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ABSTRACT
ETHANOL REGULATION OF GLUCOCORTICOID RESPONSIVE GENES
A dissertation submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy at Virginia Commonwealth University.
by
Blair Noel Costin
Director: Michael Miles, M.D., Ph.D.
Professor, Department of Pharmacology and Toxicology

Glucocorticoid hormones modulate acute and chronic behavioral and molecular
responses to drugs of abuse including psychostimulants and opioids. Acute ethanol
activates the hypothalamic pituitary adrenal (HPA) axis causing the release of adrenal
glucocorticoid hormones, but following chronic ethanol the HPA axis is dysregulated in
both humans and rodents. Thus, there is growing evidence that glucocorticoids might also
modulate behavioral and molecular responses to ethanol.

Previous microarray studies in the Miles’ laboratory have shown that the well-
known glucocorticoid responsive gene, Serum and Glucocorticoid-regulated Kinase 1,
Sgkl, is prominently up regulated by acute ethanol (2 g/kg) in the prefrontal cortex (PFC)
of DBA/2J mice. Functionally, Sgk1 is an important focal point of intracellular signaling
cross-talk through which the cell surface receptors, nuclear receptors, and cellular stress
pathways converge to control many cellular processes including receptor or ion channel
trafficking, cell proliferation and/or apoptotic responses. In the aforementioned
microarray studies, Sgk/ was accompanied by a highly correlated group of genes, many

of which are also known to respond to glucocorticoids. This suggests that stress-related
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signaling events might play an important role in ethanol regulation of the Sgk/ gene
network. Prior work by others showed that Sgk1 plays an important role modulating
synaptic plasticity occurring in memory. Based on these findings, it is hypothesized that
glucocorticoids and glucocorticoid responsive genes are responsible for modulating acute
and chronic cellular and behavioral responses to ethanol including locomotor activation
and ethanol sensitization. In particular, because Sgk1 is regulated by ethanol, has a well-
established role in learning and memory and is responsive to glucocorticoid signaling we
hypothesize that Sgk1 is involved in modulating acute and chronic cellular and
behavioral responses to ethanol including ethanol sensitization.

Our results indicate that the induction of glucocorticoid responsive genes may
play a role in regulating acute behavioral and cellular responses to ethanol.
Adrenalectomized (ADX) and mifepristone (RU-486) both impaired acute ethanol (2
g/kg) induced locomotor activation in DBA/2J mice without affecting basal locomotor
activity. ADX mice showed microarray gene expression changes in the PFC that
significantly overlapped with acute ethanol-responsive gene sets derived by our prior
microarray studies. Additionally, acute ethanol regulates Sgk1 transcription via
glucocorticoid receptor binding to the Sgk1 promoter. Furthermore, increases in Sgk/
may occur to compensate for decreases in SGK1 protein and phosphorylation of SGK1
and its well-known target N-myc downstream-regulated gene 1 (NDRG1) is significantly
increased 15 minutes following ethanol administration. Finally, Sgk1 intensifies and
prolongs the expression phase of sensitization in D2 mice.

Our studies suggest that ethanol’s activation of adrenal glucocorticoid release and

subsequent glucocorticoid receptor activation may partially modulate ethanol’s acute
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locomotor activation in male D2 mice. Furthermore, adrenal glucocorticoid basal tone
regulates PFC gene expression. A significant set of acute ethanol-responsive genes are
regulated by adrenal glucocorticoid basal tone suggesting that glucocorticoid regulated
PFC gene expression may be an important factor modulating acute behavioral responses
to ethanol. Sgk! is acutely regulated following ethanol administration by the
glucocorticoid receptor binding to the Sgk1 promoter. Altogether, these results suggest a
critical role for the hypothalamic pituitary adrenal axis and Sgk1 in regulating the acute

and chronic cellular and behavioral responses to ethanol.
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CHAPTER 1
Introduction

Concern over individuals who consume alcohol in excess goes back centuries, but
it wasn’t until after the 18" Amendment was repealed in 1932, ending Prohibition, that a
movement developed characterizing alcoholism as a curable illness rather than a disease
of the will (Jellinek, 1960, Hewitt, 1995). During the 1930s, Bill Wilson and Bob Smith
founded Alcoholics Anonymous (AA) and the successes of the organization
demonstrated that alcoholics could recover from alcoholism and live productive lives. By
the 1950s, public health organizations were addressing alcoholism in health care settings
and by the 1960s, the American Psychiatric Association declared alcoholism an illness. It
became clear as perceptions on alcoholism changed that a federal organization must be
established to coordinate alcohol research and in 1970, President Nixon signed into law a
bill that would create the National Institute on Alcohol Abuse and Alcoholism (NTAAA).
Ultimately, this act represented a fundamental shift in the way Americans perceive
alcohol and alcoholism from the idea that alcoholism resulted from moral failings or
character flaws to acknowledging alcoholism as a serious, but treatable, public health
problem (Hewitt, 1995).

According to the National Institutes of Health as of April, 2010, 28% of adults
ages 18 and older consume alcohol at levels that put them at risk for developing
alcoholism, liver disease and other problems (Services, April, 2010). There is no perfect
definition of alcoholism, but most diagnoses require individuals to have been drinking
heavily over an extended period of time and to have subsequently suffered multiple major

life problems due to their alcohol consumption. Additionally, it is estimated that alcohol
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consumption often meets or exceeds a fifth of spirits or its equivalent in wine or beer per
day (Schuckit, 1987). At risk drinking increases one’s chances of injuries; health
problems including liver disease, heart disease, sleep disorders, depression, stroke,
bleeding from the stomach, sexually transmitted diseases and several types of cancer; and
drinking during pregnancy increases the risk of birth defects for the unborn child
(Services, April, 2010). Despite the considerable impact of alcohol on society, the
molecular mechanisms underlying neuroadaptations or toxicity from ethanol are still
poorly understood (Vengeliene et al., 2008, Rivier, 1996).

It is known that ethanol is lipophilic molecule that rapidly crosses the blood-brain
barrier. Until the 1980s, it was generally believed that ethanol’s actions on biologic
systems resulted from alterations in the fluidity of cell membranes (Goldstein and Chin,
1981). More recently, many targets of acute ethanol have been identified including the N-
methyl-D-aspartate (NMDA) receptor, o-opiate receptor, GABA4, glycine, 5-
hydroxytryptamine 3 (serotonin, 5-HT3) and nicotinic acetylcholine receptors (nAChR)
as well as L-type Ca®" channels and G-protein-activated inwardly rectifying K" channels
(GIRKs). NMDA receptors are ionotropic glutamate receptors whose receptor function is
dose dependently inhibited by acute ethanol (Hoffman et al., 1989, Lovinger et al., 1989,
Lovinger et al., 1990, White et al., 1990). Ethanol also inhibits the 5-opiate receptor
(Charness et al., 1983). In addition, alcohol potentiates 5-HT3 (serotonin) receptor
function (Lovinger, 1999) and neuronal nAChR function (Narahashi et al., 1999).
Inhibitory GABA 4 and glycine receptor function is enhanced by acute ethanol (Mihic,

1999). Ethanol inhibits L-type Ca*" channels (Wang et al., 1994). Finally, ethanol opens

20



GIRKs (Kobayashi et al., 1999b, Lewohl et al., 1999). Despite the many targets of
ethanol, GABA» and NMDA receptors are considered the major targets of ethanol.

Considerable evidence suggests that ethanol’s action on GABA receptors is of
utmost importance in producing intoxication (Ticku, 1990, Sigel et al., 1993). y-
aminobutyric acid (GABA) is the predominant inhibitory neurotransmitter in the brain
(Baur et al., 2006). The GABA receptor is the major inhibitory neurotransmitter receptor,
which has been a long-time focus for studies on ethanol actions (Baur et al., 2006,
Wallner et al., 2003). GABA acts at two types of receptors GABAA and GABAg.
GABA receptors are ligand-gated chloride channels, whereas GABAg receptors are
coupled to potassium and calcium channels via guanine nucleotide binding proteins (G
proteins) (Nicoll, 1988). Although GABAg receptors appear to mediate some of ethanol’s
responses (Allan and Harris, 1989, Mehta and Ticku, 1990), ethanol activation of
GABA 4 receptors appears to be more important. It is known that low, intoxicating
concentrations of ethanol can enhance CI” flux in synaptoneurosomes (Suzdak et al.,
1986b) and cultured neurons (Mehta and Ticku, 1988). In addition, ethanol-stimulated
GABA-mediated chloride flux corresponds closely with ethanol concentrations that
produce intoxication (Suzdak et al., 1986b, Allan and Harris, 1987, Mehta and Ticku,
1988, Nishio and Narahashi, 1990) and Ro15-4513, a GABA inverse agonist, reversed
some of the acute intoxicating effects of ethanol in rats (Suzdak et al., 1986a, Suzdak et
al., 1986b).

In 1989, Lovinger et al. first reported that ethanol (5-100 mM) acutely inhibits
NMDA -activated ion currents in a concentration-dependent manner in cultured mouse

hippocampal neurons (Lovinger et al., 1989). Ethanol’s inhibitory actions on the channel
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were further demonstrated by measuring NMDA receptor-mediated excitatory
postsynaptic potentials in slice cultures from various brain regions (Wright et al., 1996,
Wirkner et al., 2000, Li et al., 2002, Calton et al., 1998, Nie et al., 1994, Yin et al., 2007).
The reduction in NMDA receptor activity following acute ethanol exposure is not only
concentration-dependent, but it also has a rapid onset (Wirkner et al., 2000, Peoples and
Stewart, 2000, Criswell et al., 2004). While the exact method by which ethanol inhibits
NMDA receptor function is still unclear, single channel recordings in cultured cortical
neurons revealed that ethanol decreases the open channel probability and mean open time
of native NMDA receptors (Wright et al., 1996). Additionally, while acute ethanol
inhibits NMDA receptors, chronic ethanol exposure increases the synaptic expression of
NR2B subunit-containing NMDA receptors (Carpenter-Hyland et al., 2004, Hendricson
et al., 2007). Increases in NMDA receptor number occurs presumably as an adaptive
response to the prolonged reduction of NMDA receptor activity in the presence of
ethanol (Kroener et al., 2012).

Even though alcohol has many targets and alcoholism is a complex disease that
develops over many years and includes many cycles of withdrawal, craving, and relapse,
acute behavioral responses to ethanol have predictive validity in terms of risk for high
levels of ethanol intake in animal models or alcoholism in humans (Schuckit, 1994,
Metten et al., 1998, Palmer et al., 2002). The behavioral effects of acute ethanol can
range from loss of inhibition to sedation and even hypnosis, with increasing
concentrations of alcohol (Vengeliene et al., 2008). Acute behavioral responses to ethanol
have predictive validity in terms of risk for alcoholism in humans. For example,

individuals who experience sedation following ethanol consumption are less likely to
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become alcoholics than those who experience euphoria and disinhibition (Schuckit,
1994).

It is known that genetic predisposition is thought to confer more than 50 percent
of the risk for becoming an alcoholic (Schuckit, 1987, Kalsi et al., 2009). Family studies
have revealed a threefold to fourfold increased risk for alcoholism in the sons and
daughters of alcoholics (Schuckit, 1987). Additionally, Schuckit et al. has demonstrated
that young men with a positive family history of alcoholism show a decreased ataxic
response to a test dose of ethanol. This strongly predicts the development of alcoholism
10 years later (Schuckit, 1994). In a recent study, Ramchandani et al. investigated
whether the mu opioid receptor (OPRM1) 118G variant modulated striatal dopamine
release in response to ethanol. The functional OPRM1 118G variant confers enhanced
subjective alcohol responses in humans (Ray and Hutchison, 2007) and a functional
equivalent in rhesus macaques, the 77G variant, confers enhanced alcohol-induced
psychomotor stimulation (Miller et al., 2004). The authors found that 118G carriers had a
markedly more vigorous striatal dopamine (DA) response to ethanol compared to
subjects homozygous for the major 118A allele. The authors also created humanized
mice carrying the human exon 1 of the OPRM1 gene either as the major 118A allele or
with the 118G SNP. Direct microdialysis measures of the response to a rewarding dose of
ethanol showed a fourfold higher peak dopamine response to the ethanol challenge in
mice carrying the 118G mutation (Ramchandani et al., 2011). These studies show how
genetics can influence an individual’s response to ethanol. They also provide an example
of a recent study in which an animal model helped to develop a better understanding of

how genetics can influence an human’s response to ethanol.
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Dramatic increases in possible new targets for the treatment of alcoholism have
resulted from more recent work using human or animal model genetics and whole
genome expression profiling with microarrays. It is well known that ethanol alters gene
expression patterns both acutely and chronically. The Miles’ laboratory has used acute
ethanol exposure and genome-wide expression profiling to identify gene networks
functioning in acute behavioral responses to ethanol or affecting drinking behavior
(Kerns et al., 2005a, Wolstenholme et al., 2011). For example, Kerns et al. examined
gene expression patterns in the mesolimbic dopamine reward pathway of 2 inbred mouse
strains, DBA/2J (D2) and C57BL/6J (C57), exhibiting contrasting acute behavioral
responses to ethanol following saline versus acute ethanol administration. The authors
identified 788 genes differentially expressed in control D2 versus C57 mice and 307
ethanol regulated genes differentially expressed in the nucleus accumbens (NAC), pre-
frontal cortex (PFC), and ventral tegmental area (VTA) of the 2 mouse strains (Kerns et
al., 2005a). These results suggest that genetic factors may play a role in mediating the
divergent responses to ethanol in D2 versus C57 mice. Genes involved in glucocorticoid
signaling were differentially regulated in the PFC of D2 versus C57 mice (Kerns et al.,
2005a) and it is well known that acute ethanol activates the hypothalamic pituitary
adrenal (HPA) axis consisting of the hypothalamus, pituitary gland and adrenal glands in
both humans and rodents leading to the release of the glucocorticoids cortisol in humans
and corticosterone in rodents (Koob, 2010, Rivier, 1996). This work will use animal
models to examine the role of the HPA axis in regulating gene expression following
ethanol administration. Additionally, animal models will be used to determine whether

the induction of glucocorticoid responsive genes, Serum glucocorticoid kinase 1 (Sgk1)
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particularly, might play an important role in modifying cellular and behavioral responses

to ethanol.
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CHAPTER 2
Background and Significance
In this chapter, we will discuss two key anatomical systems involved in ethanol
reward and dependence, the mesocorticolimbic dopamine pathway and the
hypothalamic pituitary adrenal (HPA) axis. These regions are important as we believe
ethanol’s activation of the HPA axis may play a role in regulating the expression of
Serum glucocorticoid kinase 1 (Sgkl) in the PFC, part of the mesocorticolimbic
dopamine pathway. We will also discuss glucocorticoid nongenomic signaling
mechanisms, which are hypothesized to involve endocannabinoid signaling. We
believe glucocorticoid nongenomic signaling and endocannabinoid signaling could play a
role in behavioral responses to ethanol; particularly ethanol induced acute locomotor
activation. We will use Adeno-Associated Virus 2 (AAV-2) as method of gene delivery
later in this work to overexpress Sgk1 and we will discuss AAV-2 and why we chose it as
our gene delivery method. Finally, we will discuss the glucocorticoid responsive, ethanol
responsive gene Sgkl and ethanol responsive behaviors that we hypothesize Sgkl,
glucocorticoids or other glucocorticoid responsive genes may regulate including ethanol

induced acute locomotor activation and ethanol sensitization.

Mesocorticolimbic Dopamine Pathway

Neurochemical and behavioral studies have identified the mesocorticolimbic
dopamine pathway as a key anatomical system involved with ethanol reward and
dependence (Kalsi et al., 2009). The mesocorticolimbic dopamine pathway projects from

the ventral tegmental area (VTA) to the nucleus accumbens (NAC), the ventral striatum,
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the nuclei of the stria terminalis, parts of the amygdala, the hippocampus, the lateral
septal nuclei, the entorhinal cortex, the mesial frontal cortex, and the anterior cingulate
cortex (Kandel ER, 2000). All major drugs of abuse, including ethanol, acutely activate
the mesolimbic dopamine system (Di Chiara and Imperato, 1988). For example,
neuroimaging techniques have shown that ethanol enhances extracellular dopamine levels
in the human ventral striatum (Boileau et al., 2003, Urban et al., 2010, Yoder et al., 2007,
Ramchandani et al., 2011). Furthermore, dopamine levels in the rat NAC increase in
anticipation of ethanol consumption (Katner et al., 1996, Melendez et al., 2002).

Increases in dopamine per se are not sufficient to account for the process of
addiction, after all drugs of abuse increase dopamine levels in naive as well as addicted
subjects. In the case of cocaine addiction, the magnitude of drug-induced dopamine
increases, and the intensity of self-reports of the drug’s reinforcing properties appears
smaller in addicted versus naive subjects (Volkow et al., 1997). This may be because the
function of the mesolimbic dopamine system is severely impaired upon cessation of
subchronic and chronic exposure to drugs of abuse including ethanol. In support of this,
alterations of brain dopamine systems occur in abstinent alcoholics including reduced
dopamine synthesis (Heinz et al., 2005) and reduced numbers of dopamine D2 receptors
in the striatum (Volkow et al., 1996, Volkow et al., 2002, Martinez et al., 2005). The
decreased function of the mesolimbic dopamine system has been associated with
enhanced drug intake, perhaps to restore baseline function of the mesolimbic dopamine
system (Diana et al., 1993, Ahmed and Koob, 2005).

While less studied than the VTA and NAC, the PFC is increasingly being

recognized as a region that plays central role in addiction. Frontal lobe decreases in
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volume have been identified in alcoholic subjects via magnetic resonance imaging
(Jernigan et al., 1991, Pfefferbaum et al., 1997). The outcome of chronic drug use may be
frontal cortical cognitive dysfunction, resulting in an inability to inhibit inappropriate
unconditioned or conditioned responses elicited by drugs, by related stimuli or by internal
drive states (Jentsch and Taylor, 1999). Work by Volkow et. al suggests that the
orbitofrontal cortex region of the PFC modulates the value of reward by regulating the
magnitude of dopamine increases in the ventral striatum and that disruption of this
regulation may underlie the decreased sensitivity to rewards in addicted subjects. They
show that methylphenidate, a stimulant drug, induced much smaller dopamine increases
in the striatum of alcoholic subjects versus control subjects. Furthermore in alcoholics,
metabolism in PFC regions is not correlated with dopamine changes suggesting that the
regulation of DA cell activity by prefrontal efferents is disrupted (Volkow et al., 2007).
The PFC sends glutamatergic efferents to the VTA and the NAC, which modulate the
function of these brain regions (Jentsch and Taylor, 1999, Carr and Sesack, 2000). These
efferents play key roles in regulating the firing pattern of dopamine cells and dopamine
release, respectively (Carr and Sesack, 2000, Gariano and Groves, 1988, Murase et al.,
1993). Disruption of these efferent pathways may contribute to the pathology underlying
addiction.

The orbitofrontal cortex and the anterior cingulate cortex are the frontal cortical
areas most frequently implicated in drug addiction. These regions are involved in higher
order cognitive and motivational processing and are activated in addicted subjects during
intoxication, craving, and binge drug consumption, and they are deactivated during

withdrawal (Goldstein and Volkow, 2002). The cingulate cortex has been linked with
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conditioned emotional learning, assessments of motivational content and assigning
emotional salience to internal and external stimuli (Devinsky et al., 1995), and thus its
activation by dopamine may be one of the mechanisms by which dopamine modulates
drive (Kiyatkin, 1995). In a study using functional magnetic resonance imaging (MRI) to
test whether brain activation was detectable in regions associated with cocaine cue-
induced craving, significant activation was detected in the anterior cingulate cortex in the
cocaine-using group versus control subjects. Additionally, a correlation between self-
reported levels of craving and activation in the anterior cingulate was found supporting
the idea that the anterior cingulate cortex may be involved in drug craving (Maas et al.,

1998).

Hypothalamic Pituitary Adrenal Axis

The HPA axis consisting of the hypothalamus, the anterior lobe of the pituitary
gland and adrenal glands is activated following acute ethanol exposure (Koob, 2010,
Rivier, 1996). The hypothalamus consists of several nuclei; the one of interest for this
project is the paraventricular nucleus (PV), which releases the neurotransmitter CRH
(Rivier, 1996). The axons of CRH containing neurons in the PV nucleus terminate in the
median eminence (ME), which is located in close proximity to the hypophyseal portal
vessels (Rivier, 1996). The pituitary is located beneath the hypothalamus and is
anatomically connected to the hypothalamus by the portal vessels (Rivier, 1996). ACTH
is released from the corticotrophs in the adenohypophysis of the anterior pituitary (Rivier,
1996, Dallman et al., 1985). The adrenals are located above the kidneys and are

composed of the cortex, which synthesizes glucocorticoids, aldosterone and androgens
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and the chromaftin tissue, which produces epinephrine and norepinephrine (Rivier,
1996).

Following ethanol exposure, neurosecretory neurons in the parvocellular
subdivision of the paraventricular nucleus of the hypothalamus receive convergent
impulses from several neurotransmitter systems including stimulatory signals from
serotonergic and noradrenergic neurons and inhibitory signals from GABA and -
endorphin-releasing neurons that eventually lead to the synthesis and release CRH into
the portal blood vessels that enter the anterior pituitary gland (Rivier, 1996, Oswald and
Wand, 2004). Once CRH is released it stimulates ACTH secretion from the anterior
pituitary (Oswald and Wand, 2004). Binding of CRH to the CRH 1 receptor on pituitary
corticotropes stimulates the release of ACTH from corticotropes (Rivier, 1996, Heilig
and Koob, 2007, Koob, 2010, Kiefer and Wiedemann, 2004). ACTH acts on the adrenal
gland to stimulate the release of glucocorticoids, cortisol in humans and corticosterone in
rodents (Rivier, 1996, Kiefer and Wiedemann, 2004). Cortisol and corticosterone also
regulate the HPA axis through a negative feedback mechanism by acting on
hypothalamic glucocorticoid receptors to decrease CRH release (Munck et al., 1984) and
in the pituitary, the hormones directly inhibit ACTH release and the production of its
precursor hormone proopiomelanocortin (POMC) (Rivier, 1996, Kiefer and Wiedemann,
2004, Dallman et al., 1985). Glucocorticoids enhance glucose availability, modulate
immune function, maintain vascular tone and regulate gene transcription through the
direct binding of homodimers or heterodimers of glucocorticoid receptors to nuclear
DNA, or through protein—protein interactions with transcription factors (Falkenstein et

al., 2000, Rivier, 1996).
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Ethanol’s acute stimulatory effect on the HPA axis in both humans and rodents is
well documented, but the response of the HPA axis to repeated ethanol exposure is more
variable (Ellis, 1966, Wand and Dobs, 1991b, Zgombick and Erwin, 1988). In humans,
small subsets of alcoholics (<5%) develop clinical features of hypercortisolism or
Cushing's syndrome (Smalls et al., 1976, Jordan et al., 1979, Rees et al., 1977). Most
alcoholics do not develop Cushing’s syndrome, but numerous studies have demonstrated
inadequate suppression of the HPA axis following the dexamethasone suppression test
(DST) (MclIntyre and Oxenkrug, 1984, Burov et al., 1986, Dackis et al., 1986, Swartz and
Dunner, 1982). In the most widely employed procedure for the DST in psychiatry, the
long-acting synthetic steroid dexamethasone is administered and cortisol levels are
measured the next day. Dexamethasone acts by mimicking feedback effects of
glucocorticoids on the HPA axis. It suppresses the release of cortisol into plasma by
blocking release of CRH from the hypothalamus and ACTH from the anterior pituitary
(1987). It must be recognized that characterization of the HPA axis in alcoholics is
complicated. HPA axis dysfunction in alcoholics could also be due to abnormalities
related to ethanol-induced liver disease (Bode et al., 1978), withdrawal (Burov et al.,
1986), malnutrition (Bode et al., 1978), and depression (Dackis et al., 1986). Depressed
individuals frequently show hypercorticolism and their HPA axes do not suppress
appropriately following the DST (Coppen et al., 1983, Wand and Dobs, 1991b). It has
been suggested that approximately 25-50% of actively drinking alcoholics are also
depressed (Dackis et al., 1986). One study by Wand et al., characterized the HPA axis in
a group of actively drinking, nondepressed chronic alcoholics, without evidence of liver

disease or withdrawal. Most alcoholics in this study showed a blunted response to acute

31



intervening stress, including CRH, low dose ACTH, and metyrapone, a cortisol synthesis
inhibitor, blockade suggesting that alcoholics have ethanol-induced HPA axis injury and
perhaps cannot respond appropriately to nonethanol-induced stress. (Wand and Dobs,
1991b). Additionally, the animal literature also suggests that chronic ethanol exposure

can impair the ability of the HPA axis to respond to stress (Dave et al., 1986).

Glucocorticoid Nongenomic Signaling Mechanisms

Although it has long been recognized that steroid hormones exert their effects on
neuronal function through their classical actions or their ability to modulate gene
transcription in the nucleus, many glucocorticoid effects have been documented to occur
in a fashion that cannot be explained by genomic regulation (de Kloet, 2000, Dallman,
2005). Such findings have prompted the hypothesis that glucocorticoids possess
membrane-associated receptors through which nongenomic signaling may evoke rapid
effects on physiology and behavior and it is now believed that glucocorticoids exert their
actions through both genomic and nongenomic pathways (Dallman, 2005, de Kloet,
2000). In the 1990s, a high-affinity binding site for corticosterone, which seemed to meet
all of the criteria for a functional membrane-associated corticosteroid receptor, was
partially purified and characterized in neuronal membranes from the amphibian brain
(Moore and Orchinik, 1994). The studies by Orchinik and Moore demonstrated that in the
Taricha granulosa (a rough-skinned newt) glucocorticoid receptors were present in
neuronal membranes and associated with G proteins to modulate intracellular signaling.
In the newt, a clear bioassay was established in which glucocorticoids were found to

dampen stimulus-induced neuronal activation of medullary neurons, which resulted in a
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reduction of courtship clasping behavior, all of which occurred in a time span of 10
minutes (Moore and Orchinik, 1994). These findings stimulated similar research in
rodents, the result of which was an array of mixed findings that were less conclusive than
the newt studies.

The search for the mammalian membrane-bound glucocorticoid receptor had
come to a halt, until a laboratory used in vitro electrophysiological recordings of neurons
in the paraventricular nucleus of the rat hypothalamus to demonstrate that glucocorticoids
rapidly suppressed glutamatergic release onto parvocellular neurons through a
mechanism that involved postsynaptic activation of a membrane-bound glucocorticoid
receptor (Di et al., 2003). Activation of this receptor launched a G protein signaling
cascade that induced synthesis of endocannabinoid ligands, which traversed back across
the synapse where they bound to presynaptic CB1 receptor localized on glutamatergic
terminals and inhibited subsequent glutamate release (Di et al., 2003). A pathway was
defined in which glucocorticoids elicited a nongenomic induction of endocannabinoids,
which in turn was the catalyst for glucocorticoids to modulate local neuronal transmission
(Hill and McEwen, 2009). This model was also applied to the newt preparation and it was
shown that the ability of glucocorticoids to inhibit sensory-evoked stimulation of
medullary neurons and courtship clasping was also mediated by endocannabinoids in this
model (Coddington et al., 2007). These studies integrated glucocorticoid activation of a
membrane-bound G protein receptor and endocannabinoid synthesis that could inhibit

neurotransmitter release.

The Endocannabinoid System
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The current project expanded to also investigate the nongenomic actions of
glucocorticoids and this required additional knowledge of the endocannabinoid system.
A9-tetrahydrocannabinol (THC), the active component of marijuana, as well as other
exogenous and endogenous cannabinoids, have been demonstrated to bind to and activate
two types of cannabinoid receptors that have been cloned, CB1 (Matsuda et al., 1990).
and CB2 (Gerard et al., 1991). These receptors are members of the superfamily of G
protein coupled receptors and exert their actions predominantly through Gj, proteins
(Howlett, 2002, Howlett, 2005). Cannabinoid receptor activation decreases cyclic
adenosine monophosphate (cAMP) production via inhibition of adenylyl cyclase and they
activate mitogen-activated protein kinase (Howlett, 1984, Howlett, 2004). Cannabinoid
receptors also decrease Ca”" conductance (Mackie and Hille, 1992, Caulfield and Brown,
1992) and increase K™ conductance through inwardly-rectifying K™ channels (Mackie et
al., 1995).

CBI1 receptors are distributed throughout the central nervous system and the
periphery; whereas CB2 receptors are mainly associated with immune cells in both the
CNS and periphery (Cabral and Marciano-Cabral, 2005, Van Sickle et al., 2005, Xi et al.,
2011). In particular, CB1 receptors are expressed at high densities in the hippocampus,
frontal cortex, basal ganglia and cerebellum (Ong and Mackie, 1999). CB1 receptors are
localized on presynaptic terminals of both GABAergic (Katona et al., 1999) and
glutamatergic neurons (Huang et al., 2001, Szabo and Schlicker, 2005). It has been
consistently shown that on-demand activation of CB1 receptors by their endogenous
agonists, endocannabinoids (ECs), modulates the release of different neurotransmitters in

many brain areas, including those involved in cognition, memory and maintenance of
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mood, such as the hippocampus and the prefrontal cortex (Wilson and Nicoll, 2002,
Freund et al., 2003). Depolarization-induced suppression of inhibition (DSI) occurs when
cannabinoid receptor activation causes transient suppression of the inhibitory GABAergic
synaptic events in a cell (Llano et al., 1991, Pitler and Alger, 1992). Conversely, when
suppression of the transient stimulatory neurotransmitter (e.g. glutamate) occurs it is
called depolarized-induced suppression of excitation (DSE) (Kreitzer and Regehr, 2001).
Both result in cannabinoid receptor mediated hyperpolarization of a repetitively
depolarized neuron, which suppresses subsequent vesicular fusion and release of
glutamate or GABA.

The two best-characterized endogenous CB1 receptor ligands include AEA and 2-
arachidonoylglycerol (2-AG) (Devane et al., 1992, Mechoulam et al., 1995). Both AEA
and 2-AG are postsynaptically synthesized signaling molecules that are not stored in
vesicles, but are generated on demand from membrane phospholipid precursors to act in a
retrograde fashion on presynaptically localized CB1 receptors (Hill et al., 2010, Clapper
et al., 2009). AEA is a partial agonist at CB1 and 2-AG is a full agonist (Ahern, 2003,
Ahn et al., 2009, Long et al., 2009). The endogenous endocannabinoid signaling lifespan
is regulated by ill-defined uptake processes and by intracellular hydrolysis of AEA by
fatty acid amide hydrolase (FAAH) and 2-AG by monoacylglycerol lipase (MAG-L),
respectively (Hill et al., 2010). Genetically engineered FAAH knockout (KO) mice are
severely impaired in their ability to degrade AEA and exhibit 10- to 15-fold increases in

brain AEA levels (Cravatt et al., 2001).

Adeno-associated Virus Serotype 2 (AAV-2)
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Gene therapy consists of the introduction of nucleic acid into a patient’s cells for a
therapeutic purpose. Viruses can be used as gene-therapy vectors. Viruses used for gene
therapy purposes include, among others, retroviruses (Miller, 1990, Miller and Rosman,
1989), adenoviruses (Smith, 1995, Berkner, 1988) and adeno-associated viruses (Smith,
1995, Miyake et al., 2012). Retroviruses are a class of enveloped viruses containing
single-stranded RNA as the viral genome. Viral RNA is reverse transcribed to yield
double-stranded DNA, which integrates at random into the host genome and is expressed
in a wide variety of cell types over extended periods. Retroviral expression is limited to
replicating cells (Smith, 1995, Vannucci et al., 2013). Adenoviruses are nonenveloped
viruses containing linear double-stranded DNA that can infect both non-dividing and
dividing cells. Adenoviruses display low pathogenicity and wide cellular tropism, but
they are also highly immunogenic and this limits their use (Smith, 1995, Vannucci et al.,
2013). Adeno-associated virus is a linear, non-enveloped, single-stranded DNA virus that
requires co-infection with certain other viruses to replicate. Wild type AAV can integrate
into the host chromosome in a specific region of chromosome 19 in cells in the absence
of helper virus. AAV provides long-term expression in both dividing and nondividing
cells, is not known to cause disease and induces mild immune responses (Smith, 1995,
Vannucci et al., 2013, Daya and Berns, 2008, Terzi and Zachariou, 2008).

In our studies, we chose to use adeno-associated Virus (AAV) for gene delivery
because of its long-term expression, lack of pathogenicity, and the virus’ ability to infect
dividing and nondividing cells (Daya and Berns, 2008, Terzi and Zachariou, 2008).
Twelve AAV serotypes with unique properties have been used to produce most

expression vectors. The AAV-2 serotype shows CNS and liver specific expression and
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enters the cell through the heparin sulfate proteoglycan (HSPG) receptors (Miyake et al.,
2012, Summerford and Samulski, 1998). Competition experiments have demonstrated
that soluble heparin can block AAV-2 binding and transduction (Summerford and
Samulski, 1998). Within the CNS, AAV-2 shows neuron specific expression (Daya and
Berns, 2008, Terzi and Zachariou, 2008).

Studies in our lab (Bhandari et al., 2012) and others have successfully used rAAV
to over-express various proteins in the brain and alter behavioral responses. For example,
Homer proteins are known to be important in calcium signaling events, glutamate
receptor signaling/trafficking, and synaptic remodeling (Szumlinski et al., 2004). Homer2
knockout mice show a phenotype similar to that of animals withdrawn from repeated
cocaine administration and infusion of Homer2b-AAV into the NAC of Homer2
knockout animals reverses this phenotype (Szumlinski et al., 2004). Furthermore, over
expression of AFosB in the orbitofrontal cortex (OFC) sensitizes rats to the locomotor
stimulant actions of cocaine (Winstanley et al., 2009). Animals over-expressing AFosB
through the use of AFosB-AAYV in the OFC appear pre-sensitized showing enhanced
locomotor responses to acute cocaine which are indistinguishable from rats receiving

chronic cocaine treatment (Winstanley et al., 2009).

Serum Glucocorticoid Kinase I (Sgk1)

Sgkl is a glucocorticoid responsive gene involved in synaptic plasticity and
learning and memory that is known to regulate the function of ion channels, play an
important role in intracellular cross-talk, and allow the convergence of cell surface

receptors, nuclear receptors, and cellular stress pathways (Firestone et al., 2003, Lee et
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al., 2006, Ma et al., 2006, Tsai et al., 2002). Sgkl was identified in 1993 in a screen of
glucocorticoid responsive genes in mammillary tumor cell lines (Webster et al., 1993).
Since that time it has been identified as being transcriptionally controlled by a wide
variety of additional hormones and regulators including the increase of cytosolic Ca**
activity and NO, transforming growth factor B, interleukin 6, thrombin, endothelin, cell
shrinkage, and Rett syndrome, to name a few (Lang et al., 2010, Meng et al., 2005,
BelAiba et al., 2006, Wolf et al., 2006, Chen et al., 2009, Nuber et al., 2005). It is also
known that Sgk1 availability and function are regulated transcriptionally, post-
transcriptionally and via post-translation modifications. It is phosphorylated and activated
as a downstream action of both the PI 3-kinase pathway and the MAPK/ERK signaling
pathways (Lee et al., 2006, Firestone et al., 2003). Activation of SGK1 after exposure to
serum triggers entry of SGKlinto the nucleus, whereas activation of SGK1 by
glucocorticoids enhances cytosolic localization of the kinase (Firestone et al., 2003).
Additionally, the phosphorylation and activation of Sgk1 by PDK1 may stimulate its
entry into the nucleus (Park et al., 1999).

It is now known that a single Sgk1 mRNA produces 4 different protein isoforms
with different N-termini due to alternative sites of initiation of translation (Arteaga et al.,
2007). The long isoforms, 49-kDa, 47-kDa, are more abundant, localize to the ER
membrane, and are rapidly degraded (Arteaga et al., 2007). The short isoforms, 45-kDa
and 42-kDa, are expressed at low basal levels, have decreased protein turnover and
localize to the cytoplasm and nucleus (Arteaga et al., 2007). The isoforms have distinct
functions as, for example, the 49-kDa isoform stimulates the epithelial sodium channel

(ENaC) and the 42-kDa isoform phosphorylates glycogen synthase kinase-33 (GSK3 )
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Figure 24. Ethanol sensitization following viral overexpression of Sgkl. * p < 0.05 vs.
all saline treated animals; # p < 0.05 vs. all saline treated animals, day 3 IRES EtOH
treated animals, and day 35 IRES EtOH treated animals; & p < 0.05 vs. all saline treated
animals, day 3 SGK1 EtOH treated animals and day 35 SGK1 treated animals; $ p < 0.05
vs. all saline treated animals, day 3 EtOH treated IRES animals, and day 35 IRES EtOH
treated animals; ** p < 0.05 vs. all saline treated animals, day 3 EtOH treated SGK 1
animals, day 21 EtOH treated IRES animals, day 14 EtOH treated SGK1 animals and day
35 EtOH treated SGK1 animals; * p < 0.05 vs. all saline treated animals, day 3 EtOH
treated IRES animals, and day 35 EtOH treated IRES animals; ¢ p < 0.05 vs. all saline
treated animals, day 3 EtOH treated SGK1 animals, day 14 EtOH treated SGK1 animals
and day 35 EtOH treated SGK1 animals; § p < 0.05 vs. all saline treated animals; + p <
0.05 vs. all saline treated animals, SGK1 day 3 EtOH treated animals and IRES Day 35
EtOH treated animals
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Figure 25. Viral placement and expression in mice microinjected with IRES-AAYV versus
those microinjected with FLAG-SGK1-AAV (a-b) and rostral to caudal movement in
mice microinjected with FLAG-SGK1-AAV (c-f). Panels show: (a) anti-FLAG staining
in mice expressing IRES-AAV, (b) anti-FLAG staining in mice expressing FLAG-SGK1-
AAV, (c)-(f) rostral (c) to caudal (f) movement through the brain of a mouse
microinjected with FLAG-SGK1-AAV. Arrows indicate positive staining.
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CHAPTER 7
Concluding Remarks & Future Directions
CONCLUDING REMARKS

Overall our findings support clinical reports showing stress hypo-responsiveness
in human alcoholics and provide evidence for how HPA axis tolerance can alter ethanol
responses in brain stress/reward related regions such as PFC (Lovallo et al., 2000,
O'Malley et al., 2002, Kiefer et al., 2011). HPA axis dysregulation exists in alcohol
dependent patients and individuals with a familial history of alcoholism. Individuals who
are low in sociability with a familial history of alcohol dependence show blunted cortisol
responses (Sorocco et al., 2006). Individuals at high risk for alcoholism also show lower
basal ACTH levels, lower stress-induced increases in plasma ACTH concentration, and
delayed post-stress recovery of plasma ACTH and cortisol (Dai et al., 2002). Thus,
disrupted stress responses may contribute to the risk for development of alcohol
dependence, and our findings suggest that altered basal gene expression in PFC could be
a mediating factor. While changes occurring at the endocrine level are characterized, less
defined are molecular changes in brain stress/reward related regions that are mediated by
HPA axis tolerance.

Studies of acute, sub acute and chronic ethanol administration in animal models
have helped to better define ethanol’s actions. Such studies have led to the development
of treatments for alcohol abuse and alcoholism. Our work better defines the mechanism
behind ethanol’s regulation of Sgk1 both acutely and chronically. In the case of Sgkl, it
seems that ethanol triggers a complex wave of signaling events leading to: 1) Sgkl

activation by phosphorylation with subsequent phosphorylation of Ndrgl and other
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targets; 2) increased Sgk1 transcription by HPA activation and glucocorticoid action; and
3) compensatory Sgkl protein degradation (Fig. 26). Additionally, our work identifies
behavioral modifications induced by Sgk1 following chronic ethanol administration.
Chronically, Sgk1 may alter neural mechanisms that mediate the addicted state, but
additional studies are necessary to characterize this response. Future studies are needed to
further characterize the mechanism behind ethanol’s regulation of Sgkl, the inter-
relations of glucocorticoid signaling, PFC gene expression networks, and mechanisms

underlying risk for alcohol dependence.
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Figure 26. Brief summary of project findings. Ethanol triggers a complex wave of
signaling events beginning with the activation of the HPA axis and leading to eventual
changes in gene expression in the anterior cingulate region of the PFC. Sgk1 is an ethanol
responsive, glucocorticoid responsive gene. Following ethanol administration a series of
events occurs including: 1) SGK1 activation by phosphorylation with subsequent
phosphorylation of NDRG1 and possibly other targets; 2) increased Sgk1 transcription by

150



HPA activation and glucocorticoid action; and 3) compensatory SGK1 protein
degradation. These events are responsible for changes in cellular function that alter
behavioral responses to ethanol.

FUTURE DIRECTIONS
We are currently working to verify viral placement in FLAG-SGK1-AAV and

IRES-AAYV mice and identify candidates in the Sgk1 gene network that may mediate
some of the behavioral differences we saw between FLAG-SGK1-AAV versus IRES-
AAV mice during the expression phase of sensitization. We are completing
immunohistochemistry experiments to verify FLAG-SGK1-AAV placement in the
anterior cingulate region of the PFC of D2 mice. In addition, we are verifying IRES-AAV
and FLAG-SGK1-AAYV placement and hrGFP expression through in vivo imaging
(Xenogen). Additionally, we are performing ethanol metabolism studies in FLAG-SGK1-
AAV and IRES-AAV mice. We will also harvest IRES-AAV and FLAG-SGK1-AAV
animals to possibly perform microarray analysis and Q-rtPCR verification of microarray
results. Microarray experiments may help us to identify candidates in the Sgk1 gene
network that are working to alter synaptic plasticity and behavioral responses to ethanol.

Additionally, future experiments should address SGK1 and phospho-SGK1 levels
chronically following ethanol sensitization. We showed that Sgk/, SGK1 and phospho-
SGKI1 levels were modified following acute ethanol administration, but we found
differences in mice overexpressing FLAG-SGK1-AAV versus IRES-AAYV chronically
during the expression phase of ethanol sensitization and it is thus important to
characterize SGK1 and phospho-SGK1 chronically. We could begin this process by
measuring SGK1 and phospho-SGK1 in FLAG-SGK1-AAYV and IRES-AAYV treated

animals. We might expect FLAG-SGK1-AAV animals to have greater SGK1 expression
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compared to IRES-AAV control animals. But it would be interesting to see if
overexpressing SGK1 also increases levels of phospho-SGK1 basally.

The PFC is one of the primary targets of stress hormones (Yuen et al., 2011).
Miyata et al. showed that a chronic stress paradigm that elevated plasma corticosterone
levels similar to those found in depressed individuals lead to activation of the
phosphatidylinositol 3-kinase (PI3K)-3-phosphoinositide-dependent protein kinase
(PDK1), Sgkl, and Ndrgl pathway with increases in both Sgk/ mRNA and SGK1
phosphorylation (Miyata et al., 2011). Thus, it is possible that HPA axis activation is
causal in both Sgk1 activation and increased transcription of the Sgk/ gene. Our prior
results did not explore the upstream regulation of phospho-SGK1. Future studies could
address whether the HPA axis plays a role in the phosphorylation and activation of SGK1
in the PFC through evaluating phospho-SGK1 in ADX versus SHAM ethanol treated
animals. Additionally, phospho-SGK1 could also be evaluated following RU-486 versus
vehicle administration. We would hypothesize that mechanisms other than HPA axis
activation may be responsible for ethanol’s activation of SGK1. Earlier we hypothesized
that the phosphorylation of SGK1 may be responsible for mediating the differences seen
in FLAG-SGKI1-AAV and IRES-AAV mice as we know that Sgk/ regulation following
ethanol administration is no longer present early in the expression phase of sensitization.
We also know the HPA axis habituates following repeated ethanol administration. It
appears that SGK1 does, however, play a role in regulating the duration and extent of the
sensitized response and therefore an alternative mechanism other than the HPA axis may
be responsible for this regulation. It might also be interesting to perform a more detailed

characterization of Sgk/ and corticosterone during the initiation phase of the sensitized
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response to learn at what point during the initiation of sensitization do Sgk/ and
corticosterone levels no longer increase following acute ethanol administration. These
findings should correspond, ie. Sgk/ should decrease as corticosterone decreases, if Sgk/
is in fact regulated by ethanol’s activation of the HPA axis.

In the future, we could repeat the viral overexpression experiment, but lower the
test day ethanol doses to 1.5 g/kg ethanol rather than 2 g/kg ethanol for animals receiving
ethanol on activity test days (see Table 5 below for experimental details). It is well-
known that D2 mice show a robust locomotor activation response following ethanol
administration and it may be difficult to see differences in FLAG-SGK1-AAV versus
IRES-AAYV mice on test days following the administration of 2 g/kg ethanol as this dose
may be masking differences in locomotor activity between FLAG-SGK1-AAV versus
IRES-AAV mice. In other words, FLAG-SGK1-AAV mice could have a greater
locomotor activation response than IRES-AAV following acute ethanol administration
like we saw during the expression phase of sensitization, but due to a ceiling effect, we
may be unable to detect differences in locomotor activity between these two groups of
mice.

Table S: Outline of experimental design for future ethanol sensitization

Phase of Sensitization Induction Phase Expression Phase
Group Days 1-2 Days 3 Days 4-13 Days 14-35
Habituation Acute test Daily injections Expression test
SS Saline Saline Saline Saline
EE Saline Ethanol 1.5 g/kg | Ethanol 2.5 g/kg | Ethanol 1.5 g/kg
Activity test yes yes no yes

Table 5. Plan for future ethanol sensitization studies comparing locomotor activity during
the initiation and expression phases of sensitization in in FLAG-SGK1-AAV versus
IRES-AAV mice.

Ideally, we could perform dose response experiments comparing locomotor activity

in FLAG-SGK1-AAV versus IRES-AAV D2 mice both acutely and during the
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expression phase of ethanol sensitization (see Table 6 below for experimental details).

This set of experiments would be challenging to execute. Because we are overexpressing

Sgk1 in a small proportion of the cells in one brain region and due to the sensitive and

variable nature of behavior, we would need n = 12 for IRES-AAV mice and n = 12 for

FLAG-SGKI1-AAV. This would require performing approximately 100 stereotaxic

injections. Such injections should be performed during the same time period to control

for the rate of viral expression following microinjection. Because the sensitized response

has been shown to be subject to alterations in corticosterone levels and corticosterone

levels are known to change throughout the day according to circadian rhythms, we must

be careful to execute our experiments at the same time daily. Perhaps these experiments

could be staggered, but their difficult nature should not be overlooked in planning future

experimental procedures.

Table 6: Outline of experimental design for future ethanol sensitization

Phase of Sensitization

Induction Phase

Expression Phase

Group Days 1-2 Days 3 Days 4-13 Days 14-35
Habituation Acute test Daily injections Expression test
SS Saline Saline Saline Saline
EE Saline Ethanol 1.5 g/kg | Ethanol 2.5 g/kg | Ethanol 1.5 g/kg
EE Saline Ethanol 2.0 g/kg | Ethanol 2.5 g/kg | Ethanol 2.0 g/kg
EE Saline Ethanol 2.5 g/kg | Ethanol 2.5 g/kg | Ethanol 2.5 g/kg
Activity test yes yes no yes

Table 6. Plan for future ethanol sensitization studies comparing locomotor activity during
the initiation and expression phases of sensitization in in FLAG-SGK1-AAV versus
IRES-AAYV mice. Varying doses of ethanol are administered to animals on days 3 and
14-35 as indicated above.

Like Boehm et al. (2008), we could also avoid administering repeated ethanol

injections to animals during the expression phase of sensitization and have separate

groups for testing on days 7, 14 and 21 (see Table 7 below for experimental details).

Administering repeated injections to animals over 7 day intervals as we did initially may
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re-sensitize the animals and may make it difficult to determine the true duration of the
sensitized response. However, as mentioned above, Boehm et al. (2008) showed that both
animals repeatedly administered ethanol over 7 day intervals and those that were not
subject to repeated ethanol administrations showed the same duration of sensitization
(Boehm et al., 2008). In fact, Boehm et al. even continued with their repeated ethanol
challenge approach in further experiments after learning that is did not seem to affect the
duration of the sensitized response (Boehm et al., 2008). This set of experiments would
also be challenging to execute. We would need n = 12 for IRES-AAYV mice and n = 12
for FLAG-SGK1-AAYV. This would require performing approximately 144 stereotaxic
injections. Such injections should be performed during the same time period and we must
carefully execute our experiments at the same time daily. Perhaps these experiments
could be staggered, but their difficult nature should not be overlooked in planning future
experimental procedures.

Table 7: Out line of experimental design for future ethanol sensitization

Phase of Sensitization Induction Phase Expression Phase
Group Days 1-2 Days 3 Days 4-13 Days 14-35
Habituation Acute test Daily injections Expression test
SS Saline Saline Saline Saline-7
EE Saline Ethanol 1.5 g/kg | Ethanol 2.5 g/kg | Ethanol 1.5 g/kg-7
SS Saline Saline Saline Saline-14
EE Saline Ethanol 1.5 g/kg | Ethanol 2.5 g/kg | Ethanol 1.5 g/kg-14
SS Saline Saline Saline Saline-21
EE Saline Ethanol 1.5 g/kg | Ethanol 2.5 g/kg | Ethanol 1.5 g/kg-21
Activity test yes yes no yes

Table 7. Plan for future ethanol sensitization studies comparing locomotor activity during
the initiation and expression phases of sensitization in in FLAG-SGK1-AAV versus
IRES-AAV mice. “7” mice are only tested on day 7 following the cessation of ethanol
administration. “14” mice are only tested on day 14 following the cessation of ethanol
administration. “21” mice are only tested on day 21 following the cessation of ethanol
administration.

In the future, we could also overexpress IRES-AAV and FLAG-SGK1-AAV in the
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anterior cingulate region of the PFC of C57 mice and compare locomotor activation and
sensitization in these mice. FLAG-SGK1-AAYV prolonged the duration of the sensitized
response possibly by altering plasticity in the PFC of D2 mice, a genotype of mouse best
known to show an ethanol induced locomotor activation response and to sensitize to the
locomotor activating effects of ethanol. It would be interesting to examine how the
overexpression of FLAG-SGK1-AAV may affect locomotor activity in animals not
known to show an ethanol induced locomotor activation response and sensitize to the
locomotor activating effects of ethanol. This set of experiments could also help us to
better decipher the mechanism through which Sgk1 may be altering synaptic plasticity.
For example, C57 mice have higher basal levels of Sgk1, but they do not experience the
robust induction of Sgk! following acute ethanol administration. Perhaps increasing
levels of Sgk1 through microinjection of FLAG-SGK1-AAV would alter locomotor
activity in C57 mice.

Finally, one of the reasons we originally hypothesized that Sgk1 may mediate the
sensitized response to ethanol is that Sgk1 has a known role in memory consolidation of
spatial learning and regulates neuronal plasticity in the brain and spinal chord and it is
known that behavioral sensitization involves learning processes (Lee et al., 2006, Tsai et
al., 2002, Lee and Rivier, 1997, Ma et al., 2006, Quadros et al., 2003). Although
statistically significant, the differences between FLAG-SGK1-AAV and IRES-AAV
mice in our ethanol sensitization studies were small. Perhaps we could accentuate
differences between FLAG-SGK1-AAV and IRES-AAYV in our sensitization studies by
the pairing of ethanol injections and the testing chamber for both FLAG-SGK1-AAV and

IRES-AAYV mice during the initiation phase of sensitization. FLAG-SGK1-AAV may be
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altering neuroadaptations underlying behavioral sensitization that may be closely related
to those mediating learning and memory processes and including a contextual pairing
component in our studies would enhance such differences.

Additionally, we want to further decipher the mechanism by which Sgk1 regulates
cellular responses to ethanol by identifying the cell type in which SGK1 primarily acts;
ie. is Sgkl mediating its effects in neuronal cell populations, oligodendrocytes, or
astrocytes? The AAV-2 serotype shows neuron-specific expression and we used it to
overexpress Sgkl (Daya and Berns, 2008, Terzi and Zachariou, 2008). Overexpressing
Sgk1 neuronally seemed to alter synaptic events that prolonged and intensified the
sensitized response during the expression phase of sensitization. We show that NDRGI, a
downstream target of phosphorylated, active SGK1, phospho S330 levels were
significantly increased in ethanol vs. saline treated animals 15 minutes following ethanol
administration (Fig. 21). Miyata et al. showed that a chronic stress paradigm that elevated
plasma corticosterone levels lead to activation of the PDK1, SGK1, and NDRG1 pathway
in mouse oligodendrocytes, not neurons (Miyata et al., 2011). NDRG1 is a well-known
SGK1-specific substrate minimally phosphorylated by other kinases (Garcia-Martinez
and Alessi, 2008, Sahin et al., 2013, Murray et al., 2004). It is known that NDRG1
deficiency leads to Schwann cell dysfunction and that NDRG1 is essential for
maintenance of the myelin sheaths in peripheral nerves (Okuda et al., 2004). Okuda et al.
identified NDRG1 as mainly localized in oligodendrocytes in mouse cerebrum (Okuda et
al., 2008). Another report demonstrated that the location of NDRG1 changed from
hippocampal neurons to astrocytes during postnatal development in the rat brain (Okuda

et al., 2008). Other works examining SGK1 location in in human brain of aged
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Alzheimer’s versus control patients document the SGK1 location to be primarily
neuronal (Sahin et al., 2013). Another study found neurons, oligodendrocytes, and
microglial cells, but no astrocytes, were positive for SGK1 in the rat (Warntges et al.,
2002).

We could determine the cell population through which SGK1 is mediating its
effects by performing immunohistochemistry studies in 10-13 week old D2 mice, as that
is the age of animal used in our prior studies. We could use neuronal, oligodendrocyte,
and astrocyte markers in addition to NDRG1 and SGK1 staining to determine the cell
type where SGK1 (Table 8) and NDRG1 (Table 9) are most prominently expressed
basally, following saline injections and following ethanol administration. Ethanol
administration could potentially change the distribution of SGK1 or NDRGI so it is
important that we evaluate NDRG1 and SGK1 expression both basally and following
ethanol administration. Including the saline group will control for the effect of injection
stress on the distribution of SGK1 and NDRG1. Please see Tables 8 & 9 below for the

hypothesized staining combinations. We would be most interested in evaluating the PFC

of D2 mice.
Table 8. Staining combinations for future studies
Neuronal Oligodendrocyte Astrocyte
Marker Marker Marker NDRGI1
(NeuN) (CNPase) (GFAP)
SGK1 X
SGK1 X
SGK1 X
SGK1 X

Table 8. Staining combinations for future studies determining the cell population or
populations expressing SGK1. SGK1 expression would be examined basally, following
saline treatment and following ethanol administration. Co-localization experiments would
be performed between SGK1 and the following: NeuN, CNPase, GFAP and NDRGI.
NeuN, CNPase, GFAP co-localization experiments with SGK1 would reveal the cell type
where SGK1 is most prominently expressed. SGK1 and NDRG1 co-localization
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experiments would verify that NDRG1 and SGK1 are co-expressed in cell populations,
although it would not necessarily determine the type of cell population where the two
proteins are co-expressed. All staining would have to be evaluated basally and following
saline and ethanol treatment.

Table 9. Staining combinations for future studies.

Neuronal Oligodendrocyte Astrocyte
Marker Marker Marker
(NeuN) (CNPase) (GFAP)
NDRG1 X
NDRGI1 X
NDRG1 X

Table 9. Staining combinations for future studies determining the cell population or
populations expressing NDRG1. NDRGI expression would be examined basally,
following saline treatment and following ethanol administration. NeuN, CNPase, GFAP
co-localization experiments with NDRG1 would reveal the cell type where NDRGI is
most prominently expressed. Co-localization experiments would be performed between
NDRGTI and the following: NeuN, CNPase, and GFAP. All staining would have to be
evaluated basally and following saline and ethanol treatment.

This would be a first step to determining which cell population or populations are
mediating the effects of SGK1. Since AAV-2 is well known to display neuronal tropism
(Terzi and Zachariou, 2008, Daya and Berns, 2008), we know that alterations in plasticity
leading to alterations in the sensitized response are occurring primarily in neuronal
populations in our viral animals (Fig. 25). If overexpressing Sgk1 in neurons is not a
biologically relevant experimental procedure, we would have to consider using a serotype
of AAV that targets the biologically relevant cell type or types and repeat our
experiments using the new serotype of AAV.

While we believe CORT levels were significantly elevated in CB1 KO mice
following ethanol administration because they lack the fast feedback negative HPA axis
regulation mediated by CORT’s actions at the CB1 receptor, future studies will be

necessary to draw this conclusion. We recognize that there is much additional work

remaining in this line of experimentation. Due to our limited time and resources, we only
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evaluated CORT levels at the one-hour time point, the time point following ethanol
administration where CORT levels peaked in our time course evaluation of CORT (Fig.
9). We also only evaluated CORT levels following 2 g/kg ethanol administration. Future
studies could evaluate CORT levels in CB1 KO versus WT animals following an ethanol
time course and dose response curve. Perhaps we would see additional and larger
differences in CORT levels in CB1 KO versus WT animals at time points earlier or latter
than one hour or doses smaller or greater than 2 g/kg. Because results in KO animals
could be due to compensatory mechanisms or altered developmental events known to
occur in these animals, we should also follow up our findings with studies using CB1
receptor antagonist administration prior to ethanol administration, blood collection and
RIA determination.

We did not evaluate locomotor activity in CB1 KO animals because they were on
a C57 background and therefore WT animals would not show a locomotor activation
response following acute ethanol administration. In order to evaluate whether
nongenomic glucocorticoid signaling mechanisms were involved in the locomotor
activating effects of ethanol in D2 mice, we could start by measuring the ethanol
mediated locomotor activation response in D2 mice following the administration of a
CB1 antagonist. To our knowledge, these studies have not yet been performed in D2
mice; but, CB1 KO mice on a CD1 background display a blunted locomotor activation
response following acute ethanol administration compared to their WT counterparts
(Naassila et al., 2004). CB1 KO mice on a CD1 background also displayed a significant
reduction in basal levels of locomotion and cocaine-enhanced locomotion compared to

their WT littermates and pharmacological blockade of CB1 receptors by SR141716, a
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CBI1 antagonist, inhibited locomotion in CB1 WT mice (Li et al., 2009). In CB1-R-
deficient mice on a C57BL/6N background, locomotor responses to cocaine and D-
amphetamine were decreased and sensitization was impaired (Corbille et al., 2007).
These findings suggest that drugs causing an acute locomotor activation response in mice
which also activate the HPA axis including ethanol, cocaine and amphetamine (Sarnyai et
al., 2001) have diminished locomotor activating properties in CB1 KO mice. Thus, the
idea that corticosterone may mediate some of the locomotor activating properties in D2
mice through nongenomic signaling mechanisms may warrant further investigation.

Our above findings are suggestive of a mechanism that remains illusive in the
literature, but the fact remains that in our previous work high doses of RU-486, a
glucocorticoid receptor antagonist, blunted the acute locomotor activating effects of
ethanol in D2 mice. This suggests a possible role for the receptor itself in mediating
ethanol’s acute locomotor activating effects. The GR is subject to posttranslational
modifications including phosphorylation on at least seven serine residues (Ser-113, Ser-
134, Ser-141, Ser-203, Ser-211, Ser-226 and Ser-404); ubiquitination at a conserved
lysine residue located in a PEST degradation motif and this modification targets the
receptor for degradation by the 26S proteasome; and sumoylation at residues Lys-277,
Lys-293 and Lys-703 (Ramamoorthy and Cidlowski, 2013). Perhaps future studies could
examine post-translational GR modifications beginning with GR phosphorylation as GR
phosphorylation has not yet been examined following ethanol administration to our
knowledge. Although this project has made a strong argument for the role of the GR in
regulating gene expression following ethanol administration, perhaps the receptor is

regulated in more than one way following ethanol administration.
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