapolis, MN). U0126 was purchased from Cell
Signaling (Danvers, MA). Primary antibodies were obtained as follows: TrkB and
phosphotyrosine antibodies from Upstate (Temecula, CA), phospho-Trk and phospho-
ERK1/2 antibodies from Cell Signaling (Danvers, MA), GAD-67, BDNF and MAP2

antibodies from Chemicon (Temecula, CA) and normal rabbit IgG from Santa Cruz
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Biotechnology (Santa Cruz, CA). Horseradish peroxidase-conjugated secondary
antibodies for Western blot detection were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). AlexaFluor-conjugated secondary antibodies and 4',6-Diamidino-2-
phenyindole, dilactate (DAPI), as well as all culture media, B-27 and GlutaMAX
supplements, protein G agarose beads and Nu-PAGE gels, were supplied by Invitrogen
(Carlsbad, CA). VectaShield mounting medium was obtained from Vector Laboratories
(Burlingame, CA). Serum extender was obtained from BD Biosciences (San Jose, CA).
Protease and phosphatase inhibitors were obtained from Roche (Basel, Switzerland).
TRIzol and the Reverse Transcription System were purchased from Promega Corporation
(Madison, WI). All real-time PCR reagents, including TagMan Gene Expression Assays,
were obtained from Applied Biosystems, Inc. (Foster City, CA). DNase was obtained

from Sigma Aldrich (St. Louis, MO).

Animals

Sprague Dawley pups or pregnant female rats were obtained from Harlan
(Indianapolis, IN) for primary neuronal culture. Animals were housed under a 12 h
light/dark cycle, with lights on at 7:00 a.m. and lights off at 7:00 p.m., and were provided
with continuous ad libitum access to food and water. All animal procedures were
approved by the Gallo Center Institutional Animal Care and Use Committee and were
conducted in agreement with the Guide for the Care and Use of Laboratory Animals,

National Research Council (1996).
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Primary striatal neuronal culture

A litter of Sprague Dawley rats was obtained between the day of birth and the
first postnatal day (PO - P1), sacrificed by rapid decapitation, and the striata dissected out,
pooled and digested in a papain solution for 35 minutes. Following inhibition of
digestion in media containing bovine serum albumin and trypsin inhibitor, cells were
mechanically dissociated using pulled glass pipettes in Minimum Essential Media
containing 22 mM D-glucose, 5% fetal bovine serum and serum extender. Neurons were
plated on poly-D-lysine-coated plates or CC2-coated chamber slides in Neurobasal-A
media (NB-A) containing B-27 and GlutaMax supplements, as well as penicillin and
streptomycin. Cultures were maintained for 11 days in vitro (DIV), with 50% of the
media changed on DIV1 and DIV7. For phosphorylation studies, media was changed to
Basal Medium Eagle containing penicillin and streptomycin on DIV 10; otherwise, cells
remained in NB-A and 50% of the media was changed 3 hours prior to treatment on
DIV11. Additionally, 10 uM cytosine arabinoside (AraC) was added on DIV to inhibit

multiplication of glial cells.

Immunoprecipitation

Following treatment, media was removed and cells were harvested in RIPA buffer
containing: 50 mM Tris-HCI, pH 7.6, 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.5%
deoxycholic acid and 2 mM EDTA, as well as protease and phosphatase inhibitor
cocktails (Roche). Cell lysates were precleared for 1 hour with protein G agarose beads
(Invitrogen). Precleared lysates were then incubated overnight with either TrkB

antibodies or normal rabbit IgG. The following day, protein G agarose beads were added
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for 2 hours’ incubation, then beads were washed thoroughly prior to addition of sample
loading buffer. Samples were resolved on a 4-12% gradient Nu-PAGE gel in reducing
conditions and transferred onto a nitrocellulose membrane. Membranes were blocked in
5% nonfat dry milk prepared in PBS-0.1% Tween (5% milk) prior to overnight
incubation with phosphotyrosine antibodies diluted 1:200 in 5% milk. Secondary
antibodies were prepared in 5% milk at a dilution of 1:1000. Blots were stripped briefly

in 0.2 M sodium hydroxide and reprobed for TrkB as a loading control.

Quantitative Reverse Transcription-Polymerase Chain Reaction

Primary striatal neurons were homogenized in TRIzol and mRNA isolated
according to standard protocol. Samples were treated with DNase prior to reverse
transcription using the Reverse Transcription System. The resulting cDNA samples were
amplified by TagMan quantitative PCR using commercially available primer/probe kits.
In all cases, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an

internal control.

Immunofluorescence

Subsequent to treatment on DIV11, primary striatal neuronal cultures were
washed briefly in PBS and fixed in 4% paraformaldehyde for 20 minutes at room
temperature. The cells were then washed twice with PBS and once for 10 minutes with
PBS containing 0.1% Triton X-100 (PBS-Triton). Cells were blocked for a minimum of
4 hours with 3% normal donkey serum in PBS-Triton. Cells were incubated in primary

antibodies overnight at 4°C; the antibodies were diluted in PBS-Triton containing 1%
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normal donkey serum at the following dilutions: GAD-67 1:1000; BDNF 1:250; pTrk
1:100; TrkB 1:100; phospho-ERK1/2 1:200; substance P 1:10,000; MAP2 1:2000. The
slides were then washed three times in PBS-Triton, followed by incubation with
AlexaFluor-conjugated secondary antibodies for 2 hours in the dark. The slides were
then washed in PBS twice, incubated in 300 nM DAPI for two minutes if nuclear
demarcation required, and washed twice more in PBS. Slides were mounted in
VectaShield and coverslipped prior to visualization with a laser-scanning confocal

microscope (LSM 510 Meta; Zeiss).

Image Analysis

Neurons were located using microtubule-associated protein 2 (MAP2) staining
and selected at random for imaging. Quantified images represent the 1 micron-thick
plane parallel to the coverslip and midway from the top and bottom of the nucleus. Care
was taken to determine the exact center of the nuclear span based on the extent of DAPI
staining prior to imaging. While the experimenter was not blind to treatment at the time
of imaging, the phospho-ERK1/2 channel was never observed so that selection of
neurons for imaging was not biased towards expected response. Thus, the extent of
phospho-ERK1/2 fluorescence was unknown prior to capturing each neuron’s final
image, and no images were discarded from quantification. In addition, all images were
quantified after removal of treatment labels and quantification was confirmed by two
independent observers who were blind to treatment conditions. Images were processed

using Zeiss LSM Image Browser and average fluorescence intensity over the entire span
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of the nucleus, as selected based on colocalization with DAPI staining, was analyzed

using Adobe Photoshop (Adobe Systems).

Statistical Analysis

Data were analyzed using one-way ANOV As followed by post-hoc Bonferroni
(vs. control) and Student-Neuman-Keuls (differences between treatment groups) tests
where appropriate. As data from primary culture treatments were found to be not
normally distributed in some cases, dependent upon the between-experiment variability
in basal gene expression levels as observed in control cells, these data were transformed
using the natural log prior to analysis by ANOVA as described above, where indicated.
In addition, primary culture data expressed as percent control were also analyzed by one
sample t-test (GraphPad Software, Inc.,

http://www.graphpad.com/quickcalcs/OneSampleT1.cfim), which confirmed the results of

the ANOVAs without requiring transformation. As percent control was calculated
individually for each replicate of a given treatment prior to determining the treatment
mean, the control population lacked variance and thus has been omitted from the figures.
The one-sample t-test compares a given mean with a specific variability (the test data)
against a hypothesized control value (for example, 100%) and extrapolates variability in
the control based on the variability among the treatment population, thus satisfying the
statistical requirement for equal variance in the control population. Note that the
conversion to percent control rendered the test data normally distributed, thus satisfying

the requirement for normality in the test population for use of the one sample t-test.
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RESULTS
Ethanol treatment of primary striatal neurons increases BDNF protein levels and
TrkB receptor phosphorylation

Previously, we found that ethanol treatment of dorsal striatal slices increased
BDNF mRNA levels, and that in vivo ethanol increased BDNF expression in the dorsal
striatum (McGough et al., 2004). We hypothesized that this ethanol-mediated increase in
BDNF mRNA expression would lead to an increase in the BDNF protein and the
consequent activation of the BDNF signaling pathway. To test this hypothesis we
established primary striatal neurons as a model system. As shown in Figure 2.1, most
primary striatal neurons in culture display characteristics of medium spiny neurons, with
medium sized cell bodies and multiply branching dendrites (Figure 2.1A), and express
the 67 kDa isoform of glutamic acid decarboxylase (GAD-67) (Figure 2.1B), an enzyme
required for GABA synthesis that therefore identifies GABAergic neurons (Panula et al.,
1981). In addition, all cells show high expression of the TrkB receptor (Figure 2.1C), as
seen in striatal neurons in vivo (Altar et al., 1994), thus making the culture system a
suitable model for studying the role of BDNF signaling in the striatal response to ethanol.

We first set out to determine whether BDNF protein increased following ethanol
treatment in striatal primary neurons, since the expression profiles of BDNF mRNA and
protein are not always identical (Nawa et al., 1995). Because ethanol treatment increased
BDNF mRNA expression after 30 minutes (McGough et al., 2004), we hypothesized that
BDNF protein expression would increase as well, but at a later time point due to the

temporal constraints of protein synthesis. As predicted and shown in Figure 2.2, we
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Figure 2.1. Establishment of a primary striatal culture model.
Primary striatal neurons were obtained from pooled striata of PO Sprague Dawley rats and maintained in
Neurobasal-A media for 11 days in vitro. (A) Neurons display a medium spiny neuron-like morphology.
Neuronal morphology was visualized by staining with MAP2. (B) Primary striatal neurons are
GABAergic. Neurons were co-stained with MAP2 (red) to show processes and GAD-67 (green),
demonstrating that majority of the cultured neurons are GABAergic. GAD-67 was co-expressed in 88%
of MAP2-positive neurons (n = 119 of 139 neurons counted from 8 fields selected at random from 4
separate cultures). (C) Striatal primary neurons express TrkB receptors. Primary neurons were co-
stained with TrkB (Green) and MAP2 (red) antibodies. TrkB receptors were expressed in 100% of
MAP2-positive neurons (n = 78). Scale bars represent 20 pm.
observed that 2 hours ethanol exposure increased BDNF protein expression in striatal
neurons.

Next we determined whether ethanol treatment would also result in the activation
of the BDNF receptor, TrkB. Binding of BDNF to the TrkB receptor results in receptor
dimerization and autophosphorylation of tyrosine residues on the intracellular tail of the
receptor (Huang & Reichardt, 2003). In order to determine the level of TrkB activation

following ethanol treatment, TrkB was immunoprecipitated (IPed) and Western blot

membranes were probed with anti-phosphotyrosine antibodies, then stripped and
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Figure 2.2. Ethanol increases BDNF protein levels in primary striatal neurons.
Primary striatal neurons treated without or with 100 mM ethanol (EtOH) as indicated. Fixed cells were
stained with anti-BDNF (red; left panel) and anti-MAP2 (green; middle panel). Right panel shows
merged images. Visible anti-BDNF fluorescence was seen in 16% of control neurons (n =9 of 58 over 2
fields) and 85% of ethanol-treated neurons (n = 64 of 75 over 2 fields). Scale bars represent 10 pm.

reprobed for total TrkB levels. As shown in Figure 2.3A&B, treatment of primary striatal
neurons with ethanol for 4 hours resulted in a significant increase in the fraction of TrkB
receptors activated within the 4-hour ethanol incubation period (main effect of Treatment,
F(1,17) =5.566; p < 0.05). This was confirmed by immunofluorescent analysis of Trk
phosphorylation, as ethanol treatment increased pTrk signal (Figure 2.3C). These results

suggest that exposure of striatal neurons to ethanol leads to the activation of TrkB.

Ethanol treatment of striatal neurons leads to the activation of the MAPK pathway
via BDNF

BDNF-mediated activation and thus phosphorylation of the TrkB receptor
activates MAPK signaling by recruiting and phosphorylating the adaptor protein Shc

which interacts with the adaptor protein Grb-2. Grb-2 then recruits a guanine nucleotide
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Figure 2.3. Ethanol activates TrkB receptors in primary striatal neurons.
Primary striatal neurons were treated with 100 mM ethanol (EtOH) as indicated or 500 pg/mL BDNF
as a positive control. TrkB was immunoprecipitated from total cell lysate and membranes were
probed for tyrosine phosphorylation with anti-p-Tyrosine antibodies (pY, top panel). Membranes
were stripped and reprobed for TrkB (bottom panel). (A) Representative image showing increased
TrkB phosphorylation following BDNF or 4 h ethanol treatment. (B) Quantitation of change in
percent tyrosine phosphorylation of TrkB receptors as shown in A. Data are presented as mean +/-
SEM. * p < 0.05, one-sample t-test. n=9. (C) Representative images demonstrating Trk
phosphorylation in control as compared to 4 h ethanol-treated neurons. Fixed cells were stained with
anti-pTrk(Y490) (green; left panel) and anti-MAP2 (red; middle panel). Right panel shows merged
images. pTrk fluorescence was visualized in 90% of ethanol-treated neurons counted (n = 36 of 40 in
a single 10X field) as compared to 26% of control neurons (n = 7 of 34 in a single 10X field). Scale
bar represents 10 um.
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exchange factor for Ras, resulting in the activation of this small G protein (Grewal et al.,
1999). Activated Ras triggers a cascade of phosphorylation by activating the MAPK
kinase kinase Raf, which in turn phosphorylates MAPK and ERK kinases 1 and 2
(MEK1/2). MEK1/2 then phosphorylates extracellular signal-regulated kinases 1 and 2
(ERK1/2) (Huang & Reichardt, 2003), which can translocate to the nucleus and activate
transcription factors to alter gene expression (Davis, 1995). BDNF signaling via the
MAPK cascade has been shown to play a role in downstream gene expression after
BDNF treatment of primary neurons (Barnea & Roberts, 2001; Sato et al., 2001; Alonso
et al., 2004). As ethanol treatment resulted in TrkB receptor phosphorylation, we
hypothesized that the activation of the TrkB receptor would lead to the activation of the
MAPK signaling cascade and thus to an increase in ERK1/2 phosphorylation and nuclear
localization. To test this possibility, we treated primary striatal neurons with ethanol for
4 hours and visualized changes in the amount and nuclear localization of phospho-
ERK1/2 using confocal microscopy. We quantified the level of phospho-ERK1/2 in the
nucleus, which we isolated using DAPI as a nuclear marker. As shown in Figure 2.4,
ethanol treatment increased the level of phospho-ERK1/2 in primary striatal neurons
(Figure 2.4A left, top row (control) vs. bottom row (ethanol), with phospho-ERK1/2
shown in green). Importantly, we found that this phosphorylation of ERK1/2 by ethanol
was BDNF-dependent, as addition of TrkB-Fc, a fusion protein that competes with
endogenous TrkB receptors for BDNF binding (Shelton et al., 1995), blocked the
ethanol-induced ERK phosphorylation (Figure 2.4A, right bottom panel (ethanol + TrkB-
Fc) vs. left bottom panel (ethanol alone)). Quantitation of nuclear phospho-ERK1/2

levels revealed a main effect of treatment (F(3,309) = 4.000, p = 0.008), which was
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Figure 2.4. Ethanol increases ERK1/2 phosphorylation via BDNF.

(A) Representative confocal images showing the 1 um plane midway between the top and bottom of the
nucleus of primary striatal neurons treated without or with 100 mM ethanol (EtOH) for 4 h or 25 ng/mL
BDNF for '2 h as a positive control, in the absence or presence of the BDNF inhibitor TrkB-Fc (250
ng/mL). Fixed cells were stained with anti-phospho-ERK1/ 2 (green, left panel), anti-MAP2 (red) and
DAPI to mark nuclei (blue); right panel for each treatment shows merged image. Scale bar represents
2.5 um. (B) Quantitation of average nuclear phospho-ERK intensity. (left panel) Histogram displays
mean phospho-ERK intensity by treatment +/- S.EM. * p < 0.05 vs. all other treatments. n = 71 for
control, n = 82 for TrkB-Fc, n = 77 for ethanol, n = 80 for ethanol + TrkB-Fc. Nuclear images were
obtained from 19-24 fields per condition from 2 independent experiments. (right panel) Spread of data
for individual neuronal phospho-ERK1/2 levels. Red line indicates 2 standard deviations above the
mean for control cells, or the 95% confidence interval. Note that only ethanol treatment results in a
significant number of cells responding above this threshold.
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accounted for by increased ERK1/2 phosphorylation in ethanol-treated cells as compared
to all other groups (Figure 2.4B, left panel). Additional analysis demonstrated a
significant elevation in phospho-ERK /2 intensity in 20% of ethanol-treated neurons, as
determined by phospho-ERK1/2 intensity of 2 standard deviations above the mean of
control cells (Figure 2.4B, right panel, red dashed line), a criterion reached by less than
6% of cells in all other conditions. Taken together, these results show that ethanol
exposure of striatal neurons leads to the activation of the MAPK signaling cascade via
BDNEF, yielding an increase in nuclear phospho-ERK1/2, suggesting that ethanol via

BDNF may alter transcription of downstream genes.

BDNF increases Pdyn expression in primary striatal neurons

Thus far, we have demonstrated that ethanol exposure of striatal neurons increases BDNF
protein levels, resulting in activation of the TrkB receptor, which leads to increased levels
of phospho-ERK1/2 in the nucleus of striatal neurons, including those that express
dynorphin. Because infusion of BDNF into the striatum increases Pdyn expression (Croll
et al., 1994), and we observed that primary striatal neurons express high levels of TrkB
receptors (Figure 2.1) and respond to ethanol via activation of BDNF signaling (Figure
2.2), we hypothesized that treatment of primary striatal neurons with BDNF would,
similarly to the dorsal striatum in vivo, increase production of Pdyn. In order to test this,
primary neurons were treated with or without BDNF for 2 hour, total RNA isolated and
Pdyn expression levels determined by quantitative real-time PCR. As demonstrated in
Figure 2.5, BDNF treatment significantly increased Pdyn expression in striatal medium

spiny neurons (main effect of Treatment, F(5,11) =26.191, p <0.005). Thus our cell
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Figure 2.5. BDNF increases Pdyn expression in primary striatal neurons.
Primary striatal neurons were treated with 25 ng/mL BDNF for 2 hour. Data are expressed as mean
percent increase over control Pdyn/GAPDH expression +/- S EM. * p <0.05. n=6.

culture model demonstrates remarkable similarity to the striatum in vivo in that BDNF

signaling results in increased production of Pdyn.

Ethanol increases Pdyn expression in striatal primary neurons

As we previously found that ethanol increases BDNF levels (Figure 2.2) and
BDNF increases Pdyn expression (Figure 2.5) in striatal primary neurons, we
hypothesized that ethanol treatment of primary striatal neurons would increase Pdyn
expression. To test this, cells were exposed to ethanol for 2 or 4 hours, as indicated, total
RNA isolated and Pdyn expression quantified as above. As predicted and shown in
Figure 2.6, both 2 and 4 hour ethanol treatments significantly increased Pdyn expression
as compared to control (main effect of Treatment, F(5,23) =12.211, p <0.001). Thus
ethanol treatment triggers increased Pdyn expression at time points shown to be relevant
to BDNF expression (2 hours, Figure 2.2) and BDNF signaling, including MAPK

activation (4 hours, Figures 2.3 & 2.4). This suggested that the increased Pdyn
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Figure 2.6. Ethanol increases Pdyn expression in primary striatal neurons.
Primary striatal neurons were treated without or with 100 mM ethanol (EtOH), as indicated, or with 5

ng/mL BDNF as a positive control. Data are expressed as mean percent increase over control
Pdyn/GAPDH expression +/- S EM. *p <0.05, ** p<0.001. n=6.

expression following ethanol treatment may be due to ethanol-induced BDNF expression

and signaling.

Ethanol increases Pdyn expression in primary striatal neurons via a BDNF- and
MAPK-dependent mechanism

Thus far, we have demonstrated that ethanol exposure of striatal neurons increases
BDNF protein levels (Figure 2.2), resulting in activation of the TrkB receptor (Figure
2.3), which leads to increased levels of phospho-ERK1/2 in the nucleus (Figure 2.4), and
that the same ethanol treatments significantly increase Pdyn mRNA expression (Figure
2.6). Because BDNF can increase expression of downstream genes via activation of the
MAPK pathway (Marsh et al., 1993; Barnea & Roberts, 2001), and we observed
increased Pdyn expression following BDNF treatment (Figure 2.5), we hypothesized that

ethanol, via BDNF-mediated activation of ERK1/2, would increase Pdyn expression in
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Figure 2.7. Ethanol increases Pdyn expression via BDNF.
Striatal primary neurons were treated without or with 100 mM ethanol (EtOH) or with 25 ng/mL BDNF
in the absence or presence of the BDNF inhibitor TrkB-Fc (250 ng/mL). Data are expressed as mean
percent increase over control Pdyn/GAPDH expression +/- S.E.M. * p <0.05. n=6.

primary striatal neurons. To test this, primary striatal neurons were treated with ethanol
in the presence or absence of the BDNF inhibitor TrkB-Fc, to block BDNF signaling, or
in the presence or absence of the MEK inhibitor U0126, to block activation of ERK1/2.
Following treatment, total RNA was isolated from cells and mRNA expression assessed
using quantitative RT-PCR. As shown in Figure 2.7, we found a significant increase in
Pdyn expression following ethanol treatment that was blocked by the addition of TrkB-Fc
(F(5,35) =10.628; p <0.001 for BDNF and 4 hours EtOH vs. Control), demonstrating
that ethanol treatment increases Pdyn via BDNF. In addition, we found that ethanol-
induced increases in Pdyn expression were also blocked by the MEK inhibitor U0126
(Figure 2.8, p < 0.05, for BDNF and 4 hours EtOH vs. Control; p < 0.05 for
BDNF+UO0126 vs. BDNF alone and vs. Control; no significant difference between 4
hours EtOH + U0126 and Control), indicating that ethanol treatment increases Pdyn by

activating MAPK signaling.
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Figure 2.8. Ethanol increases Pdyn expression via the MAPK pathway.
Striatal primary neurons were treated without or with 100 mM ethanol (EtOH) or with 25 ng/mL
BDNF in the absence or presence of the MEK inhibitor U0126 (20 um, % h pretreatment). Data are
expressed as mean percent increase over control Pdyn/GAPDH expression +/- SEM. * p < 0.05 vs.
control, # p <0.05 vs. BDNF. n=3.

DISCUSSION

Here we show that ethanol treatment of primary striatal neurons results in
activation of the BDNF receptor, TrkB, and subsequent activation of the MAPK cascade,
in a BDNF-dependent fashion. We also identify dynorphin as a downstream effector of
BDNF signaling in striatal neurons, as ethanol treatment results in increased production
of Pdyn via a BDNF- and MAPK -dependent mechanism. Taken together, these results
indicate that the BDNF homeostatic response to ethanol triggers activation of MAPK
signaling, initiating production of the downstream effector dynorphin, whose expression

is responsible for the reduction of ethanol intake by BDNF (Figure 2.9).

Ethanol increases BDNF protein levels and TrkB receptor phosphorylation

While we have previously demonstrated increased striatal BDNF mRNA expression
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Figure 2.9. Model of the ethanol-induced BDNF signaling cascade.
The striatal response to ethanol results in the following cascade: (1) Ethanol increases BDNF
expression. (2) BDNF binds to the TrkB receptor, resulting in autophosphorylation and activation of
downstream signaling, including (3) activation of the MAPK signaling pathway. This increases
transcription of downstream genes (4), including Pdyn. Following translation, dynorphin is released and
acts to decrease ethanol intake.

following acute ethanol treatment (McGough et al., 2004) and provided in vivo evidence
to suggest the involvement of TrkB signaling in the control of ethanol intake by BDNF
(Jeanblanc et al., 2006), here we demonstrate that ethanol exposure increases BDNF
protein levels and consequently increases activation of the TrkB receptor via a direct
effect upon striatal neurons. While others have demonstrated an involvement of striatal
BDNF signaling in response to drugs of abuse (Le Foll et al., 2005; Jeanblanc et al.,
2006), as well as changes in cocaine self-administration in response to increases or
decreases in BDNF (Graham et al., 2007), to our knowledge this is the first

demonstration that exposure to any drug of abuse triggers activation of striatal TrkB by
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BDNF produced within the striatum. Specifically, these data demonstrate a role for
locally-produced BDNF in activation of striatal TrkB signaling, since primary striatal
cultures are devoid of cortical input, a major source of BDNF for the striatum in vivo
(Altar et al., 1997). The observed effect is modest (10.8%); nonetheless it is statistically
significant and is in line with the previously reported in vivo activation of TrkB signaling

by cocaine in the NAc (Graham et al., 2007).

Ethanol exposure leads to the activation of the MAPK signaling cascade

Acute exposure to multiple drugs of abuse activates MAPK signaling in the
striatum (Valjent et al., 2004), and exposure to cocaine-related cues in withdrawal
increases BDNF and MAPK activation (Lu et al., 2005). Additional evidence
demonstrating the involvement of MAPK signaling downstream of BDNF in the central
and medial nuclei of the amygdala in response to acute ethanol (Pandey et al., 2006)
indicates that BDNF may act via MAPK signaling in the striatum to control ethanol
intake. We provide here direct evidence that ethanol exposure leads to the activation of
the MAPK signaling cascade in striatal neurons in a BDNF-dependent fashion.

Interestingly, we saw only a partial increase in ERK1/2 phosphorylation, similar
to the results obtained for TrkB phosphorylation. This suggests several possibilities.
First, ethanol-induced BDNF might act selectively on the striatonigral projection neurons,
which express dynorphin (Gerfen, 1988). Thus investigation of a subpopulation-selective
striatal neuronal activation by BDNF would be an enlightening future study. However,
striatal BDNF infusion increases both Pdyn and proenkephalin (Croll et al., 1994),

indicating that both medium spiny neuron subtypes are responsive to BDNF stimulation.
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Thus while a subtype-specific response is an attractive explanation for the moderate level
of TrkB and ERK1/2 phosphorylation observed in the current study, a more probable
cause is the quiescent nature of striatal cultures. Specifically, striatal cultures devoid of
cortical input display limited network activity (Segal et al., 2003). At present it is
unknown whether ethanol-treated striatal cultures release BDNF via the constitutive
(activity-independent) or regulated (activity-dependent) release pathway. BDNF release
via the regulated release pathway would be minimal given the low level of spontaneous
activity in primary striatal cultures (Segal et al., 2003), suggesting that the moderate
levels of TrkB and ERK1/2 phosphorylation observed may be due to limited release of
the ethanol-induced BDNF. Therefore determination of the mechanism of BDNF release
following ethanol treatment would be an informative future study. Alternatively, it is
possible that striatal afferents are not only necessary for proper striatal synapse formation
(Segal et al., 2003) but also play an integral role in mediating the BDNF response to
ethanol. Thus the absence of cortical and/or nigral input in primary striatal cultures may
blunt the BDNF response to ethanol. Finally, it should also be noted that these cultures
are derived from early postnatal rat brains and therefore the observed responses to both
ethanol and BDNF may differ from those observed in intact adult animals. For example,
repeated forced ethanol ingestion in postnatal rats decreases total brain size and cortical
BDNF expression (Fattori et al., 2007), while chronic ethanol treatment of primary
cortical neurons derived from embryonic rat brain results in elevated cell death (Mooney
& Miller, 2003). These data demonstrate the toxicity of prolonged or repeated exposure
to ethanol during development of the cortex, and while our treatment is both significantly

shorter than those shown to cause toxicity to primary neurons and in the striatum, whose
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neuronal composition differs significantly from that of the cortex, we cannot at this time
exclude either mild toxicity or developmental stage as contributing factors in the
moderate level of response observed. Thus investigation of ethanol-induced alteration of
BDNF signaling in vivo, in particular regarding the involvement of specific afferent

inputs in the BDNF response, will be a critical future study.

Increased expression of Pdyn by ethanol via BDNF & MAPK

Striatal dynorphin expression can be upregulated by cocaine (Spangler et al.,
1993; Mathieu-Kia & Besson, 1998; Turchan et al., 1998; Fagergren et al., 2003;
Schlussman et al., 2005) and amphetamine (Smith & McGinty, 1994; Wang et al., 1995;
Turchan et al., 1998); however, responsiveness of striatal dynorphin expression to ethanol
treatment has been mixed, with some reports showing increased expression (Gulya et al.,
1993) and others showing no change (Mathieu-Kia & Besson, 1998; Cowen & Lawrence,
2001). This may be due in part to differences in ethanol administration protocols and
time points of analyses with respect to the final ethanol administration. In addition, some
data have shown increases in dynorphin levels only upon ethanol withdrawal
(Przewlocka et al., 1997; Beadles-Bohling et al., 2000; Lindholm et al., 2000), but see
also (Seizinger et al., 1983; Ploj et al., 2000)); however, these changes were all found
outside the dorsal striatum, and thus may demonstrate intrinsic brain region-specific
differences in regulation of dynorphin expression. We found that acute ethanol treatment
increases Pdyn expression via a BDNF- and MAPK-dependent mechanism. Importantly,
this induction requires time, as ethanol must first increase BDNF mRNA and protein

production and release to trigger the signaling cascade which culminates in increased
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Pdyn expression. It should be noted that our cultures do not specifically differentiate
between dorsal and ventral striatum (NAc), and a rapid increase in dynorphin release in
the NAc shell has been demonstrated following ethanol treatment (Marinelli et al., 2006).
Nonetheless, the existence of a rapid release mechanism in no way precludes the
existence of a second longer-acting mechanism, as described here. In addition, as we
observed ethanol-induced BDNF expression specifically in the dorsal, and not ventral,
striatum following ethanol intake (McGough et al., 2004), it is likely that the increased
Pdyn expression we observed, which was dependent on ethanol-induced BDNF signaling
and peaked after a 4-hour ethanol treatment, models the homeostatic response of the

dorsal striatum following ethanol intake.

Possible mechanism of altered Pdyn expression by BDNF and ethanol

As detailed above, multiple drugs of abuse increase both phosphorylation of
ERK1/2 (Valjent et al., 2004) and expression of Pdyn (Spangler et al., 1993; Turchan et
al., 1997; Mathieu-Kia & Besson, 1998; Zhou et al., 2002; Fagergren et al., 2003;
Schlussman et al., 2005) in the striatum. However, the time scale for induction of ERK
activation and Pdyn expression by drugs other than ethanol is much more rapid, with
increases in signaling observed in as little as 5 minutes after cocaine injection (Valjent et
al., 2000) and increased Pdyn expression observed within 2 hours of cocaine or
amphetamine treatment (Hurd & Herkenham, 1992). Interestingly, with ethanol
treatment we observed an initial increase in Pdyn which was significantly elevated as
compared to control after 2 hours of ethanol exposure, but which increased even more

dramatically after 4 hours treatment. This suggests that there may be two mechanisms
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whereby ethanol increases Pdyn expression — a more rapid mechanism which may be
BDNF-independent and a slower mechanism which, as shown, is BDNF-dependent.
Thus the BDNF-dependent alteration in Pdyn expression may be mechanistically distinct
from the more rapid cocaine- or amphetamine-induced alteration of Pdyn levels. The
Pdyn gene contains both cyclic AMP response element (CRE) and activator protein 1-
(AP-1) like domains within its promoter region (Naranjo et al., 1991; Douglass et al.,
1994; Messersmith et al., 1994), and amphetamine has been shown to increase Pdyn
specifically via the CRE sites in a dopamine D1 recpetor-dependent manner (Cole et al.,
1995). Importantly, dopamine treatment of striatal neurons — mimicking in vivo
amphetamine treatment — increased binding of phosphorylated cyclic AMP response
element binding protein (CREB) to the three CRE sites of the Pdyn promoter within 5
minutes of treatment (Cole et al., 1995). As drugs of abuse, including ethanol, trigger
dopamine release (Di Chiara & Imperato, 1985, 1988), and activation of the dopamine
D1 receptor increases PKA activity (Simpson & Morris, 1995), this suggests a rapid
increase in Pdyn expression may be triggered by drug-induced dopamine release and
subsequent PKA activation. In particular, this increase in Pdyn is likely regulated
specifically by activation of the CRE sites, since PKA phosphorylates CREB on serine
133 to activate transcription (Shaywitz & Greenberg, 1999), and PKA and CREB are
capable of significantly increasing Pdyn expression (Douglass et al., 1994). While
dopamine-induced Pdyn expression is unlikely in primary striatal cultures in response to
ethanol treatment, as they lack dopaminergic input, ethanol has been shown to activate
PKA and CREB (Dohrman et al., 1996; Constantinescu et al., 1999). Thus ethanol, like

other drugs of abuse, may trigger a fast, BDNF-independent increase in Pdyn expression.
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Importantly, as demonstrated here, ethanol also activates a slower, BDNF-dependent
increase in Pdyn mRNA. While CREB is similarly a key target of BDNF (Finkbeiner et
al., 1997), unlike dopamine BDNF also stimulates AP-1 activity (Gaiddon et al., 1996),
and coactivation of all promoter regions on the Pdyn gene may trigger maximal
activation, as observed with the 4-hour ethanol treatment. As dynorphin acts at least in
part to decrease dopamine release (Reid et al., 1988), both routes of elevated Pdyn
expression could serve as negative feedback to counteract the acute drug-induced
dopamine release. Taken together, these data suggest a dual regulation of Pdyn
expression in which a partial increase in expression occurs with activation of a subset of
promoters whereas a full increase in expression is triggered by complete activation of the
CRE and AP-1 promoters. According to this model, dopaminergic activation of striatal
neurons induces a partial increase in Pdyn sufficient to suppress the acute increase in
dopamine release triggered by drug exposure. Conversely, BDNF activates a delayed but
heightened Pdyn response by activating both the CRE and AP-1 promoter sites, resulting
in a further decrease in dopamine release which may be temporally coincident with the
withdrawal phase in vivo. Heightened dynorphin expression has been suggested to create
a dysphoric state in withdrawal (Walker & Koob, 2007) which could provide
physiological feedback for the post-ingestive effects of ethanol and decrease subsequent
ethanol intake. While this dysphoria is likely subserved by the NAc, increased dynorphin
in the dorsal striatum may instead act to weaken the stimulus-response association
between the act of ethanol consumption and its rewarding effects (Yin et al., 2004; Yin et
al., 2005), thereby preventing the escalation of ethanol intake and the development of the

ethanol addiction habit.
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CHAPTER 3

BDNF modulates behavioral responses to ethanol via its downstream effector

dynorphin

47



ABSTRACT

Previously we identified a homeostatic pathway whose activity may account for
protection against the development of addiction, in which acute ethanol exposure
increases expression of brain-derived neurotrophic factor (BDNF), signaling via the
mitogen-activated protein kinase (MAPK) pathway and production of the downstream
effector preprodynorphin (Pdyn). In addition, acute ethanol increased BDNF specifically
in the dorsal striatum in vivo, and that elevated BDNF expression resulted in decreased
ethanol intake, while reduction of BDNF or blockade of BDNF signaling increased both
ethanol sensitivity in multiple behavioral paradigms and ethanol consumption (McGough
et al., 2004; Jeanblanc et al., 2006). Taken together, these data indicate that BDNF, via
the downstream effector dynorphin, may act to reduce acute responses to ethanol, thereby
decreasing ethanol intake. Using BDNF conditional knockout mice, in which BDNF is
deleted from the forebrain postnatally, we show that BDNF deletion increases ethanol
intake without altering preference for other tastants. We also demonstrate that
application of either BDNF or Tat-RACKI1 to the dorsal striatum, treatments which are
capable of decreasing ethanol intake, elevates Pdyn expression in the dorsal striatum.
Importantly, we show that control of ethanol intake by BDNF requires activity of the
downstream effector dynorphin, as blockade of dynorphin’s receptor, the kappa opioid
receptor (KOR), inhibits the ability of Tat-RACK1, which increases BDNF expression, to
decrease ethanol consumption. Finally, we demonstrate that mimicking the action of
dynorphin via administration of a KOR agonist blocks ethanol conditioned place
preference. Taken together, these data show that dynorphin is a key downstream effector

of BDNF regulation of ethanol-related behaviors, including consumption.
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INTRODUCTION

Recently we identified a homeostatic pathway in which ethanol increases BDNF
protein levels, BDNF signaling via its receptor TrkB and the MAPK pathway and
expression levels of the downstream effector Pdyn (Chapter 2). In conjunction with our
earlier findings that acute ethanol increases BDNF expression in the dorsal striatum,
while BDNF levels and signaling regulate ethanol intake and ethanol sensitivity
(McGough et al., 2004; Jeanblanc et al., 2006), we suggest that BDNF regulates ethanol-
related behaviors, including ethanol consumption, via increasing expression of the
downstream effector dynorphin and activation of its receptor, the KOR.

While BDNF regulation of the response to drugs of abuse was first proposed more
than ten years ago (Baek et al., 1996; Berhow et al., 1996), until recently much of the
attention has focused on the mesolimbic dopaminergic pathway. Specifically, the focus
has been on the role of BDNF in the ventral tegmental area (VTA) and ventral striatum,
or nucleus accumbens (NAc) (Berhow et al., 1996; Numan et al., 1998; Horger et al.,
1999; Meredith et al., 2002; Grimm et al., 2003; Narita et al., 2003; Lu et al., 2004; Le
Foll et al., 2005; Pu et al., 2006; Graham et al., 2007). In particular, a majority of the
research investigating BDNF involvement in drug-taking and drug-seeking has focused
on cocaine (Berhow et al., 1996; Horger et al., 1999; Grimm et al., 2003; Lu et al., 2004;
Le Foll et al., 2005; Pu et al., 2006; Graham et al., 2007). BDNF infusion into the NAc
increases locomotor sensitization to cocaine as well as cocaine place preference (Horger
et al., 1999). Further investigation has demonstrated a role for BDNF in cocaine craving
and drug-seeking during withdrawal, as VTA, NAc and amygdala BDNF levels increase

in cocaine-withdrawn animals in a time-dependent manner (Grimm et al., 2003).
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Interestingly, recent studies have shown that acute cocaine increases BDNF expression
and signaling in the NAc, and that this BDNF signaling increases cocaine seeking
(Graham et al., 2007). However, these data demonstrate a role for BDNF that contrasts
to that seen for ethanol, not just in the dorsal striatum (McGough et al., 2004; Jeanblanc
et al., 2006) but in the cortex and amygdala as well (Pandey et al., 1999; Pandey et al.,
2006).

Unlike cocaine, multiple lines of evidence indicate that the BDNF response to
ethanol functions to decrease ethanol intake. Mice heterozygous for the cyclic AMP
response element binding protein (CREB) drink significantly more ethanol than their
wild-type (WT) littermates, concomitant with decreased expression of BDNF mRNA and
protein in all brain regions tested, including the cortex and amygdala (Pandey et al.,
2004). These mice also display increased anxiety-related behaviors (Pandey et al., 2004),
and subsequent studies from the same researchers have demonstrated a requirement for
central amygdala BDNF in both of these behaviors (Pandey et al., 2006). Importantly,
Pandey and colleagues have shown that administration of BDNF antisense
oligonucleotides into the central or medial amygdala, a treatment which reduces both
BDNF expression and activity of downstream signaling partners including extracellular
signal-regulated kinase (ERK) and CREB, significantly increases both anxiety-related
behaviors and voluntary ethanol consumption (Pandey et al., 2006). Taken together with
our previous work, these data indicate that BDNF expression in the dorsal striatum and
amygdala function to reduce ethanol intake and ethanol-related behaviors. Critically,

both lines of research have demonstrated evidence for alteration in signaling downstream
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of BDNF, indicating a requirement for downstream effectors in the regulation of ethanol-
related behaviors by BDNF.

Extended BDNF infusion into the dorsal striatum increases the expression of
Pdyn mRNA (Croll et al., 1994), and we have demonstrated that ethanol treatment of
striatal neurons increases Pdyn expression via a BDNF-dependent mechanism (Figure
2.7, p. 38). Additionally, activation of dynorphin’s receptor, the KOR, decreases ethanol
intake (Lindholm et al., 2001), while blockade of the KOR increases ethanol intake
(Mitchell et al., 2005), indicating that dynorphin may acutely regulate ethanol intake.
Dynorphin and KOR levels are lower in various components of the mesostriatal
dopaminergic system of C57BL/6 (C57) mice, which drink more ethanol, than in DBA
mice (Jamensky & Gianoulakis, 1997; Winkler & Spanagel, 1998; Ploj et al., 2000),
suggesting that dynorphin expression may inversely correlate with ethanol intake.
Admittedly much of the difference in intake between C57 and DBA mice results from
heightened aversion to the bitterness of ethanol in DBA mice (Grahame & Cunningham,
1997; Blizard, 2007). However, when oral ingestion is bypassed using intravenous self-
administration, C57 mice still administer higher amounts of ethanol than DBA mice
during the early phase of training (Grahame & Cunningham, 1997), suggesting that
decreased dynorphin and KOR expression correlates with increased ethanol intake.
Additional work has demonstrated a dysregulation of dynorphin signaling in ethanol
dependence, as blockade of the KOR decreases ethanol self-administration only in
ethanol-dependent rats (Walker & Koob, 2007). While this effect is opposite from the
proposed role of dynorphin in regulation of acute ethanol intake, it suggests that

development of physiological ethanol dependence may involve breakdown of an
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otherwise protective dynorphin signal. Additional data indicate that withdrawal increases
dynorphin signaling such that inhibition of the KOR results in increased dopamine
release in dependent but not nondependent animals (Lindholm et al., 2007). Importantly,
dopamine release is required for development of conditioned place preference to multiple
drugs of abuse (Tzschentke, 1998), and activation of the KOR has previously been shown
to blunt place preference to both morphine and cocaine (Funada et al., 1993; Shippenberg
et al., 1996; Pliakas et al., 2001; McLaughlin et al., 2006). Taken together, these data
indicate that dynorphin may provide acute feedback following ethanol exposure, possibly
by reducing ethanol reward, thus decreasing future ethanol intake.

Based on these existing data, we hypothesized that BDNF modulates ethanol
intake via dynorphin/KOR signaling, and that one mechanism of dynorphin regulation of

ethanol intake is via inhibition of the rewarding properties of ethanol.

METHODS
Reagents

Recombinant human BDNF, DNase, nor-binaltorphimine (nor-BNI) and N-
methyl-N-7-(1-pyrrolidinyl)-1-oxaspiro[4,5]dec-8-11-4-benzofu ranacetamide
(U50,488H) were obtained from Sigma Aldrich (St. Louis, MO). Physiological saline
(0.9% sodium chloride) was obtained from Hospira, Inc. (Lake Forest, IL). Tat-RACK1
fusion protein was expressed in Escherichia coli and purified as previously described (He
et al., 2002). TRIzol and the Reverse Transcription System were purchased from

Promega Corporation (Madison, WI). All real-time PCR reagents, including TagMan
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Gene Expression Assays, were obtained from Applied Biosystems, Inc. (Foster City,

CA).

Animals
C57BL/6J (C57) mice were obtained at 6-8 weeks of age from The Jackson

Tm3/Jae hyice which

Laboratory (Bar Harbor, ME). Two founder mating pairs of BDNF
contain loxP sites surrounding exon 5 of the BDNF gene (floxed BDNF) were obtained
from The Jackson Laboratory (Bar Harbor, ME) and bred in-house. Original mating
pairs of mice expressing CaMKIIa under the control of the Cre promoter (B6.Cg-
Tg(Camk2a-cre)1Lfr/Mmcd; CaMKIIa-Cre) were obtained from the Mutant Mouse
Regional Resource Center at the University of California, Davis (Davis, CA) and bred in-
house. Animals were housed under a 12 h light/dark cycle, with lights on at 7:00 a.m.
and lights off at 7:00 p.m., and were provided with continuous ad libitum access to food
and water. All animals purchased just prior to study were given a minimum of 1 week to
rest without experimentation following arrival in the animal facility. All animal
procedures were approved by the Gallo Center Institutional Animal Care and Use

Committee and were conducted in agreement with the Guide for the Care and Use of

Laboratory Animals, National Research Council (1996).

Two-bottle choice intake
Ethanol
Mice were singly housed in double grommet cages at least one week prior to the

initiation of ethanol access. Fluid solutions were provided in cylindrical glass bottles
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equipped with standard stoppers, placed on the home cage and available 24 hours a day.
Mice were given 2 bottles — one containing water and the other containing a solution of
10% ethanol (v/v). While no water deprivation or sucrose fading were used in drinking
studies involving C57 mice, the background strain of the BDNF conditional knockout
mice (12954, BALB-c, B6 hybrid) resulted in high sensitivity to the bitterness of ethanol
(regardless of genotype) and thus necessitated sweetening with 0.2% saccharin. Bottles
were weighed every 1-2 days to monitor consumption and the placement order of the
bottles on the home cage was switched to ensure that consumption levels were not due to
a side bias. Body weight and physical appearance were monitored every few days
throughout the course of the experiment to ensure that all subjects remained in good

health.

Saccharin & quinine

In order to measure differences in taste preference in the BDNF conditional
deletion mice, two bottles were provided on the home cage as above, except that, rather
than ethanol, the second bottle contained a solution of saccharin (0.03% or 0.06%) or
quinine (0.015 mM or 0.03 mM). Bottle placement was switched and consumption and

body weight monitored as above.

Tat-RACK1 & nor-binaltorphimine injections
For determination of the effects of Tat-RACK1 and nor-BNI on ethanol intake, a
single injection containing either or both of the treatments was administered

approximately 3.5 hours prior to the beginning of the dark cycle. Intraperitoneal (i.p.)
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injections were given at a volume of 0.02 mL per gram body weight; mice were weighed
on the day of injection in the morning, approximately 6 hours prior to injection. The
injection mixture, by volume, was 50% Tat-RACKI1 (4 mg/kg) or vehicle (10% glycerol
in PBS) and 50% nor-BNI (30 mg/kg) or vehicle (0.9% saline). Bottles were returned to
the cages 3 hours prior to the onset of the dark cycle, or approximately 'z hour after the
injection. Intake was measured over the 17-hour period following the injection (i.e.

between 4 p.m. and 9 a.m.).

Acute treatment of striatal slices

Sprague Dawley rats, aged 21-28 days at the time of experimentation, were lightly
anesthetized and euthanized by rapid decapitation. The brains were rapidly removed and
placed immediately in ice cold aCSF containing (in mM): 126 NaCl, 1.2 KCl, 1.2
NaH,POy4, 0.01 MgCl,, 2.4 CaCl,, 18 NaHCO; and 11 Glucose, saturated with 95%
0,/5% CO,. Coronal slices (175 um) were cut on a vibratome (Leica, Nussloch,
Germany), the dorsal striata dissected out and transferred to rest in saturated aCSF (as
above) at 25°C for 90 minutes prior to treatment. At the conclusion of treatment, slices
were collected and samples processed for analysis of mRNA levels by quantitative

reverse transcription-polymerase chain reaction (QRT-PCR) as described below.

Acute surgical infusion of BDNF
Adult Long-Evans rats (weighing 400 — 600 g at the time of surgery) were
anesthetized using isoflurane and placed in a standard stereotaxic frame. Single holes

were drilled bilaterally to allow access to the dorsal striatum at AP +1.20 mm, ML +/-
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3.40 mm, relative to Bregma. Hamilton syringes — one containing 0.25 pg/mL BDNF
and one containing vehicle (PBS) — were inserted into stereotaxic microinjection units
and lowered to DV -4.20 mm for direct infusion of BDNF or vehicle into the dorsolateral
striatum. Rats were infused with 1 pLL BDNF in one hemisphere and 1 pL vehicle in the
other; the hemisphere receiving BDNF (left or right) and the order of infusion (BDNF or
vehicle first) were counterbalanced across subjects. In order to allow time for signaling
events downstream of BDNF, rats were maintained under anesthesia for 3 h after the
BDNF infusion. This time point, as well as the BDNF dose chosen, had previously been
determined to show behavioral efficacy in reducing ethanol intake in a self-
administration paradigm (Jerome Jeanblanc, personal communication). At the end of the
3-hour delay, rats were sacrificed by rapid decapitation and striatal tissue punches were
taken from the region immediately surrounding the tip of the infusion track. Samples

were processed for analysis of mRNA levels by qRT-PCR as detailed below.

Conditioned place preference (CPP)

The place conditioning apparatus consists of three chambers — two conditioning
chambers and a central access chamber. The conditioning chambers, which measure 6.6”
long by 5 wide by 5” high, have distinct visual and tactile cues — one chamber has white
walls with a stainless steel mesh floor while the other has black walls with a stainless
steel rod floor. The central access chamber, which measures 2.85” long by 5” wide by 5”
high, has gray walls and a matching smooth gray PVC floor. In addition, each chamber
is equipped with a house light, and the luminance is adjusted such that the sum total of

the environmental (visual and tactile) cues does not result a significant baseline
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preference across all mice for a specific chamber. All chambers are equipped with
photobeams which span the width of each chamber — 2 in the central chamber and 6 in
each of the conditioning chambers. The chambers are equipped with automated
guillotine doors which open upon disruption of the photobeam in the central chamber
and, if necessary, close upon disruption of two consecutive photobeams in either
conditioning chamber, as determined by experimental condition.

The place conditioning procedure is conducted over 10 consecutive days, during
which time mice are trained under a Pavlovian conditioning paradigm to associate
ethanol (the unconditioned stimulus, or US) with a specific conditioning chamber (the
conditioned stimulus, or CS). The alternate conditioning chamber is paired with saline
such that mice are equivalently exposed to both chambers but only one is explicitly
paired with reward (reviewed in Tzschentke, 1998). On the first, or habituation, day,
mice are placed in the central chamber, both doors open and the subjects are allowed free
access to all three chambers for the duration of a 30-minute session. The next eight days
comprise the conditioning sessions, with one 5-minute session run daily. On
conditioning days 2, 4, 6 and 8, mice are injected with ethanol or saline and immediately
confined in the appropriate conditioning chamber (the CS for ethanol or the unpaired
chamber for saline). On alternate days (conditioning days 3, 5, 7 and 9), mice are
injected with saline or ethanol and confined in the unpaired or CS chamber, respectively,
for 5 min. On the tenth, or test, day, mice are placed in the central chamber and allowed
free access to both conditioning chambers for the duration of a 30-minute session. Both

habituation and test sessions are performed in a drug-free state.
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To determine the involvement of the KOR in the acquisition of conditioned place
preference for ethanol, mice received two i.p. injections on each conditioning day — the
first of U50 (1 mg/kg of a 0.1 mg/mL solution) or vehicle, followed 10 minutes later by a
second injection of ethanol (2 g/kg of a 20% (v/v) solution of ethanol in saline) or saline.
Mice were placed in the central access chamber immediately after the ethanol/saline
injection. Drug condition and chamber were counterbalanced across the days as follows:
half the animals received drug treatments on days 2, 4, 6 and 8 and vehicle on days 3, 5, 7
and 9, and the other half received vehicle on days 2, 4, 6 and 8 and drug treatments on
days 3, 5, 7 and 9. Within these two groups, half received drug treatment paired with the
white chamber and half with the black, such that drug treatment day, drug-paired
chamber and drug-paired chamber-by-treatment-day were all counterbalanced across the
treatment groups.

Conditioned place aversion (CPA) training sessions were performed similarly,
except that a single injection of U50 (1 mg/kg, s.c.) or saline was administered
immediately before a 30-minute conditioning session, and all mice were conditioned
against preference. In addition, CPA conditioning required only 3 training sessions per
side.

All data are presented as the average of the CPP Score, which is calculated as the
difference in time spent in the CS chamber and time spent in the saline-paired chamber
on the test day. Mice that spent more than 50% of the time in a single chamber on
habituation day were omitted from conditioning; this severe pre-existing bias occurred in
10-20% of mice depending on group. In addition, a post-hoc analysis was conducted to

exclude all mice spending a significantly greater amount of time in any individual
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chamber on test or habituation day than the other mice belonging to the same treatment
group. A significantly greater amount of time in a given chamber was calculated as
greater than 2 standard deviations above the mean time spent in that chamber by the
treatment group as a whole. This criterion resulted in the exclusion of 3 mice, or roughly

5% of the subjects.

Quantitative Reverse Transcription-Polymerase Chain Reaction (QRT-PCR)

Brain sections were homogenized in TRIzol and mRNA isolated according to
standard protocol. Samples were treated with DNase prior to reverse transcription using
the Reverse Transcription System. The resulting cDNA samples were amplified by
TagMan quantitative PCR using previously designed primer/probe kits. In all cases,

GAPDH was used as an internal control.

Statistical Analysis

Data were analyzed using one-way ANOV As followed by post-hoc Bonferroni
(vs. control) and Student-Neuman-Keuls (differences between treatment groups)
comparisons where appropriate. For experiments involving within-subjects designs,
repeated measures ANOVAs were used followed by multiple post-hoc Student-Neuman-
Keuls paired comparisons. In addition, gene expression data expressed as percent control
were analyzed by one-sample t-test (GraphPad Software, Inc.,

http://www.graphpad.com/quickcalcs/OneSampleT1.cfm). As percent control was

calculated individually for each replicate of a given treatment prior to determining the

treatment mean, the control population lacked variance. The one-sample t-test compares
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a given mean with a specific variability against a hypothesized value of control (for
example, 100%) and extrapolates variability in the control based on the variability among

the treatment population, thus satisfying the statistical requirement for equal variance.

RESULTS
As we determined previously that ethanol treatment increases BDNF signaling in
striatal neurons, resulting ultimately in increased production of Pdyn (Chapter 2), we

sought to determine the role of BDNF and dynorphin in ethanol intake in mice.

Conditional deletion of BDNF increases ethanol intake

Previously we found that reduction of BDNF in heterozygous mutant mice
(BDNF "), which express approximately half the normal amount of BDNF protein
(Kolbeck et al., 1999), resulted in increased measures on several ethanol-related
behaviors (McGough et al., 2004). Specifically, BDNF"" mice showed increased ethanol
place preference, increased ethanol-induced locomotor responding — with both an
increased acute response to ethanol and increased sensitization after chronic ethanol
injections — and a prolonged increase in ethanol intake after a period of deprivation
(McGough et al., 2004). However, due to numerous developmental functions of BDNF
(Klein, 1994), BDNF homozygous mutant mice are not viable past 2 weeks of age
(Ernfors et al., 1994; Ernfors et al., 1995) and there may be compensatory changes in
BDNF " mice due to reduced developmental BDNF expression that could mask the full
function of BDNF in regulating ethanol intake. For instance, we did not observe a

difference in baseline ethanol intake between BDNF and their WT littermates, a finding
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contrary to our hypothesized function of BDNF as a regulator of ethanol intake. To
overcome the limitations of conventional deletion, we utilized a conditional knockout
model for spatial and temporal restriction of BDNF expression. Conditional deletion of
genes can be achieved via the Cre/loxP system, which uses the P1 bacteriophage Cre
enzyme to achieve recombination of genes flanked by loxP sites. Under this system,
DNA between loxP sites will be excised from the genome upon Cre-driven
recombination (Sauer & Henderson, 1988; Nagy, 2000), providing a means for removal
of a gene of interest (or a portion thereof) in the presence of Cre recombinase. As mice
have been previously developed expressing BDNF surrounded by loxP sites (floxed
BDNF; for gene structure see Figure 3.1A) (Rios et al., 2001), we elected to use these
animals as a means of overcoming the developmental lethality of traditional BDNF
knockout. In order to achieve deletion of BDNF, Cre recombinase must be introduced
into the floxed BDNF mice. Thus the regulation of both spatial and temporal deletion of
BDNF can be precisely controlled via restriction of Cre expression. We chose to mate
the floxed BDNF line with mice expressing Cre under the control of the calcium and
calmodulin kinase [la (CaMKIIa) promoter (CaMKcre) (Xu et al., 2000). CaMKlIIa
expression is restricted primarily to the forebrain, and the onset of expression is postnatal,
with very low expression at postnatal day (PND) 4 which increases over the next two
weeks to reach adult levels around PND21 (Burgin et al., 1990). Through the mating of
floxed BDNF and CaMKcre mice, we achieved highly significant BDNF knockdown
throughout the forebrain (Figure 3.1B), with BDNF levels approaching the lower limits of

detection throughout the cortex and striatum and significant knockdown in the
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Figure 3.1. Conditional deletion of BDNF under the CaMKIlla promoter is primarily
restricted to the forebrain.

(A) Diagram demonstrating the construction of floxed BDNF which provides a template for conditional
deletion of the BDNF gene. The single coding exon of the BDNF gene is surrounded by loxP sites and is
removed in the presence of Cre. Adapted from Rios et al. (2001). (B) Demonstration of BDNF
knockdown in BDNF ¢KO mice in the presence of CaMKCre, with the highest knockdown occurring in
frontal brain regions. Data are presented as mean BDNF expressed as a ratio to GAPDH +/- S EM. **p
<0.001;#p=0.051. n=7 for WT, n = 6 for cKO.

hypothalamus and hippocampus as well (F(1,90) = 171.806, p < 0.001 for Genotype
across all brain regions). The lack of developmental disruption from our knockout was
evidenced in part by equivalent survival of both Cre-expressing (BDNF ¢KO) and Cre-

nonexpressing (BDNF WT) mice, indicating that Cre expression did not leak through into
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the embryonic period, as this would have resulted in decreased viability of the Cre-
expressing mice due to developmental defects, similar to the issues observed with the
conventional BDNF knockout mice (Ernfors et al., 1994; Ernfors et al., 1995). In
addition, we observed no overt behavioral or physical differences in the mice studied.
For instance, unlike previously published data (Rios et al., 2001), the BDNF cKO mice
were not obese, but in fact displayed a trend towards decreased weight as compared to the
WT mice at the time of testing (BDNF cKO: 25.5 g; BDNF WT: 30.5 g, p=0.065). This
may have been due to the fact that the BDNF cKO mice were, on average, 4 weeks
younger than the BDNF WT mice (BDNF cKO: average age = 11 weeks at start of
experiment, median = 10 weeks and range = 7-17 weeks; BDNF WT: average age = 15
weeks, median = 17 weeks and range = 10-20 weeks); due to breeding difficulties this
was the closest age-matched group available.

In order to assess the effect of the conditional deletion of BDNF on ethanol
intake, BDNF cKO and age-matched WT littermate mice were provided with two bottles
of fluid on the home cage — one containing 10% ethanol and the other containing water.
During a pilot study it was determined that both the BDNF cKO and BDNF WT mice
were averse to the flavor of the ethanol solution, as all mice regardless of genotype were
reluctant to consume unsweetened ethanol (average consumption of 1.6 g/kg/day). This
taste aversion could be overcome by the addition of sucrose to sweeten the solution, a
procedure which has previously been utilized to increase ethanol self-administration in
rats (Samson, 1986). In the sweetened condition, ethanol intake was increased to 7.3
g/kg/day. Because sucrose can interfere with the pharmacological effects of ethanol by

decreasing the amount of ethanol absorbed into the bloodstream (Roberts et al., 1999), we
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elected to use the noncaloric sweetener saccharin (0.2%) as the sweetener for the ethanol
solution. As shown in Figure 3.2A, BDNF cKO mice drank significantly more ethanol
than their WT littermates (main effect of Genotype, F(1,12) = 6.528; p < 0.05). This was
not due to genotype differences in taste preference, as we observed no differences in
preference for saccharin or quinine solutions at any concentration tested (Figure 3.2B&C;
all p’s > 0.35). This indicates that the increase in sweetened ethanol intake in BDNF
cKO mice is due to an increased drive to consume ethanol in the absence of forebrain
BDNF.

Taken together, these results reinforce the hypothesis that ethanol-induced BDNF
expression regulates ethanol intake, as postnatal, forebrain-enriched conditional deletion
of BDNF significantly increases ethanol intake. Given our previous in vitro finding that
ethanol increases striatal Pdyn expression via BDNF (Chapter 2), we next investigated

the involvement of dynorphin in the regulation of ethanol intake by BDNF.

Tat-RACKT1 ex vivo and BDNF infusion in vivo increase Pdyn expression in the
dorsal striatum

As ethanol increases BDNF expression, and increased BDNF levels result in decreased
ethanol consumption in vivo (McGough et al., 2004), we were interested in determining
whether striatal dynorphin might be involved in the control of ethanol consumption since
ethanol increases Pdyn expression via BDNF (Chapter 2). In order to demonstrate the
involvement of Pdyn in the regulation of ethanol intake by BDNF, we first set out to
demonstrate the capacity of BDNF to increase Pdyn expression following treatments

known to reduce ethanol intake in vivo. First we determined whether an acute infusion of
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BDNF would increase Pdyn in the striatum in vivo. Previously it has been shown that
continuous BDNF infusion into the dorsolateral striatum over a two week period resulted
in increased Pdyn expression (Croll et al., 1994); however, it was unknown whether this
altered Pdyn expression was a compensatory response to chronic BDNF treatment or one
which could be triggered by a single BDNF treatment. As others in the lab recently
determined that a single infusion of BDNF into the dorsolateral striatum 3 hours prior to
testing significantly reduced ethanol self-administration (Jeanblanc et al., personal
communication), we hypothesized that Pdyn expression would be increased at the same
time point. To test this, we infused BDNF (0.25 pg) into the dorsolateral striatum of rats
and assessed changes in gene expression 3 hours later (Figure 3.3A). We found that
BDNF infusion significantly increased Pdyn expression as compared to vehicle infusion
(main effect of Treatment, F(1,15) = 6.716; p < 0.05), demonstrating that acute activation
of BDNF signaling in the dorsal striatum increases Pdyn expression. Importantly, this
increase in Pdyn expression in the dorsal striatum was temporally linked to decreased
ethanol intake, as the same BDNF infusion significantly decreased ethanol self-
administration in rats (Jerome Jeanblanc, personal communication). This suggested that
BDNF could act to control ethanol consumption in vivo via increasing dynorphin
expression.

While increased Pdyn following application of exogenous BDNF demonstrated
the capacity of the striatum to respond to BDNF by increasing Pdyn, we next wanted to
determine whether BDNF produced by the striatum could also increase Pdyn. To test
this, we increased BDNF expression by treating dorsal striatal slices with Tat-RACK1, a

Tat fusion protein which we have previously shown increases BDNF expression in the
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Figure 3.2. Conditional deletion of BDNF specifically reduces ethanol intake without
affecting taste preference.

BDNF cKO and WT mice were provided with 24-hour access to 2 bottles of fluid on the home cage, one
containing water and the other containing either sweetened ethanol (10% ethanol, 0.2% saccharin),
saccharin (0.03% or 0.06%) or quinine (0.015 mM or 0.03 mM), as listed above. Data are averaged
over a single week of access. (A) BDNF cKO mice drink more sweetened ethanol than WT littermates.
Data are expressed as mean grams ethanol consumed per kg body weight over a 24-h period +/- S.E.M.
*p <0.05. (B, C) BDNF cKO mice show no difference in preference for sweet solutions (B) at either of
2 saccharin concentrations tested or for bitter solutions (C) at either of 2 quinine concentrations tested.
Data are expressed as the mean ratio of mL flavored solution to mL total fluid consumed over a 24-h
period +/- SSEM. n=7 for WT, n = 6 for cKO.
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striatum when administered systemically (McGough et al., 2004). The receptor for
activated C kinase 1 (RACK1) is a scaffolding protein which translocates to the nucleus
upon ethanol exposure (Ron et al., 2000), where it triggers increased transcription of
genes, including BDNF (He et al., 2002; Yaka et al., 2003). By expressing RACKI1 as a
Tat fusion protein, Tat-RACKI can cross cell membranes and the blood-brain barrier
(Schwarze et al., 1999), such that systemically administered Tat-RACKI1 results in
increased BDNF in the brain via a molecular mechanism similar to that triggered by
ethanol (He et al., 2002; McGough et al., 2004). Importantly, we have shown previously
that systemic administration of Tat-RACKI significantly decreases ethanol intake
(McGough et al., 2004; Jeanblanc et al., 2006). To test the efficacy of Tat-RACK1 to
increase Pdyn expression in the dorsal striatum, striatal slices were incubated with 1 uM
Tat-RACK1 for 4 hours; this time point was chosen based on previous experience
(McGough et al., 2004; Jeanblanc et al., 2006) to allow time for the necessary
transcription, translation and signaling cascades upstream of Pdyn mRNA production.
We found that, as predicted, Tat-RACKI treatment of dorsal striatal slices significantly
increased Pdyn expression (Figure 3.3B; main effect of Treatment, F(1,19)=5.407, p <
0.05). The fact that two treatments known to decrease ethanol intake also increased
striatal Pdyn expression strongly implicated dynorphin as a required component in the
regulation of ethanol consumption by BDNF signaling. Thus, we theorized that the
regulation of ethanol intake by increased BDNF expression would require the expression

of dynorphin and subsequent signaling via its receptor, the KOR (Chavkin et al., 1982).
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Figure 3.3. Infusion of BDNF into the dorsal striatum and treatment of dorsal striatal slices
with Tat-RACKUL increase Pdyn expression.

(A) BDNF increases Pdyn expression in the dorsal striatum in vivo. Infusion of 0.25 pg BDNF into the

dorsolateral striatum increases Pdyn mRNA expression 3 h post-infusion. Data are expressed as a ratio of

Pdyn to GAPDH expression +/- SEM. * p < 0.05 as compared to vehicle-infused control. n = 8 per

group. (B) Tat-RACKI1 increases Pdyn expression in striatal slice. Dorsal striatal slices were treated with 1

puM Tat-RACKI1 for 4 h. Data are expressed as mean percent increase over vehicle-treated control
Pdyn/GAPDH expression levels +/- SEM. * p <0.05. n=10.

Reduced ethanol intake following Tat-RACKT1 injection requires KOR signaling
Previous work from our lab has demonstrated the ability of Tat-RACKI to act as a potent
inhibitor of ethanol intake (McGough et al., 2004; Jeanblanc et al., 2006), and, as
demonstrated above, Tat-RACKI1 can increase striatal Pdyn expression (Figure 3.3B).
Thus we hypothesized that regulation of ethanol intake by Tat-RACK1 would require
intact dynorphin signaling via activation of the KOR. To test the requirement of
dynorphin for the reduction of ethanol intake by BDNF following Tat-RACKI treatment,
C57 mice consuming ethanol under a standard two-bottle choice paradigm were injected
with vehicle or Tat-RACK1 concurrently with vehicle or nor-BNI, an antagonist of the
KOR. As most ethanol consumption occurs during the dark cycle, treatments were given
3 hours prior to dark cycle onset in order to allow sufficient time for expression of

downstream genes, such as Pdyn, and bottles were returned to the cages % h after
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injection. As previously reported (McGough et al., 2004; Jeanblanc et al., 2006), mice
injected with Tat-RACK1 showed a highly significant 61% reduction in ethanol
consumption. However, when mice were given nor-BNI along with Tat-RACK1, the
ability of Tat-RACKI1 to decrease ethanol intake was blunted, as they displayed only a
31% reduction in ethanol consumption (Figure 3.4A, F(2,31) = 61.690, p < 0.001 for
Vehicle vs. Tat-RACKI1 alone or Tat-RACKI1 + nor-BNI, p < 0.005 for Tat-RACK1
alone vs. Tat-RACK1 + nor-BNI). Surprisingly, nor-BNI alone decreased ethanol intake
(Figure 3.4B, F(1,19) =47.953, p < 0.001 for Vehicle vs. nor-BNI), possibly due to
residual antagonism of the mu opioid receptor at the onset of ethanol access (Endoh et al.,
1992). This may account for the incomplete antagonism of Tat-RACK1’s effects by nor-
BNI. Because no treatment affected water intake, changes in total fluid consumption and
ethanol preference match those described for ethanol consumption (data not shown).
Taken together, these data show that inhibition of the KOR significantly reduced the
ability of Tat-RACKI1 to alter ethanol intake, indicating that dynorphin is responsible, at

least in part, for the ability of BDNF to control ethanol consumption.

Activation of the KOR blocks acquisition of ethanol conditioned place preference
Ethanol consumption is a complex behavior which can be modulated by multiple
factors (Samson & Czachowski, 2003). As such, an increase in ethanol intake following
genetic or pharmacologic manipulation can indicate that the treatment either increases the
rewarding properties of ethanol, thus increasing the motivation to consume, or that the
manipulation decreases the unitary reward value of ethanol, thereby increasing the

amount of ethanol required to achieve an equivalent amount of reinforcement. Thus
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Figure 3.4. Blockade of KOR signaling inhibits the ability of Tat-RACK1 to decrease

ethanol intake.
(A) Tat-RACKI1 decreases 2-bottle choice ethanol intake via increased dynorphin signaling in C57BL/6J
male mice. Mice were treated with vehicle (saline), 4 mg/kg Tat-RACK1 or 4 mg/kg Tat-RACKI1 + 30
mg/kg nor-binaltorphimine (nor-BNI). Ethanol intake was recorded over the 18-h period following
injection. Histograms depict mean grams ethanol consumed per kg body weight per 18 h +/- SEM. * p <
0.005; ** p <0.001. n = 8 per drug group (within-subjects design). (B) Nor-BNI alone decreases 2-bottle
choice ethanol intake in C57BL/6J male mice. Mice were treated with vehicle (saline) or 30 mg/kg nor-
BNI and ethanol intake was recorded over the 18-h period following injection. Histograms depict mean
grams ethanol consumed per kg body weight per 18 h +/- S EM. ** p <0.001. n = 10 (within-subjects
design).
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multiple paradigms exist to address various components of the reinforcing, stimulating
and sedative properties of ethanol; these paradigms, in combination with ethanol drinking
studies, can provide a more complete picture of the factors influencing changes in ethanol
intake.

One such paradigm which can be used to measure the rewarding effects of drugs is
conditioned place preference (CPP). CPP utilizes a Pavlovian conditioning mechanism,
in which a drug such as ethanol, which serves as the unconditioned stimulus (US), is
paired with a specific location during conditioning, which serves as the conditioned
stimulus (CS). The subject is subsequently tested in a drug-free state to determine the
amount of time spent in that location, as compared to a separate unpaired location. Thus
preference for the CS is used as a measure of the reward produced by the US (reviewed
in Tzschentke, 1998). We hypothesized that dynorphin might decrease ethanol intake by
decreasing its rewarding properties and thus elected to test the ability of KOR agonists to
inhibit acquisition of ethanol CPP. DBA mice received either the KOR agonist
U50,488H (U50; 1 mg/kg, i.p.) or vehicle 10 minutes prior to ethanol (2 mg/kg, i.p.) on
drug conditioning days, and two injections of saline spaced 10 minutes apart on alternate
days. As shown in Figure 3.5A, mice administered ethanol developed a significant
preference for the ethanol-paired chamber and acquisition of this preference was
completely blocked by co-administration of U50 (main effect of Treatment, F(3,49) =
5.357,p <0.005). As KOR agonists can trigger conditioned place aversion (Iwamoto,
1985), and the time spent in the CS was slightly although not significantly lower in the
U50-treated group as compared to the saline-treated group, we confirmed that the dose

we selected lacked such aversive properties in a separate group of mice. As predicted,
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Figure 3.5. The KOR agonist U50,488H blocks acquisition of ethanol conditioned place
preference at a nonaversive dose.

(A) Acquisition of ethanol conditioned place preference in DBA/2J mice is blocked by administration of
U50,488H (1 mg/kg) 10 min prior to ethanol (2 g/kg) injection. Data are expressed as mean CPP Score,
which is the difference between time spent in the drug-paired side and time spent in the saline-paired side
on test day, +/- S.EM. * p < 0.05 vs. all other groups. n = 11-14 per group, as indicated. (B) The same
low dose of U50,488H (1 mg/kg) which blocks ethanol CPP does not cause conditioned place aversion.
Data are expressed as CPP Score +/- S.E.M. n = 6 per group.
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the low dose of U50 which effectively blocked ethanol place preference did not, on its
own, produce a conditioned place aversion, as no significant differences were observed
between the U50 and saline treatment groups (Figure 3.5B; F(1,11) =0.583, p = 0.463).
Taken together, these results indicate that activation of the KOR reduces the rewarding

properties of ethanol and thus blocks acquisition of ethanol CPP.

DISCUSSION

The results presented here demonstrate a role for BDNF, via its downstream
effector dynorphin, in the regulation of ethanol intake. We found that conditional
deletion of BDNF increased ethanol intake, an effect which did not generalize to other
rewarding substances and which was independent of differences in sensitivity to
ethanol’s bitter taste, as both saccharin and quinine preference were unaltered by
genotype. In addition, we show that both BDNF and Tat-RACK1, which increases
BDNF expression, increase striatal Pdyn, and that activation of the KOR by dynorphin is
required, at least in part, for the reduction of ethanol intake following Tat-RACK1
injection. Finally, we demonstrate that activation of the KOR blocks the rewarding
properties of ethanol and thus inhibits acquisition of ethanol CPP. Taken together, these
results indicate that the homeostatic control of ethanol intake via BDNF includes
increased production of dynorphin and activation of the KOR, and that this signaling

pathway is involved in ethanol reward.
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Increased ethanol intake following forebrain BDNF deletion

Previously we found that a reduction of BDNF levels by half resulted in increased
behavioral responses to ethanol under multiple paradigms, including locomotor
sensitization, ethanol intake after a period of deprivation and conditioned place
preference (McGough et al., 2004). However, although increased ethanol intake had
previously been demonstrated in female BDNF ™~ mice (Hensler et al., 2003), we were
unable to detect a similar difference in male mice. While developmental compensations
in male mice may mask an effect which conversely may be exacerbated in females due to
estrogen regulation of BDNF expression (Sohrabji et al., 1995; Jezierski & Sohrabji,
2000, 2003), it was essential to confirm that ethanol consumption is, in fact, regulated by
BDNF regardless of sex. In addition, due to the lethality of germline deletion of BDNF
(Ernfors et al., 1994), the effects of total deletion of BDNF on ethanol intake had not
been investigated.

To circumvent developmental compensation issues, it was necessary to assess
ethanol intake in a mouse model in which BDNF expression was unaltered during the
gestational period. We found that postnatal conditional deletion of BDNF throughout the
forebrain resulted in increased ethanol intake as compared to WT mice. Importantly,
there was no difference in preference for either sweet or bitter solutions, indicating that
the increased ethanol intake in BDNF ¢KO mice was not due to genotypic differences in
taste responsiveness or to a generalized increase in intake of rewarding substances, as can
be seen with various genetic and pharmacological manipulations (Gabriel &
Cunningham, 2005; Kovacs et al., 2005; Blednov et al., 2006; Cai et al., 2006). In

combination with the previous data from BDNF "~ mice demonstrating increased
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sensitivity to ethanol in multiple paradigms (McGough et al., 2004), these results suggest
that forebrain BDNF may regulate ethanol intake by decreasing the rate of adaptation to
its stimulating properties. By counteracting neuronal changes responsible for the
development of sensitization to ethanol, BDNF may thus function to slow down the
progression to neuronal adaptations responsible for addiction, thereby reducing ethanol

intake.

Regulation of ethanol intake by BDNF requires dynorphin & the KOR

While numerous studies have investigated the role of the kappa opioid system in
modulating ethanol intake, to date results have also been somewhat divergent (Spanagel,
1996; Holter et al., 2000; Lindholm et al., 2001; Kovacs et al., 2005; Mitchell et al.,
2005; Blednov et al., 2006; Doyon et al., 2006; Zapata & Shippenberg, 2006; Walker &
Koob, 2007). Here we show that blockade of the kappa opioid receptor by the antagonist
nor-BNI inhibits the ability of Tat-RACK1 — which increases striatal BDNF expression in
vivo (McGough et al., 2004) and Pdyn mRNA expression in striatal slices — to decrease
ethanol intake. These results suggest an important role for endogenous dynorphin as key
regulator of the homeostatic control of ethanol intake by BDNF in the dorsal striatum.
This is in agreement with studies showing decreased voluntary ethanol intake during a 2-
hour access period following systemic administration of the KOR agonist U50 in rats
(Lindholm et al., 2001), as well as data demonstrating lower expression of dynorphin and
the KOR throughout the striatum of C57 mice, which drink more ethanol, as compared to
low-drinking DBA mice (Jamensky & Gianoulakis, 1997). It should be noted that recent

work indicates that a high taste aversion to ethanol in the DBA mouse strain contributes
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significantly to the reduced voluntary ethanol consumption observed in DBA mice, and
thus these results should be interpreted cautiously. Nonetheless, taken in combination
with both the KOR agonist suppression of ethanol intake and additional evidence
showing increased voluntary ethanol intake in rats following KOR antagonist treatment
(Mitchell et al., 2005), these data support a role for the dynorphin/KOR system in the
negative regulation of ethanol intake.

However, this contrasts with data from both Pdyn and KOR knockout mice
(Kovacs et al., 2005; Blednov et al., 2006; Zapata & Shippenberg, 2006), in which
ethanol intake is decreased in male and female (KOR, Kovacs et al., 2005) or only female
(Pdyn, Blednov et al., 2006) knockout (KO) mice. It is possible that the effects observed
in these knockout mice, which are contrary to our hypothesis, are due to compensatory
changes in the remaining components of the opioid system, as the Pdyn KO mice appear
to have upregulated KOR signaling (Chefer & Shippenberg, 2006) and the KOR KO
mice may have similar developmental compensations. In addition, as the homeostatic
control of ethanol intake by BDNF is specific to the dorsal striatum, global deletion of
dynorphin or the KOR may mask the effects of a dorsal striatum-specific role for these

proteins due to alterations in signaling in other brain regions.

Dynorphin and the KOR regulate conditioned place preference: Modulation of
drug reward

Activation of KOR signaling has previously been shown to inhibit the acquisition
of place preference to multiple drugs of abuse (Funada et al., 1993; Shippenberg et al.,

1996; Pliakas et al., 2001; McLaughlin et al., 2006). In particular, morphine conditioned
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place preference was blocked by the KOR agonist U50, but this effect could be bypassed
by co-administration of a dopamine receptor agonist (Funada et al., 1993), indicating that
activation of the KOR inhibited morphine place preference via blockade of morphine-
induced dopamine release. This effect was not specific to morphine, as U50 also blocked
conditioned preference to cocaine (Shippenberg et al., 1996). Here we demonstrate that
US50 blocks ethanol CPP at a dose and time point which do not cause aversion in the
absence of ethanol. Interestingly, the ability of KOR agonists to block acquisition of CPP
is sensitive to the temporal distance between administration of the KOR agonist and the
abused drug, as increased delay between U50 and cocaine injections reverses the effect of
KOR agonism on place preference (McLaughlin et al., 2006). As the increased delay
between the U50 and cocaine treatments mimics the effect of stress pre-exposure on
cocaine CPP (McLaughlin et al., 2003; McLaughlin et al., 2006), these data suggest a
mechanism for reconciling the different roles of endogenous dynorphin in response to
acute and chronic ethanol treatment discussed above. Specifically, dynorphin may
function acutely to block ethanol reward while a chronic dysregulation of the
dynorphin/KOR system creates a dysphoric state which can be alleviated by ethanol

intake, thus triggering increased ethanol consumption in withdrawal.

Possible mechanism of action for dynorphin-mediated reduction in ethanol
consumption

According to our model of homeostatic control of ethanol intake by BDNF and its
downstream signaling partner dynorphin (Figure 3.6), we hypothesize that dynorphin

modulates ethanol intake by providing post-ingestive feedback to regulate subsequent
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ethanol consumption bouts. We theorize that BDNF homeostasis could break down over
time, concomitant with the development of an addictive phenotype, such that in a state of
ethanol dependence each drinking bout will cease to result in increased BDNF and
dynorphin production. This loss of dynorphin feedback could result in oversensitivity of
the KOR system, as suggested by Walker and Koob, who demonstrated that the KOR

antagonist nor-BNI decreased ethanol intake in ethanol-dependent rats but not in ethanol-

Ethanol

| | | Ethanol-Related Behaviors

Figure 3.6. BDNF homeostatic regulation of ethanol intake via dynorphin.
Together with the data presented in Chapter 2 and herein, we propose the following model: (1) Ethanol
increases BDNF protein production and release. (2) BDNF binds to the TrkB receptor, resulting in
receptor dimerization and autophosphorylation. (3) The phosphorylated TrkB receptor activates
downstream signaling via the MAPK pathway, resulting in (4) increased production of Pdyn. Following
translation, dynorphin is released and acts via (5) activation of the KOR, which in turn decreases ethanol
-related behaviors, including ethanol intake.

78



experienced, nondependent rats (Walker & Koob, 2007). The inability of nor-BNI to
increase ethanol intake in nondependent animals, as observed by ourselves and others
(Williams & Woods, 1998; Doyon et al., 2006), even after a period of alcohol deprivation
(Holter et al., 2000), supports a role for dynorphin in between-bout rather than within-
bout regulation of ethanol intake. Research from Mitchell and colleagues (Mitchell et al.,
2005) showing an increase in ethanol intake several days after nor-BNI administration
may add additional support for this hypothesis, as the blockade of dynorphin feedback
may require multiple ethanol intake sessions in nondependent animals to impact
consumption. Interestingly, while we saw an initial decrease in ethanol intake
immediately after nor-BNI treatment, we also observed a dramatic but short-lived
increase in consumption only on the 4™ day after nor-BNI injection (60.5% mean
increase in ethanol consumption, main effect of Treatment, F(1,19) = 16.895, p < 0.005
for 1 day before vs. 4 days after nor-BNI injection). As changes in consumption this
distant from drug treatment are often missed and difficult to rationalize, this may explain
the discrepancy between the lack of effect of nor-BNI generally seen in nondependent
animals and the report from Mitchell et al. (2005). Nonetheless, taken together these data
suggest a dynamic regulation of ethanol consumption by dynorphin.

How dynorphin functions to decrease ethanol intake is as yet unknown; however,
the reduction of neurotransmitter release following activation of KOR signaling presents
one possible mechanism (Spanagel et al., 1992; You et al., 1999). In the NAc, the KOR
localizes to presynaptic terminals of both glutamatergic and dopaminergic inputs
(Svingos et al., 1999; Svingos et al., 2001), and activation of the KOR in the NAc has

previously been shown to decrease dopamine (Spanagel et al., 1990) as well as glutamate
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and GABA (Hjelmstad & Fields, 2003) release. Interestingly, repeated administration of
KOR agonists blocks cocaine-induced elevation of accumbal dopamine release
(Thompson et al., 2000), indicating that regulation of dopamine release may underlie the
ability of the dynorphin/KOR system to regulate drug intake. Like all drugs of abuse,
acute ethanol induces dopamine release in the NAc (Di Chiara & Imperato, 1985), and
this dopamine release is increased by nor-BNI administration despite the fact that this
same nor-BNI treatment does not alter ethanol intake (Doyon et al., 2006). As expected,
KOR knockout mice show elevated ethanol-evoked dopamine release in the NAc (Zapata
et al., 2006). Because acute ethanol treatment increases dynorphin release in the NAc
(Marinelli et al., 2006), and dynorphin, via activation of KOR signaling, decreases
neurotransmitter release in the NAc and striatum (Spanagel et al., 1990; Zhang et al.,
2004), one function of the BDNF/dynorphin homeostatic feedback could be to protect
against dysregulation of dopamine release following ethanol exposure, as ethanol-
dependent rats show increased dopamine release while intoxicated but reduced basal
dopamine tone in withdrawal (Hunt et al., 1979). While acute ethanol induces dopamine
release in the dorsal striatum as it does in the NAc (Signs et al., 1987; Di Chiara &
Imperato, 1988), it is as yet unknown whether dopamine release in the dorsal striatum is
altered in ethanol-dependent animals. Of particular interest is the possible progression to
alteration of basal and/or stimulus-evoked dopamine release following extensive ethanol
experience, which would be in line with both our hypothesis and the dysregulation of
dynorphin signaling observed by Walker and Koob in dependent rats (Walker & Koob,

2007).

80



Altered neurotransmitter release and concomitant mitigation of neuronal
adaptations to ethanol is an attractive hypothesis, and one in line with a role of BDNF in
the dorsal striatum regulating ethanol intake (McGough et al., 2004; Jeanblanc et al.,
2006). In particular, since the dorsal striatum is involved in habit formation (Yin &
Knowlton, 2006) and addiction is considered a maladaptive habit (Gerdeman et al., 2003;
Everitt & Robbins, 2005), inhibition of ethanol-induced neuronal adaptations in this brain
region by BDNF could hinder the development of the addictive habit. However, as
alterations in BDNF expression were not limited to the dorsal striatum, an alternative
explanation for the ability of BDNF to regulate ethanol intake involves the function of
amygdalar BDNF in anxiety and ethanol intake.

A key contributor to the complex regulation of ethanol intake is the bipartite
physiologic response to ethanol — namely that it can produce both rewarding effects,
subjectively experienced as a “high”, as well as anxiolytic effects, observed in humans as
the tendency to drink as a means of alleviating stress or anxiety in social situations
(Pohorecky, 1981). The withdrawal state following chronic ethanol exposure is
characterized by enhanced anxiety in animal models (Rasmussen et al., 2001) and in
humans (Hall & Zador, 1997). Withdrawal from ethanol is accompanied by increased
production of anxiogenic factors such as corticotrophin releasing factor (Lack et al.,
2005) and decreased expression of anxiolytic factors such as neuropeptide Y (Zhang &
Pandey, 2003) in the central nucleus of the amygdala. Importantly, reversal of these
withdrawal-induced molecular adaptations or lesion of the central nucleus of the
amygdala results in decreased ethanol intake (Rassnick et al., 1993; Moller et al., 1997;

Zhang & Pandey, 2003). Recently, it has been suggested that BDNF in the amygdala
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functions to control both anxiety levels and ethanol intake, as knockdown of amygdalar
BDNF by infusion of antisense oligonucleotides increased both anxiety and ethanol
intake (Pandey et al., 2006). Similar to striatal BDNF, decreasing amygdalar BDNF
concomitantly downregulated MAPK signaling, indicating a role for BDNF signaling and
production of downstream effectors in the control of anxiety-modulated ethanol intake by
the central nucleus of the amygdala. As recent data have shown dynorphin expression in
a subset of CRF-positive central amygdala neurons (Marchant et al., 2007), dynorphin
may also play a role in mediation of ethanol withdrawal-related anxiety, and thus may be
involved in the regulation of ethanol intake by amygdalar BDNF.

Taken together, the data presented here suggest an extension of the model
describing the homeostatic control of ethanol intake by BDNF (Figure 3.6). Ethanol
intake elevates BDNF production in the dorsal striatum, and this BDNF acts to decrease
ethanol intake, as removal of forebrain BDNF results in elevated ethanol consumption.
Ethanol-induced BDNF production next triggers increased production of dynorphin,
which activates signaling via the KOR. This activation of the KOR may provide
feedback regarding the previous ethanol consumption bout, possibly by overriding the
learned associations of consumption and the rewarding properties of ethanol via
decreasing presynaptic release of dopamine and/or glutamate in the dorsal striatum
during a post-consumption consolidation period and thus counteract the development of
addiction. As both BDNF (Uhl et al., 2001; Matsushita et al., 2004) and the KOR (Xuei
et al., 2006; Williams et al., 2007) have been associated with development of drug and
alcohol addiction in humans, further research to address the function of dynorphin in

providing this type of feedback, as well as determination of a mechanism by which this
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homeostatic system fails to control ethanol intake over time, show promise not only for
furthering our understanding of the neuronal changes underlying the development of
addiction but also for finding a possible treatment for alcoholism — and possibly addiction

to other drugs of abuse.
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CHAPTER 4

Breakdown of BDNF homeostasis following extended limited access to ethanol
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ABSTRACT

Alcoholism is a chronically relapsing condition (O'Brien, 1994), indicative of
long-term neuronal adaptations maintaining the addiction even after prolonged periods of
abstinence. In order to more appropriately model patterns of consumption which lead to
the development of ethanol dependence, we have implemented a model of home cage
limited access to ethanol which results in high ethanol intake in a short period of time,
thus causing daily intoxication followed by withdrawal. Here we demonstrate that a
single acute bout of ethanol intake increases brain-derived neurotrophic factor (BDNF)
mRNA expression in the dorsal striatum. Importantly, this ethanol-induced increase in
dorsal striatal BDNF is not detected after 6 weeks of daily ethanol consumption under the
limited access paradigm. In addition, 6 weeks’ limited access results in a decrease in
cortical BDNF. Changes in BDNF expression after extended limited access relate
directly to the immediately preceding consumption bout, as no difference is seen
following 24 hours’ withdrawal as compared with ethanol-naive controls. Significantly,
these ethanol-induced changes in BDNF levels following consumption are not
ameliorated by 2 weeks’ abstinence, since this abstinence period does not render the
dorsal striatum BDNF expression ethanol-responsive, nor does it reverse the ethanol-
induced reduction in cortical BDNF. Taken together, these data indicate that the BDNF
homeostatic pathway is activated following a single bout of ethanol drinking, breaks
down by the end of 6 weeks of limited access and does not recover its protective function
after a 2-week deprivation period. These results have significant implications for the
treatment of alcoholism, as the persistence of the altered BDNF signaling may contribute

to the inflexibility of the addictive behavior.
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INTRODUCTION

Alcohol abuse and addiction are complex traits, as evidenced by the fact that
human alcoholics are often subdivided into multiple subtypes based on variation in
drinking triggers and consumption patterns (Allen et al., 1994; Del Boca, 1994; Epstein et
al., 1994; Vrublevsky, 1994). Additionally, alcoholism is a chronically relapsing
condition (O'Brien, 1994; Oroszi & Goldman, 2004), and factors prompting relapse are
equally varied as those central to alcohol drinking prior to recovery (Meyer, 1994). Due
to the complexity of the human disease, one of the consistent challenges for alcohol
research has been the design of animal models of alcohol intake that best replicate the
human condition (Altshuler, 1981). In particular, mice generally do not self-administer
intoxicating quantities of ethanol (Dole & Gentry, 1984) and thus are unlikely to develop
physiological dependence on ethanol (Dole et al., 1985). In order to address mechanisms
which may regulate dependence — and thus present useful targets for treating human
alcoholics — researchers have developed a variety of paradigms to create physiological
dependence (Samson & Falk, 1975; Falk & Tang, 1988; Grahame & Grose, 2003; Becker
& Lopez, 2004; Finn et al., 2005; Lopez & Becker, 2005; Rhodes et al., 2005; Szumlinski
et al., 2007). Traditionally, ethanol dependence has been initiated through forced ethanol
exposure, either via inclusion in a liquid diet which provides the only available food
source (Lieber et al., 1989) or by exposure to ethanol vapor for an extended period of
time (Crabbe et al., 1983; Le Bourhis & Aufrere, 1983). Although these models
consistently produce intoxication, making them reliable paradigms for studying the
physiological dependence involved in alcohol addiction, they lack some construct

validity in that the progression to addiction in humans is concomitant with the learned
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associations governing the acquisition and consumption of drugs of abuse. Thus these
paradigms do not address the full spectrum of psychological dependencies which persist
for a very long interval and which are responsible for the high rates of relapse in long-
time abstinent former drug users (Weiss & Porrino, 2002). Several paradigms have been
designed to elevate consumption which more closely mirror the human condition,
including schedule-induced polydipsia, in which ethanol is the available liquid during
intermittent food pellet presentation (Samson & Falk, 1975; Tang & Falk, 1983), and the
use of sweetened ethanol solutions in the initial phases of ethanol exposure, which has
been shown to increase ethanol self-administration even after removal of the sweetener
(Samson, 1986). However, while these can yield pharmacologically relevant blood
ethanol levels (Falk et al., 1972; Grant & Samson, 1985), the pairing of ethanol with food
or sugar may confound the interpretation of the results as the second (natural) reinforcer,
rather than the ethanol itself, may drive the self-administration behavior (Altshuler,
1981).

Due to its face validity and ease of use, a majority of ethanol intake studies in the
mouse have utilized the standard two-bottle choice paradigm, in which two bottles are
available on the home cage for 24 hours per day, with one containing water and the other
containing ethanol, usually at a concentration within the range of 6% to 20% (v/v).
While this model allows free choice in the decision to drink — thus reproducing one
psychological element lacking in the forced ethanol paradigms — it rarely results in
consumption of intoxicating levels of ethanol (Dole et al., 1985). Therefore, in the quest
for a more realistic animal model of ethanol dependence and progression to addiction,

recent efforts have turned to limited access models which can result in drinking to
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intoxication (Finn et al., 2005; Rhodes et al., 2005; Szumlinski et al., 2007). The central
tenet of these paradigms is the provision of ethanol for a brief period daily or every few
days, resulting in repeated cycles of intoxication and withdrawal. Several variants of this
paradigm have been initiated, with variation in both the length of access (2 to 4 hours)
and the frequency of access (daily or every few days). Importantly, all variants have
been shown to induce intoxication due to significant ethanol intake in a limited period of
time, resulting in blood alcohol levels higher than 100 mg% in most C57BL/6 (C57) mice
(Rhodes et al., 2005; Sharpe et al., 2005; Szumlinski et al., 2007), as well as locomotor
incoordination (Rhodes et al., 2007), phenotypes which are rarely observed in unlimited
access two-bottle choice studies. However, while these paradigms produce intoxicating
ethanol intake, for the duration of the limited ethanol exposure water is unavailable.

To address the function of BDNF homeostasis in both the acute response to
ethanol and the progression to ethanol dependence, we established a modified version of
the aforementioned limited access paradigms in which the standard two-bottle choice task
was provided for a limited epoch daily. Using this behavioral paradigm, we set out to test
the hypothesis that the progression to addiction would be concomitant with a breakdown

in homeostatic BDNF signaling in the dorsal striatum.

METHODS
Reagents
TRIzol and the Reverse Transcription System were purchased from Promega

Corporation (Madison, WI). All real-time PCR reagents, including TagMan Gene
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Expression Assays, were obtained from Applied Biosystems, Inc. (Foster City, CA).

DNase was obtained from Sigma Aldrich (St. Louis, MO).

Animals

C57BL/6J mice were obtained at 6 weeks of age from The Jackson Laboratory
(Bar Harbor, ME). Animals were housed under a 12-hour reverse light/dark cycle, with
lights on at 10:00 p.m. and lights off at 10:00 a.m., and were provided with continuous ad
libitum access to food and water. Due to the reversal of normal light/dark cycle, animals
were given 2 weeks to adjust to the housing conditions prior to performance of any study
procedures. All animal procedures were approved by the Gallo Center Institutional
Animal Care and Use Committee and were conducted in agreement with the Guide for

the Care and Use of Laboratory Animals, National Research Council (1996).

Two-bottle choice ethanol intake

Mice were singly housed in double grommet cages at least two weeks prior to the
initiation of ethanol access. Fluid solutions were provided in cylindrical glass bottles
equipped with standard stoppers. Mice were given two bottles — one containing water
and the other containing a solution of 10% ethanol (v/v) — for 4 hours each day, with
access beginning 2 hours into the dark cycle. For the water-only access group, two
bottles of water were placed on the home cage during the ethanol access period. A single
water bottle was available the other 20 hours each day. Bottles were weighed
immediately before and after each 4-hour access period, and the placement order of the

bottles on the home cage was switched daily to ensure that consumption levels were not
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due to a side bias. Body weights were monitored every 6 days; the final weight was
taken 36 hours prior to sacrifice to ensure minimal disruption of consumption due to

handling stress.

Gene Expression after Ethanol Consumption

To determine changes in gene expression after ethanol intake, mice were
sacrificed immediately after the final ethanol access session and brain regions were
microdissected out and flash frozen to minimize RNA degradation. Diagrams depicting
the brain regions encompassed by each of the sections can be found in Appendix B. In
order to maintain consistency in length of ethanol access, onset of access on the final day
was staggered over a 1-hour period. Order of sacrifice was counterbalanced by condition
such that no systematic differences existed in circadian timing of sacrifice for water and
ethanol groups. Brain sections were processed for quantification of RNA expression

levels as described below.

Quantitative Reverse Transcription-Polymerase Chain Reaction

Brain sections were homogenized in TRIzol and mRNA isolated according to
standard protocol. Samples were treated with DNase prior to reverse transcription using
the Reverse Transcription System. The resulting cDNA samples were amplified by
TagMan quantitative PCR using previously designed primer/probe kits. In all cases,

GAPDH was used as an internal control.
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Statistical Analysis

Gene expression data were analyzed using one-way ANOV As followed by post-
hoc Student-Neuman-Keuls tests where appropriate. In addition, simple pairwise linear
regressions were used to analyze correlations between gene expression and ethanol
intake. Ethanol intake was analyzed using Student’s t-tests, except when expressed as
percent change from control, in which case data were analyzed using the one-sample t-

test (GraphPad Software, Inc., http://www.graphpad.com/quickcalcs/OneSampleT1.cfm).

Given previous data from the lab showing increased BDNF expression in the dorsal
striatum after both acute ethanol injection and ethanol consumption and no decreases in
BDNF expression in any region analyzed (McGough et al., 2004), BDNF expression

following a single ethanol intake session was analyzed using a one-tailed t-test.

RESULTS

Previously we demonstrated increased BDNF expression in the dorsal striatum
following ethanol intake under a standard 24-hour two-bottle choice access procedure
(McGough et al., 2004). In addition, we found that BDNF negatively regulates ethanol
intake (McGough et al., 2004; Jeanblanc et al., 2006) and thus proposed that BDNF
functions as a homeostatic regulator of ethanol intake. As such we hypothesized that the
progression to addiction would be accompanied by a breakdown of BDNF homeostasis.
Unfortunately, ethanol intake under the standard two-bottle choice paradigm fails to
result in ethanol dependence (Dole et al., 1985), and thus this paradigm provided an
inadequate model for assessing the function of BDNF in the progression to addiction.

Therefore we established a limited access paradigm in which mice were provided with
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daily limited access to two-bottle choice voluntary ethanol consumption, with ethanol
available during hours 2-6 of the dark cycle. This time window was chosen for two
reasons: first, as mice are nocturnal, the likelihood that they will drink is higher at night
than during the day; second, in order to dissociate ethanol intake from feeding, we
delayed the onset of access for 2 hours after lights out. As demonstrated in Figure 4.1A,
even a single session of ethanol access under this paradigm results in significant ethanol
consumption by C57 mice. Importantly, mice given access to ethanol show highly
significant preference for the ethanol bottle over the water bottle, while those with access
to two bottles of water show near chance selection of either water bottle (Figure 4.1B).
As this level of ethanol consumption is comparable to the values obtained with limited
access to forced ethanol resulting in blood ethanol levels of roughly 100 mg/dl (Rhodes et
al., 2005), this demonstrated that the limited voluntary ethanol access paradigm was
capable of producing ethanol consumption to intoxication. Importantly, C57 mice
provided with limited access to 2-bottle choice ethanol consume pharmacologically

relevant quantities of ethanol upon their first encounter with ethanol.

A single session of ethanol intake increases BDNF expression

Previously we have shown that both ethanol consumption under a standard 2-
bottle choice paradigm and acute ethanol injection increase BDNF expression in the
dorsal striatum (McGough et al., 2004). Therefore we hypothesized that a single session
of limited access voluntary ethanol consumption would similarly increase BDNF
expression in the dorsal striatum. As shown in Figure 4.2A (left panel), we observed an

increase in BDNF expression in the dorsal striatum immediately following the single
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Figure 4.1. Significant ethanol intake and preference demonstrated in a single 4-h free-

choice limited access session.
C57BL6/J mice were provided with access to a single, 4-hour two-bottle choice access period beginning
2 h into the dark cycle. (A) C57BL/6J mice show a high level of ethanol consumption in the initial 4-h
access period. Data are presented as mean grams ethanol intake per kg body weight per day +/- S.E.M.
(B) Mice given access to ethanol show significantly higher preference for the ethanol bottle than seen in
the water group for a water bottle in the same position. Data are presented as mean percent preference,
calculated as mL ethanol consumption per mL total fluid consumption +/- SEM. ** p <0.005. n =15
for Water, n = 18 for Ethanol.

4-hour access session (p < 0.05 for Water vs. Ethanol, one-tailed t-test), suggesting that a
single acute ethanol consumption bout, like both acute ethanol injection and ethanol
consumption under the standard 24-hour two-bottle choice access paradigm, stimulates
BDNF production in the dorsal striatum. Importantly, as seen in previous experiments
(McGough et al., 2004), this effect was specific to the dorsal striatum, as there was no
difference in NAc BDNF expression between ethanol and water access groups (4.2A,
right panel; F(1,32) =0.117, p = 0.734), although BDNF levels appear slightly elevated
in all NAc samples as compared to dorsal striatum (Figure 4.2A, right vs. left), perhaps
due to a novelty effect of initial exposure to two-bottle access independent of ethanol
availability. We also observed no change in cortical BDNF expression, as demonstrated

by Motor Cortex samples (no effect of Treatment, F(1,32) = 1.281, p = 0.266),
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confirming that increased BDNF expression following acute ethanol intake was restricted

to the dorsal striatum.
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Figure 4.2. Ethanol intake during a single 4-h free-choice ethanol access session increases
BDNF expression in the dorsal striatum.

C57BL6/J mice were provided with access to a single two-bottle choice access period beginning 2 h into
the dark cycle. (A) BDNF is increased in the dorsal striatum immediately following 4 h ethanol intake.
Data are expressed as mean BDNF expression relative to GAPDH +/- SEM. * p <0.05. n =15 for
Water, n = 18 for Ethanol. (B) BDNF expression is not correlated with quantity of ethanol consumed.
Graph depicts the pairwise comparisons between BDNF expressed as a ratio to GAPDH and ethanol
intake expressed as grams ethanol consumed per kg body weight. Blue line represents the simple linear
regression that best models the data. p = 0.505.
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In addition, we hypothesized that homeostatic upregulation of BDNF functions to
provide a feedback signal based on the level of consumption, and as such dorsal striatal
BDNF should be positively correlated with ethanol intake. Unexpectedly, we found no
correlation between the quantity of ethanol consumed in a single session and the

expression level of BDNF in the dorsal striatum (Figure 4.2B, R = 0.168, p = 0.505).

Extensive intake under limited access results in breakdown of BDNF homeostasis
Given the proposed function of BDNF as a homeostatic regulator of ethanol
intake, we wanted to determine whether repeated exposure to ethanol intoxication and
withdrawal over an extended period of time would alter the dorsal striatal BDNF
response to ethanol intake. To test this, mice were given daily 4-hour limited access
sessions for 6 weeks and BDNF expression assessed immediately after the final limited
access session. As shown in Figure 4.3A, 6 weeks’ limited access ethanol intake results
in higher preference for the ethanol bottle than a single day of access; in addition, there
was also a slight increase in total ethanol intake over this time period. Importantly,
ethanol consumption caused no change in dorsal striatal BDNF expression following
extended exposure to the limited access paradigm (Figure 4.3B; no effect of Treatment,
F(1,14)=0.00124, p=0.972). As expected, no changes were observed in the nucleus
accumbens (NAc) (no effect of Treatment, F(1,13) = 0.981, p = 0.341) or hippocampus
(F(1,14) = 0.559, p = 0.468) as well. Unexpectedly, we saw a highly significant decrease
in BDNF expression throughout the cerebral cortex (Figure 4.3B; main effects of
Treatment as follows: Motor Cortex F(1,14) =43.430, p <0.001; Somatosensory Cortex

F(1,14) =25.486, p < 0.001), a region in which BDNF expression is unaffected by acute
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Figure 4.3. Repeated daily 4-h free-choice limited access to ethanol for 6 weeks results in

breakdown of homeostatic BDNF expression.
C57BL6/J mice were provided with two-bottle choice access to 10% ethanol and water (EtOH) or water
alone (Water) for hours 2-6 of the dark cycle daily for 6 weeks. All mice had 1 water bottle for the other
20 h each day. Brain sections were collected immediately after the final access period. (A) Mice drink
significant quantities of ethanol (left) and show very high preference for the ethanol bottle (right) when
one is available. (left) Data are expressed as mean grams ethanol consumed per kg body weight per 4 h
immediately prior to sacrifice +/- SSEMM. n = 10. (right) Data are expressed as mean preference,
calculated as mL ethanol (or water from the bottle in the same position) consumed per mL total fluid
consumed, +/- SEM. ** p < 0.00l. n = 10 for ethanol, n = 5 for water. (B) BDNF levels were
determined from total brain RNA obtained from dorsal striatum, nucleus accumbens, motor cortex,
somatosensory cortex and hippocampus. Inset: Magnification of striatal subregions. Data are presented
as mean BDNF expressed as a ratio to GAPDH +/- SEM. ** p <0.001. n =10 for Ethanol, n =5 for
Water.
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exposure to ethanol. Because the cortex is a significant source of BDNF for the striatum
(Kokaia et al., 1998; Baquet et al., 2004), this was an exciting finding in that both local
BDNF produced in the striatum and BDNF delivered by the cortex may be involved in
the regulation of ethanol intake via TrkB signaling within the striatum. As shown here,
both systems are impaired after prolonged experience with limited access ethanol
consumption.

In addition, these data raised the question of whether the lack of observable
change in BDNF expression within the striatum was due to a failure of ethanol to increase
BDNF levels, or whether the extensive ethanol experience had altered the baseline level
of BDNF expression. Specifically, if ethanol experience had reduced baseline BDNF
expression, then each ethanol drinking bout might function to return BDNF levels to the
ethanol-naive (control) baseline expression level, rather than increasing BDNF expression
above control levels, as observed in the single-day exposure animals. In order to test this,
we replicated the experiment with the inclusion of a withdrawal group. This group
received the same 6 weeks of ethanol access except that the final ethanol access session
occurred 24 hours prior to sacrifice. As shown in Figure 4.4, the changes in gene
expression observed after 6 weeks of ethanol access, as compared to a single day of
ethanol access, occur in the absence of a baseline change in the dorsal striatum (no effect
of Treatment, F(2,28) = 0.222, p = 0.803). Thus in the dorsal striatum the lack of
increased BDNF expression after intake results from a breakdown in ethanol-mediated
BDNF expression within the dorsal striatum and is not due to an altered basal set point.
Similarly, the reduced BDNF expression observed in the cortical regions requires

proximal ethanol experience, as a 24-hour withdrawal returns cortical BDNF levels to the
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same baseline as observed in ethanol-naive controls (Figure 4.4; main effects of
Treatment as follows: Motor Cortex F(2,28) = 4.956, p < 0.05; Somatosensory Cortex
F(2,29) = 7.419, p < 0.005). Taken together, these data indicate that the breakdown of
BDNF homeostasis after 6 weeks’ limited access to ethanol does not involve a change in
baseline BDNF expression in either the cortex or the dorsal striatum, but that each
drinking episode triggers a decrease in cortical BDNF while failing to alter dorsal striatal

BDNF expression.
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Figure 4.4. Breakdown of homeostatic BDNF expression is not due to reduced basal

expression levels after extended experience with limited ethanol access.
C57BL6/J mice were provided with two-bottle choice access to 10% ethanol and water (EtOH) or water
alone (Water) for hours 2-6 of the dark cycle daily for 6 weeks. All mice had 1 water bottle for the other
20 h each day. For the 24-h withdrawal group (EtOH+24hW/D), the final ethanol access session
terminated 24 h prior to sacrifice. Brain sections were collected immediately after the final access period.
BDNF levels were determined from total brain RNA obtained from dorsal and ventral prefrontal cortex,
motor cortex, somatosensory cortex and the dorsal striatum (DS). Data are expressed as mean BDNF as a
ratio to GAPDH +/- SEM. # p <0.059, * p <0.05; ** p <0.005, EtOH vs. Water and EtOH+W/D. n =
9-10 per group.
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In addition to determining the effect of withdrawal on BDNF expression, due to
the unexpected reduction in cortical BDNF we expanded our analysis to include the
prefrontal cortex (PFC) subdivided into dorsal regions, which project mainly to the
dorsomedial striatum (DMS), and ventral regions, which project mainly to the NAc.
Interestingly, decreased BDNF was not restricted to sensorimotor cortex but included
both prefrontal regions analyzed, although the effect was slightly more pronounced in
dorsal PFC. As shown in Figure 4.4, a significant, ethanol consumption-dependent
decrease in BDNF was observed in dorsal PFC samples (main effect of Treatment,
F(2,27) = 3.404, p < 0.05), while a strong trend towards decreased BDNF was seen in the
ventral PFC (F(2,29) = 3.152, p = 0.059). Thus protracted limited access to ethanol
intake results in a global decrease in cortical BDNF which is triggered by the proximal

ethanol consumption bout.

BDNF homeostatic signaling does not recover following two weeks deprivation
Because alcoholism is a chronically relapsing disease (O'Brien, 1994; Oroszi &
Goldman, 2004), understanding the persistence of the molecular underpinnings of alcohol
addiction is critical for disease treatment. In animal models, the propensity to relapse,
which is usually equated with craving, is frequently demonstrated by increased drug-
seeking in instrumental paradigms (Sanchis-Segura & Spanagel, 2006). However, in less
behaviorally demanding paradigms such as two-bottle choice, increased craving in
withdrawal must be equated with increased drug-taking, as the only measure available is

amount of ethanol consumed. Previous experiments using standard 24-hour two-bottle
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choice ethanol access have demonstrated, with variable success, increased ethanol intake
following a two-week deprivation period, termed the alcohol deprivation effect
(McKinzie et al., 1998; Koros et al., 1999; Rodd-Henricks et al., 2000). One reason for
the high variation in demonstration of the alcohol deprivation effect may be the lack of
physical alcohol dependence produced by 24-hour access to ethanol (Dole et al., 1985).
Because mice drink sufficient quantities of ethanol under limited access to become
intoxicated (Rhodes et al., 2005), we hypothesized that renewed access to ethanol after a
two-week deprivation would result in a significant increase in ethanol intake.
Additionally, we hypothesized that this would require lack of recovered functionality of
the BDNF homeostatic pathway. As shown in Figure 4.5A, ethanol deprivation results in
a moderate 32% increase in ethanol intake, as compared to pre-deprivation intake levels,
which is not statistically significant. Importantly, there is no difference in BDNF
regulation as compared to before deprivation. That is, ethanol intake does not trigger
BDNF expression in the dorsal striatum (no effect of Treatment, Figure 4.5B; F(1,14) =
0.0626, p = 0.806) but does cause a decrease in BDNF in all cortical regions (Figure
4.5B; main effects of Treatment as follows: Dorsal PFC F(1,14) =4.972, p < 0.05;
Ventral PFC F(1,14) =9.013, p <0.05; Motor Cortex F(1,14) =12.920, p < 0.005;
Somatosensory Cortex F(1,14) =10.821, p <0.01). Similarly to the 24-hour withdrawal
group, there do not appear to be changes in basal BDNF expression in the continued
abstinence group (Water, Figure 4.5), as compared to the control and 24-hour withdrawal
groups (Figure 4.4). Taken together, these data demonstrate that two weeks of abstinence

is insufficient for recovery of BDNF homeostasis following an additional acute bout of
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Figure 4.5. A two-week deprivation does not reverse long-term ethanol-induced
breakdown of BDNF signaling.

C57BL/6J mice were given 4 h limited access to two-bottle choice for 10% ethanol for hours 1-5 of the
dark cycle for 8 weeks, then deprived of ethanol access for an additional 2 weeks. Mice were then
divided into two groups — one receiving an ethanol renewal session for 4 h prior to sacrifice (EtOH) and
one receiving an additional day of deprivation (Water). (A) Ethanol intake is elevated during the
renewal session as compared to the last session prior to deprivation. (left) Data are expressed as mean
grams ethanol intake per kg body weight per 4 h +/- SEM. # p = 0.09. (right) Data are expressed as
percent increase in ethanol intake after, as compared to before, deprivation +/- SEM. #p=0.07. n=7
for Water, n = 8 for EtOH. (B) BDNF levels were determined from total RNA obtained from dorsal and
ventral prefrontal cortices, motor and somatosensory cortices and the dorsal striatum. Data are
expressed as mean BDNF as a ratio to GAPDH +/- S EM. * p <0.05, ** p <0.01 Water vs. EtOH by
brain region. n=7 for Water, n = 8 for EtOH.
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ethanol consumption, and this continued deficiency in corticostriatal BDNF signaling is

accompanied by increased ethanol intake upon re-exposure.

Relationship between ethanol intake and cortical BDNF inhibition

As the depression in cortical BDNF expression required proximal ethanol intake, we
hypothesized that BDNF expression would be inversely correlated with the quantity of
ethanol intake. Thus we performed a regression analysis of the BDNF levels in the
various cortical regions and ethanol intake, for each of the 6-week ethanol access groups
detailed above. Similar to the results discussed above for the dorsal striatal BDNF and
acute ethanol intake (Figure 4.2B), no significant correlations were found between
ethanol intake and cortical BDNF as measured immediately afterwards or following 24

hours’ withdrawal. For completeness, these analyses have been included in Appendix C.

DISCUSSION

These results demonstrate that dorsal striatal BDNF is produced following a
single bout of ethanol intake, thus confirming the function we had proposed based on
previous results (McGough et al., 2004; Jeanblanc et al., 2006); namely, that the BDNF
homeostasic pathway is triggered by individual acute drinking bouts. This pathway
becomes unresponsive following repeated daily bouts of ethanol intoxication, suggesting
that the progression to addiction is coupled with dysregulation of BDNF homeostasis.
Importantly, the breakdown of BDNF homeostasis is not restricted to the dorsal striatum
but encompasses the entire cortex, a major source of afferent projections which are

thought to deliver BDNF to the striatum (Kokaia et al., 1998; Baquet et al., 2004). The
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breakdown of BDNF homeostasis may result from cessation of nuclear translocation of
the receptor for activated C kinase 1 (RACK1) upon ethanol intake, which is required for
ethanol to increase BDNF transcription (McGough et al., 2004). Previously our lab has
demonstrated in vitro that RACK1 is excluded from the nucleus following a 48-hour
(chronic) ethanol treatment (Vagts et al., 2003). Importantly, a prolonged withdrawal
period of 24 hours was required to restore ethanol-induced RACK1 nuclear translocation,
whereas a 4-hour withdrawal was insufficient (Vagts et al., 2003). These data indicate
that prolonged ethanol exposure causes a breakdown of BDNF homeostasis via inhibition
of RACK1-mediated BDNF expression, and that recovery of RACK1 function requires a
considerable duration of ethanol withdrawal. Critically, two weeks’ abstinence from
ethanol in vivo does not lead to a recovery of BDNF homeostatic signaling, perhaps due
to continued unresponsiveness of RACKI1 to ethanol, and re-exposure to ethanol at this
time point yields slightly increased drinking. Taken together, these data suggest the
novel idea that BDNF homeostasis may not only control acute ethanol intake but that

deficits in BDNF response to ethanol may underlie the propensity to relapse.

A single intoxicating drinking bout activates BDNF transcription

Although we previously demonstrated that an acute intoxicating dose of ethanol,
administered via i.p. injection, or an acute drinking bout 1.5 months after commencement
of 24-hour access could increase dorsal striatal BDNF (McGough et al., 2004), this is the
first demonstration that a single bout of ethanol consumption triggers BDNF expression
in the dorsal striatum. This has significant implications for the function of BDNF as a

putative regulator of social drinking in humans since these data demonstrate that dorsal
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striatal BDNF provides post-ingestive feedback following only one ethanol drinking
bout. Since multiple drinking episodes are not required for BDNF expression, this
homeostatic pathway is poised to respond to ethanol drinking in the human social drinker.
Data demonstrating a significant correlation between a mutation in the BDNF gene and
alcoholism in a panel of Japanese patients (Matsushita et al., 2004) support the theory
that BDNF functions as a mediator of ethanol intake in humans, perhaps by inhibiting the

progression to addiction.

BDNF expression is triggered by drinking but not correlated with quantity
consumed

Since BDNF activates homeostatic signaling in a pathway providing post-
ingestive feedback to regulate future ethanol intake, we predicted that the increase in
BDNF should encode information regarding the dose of ethanol reaching the brain.
Surprisingly, following acute ethanol intake, dorsal striatal BDNF expression was found
to be uncorrelated with the quantity of ethanol consumed. This suggests two alternate
possibilities — either ethanol triggers an increase in BDNF expression via an all-or-none
switch or, alternatively, some mice consume less ethanol upon initial exposure due to
preexisting high levels of BDNF expression. Given our previous work showing a dose-
dependent increase in BDNF in hippocampal primary neurons (McGough et al., 2004),
the first hypothesis is unlikely, although regulation of BDNF expression in the striatum in
vivo may be under differential control than that observed in hippocampal primary neurons
and thus this possibility cannot be excluded. Nonetheless, the alternative is quite

appealing, as, according to our theory, a priori high levels of dorsal striatal BDNF should
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reduce ethanol intake. Reduced NAc BDNF levels have been demonstrated previously in
a strain of rats bred for high alcohol intake as compared with a strain bred for low alcohol
preference (Yan et al., 2005), indicating that BDNF expression in ethanol-naive animals
may inversely correlate with the propensity to consume ethanol. As can be observed in
ethanol-naive mice, baseline BDNF expression is quite variable, so the pre-ethanol
baseline BDNF levels may, in part, be responsible for variation in ethanol intake in a
single day’s exposure. Under this mechanism, reaching a certain threshold of BDNF
expression may result in cessation of drinking. Unfortunately at present there is no
means of accounting for animal-by-animal variation in basal expression, as ascertaining
neuronal gene expression is a terminal procedure and thus precludes the monitoring of
both pre- and post-ethanol BDNF in the same animals. In addition, due to the length of
the ethanol access period (4 hours), individual animals’ consumption patterns may result
in earlier or later induction of BDNF expression whereas all measures of gene expression
occur at the same time point. This may also contribute to the variability observed in
BDNF expression and the lack of direct correlation with ethanol intake. Regardless,
these data demonstrate that a single bout of ethanol drinking causes a striking increase in
BDNF expression, reinforcing the role of BDNF as a homeostatic regulator of dorsal

striatal synaptic plasticity discussed in the preceding chapters.

Breakdown of BDNF homeostasis after repeated episodes of intoxication and
withdrawal
Here we provide evidence that following six weeks’ repeated daily intake of

ethanol at levels sufficient to induce intoxication, not only does dorsal striatal BDNF
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become nonresponsive to ethanol but each drinking bout triggers a decrease in cortical
BDNF. As the cortex has been considered a major source of striatal BDNF (Kokaia et
al., 1993; Baquet et al., 2004), this suggests that not only does local BDNF fail to cause
an increase in signaling but perhaps BDNF delivered by the cortex also decreases,
resulting in an even greater depression of striatal BDNF signal transduction.
Interestingly, although alterations in mRNA expression were limited to the period
immediately following ethanol intake, as we saw no difference following 24 hours’
withdrawal, previous data has shown decreased cortical BDNF protein after a 24-hour
withdrawal from chronic forced ethanol treatment via liquid diet (Pandey et al., 1999).
This suggests that the depression in cortical BDNF protein may be significantly
prolonged as compared to the changes in gene expression. One possible explanation for
this discrepancy is the difference in length of exposure to high ethanol intake between our
limited access paradigm and chronic forced ethanol treatment. Specifically, chronic
forced ethanol consumption over a period of days may instigate a protracted dampening
of corticostriatal BDNF signaling which fails to return to the ethanol-naive baseline
rapidly upon ethanol removal, whereas discrete consumption bouts provided under our
paradigm may reduce the duration of BDNF downregulation. Alternatively, the
dynamics of BDNF mRNA and protein expression may be temporally offset, as it has
been suggested that the BDNF protein has a fairly long half-life (Nawa et al., 1995).
Thus a decrease in mRNA observed immediately post-exposure might not be followed by
a decrease in protein levels for several hours, yet this change in protein expression could
be more long-lasting than the alteration in mRNA expression. Interestingly, Sanna and

colleagues (2002) have demonstrated a prolonged decrease in striatal extracellular signal-
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regulated kinase (ERK) activation during withdrawal from chronic intermittent ethanol
exposure which lasts at least 7 hours after the cessation of ethanol exposure (Sanna et al.,
2002). As demonstrated in Chapter 2, striatal ERK phosphorylation is downstream of
BDNF signaling, indicating that the prolonged decrease in ERK activity reported by
Sanna et al. (2002) may be the functional consequence of decreased striatal BDNF
signaling, which is predicted by the decrease in BDNF expression demonstrated here.
Thus it will be necessary to determine that the changes in BDNF mRNA observed here
result in altered BDNF protein expression and signaling pathways as demonstrated in

vitro in Chapter 2.

BDNF as a negative regulator of associative memory formation in the development
of alcohol addiction

As detailed in Chapter 3, BDNF regulates ethanol intake via its downstream
effector dynorphin, which has been shown to decrease dopamine release (Spanagel et al.,
1990; You et al., 1999). As we demonstrate here, this is an acute effect which ceases
after repeated ethanol exposure, putatively concomitant with a progression towards an
addictive phenotype. This suggests a functional role for the upregulation of dorsal striatal
BDNF/dynorphin signaling by ethanol as a negative regulator of the associative
memories underlying ethanol addiction.

While a vast majority of the research into the mechanisms supporting drug
addiction has focused on the NAc due to its central role in the mesolimbic reward
pathway (Self, 2004), reward learning is not independent of the dorsal striatum, as

inactivation of the DMS blocks acquisition of instrumental conditioning (Yin et al.,
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2005). Thus the action of BDNF signaling following acute ethanol intake may be to
inhibit plasticity in the DMS and thereby diminish the acquisition of the response-
outcome contingency, or the learned association linking the factors defining the drug-
seeking and drug-taking experience with the physiological effects of alcohol. In support
of this hypothesis, alcohol treatment of DMS slices has been shown to reverse the
mechanism of neuronal response from long-term potentiation (LTP) to long-term
depression (LTD), resulting in weakening of synaptic strength upon administration of
normally potentiating stimuli (Yin et al., 2007). This proposed regulation of striatal LTD
via BDNF contrasts with its traditional role as a factor promoting LTP, a function which
has been extensively studied in the hippocampus (Korte et al., 1995; Patterson et al.,
1996; Gottschalk et al., 1998; Korte et al., 1998; Kovalchuk et al., 2002). However,
hippocampal BDNF infusion decreases, while striatal BDNF increases, preprodynorphin
(Pdyn) expression (Croll et al., 1994), suggesting that BDNF may have brain region-
specific effects on synaptic potentiation via differential regulation of downstream
effectors such as Pdyn. Taken together, these data suggest that BDNF via its downstream
effector dynorphin may act to reduce neurotransmitter release in the DMS, thereby
converting the DMS response to stimulation from LTP to LTD.

Reversal of the DMS response to stimulation — from potentiating to inhibiting —
confers on the region a dorsolateral striatum (DLS) -like property, as these two
subpopulations of the dorsal striatum normally respond antithetically to stimulation
(Partridge et al., 2000). The DLS is the central locus for habit formation (Yin &
Knowlton, 2006), which has gained increasing attention in the addiction field over the

past several years, as human addiction manifests itself as a persistent, habitually relapsing
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condition (Gerdeman et al., 2003; Everitt & Robbins, 2005). While it is tempting to think
that transformation of DMS plasticity to a DLS-like phenotype might partake in the
progression to addiction, an alternate explanation, given the addiction-delaying function
of BDNF, is that its functionality may be DLS-specific. Thus the reason for the delayed
progression to addiction may be inhibition of DLS plasticity and ensuing postponement
of habit formation.

Unfortunately the current data are unable to resolve this debate. The dorsal
striatal section assessed encompasses both subdivisions of the dorsal striatum (see
Appendix B for schematic diagrams of the brain dissections). Additionally, every region
of cortex surveyed displays a significant decrease in BDNF following prolonged ethanol
intake, thus precluding any region-specific effect in the face of decreased receipt of
anterograde BDNF in the striatum. Surprisingly, this decrease in cortical BDNF also
included the limbic subregions of the prefrontal cortex, indicating that this effect was not
specific to dorsal striatal afferents. At present the role of cortical BDNF in regulating
ethanol intake is unknown. In light of the current data, activation of BDNF signaling in
the striatum via cortically-delivered BDNF presents an attractive hypothesis; however,
this can neither be substantiated nor refuted based on the mRNA expression data
presented herein. Thus it will be of great interest in the future to determine what role
cortical BDNF plays in regulation of ethanol intake, as well as the time course of
breakdown of BDNF homeostasis. In particular, elucidating whether BDNF expression
and signaling is differentially regulated in striatal subregions or whether differences exist
in the order and timing of involvement of the various cortical afferent regions will be

enlightening studies.
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Taken together, these data support a biphasic function of BDNF homeostasis in
the corticostriatal network. Initially, BDNF in the dorsal striatum acts to delay or prevent
the onset of addiction via its upregulation subsequent to individual acute ethanol
consumption bouts. Once BDNF homeostatic signaling breaks down en route to
addiction, however, it becomes a putative marker of recovery, as renewal of ethanol-
induced BDNF signaling would indicate a reinstatement of homeostasis. It should be
noted that several limitations exist given the current data which present critical future
directions in elucidating the role of BDNF in dependence and relapse. First, as mismatch
can exist between BDNF mRNA and protein expression (Nawa et al., 1995), a critical
next step will be to demonstrate that the observed changes in BDNF expression directly
correlate with alterations in BDNF protein expression and signaling. Additionally, as the
role of cortical BDNF in ethanol intake is unknown, it is possible that the effect of
decreased BDNF expression may be local (i.e. within the cortex) and have no effect on
BDNF signaling in the dorsal striatum. Thus an additional line of future investigation
must address the function of cortical BDNF in regulating ethanol intake and its
interrelatedness with or independence from the regulation of ethanol intake by dorsal
striatal BDNF. Finally, demonstration that ethanol intake under limited access retains
sensitivity to increased BDNF expression, via Tat-RACKI treatment or direct BDNF
infusion into the dorsal striatum, will lend support to the hypothesized role of renewed
BDNF homeostasis following protracted abstinence in preventing relapse. Refining our
understanding of the specific striatal subregions or corticostriatal circuits involved in

BDNF homeostasis, as well as the temporal features regulating its breakdown and
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possible recovery, present critical future studies, as they will provide crucial information
regarding the mechanism by which protective pathways in the brain fail and thus result in
addiction. Most importantly, as BDNF mutations and polymorphisms surrounding the
gene have been implicated in the human alcoholic condition (Uhl et al., 2001; Matsushita
et al., 2004), complete delineation of the route by which BDNF ceases to exercise
homeostatic control over ethanol intake may provide valuable targets for the development

of medications to treat alcohol dependence.
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CHAPTER 5

GENERAL CONCLUSIONS & FUTURE DIRECTIONS
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The work presented herein clearly establishes a role for brain-derived
neurotrophic factor (BDNF) and its downstream effector dynorphin in the homeostatic
control of ethanol intake. As detailed in the preceding chapters, ethanol intake acutely —
but not chronically — increases BDNF expression in the dorsal striatum. Increased striatal
BDNF results in activation of the mitogen-activated protein kinase (MAPK) signaling
cascade and subsequent production of preprodynorphin (Pdyn). Importantly, BDNF is
required to mitigate ethanol intake, as deletion of BDNF throughout the forebrain
increases ethanol intake. Dynorphin is critically involved in the regulation of ethanol
intake by BDNF, as blockade of the kappa opioid receptor (KOR) inhibits BDNF’s
ability to decrease ethanol intake. Since activation of the KOR blocks the acquisition of
ethanol conditioned place preference, we suggest that dorsal striatal BDNF via dynorphin
may regulate ethanol intake by inhibiting the acquisition of the action-outcome
relationship between the act of ethanol consumption and its rewarding properties, thus
delaying the progression to compulsive consumption that characterizes alcohol addiction.
Specifically, since activation of the KOR reduces neurotransmitter release, we suggest
that BDNF via dynorphin may decrease dopamine and/or glutamate release, thus
preventing plastic changes at dorsal striatal synapses involved in the development of
alcohol addiction.

Upon chronic ethanol intake, dorsal striatal BDNF fails to respond to ethanol
consumption bouts. Under our limited access paradigm, the breakdown of BDNF
homeostasis — which may be akin to the development of ethanol dependence after a series
of ethanol intake bouts and subsequent forced withdrawal periods — occurs within six

weeks of daily ethanol consumption. Additionally, each individual drinking bout blunts

113



BDNF expression throughout the cortex, a major afferent projection to and source of
BDNF for the striatum, although baseline cortical BDNF levels remain unchanged.
Taken together, these results suggest that the BDNF homeostatic pathway provides post-
ingestive feedback which serves acutely to reduce ethanol intake via its action in the
dorsal striatum. Importantly, this homeostatic function breaks down at a broader circuit
level following repeated ethanol intake and withdrawal bouts, encompassing both the
dorsal striatum and the projecting cortex. As alcoholism is a chronically relapsing
disease, the lack of recovery of BDNF homeostasis after a two-week period of forced
abstinence suggests a critical role for corticostriatal BDNF in the propensity to relapse.
Therefore these results have important implications regarding the plastic changes within
the corticostriatal network which may subserve the development and maintenance of

alcohol addiction.

BDNF, DYNORPHIN AND THE HOMEOSTATIC REGULATION OF
NEUROTRANSMITTER RELEASE

Exposure to multiple drugs of abuse, including ethanol, results in increased
dopamine release in both the ventral and dorsal striata, while aversive substances —
including KOR agonists — decrease dopamine release (Di Chiara & Imperato, 1988).
Activation of the BDNF homeostatic pathway results in increased dynorphin, which acts
on presynaptic neurons to dampen dopamine and glutamate release (Spanagel et al.,
1990; Wagner et al., 1993; You et al., 1999; Hjelmstad & Fields, 2003). Recent work has
demonstrated a requirement for dopamine signaling during the memory consolidation

period in dorsal striatum-dependent tasks (Legault et al., 2006). In addition, while
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dorsomedial and dorsolateral striatum respond differentially to high frequency
stimulation with long-term potentiation or depression of synapses, respectively (Partridge
et al., 2000), both forms of striatal plasticity are dependent on dopamine (Centonze et al.,
2001). As the time scale of ethanol-induced BDNF activation parallels that proposed to
be involved in striatal memory consolidation (Legault et al., 2006), these data indicate
that the BDNF homeostatic pathway may act to prevent changes in synaptic strength by
limiting dopamine release during the period of consolidation of learned associations
between ethanol and the actions required to procure ethanol, thus slowing the progression

to addiction.

INVOLVEMENT OF THE DORSAL STRIATUM IN BEHAVIORAL
ADAPTATION AND THE PROGRESSION TO ADDICTION

Much attention has recently focused on the concept of addiction as a maladaptive
form of habit learning, in which the addictive substance usurps the natural reward
processing mechanism, resulting in striatal hyperactivation and eventual compulsive
drug-seeking (Robbins & Everitt, 2002; Gerdeman et al., 2003; Everitt & Robbins, 2005).
Habit formation is thought to be regulated by the dorsolateral striatum (DLS) in rodents,
which roughly corresponds to the putamen in humans and nonhuman primates. Data
from human cocaine addicts has shown that presentation of cocaine-related cues during
withdrawal results in striatal dopamine release which is maximal in the caudate/putamen
(CPu) and is highly correlated with self-reported craving (Volkow et al., 2006). Unlike
cocaine users, dopamine levels in the CPu of human smokers did not correlate with self-

reported craving; however, the level of dopamine release in the CPu during smoking was
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highly correlated with whether or not the smoking experience was pleasurable (Barrett et
al., 2004). Neither study observed any changes in ventral striatal (nucleus accumbens,
NAc) dopamine, indicating that having progressed to addiction, drug-related dopamine
release shifts to dorsal striatal structures, supporting a role for the dorsal striatum in the
habitual behaviors which characterize drug abuse. Taken together, these data suggest that
drug-related dopamine release, which in the early phases of drug-taking is most
prominent in the NAc (Di Chiara & Imperato, 1988), shifts with extensive experience to
the dorsal striatum.

The lateral portion of the dorsal striatum has been shown to be required for habit
learning, as lesion or inactivation of this region causes automated, or habitual, responses
to regain sensitivity to reward manipulations (Yin et al., 2004, 2006). As the name
suggests, habits are inflexible behaviors which were once performed to attain a particular
goal but are no longer driven by that goal (Yin & Knowlton, 2006). In the case of
addiction, the habit of drug-seeking and drug-taking becomes the goal (Robbins &
Everitt, 2002; Everitt & Robbins, 2005). The progression from goal-oriented to habitual
behavior is paralleled by a shift in striatal activation from ventral (NAc) and dorsomedial
during early training to encompassing more dorsal and lateral portions of the striatum
after extensive training (Porrino et al., 2004). Habit learning has been shown to rely on
the DLS, as inactivation of the DLS returns otherwise automated responses to their
previously goal-oriented state (Yin et al., 2006); that is, the actions become once again
sensitive to the value of the reinforcer. Importantly, DLS inactivation blocks both relapse

and context- or cue-induced reinstatement of cocaine self-administration in rats (Fuchs et

116



al., 2006), reinforcing the role of the DLS in the performance of the habitual action
underlying the addiction.

This is particularly salient in light of the given data, because acute ethanol
experience, by increasing BDNF signaling and subsequent production of dynorphin,
likely results in decreased neurotransmitter release within the striatum. Since dopamine
release is required for striatal plasticity and consolidation (Partridge et al., 2000; Legault
et al., 20006), inhibition of dopamine release could block the progression to habitual drug-
taking by preventing maintenance of plastic events in the DLS.

The dorsal striatum does not function solely to control habitual learning, however.
The dorsomedial striatum (DMS), which receives projections from various association
cortices (McGeorge & Faull, 1989), is integral in the acquisition of behaviors contingent
with reinforcement (Yin et al., 2005). Like the DLS, plasticity in the DMS is dependent
on intact dopaminergic signaling (Yin et al., 2007), and as such would be inhibited by
dynorphin-induced decreases in dopaminergic release. Since a single acute ethanol
intake bout increases BDNF signaling — theoretically long before the onset of habit
learning — this implicates BDNF/dynorphin modulation of DMS synaptic plasticity as a
likely target of the acute response to ethanol.

Regardless, this in no way precludes a function for BDNF in the DLS for several
reasons. First, it is possible that the delayed involvement of the DLS in instrumental
conditioning may in part be due to the function of homeostatic pathways such as this one.
Under this mechanism, DLS responding in conditioning requires a breakdown of
homeostatic pathways which normally dampen DLS activity, thus introducing the source

of temporal delay in DLS involvement. Alternatively, both pathways may be

117



equivalently hampered by the BDNF/dynorphin pathway in the striatum prior to its
breakdown, and once the inhibition of plasticity wears off, i.e. ethanol stops increasing
striatal BDNF, plasticity will, over time, “feed forward” from the DMS to the DLS via
interconnections in the substantia nigra which were suggested to exist in rodents and
primates some time ago (Joel & Weiner, 1994) and have recently been demonstrated in
primates (Haber et al., 2006). Accordingly, incentive-based learning should

progressively activate neurons in a ventral-to-dorsolateral striatal gradient.

SUMMARY AND FUTURE DIRECTIONS

As demonstrated here, BDNF and dynorphin in the dorsal striatum function as
members of a homeostatic pathway triggered by acute ethanol consumption, which act
via a post-ingestive feedback mechanism to dampen future ethanol intake. Following
extensive experience with ethanol consumption, this homeostatic pathway breaks down,
resulting in no dorsal striatal BDNF response to ethanol intake, with a concurrent
decrease in BDNF expression throughout the cortex. Importantly, homeostasis is not
restored following two weeks’ abstinence, indicating that the alteration in
BDNF/dynorphin homeostasis is persistent and may be a component of relapse to ethanol
consumption.

These data raise several fascinating lines of future investigation. Although we
have suggested a role for this pathway in decreasing presynaptic release, particularly of
dopamine, in the dorsal striatum, it is in fact unknown whether ethanol-induced BDNF
signaling alters dopamine dynamics, and if so, how. Thus determination of the role of the

BDNF/dynorphin pathway in regulating neurotransmitter release and synaptic plasticity
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in the dorsal striatum is key to understanding the function of BDNF homeostasis at a
synaptic level. Additionally, the progression to breakdown of dorsal striatal BDNF
signaling is currently unknown, with the upper limit being 6 weeks of repeated daily
ethanol intake/withdrawal bouts. Thus, determination of the time course by which BDNF
in the dorsal striatum ceases to respond to ethanol intake is integral to understanding the
function of BDNF homeostasis. In particular, studies which determine both the
breakdown of this signaling pathway and, in parallel, changes in synaptic plasticity or the
dynamics of dopamine release would add significant knowledge to the synaptic
mechanism by which BDNF functions to decrease ethanol intake and delay the onset of
addiction.

The lack of recovery of BDNF homeostasis after two weeks’ abstinence, given
the high propensity to relapse in human alcoholics, suggests BDNF homeostasis as an
attractive target for determining whether any period of abstinence is sufficiently long to
allow the brain to recover to its pre-addicted state, i.e. to be “cured”. Specifically, if
dorsal striatal BDNF signaling prevents habitual ethanol drinking, then determination of
the length of abstinence — if ever — required for the brain to regain its capacity for
homeostatic BDNF regulation in response to ethanol is essential to understanding the
human recovery process. While the time scale in humans will likely be orders of
magnitude longer than that of the rodent, ascertaining BDNF expression after a single
acute ethanol challenge subsequent to increasing magnitudes of protracted abstinence is
essential to understanding the persistence of the addictive habit. If recovery of BDNF
homeostasis is possible, it will also be of great interest to determine the difference in

temporal dynamics between recovery from a simple behavioral paradigm such as ours —
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in which the only ethanol-associated cue is the appearance of the bottle but which reliably
produces repeated intoxication and withdrawal — and changes in BDNF expression under
an operant procedure, which does not cause intoxication but involves the learned
association between more tangible drug-related contextual cues akin to relapse-inducing
triggers in human alcoholics.

Understanding the role of dorsal striatal BDNF in the initial acquisition of ethanol
self-administration is also of great interest. Our data demonstrate that BDNF expression
increases following — rather than during — periods of ethanol self-administration. This
change in BDNF expression and signaling coincides temporally with a period of post-
training memory consolidation, thus suggesting that the BDNF/dynorphin homeostatic
pathway may delay the progression to addiction by inhibiting the plasticity underlying
dorsal striatum-dependent memory formation. It would be of great interest to test
whether interference with BDNF signaling, for instance via administration of inhibitory
antibodies, immediately following the initial exposure to limited access ethanol intake
would increase ethanol consumption in the subsequent session.

Similarly, improved understanding of the functional role of dynorphin/KOR
signaling in regulation of ethanol intake provides an avenue of drug development to treat
alcoholism. As detailed above, the changes in BDNF/dynorphin signaling putatively act
to dampen dopamine release following ethanol intake. This suggests that increasing
dynorphin/KOR signaling after ethanol consumption, thus increasing the level of
feedback, could decrease subsequent ethanol intake, particularly after extensive
experience, when the feedback ceases to function. Hypersensitivity of the KOR system

in ethanol-dependent animals has been demonstrated (Lindholm et al., 2000; Lindholm et
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al., 2007; Walker & Koob, 2007), potentially due to a compensation for loss of dynorphin
regulation, indicating that dependent animals should be highly responsive to control of
ethanol intake by KOR agonists. However, the temporal constraints of these effects are
currently unknown. Ideally, the administration of KOR agonists by a route which mimics
endogenous homeostatic feedback may be capable of interfering with the memories
underlying habitual ethanol intake, thus functionally weakening or breaking the
addiction. Thus determination of the ability of KOR agonists to decrease subsequent
ethanol intake when administered after the conclusion of an ethanol access session is
essential to understanding how manipulations of this system may provide usable targets

for drug development.

CONCLUDING REMARKS

As alcohol addiction is a major mental health problem in our society,
understanding neuronal mechanisms regulating alcohol intake is vital to the development
of treatments. Here we delineate a pathway by which BDNF in the dorsal striatum
activates MAPK signaling, increases dynorphin, and thereby provides feedback
subsequent to individual alcohol drinking bouts. Importantly, we show breakdown of this
pathway, concomitant to the progression to an addictive phenotype, within the
corticostriatal circuit, indicating that BDNF may function within this network to prevent
formation of the habits underlying addiction. These studies highlight the importance of
BDNF as a putative regulator of social, rather than compulsive, drinking and set the stage

for future investigations which will not only complete our understanding of BDNF
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homeostasis but hopefully yield fruitful new directions for development of treatments for

alcoholism.
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APPENDIX A: LIST OF COMMON ABBREVIATIONS

Molecular Signaling Components

Abbreviation
AP-1
BDNF
CaMK
CRE
CREB
ERK1/2
GEF
Grb2
KOR
MAPK
MEK1/2
Pdyn
PISK
PKA
PLC-y
RACK1
RSK
SOS
TH
TrkB

Full Name

activator protein 1

brain-derived neurotrophic factor

calcium and calmodulin-dependent protein kinase
cyclic AMP response element

cyclic AMP response element binding protein
extracellular signal-regulated kinases 1&2
guanine nucleotide exchange factor
growth factor receptor-bound protein 2
kappa opioid receptor

mitogen-activated protein kinase

MAPK and ERK kinases 1&2
preprodynorphin

phosphoinositide 3-kinase

cyclic AMP-dependent protein kinase
phospholipase C-y

receptor for activated C kinase 1
ribosomal S6 kinase

son of sevenless

tyrosine hydroxylase

tropomyocin-related kinase B

Key Brain Regions:

Abbreviation
SN

SNc

SNr
VTA
NAC
DLS
DMS
PFC
DIV
CPu

Full Name
substantia nigra
pars compacta
pars reticulata
ventral tegmental area
nucleus accumbens
dorsolateral striatum
dorsomedial striatum
prefrontal cortex
days in vitro
caudate/putamen (striatum in primates)
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Miscellaneous

Abbreviation
CaMKcre
cKO
CPA

CPP
DAPI
GAD-67
GAPDH
I.p.

KO

LTD

LTP
MAP2
nor-BNI
U50

WT

Full Name

mice expressing Cre driven by the CaMKIllo promoter
conditional knockout

conditioned place aversion

conditioned place preference
diamidino-2-phenylindole, a nuclear marker
glutamic acid decarboxylase, 67kDa isoform
glyceraldehyde 3-phosphate dehydrogenase
intraperitoneal route of injection

knockout

long-term depression

long-term potentiation

microtubule-associated protein 2, a neuronal marker
nor-binaltorphimine, a kappa receptor antagonist
U50,488H,a kappa receptor agonist

wild-type
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APPENDIX B: MOUSE BRAIN DISSECTION DIAGRAMS
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Figure A.1. Mouse forebrain regions microdissected for mRNA analysis.

Diagram depicts regions isolated for Motor Cortex (green), Dorsal Striatum (blue) and Nucleus Accumbens
(red) mRNA determination. Dorsal striatum and nucleus accumbens were isolated via tissue punch of a
frontal slice approximately 2 mm in width, beginning just posterior to the prefrontal cortical regions and
extending to the region immediately anterior to the hypothalamus. The section shown here is the
approximate center of the 2 mm slice used. The anterior commissure was used as a marker to select the
NAc punch, and dorsal striatal punches were isolated from the region dorsal to the NAc and ventral to the
corpus callosum. Following removal of the NAc and dorsal striatum, cortical regions were microdissected
dorsal to the corpus callosum; the most ventral regions of cortex were generally removed to prevent
inclusion of striatal regions remaining after tissue punch. Note that this resulted in the exclusion of most
insular and piriform cortical regions. Abbreviations: aca: anterior commissure; AcbC: nucleus
accumbens core; AcbSh: nucleus accumbens shell; AID: dorsal agranular insular cortex; AIV: ventral
agranular insular cortex; Cgl/2: cingulated cortex areas 1 & 2; CPu: caudate/putamen; DEn: dorsal
endopiriform nucleus; DI: dysgranular insular cortex; GI: granular insular cortex; LAcbSh: lateral
nucleus accumbens shell; LSS: lateral stripe of the striatum; LV: lateral ventricle; M1: primary motor
cortex; M2: secondary motor cortex; Pir: piriform cortex; S1: primary somatosensory cortical regions (FL
= forelimb, J = jaw; ULp = upper lip); S2 = secondary somatosensory cortex.

Figures are reproduced with permission from The Mouse Brain in Stereotaxic Coordinates (Paxinos &
Franklin, 2004).
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Figure A.2. Mouse hindbrain regions microdissected for mRNA analysis.

Diagram depicts regions isolated for Somatosensory Cortex (green) and Hippocampus (purple) mRNA
determination. Hindbrain regions were isolated from the posterior half of the brain following transsection
just anterior to the hypothalamus. A small incision was performed in line with the hemispheric division
such that cortex and hippocampus could be folded outward and separated from the central portion of the
brain and cerebellum. The hippocampal section was removed from the internal face of the section, and the
remainder kept as Somatosensory Cortex, as shown by the shaded region. Abbreviations: Aul: primary
auditory cortex; AuD: dorsal region of secondary auditory cortex; AuV: ventral area of secondary
auditory cortex; CAl, CA2, CA3: fields CA1 — CA3 of the hippocampus; DG: dentate gyrus; Ect:
ectorhinal cortex; LEnt: lateral entorhinal cortex; LV: lateral ventricle; Pir: piriform cortex; PRh:
perirhinal cortex; RSA: retrosplenial agranular cortex; RSG: retrosplenial granular cortex; S1: primary
somatosensory cortex; TeA: temporal association cortex; V1: primary visual cortex; V2L: lateral area of
secondary visual cortex; V2ML: mediolateral area of secondary visual cortex; V2MM: medial area of
secondary visual cortex.

Figures are reproduced with permission from The Mouse Brain in Stereotaxic Coordinates (Paxinos &
Franklin, 2004).
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Figure A.3. Delineation of cortical regions included in the four primary subdivisions
separated for mRNA analysis.

Diagram depicts regions isolated for Dorsal Prefrontal Cortex, Ventral Prefrontal Cortex, Motor Cortex
and Somatosensory Cortex mRNA determination, as indicated. Motor and somatosensory cortices were
isolated as described in figures S1 and S2. To obtain prefrontal regions, brains were dissected as described
in A.1 to remove prefrontal regions from the remainder of the forebrain. A diagonal cut was made to
remove the olfactory bulbs and a coronal transection made approximately in the middle of the section to
separate the dorsal and ventral subdivisions of the prefrontal cortex. The cortical subdivisions contain the
following regions, as shown on the diagram: Dorsal Prefrontal Cortex: frontal association cortex (FrA),
prelimbic cortex (PrL), and portions of secondary motor cortex (M2) and area 1 of cingulate cortex; Ventral
Prefrontal Cortex: orbital cortex (MO), infralimbic cortex (IL), dorsal peduncular cortex (DP), dorsal tenia
tecta (DTT) and possibly portions of the anterior olfactory nucleus (AOM), depending on the angle of slice
performed to remove the olfactory bulbs; Motor Cortex: primary and secondary motor cortex (M1 and
M2), cingulate cortex areas 1 and 2 (Cgl and 2) as well as the cingulate/retrosplenial cortex (Cg/RS) and
additional regions detailed in Figure A.1l; Somatosensory Cortex: retrosplenial agranular (RSA) and
granular (RSG) cortices, as well as the more lateral sensory regions detailed in Figure A.2. Note that the
figure depicts the medial aspect of these sections; thus in description of contents, the labels “medial” have
been removed as the brain sections also included the more lateral aspects not shown in this diagram.

Figures are reproduced with permission from The Mouse Brain in Stereotaxic Coordinates (Paxinos &
Franklin, 2004).
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Figure A.4. Regression plots of ethanol intake and cortical BDNF expression following 6
weeks’ limited access to ethanol.

C57BL/6J mice were provided with two-bottle choice access to 10% ethanol and water for 4 h per day over
a six week period. Mice were sacrificed and brains microdissected immediately after the final ethanol
access period. Regression plots show BDNF expression, calculated as a ratio to GAPDH levels, as a
function of ethanol consumed, expressed as grams ethanol per kg body weight over 4 h. (A) BDNF in the
dorsal PFC shows a greater inverse correlation with quantity of ethanol consumed during the final 4 h
period than that in the ventral PFC. n = 10 per brain region. (B) BDNF in the motor cortex shows very
high negative correlation with ethanol intake, while BDNF in the somatosensory cortex shows no direct
correspondence to quantity of ethanol consumed. n = 20 per brain region. Note that BDNF expression in
dorsal PFC and motor cortex are very highly correlated with one another (R = 0.890, p < 0.001, n = 10).
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Figure A.5. Regression plots of ethanol intake and cortical BDNF expression after 24-hour

withdrawal from 6 weeks’ limited access to ethanol.
C57BL/6J mice were provided with two-bottle choice access to 10% ethanol and water for 4 h per day over
a six week period. Mice were sacrificed and brains microdissected 24 h after the final ethanol access
period. Regression plots show BDNF expression, calculated as a ratio to GAPDH levels, as a function of
ethanol consumed, expressed as grams ethanol per kg body weight over 4 h. All cortical regions show
positive correlations to quantity consumed 24 h prior to sacrifice; however, none are significant.. n = 10
per brain region. Note that 24 h into withdrawal, BDNF expression in dorsal and ventral PFC are highly
correlated with one another (R = 0.795, p < 0.01, n = 10).
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Figure A.6. Regression plots of ethanol intake and cortical BDNF expression after a single
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renewal session subsequent to 2 weeks’ ethanol deprivation.

C57BL/6J mice were provided with two-bottle choice access to 10% ethanol and water for 4 h per day over
an eight week period, then deprived of ethanol for 2 weeks. On the final day the mice were given a single 4
h renewal session, immediately after which they were sacrificed and brains microdissected. Regression
plots show BDNF expression, calculated as a ratio to GAPDH levels, as a function of ethanol consumed,
expressed as grams ethanol per kg body weight over 4 h. (A) BDNF in the dorsal PFC shows a slight
negative correlation with ethanol consumed, while the ventral PFC shows no correlation. n = 8 per brain
region. (B) BDNF in the motor cortex shows a slight inverse correlation with ethanol intake, while BDNF
in the somatosensory cortex shows no correlation to quantity of ethanol consumed. n = 8 per brain region.
Note that here BDNF expression in ventral PFC and motor cortex are highly correlated with one another

(R =0.798, p < 0.05, n = 8).
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