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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
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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

27



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
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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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(Arteaga et al., 2007). Sgk1 is expressed in the human pancreas, liver, heart, lung,
skeletal muscle, placenta, kidney and brain (Waldegger et al., 1997). Two additional
mammalian isoforms of Sgk have been identified, termed Sgk2 and Sgk3, and their
catalytic domains share 80% amino acid sequence identity with one another and with
Sgkl (Kobayashi et al., 1999a).

In addition to having additional isoforms and alternative sites of initiation of
translation, alternative splicing produces two distinct isoforms of Sgk1 in the brain, Sgk1
and Sgk1.1, that are driven by distinct promoters and differ in N-terminal exons (Arteaga
et al., 2008). Sgkl.1 is a brain-specific Sgk1 isoform that modulates the Acid-sensing ion
channel 1 (ASIC1) and the 3-ENaC and is more stable than Sgk1 due to the absence of a
proteasomal degradation signal in its N-terminus (Arteaga et al., 2008, Raikwar et al.,
2008, Wesch et al., 2010). Additionally, Sgk1.1 was recently found to regulate M-
current, which plays a central role in neuronal excitability (Miranda et al., 2013). Sgk1’s
function has been most thoroughly characterized in the aldosterone-sensitive distal
nephron (ASDN) where it is induced by aldosterone and modulates transcellular sodium
reabsorption by activating the sodium/potassium ATPase and enhancing transport of
ENaC channels to the cell surface (Vallon et al., 2005).

In addition to regulating ion transport in the ASDN, Sgk1 plays an important role
in modulating synaptic plasticity in the brain and spinal cord. It is well documented that
Sgkl is involved in memory consolidation of spatial learning (Lee et al., 2006, Tsai et al.,
2002, Lee and Rivier, 1997) as well as neuronal plasticity and long-term potentiation in
hippocampal neurons (Ma et al., 2006). Sgkl was also identified by microarray analysis

and confirmed to be involved in synaptic plasticity in the spinal cord during induction
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and maintenance of inflammatory pain states (Geranton et al., 2007).

More recent studies have demonstrated a significant role for Sgkl in the central
nervous system, particularly the PFC. Sgkl transcription is enhanced with neurological
disorders (Wang et al., 2010) and neurodegenerative diseases (Schoenebeck et al., 2005).
Wang et al. showed that SGK1 expression was enhanced in the temporal neocortex of
patients with drug-refractory epilepsy and was also highly expressed in the rat brain
during different phases of the epileptic process. Additionally, SGK1 expression was
related with the elevation of the glutamate transporter EAAT3, and EAAT3 expression
decreased following SGK1 knockdown (Wang et al., 2010). In neuronal disease, SGK1
regulates glutamate transporters (Bohmer et al., 2004, Schniepp et al., 2004) and up-
regulates glutamate receptors (Liu et al., 2010). One group of researchers showed that
corticosterone increased alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor (AMPAR)-mediated synaptic transmission and AMPAR membrane trafficking
in PFC pyramidal neurons. This mechanism was dependent on SGK phosphorylation of
the guanosine nucleotide dissociation inhibitor (GDI) at Ser-213. The GDI then formed a
complex with Rab4 facilitating a cycle of Rab4 mediated recycling of AMPARS to the
synaptic membrane (Liu et al., 2010). Additional studies from this group showed that
acute stress induced a potentiation of glutamatergic transmission in the PFC through an
SGK1/3-induced increase in the delivery of NMDARs and AMPARs to the synaptic
membrane. More specifically, acute stress activated glucocorticoid receptors, which
regulated Sgk1/3 expression, SGK1/3 activation of Rab4 increased the trafficking and
function of NMDARs and AMPARs, and this process leads to potentiated synaptic

transmission (Yuen et al., 2011). Finally, Miyata et al. showed that a chronic stress
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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), Sgkl1, and Ndrgl pathway with
increases in both Sgk/ mRNA and SGK1 phosphorylation (Miyata et al., 2011).

The Miles’ laboratory previously showed that Sgk/, along with several other
glucocorticoid responsive genes, was upregulated in PFC of D2 mice following acute
ethanol exposure (Kerns et al., 2005a). Other investigators have also shown Sgk1
induction in the brain following acute ethanol (Treadwell and Singh, 2004, Piechota et
al., 2010b), morphine (Piechota et al., 2010b), heroin (Piechota et al., 2010b),
methamphetamine (Piechota et al., 2010b) or amphetamine (Gonzalez-Nicolini and
McGinty, 2002). Similar to findings in Kerns et al., Piechota et al. identified a group of
genes (including Fkbp5 and Sgk1) that increased following ethanol and opioid
administration that are controlled, in part, by the release of steroid hormones. After
showing Sgk1 induction following acute ethanol, morphine, heroin, and
methamphetamine, Piechota et al. showed that knockdown of Sgk1 resulted in alterations
to dendritic spines in mice, possibly reflecting an altered potential for plastic changes

(Piechota et al., 2010b).

Locomotor Activation

Drug-induced locomotor stimulation is a common response to many drugs of
abuse, including ethanol, in rodents and is known to involve the mesocorticolimbic
dopamine pathway (Boehm et al., 2002). It is known that 1 to 2 g/kg doses of ethanol
stimulate locomotor activity in D2 mice and this stimulant response can be blocked by

dopamine receptor antagonists (Boehm et al., 2002, King et al., 2002). It has been
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suggested that ethanol’s locomotor stimulating effects in rodents serve as a model of
human ethanol-induced euphoria and arousal (Boehm et al., 2002, Palmer et al., 2002,
Phillips et al., 2002) or the increased locomotion may represent heightened anxiety over
the perception of ethanol’s physiological effects (Boehm et al., 2002). The idea that
ethanol’s locomotor activating effects serve as a model of human ethanol-induced
euphoria is interesting as Stewart, De Wit, and Eikelboom proposed that euphoric effects
of drugs actually show sensitization rather than tolerance with repeated administration,
whereas dysphoric effects tolerate (Stewart et al., 1984). Additionally, King et al.
examined the acute subjective and objective effects of ethanol in heavy drinkers versus
light drinkers and found that elevated initial sensitivity to the positive stimulant effects of
alcohol is associated with greater alcohol consumption in humans and may be a predictor
of the likelihood of an individual to develop alcoholism (King et al., 2002).

Mouse lines that differ in sensitivity to ethanol’s locomotor activating effects
have been produced via selective breeding and can be used to evaluate traits associated
with the risk for high levels of alcohol consumption (Beckstead and Phillips, 2009).
Although they exhibit little difference in basal locomotor activity, following ethanol
treatment FAST-1 and 2 mice are more sensitive to ethanol’s locomotor stimulating
properties and SLOW-1 and 2 mice are insensitive to ethanol’s locomotor activating
properties—although it could also be said that the SLOW lines reflect greater sensitivity
to ethanol-induced sedation (Boehm et al., 2002). FAST mice, those more sensitive to the
stimulant effects of ethanol, consume more ethanol than SLOW mice (Beckstead and
Phillips, 2009). FAST AND SLOW mice show differences in HPA axis sensitivity

(Boehm et al., 2002). In a dose-response and time-course analysis of corticosterone
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(Rosser et al.) levels in SLOW and FAST mice, saline treated SLOW mice returned to
near basal CORT levels more quickly than saline treated FAST mice and SLOW mice
showed significantly higher serum CORT levels at 45 and 90 minutes following 2 g/kg
ethanol administration than 2 g/kg ethanol treated FAST mice (Boehm et al., 2002).
FAST and SLOW mice show differences in dopamine levels in the mesolimbic dopamine
pathways as FAST mice exhibit greater dopamine levels in the NAC than SLOW mice
following both ethanol and cocaine treatment (Meyer et al., 2009). The two mouse lines
also show differences in dopaminergic neuron spontaneous firing in the ventral
midbrain—the spontaneous firing rate being higher basally in FAST mice and
significantly increased in FAST mice following acute ethanol administration (Beckstead
and Phillips, 2009). It is suspected that the difference in dopaminergic neuron firing is
due to differences in nonselective cation conductance as blocking nonselective cation
conductance can eliminate the difference in firing rate between FAST and SLOW mice
(Beckstead and Phillips, 2009). There were also differences in GABAergic input to
dopamine neurons—the amplitude of GABA, inhibitory postsynaptic currents being
significantly larger in midbrain dopamine neurons obtained from SLOW mice, but there
was no difference in GABA, transmission between ethanol treated dopamine neurons
obtained from FAST and SLOW mice (Beckstead and Phillips, 2009). Thus, studies of
ethanol induced acute locomotor activation can have predictive validity in terms of the

liability for high levels of ethanol intake in animal models.

Sensitization
Behavioral sensitization, or the augmentation of the locomotor activating effects

of a drug with repeated exposure, appears to be a common denominator across different
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classes of addictive drugs, involves the mesocorticolimbic dopamine pathway and is a
long-lasting change in the behavioral response to drugs (Lessov and Phillips, 2003,
Phillips et al., 1997a). Behavioral sensitization may be relevant to drug addiction
because progressive enhancements of the incentive qualities of the drug, and associated
stimuli, may mediate compulsive drug-seeking and drug-taking behavior (Phillips and
Fibiger, 1990, Robinson and Berridge, 1993, Taylor and Horger, 1999). Both rodents and
humans have been shown to sensitize to the locomotor activating properties of ethanol
(Masur and Boerngen, 1980, Newlin and Thomson, 1991). While studies with human
volunteers in which an abused drug was administered more than once have been rare,
Newlin and Thomson found that sons of alcoholics tended to show chronic sensitization
in finger pulse amplitude across sessions with alcohol, particularly in the early stages of
the response to the drug (Newlin and Thomson, 1991). In contrast, low-risk participants,
who reported no parental history of alcoholism, tended to demonstrate chronic tolerance
to alcohol (Newlin and Thomson, 1991). Newlin and Thomson's model in which high-
risk individuals derive greater reward and euphoria from alcohol than do low-risk
individuals in the rising alcohol curve is different from that described by Schuckit earlier
in which high-risk participants have a blunted response to alcohol compared with low-
risk individuals (Newlin and Thomson, 1991, Schuckit, 1994).

In animal models, sensitization can be separated into two phases, induction and
expression (Harrison and Nobrega, 2009b). The induction of behavioral sensitization
includes the sequence of cellular events that leads to enduring changes in neural function
(Harrison and Nobrega, 2009b). Expression refers to the enduring neural alterations that

occur following repeated drug administration (Harrison and Nobrega, 2009b).
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Sensitization in animal models has been observed for psychostimulants, opioids, ethanol
and stimulants such as nicotine suggesting that drugs of abuse may exert their effects
through shared neural mechanisms (Lessov and Phillips, 2003). Furthering the
suggestion of common mechanisms among abused drugs is cross-sensitization, wherein
pretreatment with one drug results in the sensitized response to another. Cross-
sensitization has been observed between ethanol and other drugs of abuse including
morphine and cocaine (Lessov and Phillips, 2003).

Sensitization is known to involve drug induced changes in mesocorticolimbic
dopaminergic projections and sensitization to the effects of psychostimulant drugs has
been studied in the greatest detail (Roberts et al., 1995, Phillips et al., 1997a, Morice et
al., 2010). Dopaminergic system involvement in the sensitized response is clear as
studies indicate that mice lacking the dopamine transporter (DA7T knockout mice) do not
sensitize to the locomotor activating effects of cocaine or d-amphetamine (Mead et al.,
2002, Spielewoy et al., 2001). Furthermore, mice heterozygous for the vesicular
monoamine transporter 2 (VMAT?2) that is responsible for transporting monoamines,
particularly neurotransmitters such as dopamine from the cytosol into vesicles, show a
profound sensitivity to amphetamine following an initial acute treatment with the drug
and they do not sensitize to the locomotor activating effects of the drug (Wang et al.,
1997, Uhl et al., 2000). D1 and D3 receptor knockout mice do not show a sensitized
response to the locomotor activating effects of ethanol (Harrison and Nobrega, 2009a).
DAT knockouts show increased acute ethanol evoked activity compared to WT and
heterozygous littermates and do show a sensitized response following repeated ethanol

administration (Morice et al., 2010). Mouse genetic background plays an important role
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in sensitization studies and it should be mentioned that all knockouts and heterozygotes
were on a C57 background except for DAT knockouts used in ethanol studies in which
case both D2 and C57 DAT knockout mice were generated (Wang et al., 1997, Morice et
al., 2010, Spielewoy et al., 2001, Takahashi et al., 1997, Uhl et al., 2000, Fukushima et
al., 2007, Harrison and Nobrega, 2009a). D2 mice, not C57, are the strain of mouse best
known to sensitize to the locomotor activating effects of ethanol and ethanol-induced
sensitization was potentiated in DAT knockout mice on a D2 background (Phillips et al.,
1997a). It is also important to note that results in knockout animals could be due to
compensatory mechanisms or altered developmental events known to occur in these
animals.

Studies investigating the mechanisms mediating ethanol sensitization not
involving knockout animals have yielded conflicting and diverse results. For example,
cross-sensitization was observed between the dopamine uptake inhibitor GBR 12909 and
ethanol, but not the weaker dopamine uptake inhibitor bupropion (Broadbent et al.,
2005). The D2/D3 receptor agonist quinpirole did not produce cross-sensitization with
ethanol in D2 mice, but ethanol-sensitized genetically heterogeneous Swiss mice showed
increased dopamine D2 receptor binding in the caudate-putamen compared to saline-
treated and ethanol-treated non sensitized Swiss control mice (Broadbent et al., 2005,
Souza-Formigoni et al., 1999). The GABA, agonist, THIP, had no effect on the
development of ethanol induced locomotor sensitization in D2 mice, whereas the GABAp
agonist, baclofen, blocked the development of ethanol induced locomotor sensitization
(Broadbent et al., 2003). In male D2 and Swiss albino mice, the uncompetitive NMDA

receptor antagonist MK-801 blocked the expression of ethanol-induced sensitization
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(Broadbent et al., 2003, Kotlinska et al., 2006). However, in D2 mice Broadbent et al.
showed that MK-801 reduced the stimulant effects of ethanol suggesting it is possible
that MK-801’s ability to block the expression of sensitization may represent a non-
specific suppression of locomotor activity (Broadbent et al., 2003). In male D2 mice, the
NR2B selective uncompetitive NMDA antagonist ifenodil did not effect the expression of
sensitization and the non-NMDA glutamate receptor antagonists DNQX and GYKI
52466 decreased or blocked the expression of ethanol sensitization, respectively
(Kotlinska et al., 2006). But, GYKI 52466 also reduced the locomotor activity of control
saline treated animals at the same doses at which it blocked the expression of ethanol
sensitization (Broadbent et al., 2003). Again, the differing genotypes of mice used in the
above studies could account for some of the differences observed, but overall the
mechanism behind ethanol sensitization appears complex and remains illusive.

It has been suggested that HPA axis activation is a common pathway by which
abused drugs induce neuroadaptations leading to sensitization (Roberts et al., 1995,
Pastor et al., 2008). The HPA axis may play a role in the sensitized response as
glucocorticoid receptor antagonists or adenalectomy block the induction, respectively, of
ethanol or psychostimulant locomotor sensitization and stress can substitute for drug
administration in cross sensitization studies (Roberts et al., 1995, Deroche et al., 1995).
We were unable to replicate the findings of Roberts et al. in which glucocorticoid
receptor antagonists block the induction of ethanol sensitization in our own recent
studies, but we do recognize this could be due to methodological differences (Costin et
al., 2012). Glucocorticoid receptor antagonists do not block the expression of behavioral

sensitization to ethanol (Pastor et al., 2008).
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It is hypothesized that extrahypothalamic central CRH/ CRH 1 may play a large
role in the expression of ethanol sensitization. Extrahypothalamic CRH refers to CRH
that acts outside of the HPA axis to control autonomic and behavioral responses (Koob,
2010). CRH-like immunoreactivity is present in the neocortex, extended amygdala,
medial septum, hypothalamus, thalamus, cerebellum and ventral tegmental area (Koob,
2010). CRH1 and CRH1+2 receptor double knockout mice do not show psychomotor
sensitization to ethanol, however CRH2 knockout mice do show a sensitized response to
ethanol (Pastor et al., 2008). In one study by Pastor et al., CRH1 antagonists attenuated
the induction and prevented the expression of ethanol induced sensitization (Pastor et al.,
2008). However, in an earlier study by Fee et al. CRH1 antagonists did not attenuate the
induction of ethanol sensitization, but did block the expression of ethanol mediated
sensitization (Fee et al., 2007). It is suggested that the different findings in these two
works can be attributed to different doses of the CRH1 antagonist CP-154,526
administered as Pastor et al. administered 30 mg/kg of the CRH1 receptor antagonist and
Fee et al. only administered 10 mg/kg CRH1 receptor antagonist in studies examining the
effects of CP-154, 526 on the initiation of ethanol sensitization (Fee et al., 2007, Pastor et
al., 2008). Doses up to 10 mg/kg may not be adequate for full CRHI receptor occupancy
and the 30 mg/kg dose of CP-154,526 did not effect locomotor activation in Pastor et al.
(Pastor et al., 2008).

Behavioral sensitization to drugs of abuse may involve learning processes as the
initiation and expression of behavioral sensitization can be largely influenced by
contextual cues surrounding drug administration. Some authors have even suggested that

neuroadaptations underlying behavioral sensitization may be closely related to those
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mediating learning and memory processes (Trujillo and Akil, 1995). In mice, ethanol-
induced locomotor sensitization is potentiated by repeated pairing of ethanol injections
and the testing chamber (Quadros et al., 2003). Other reports also document that the
expression of sensitization can be context-specific (Pert et al., 1990, Badiani et al., 1995a,
Badiani et al., 2000). In discussing the experimental design for such studies, there are
typically three groups of animals, animals in the Paired group, animals in the Unpaired
group and Control animals. The animals in the Paired group are transported from their
home cage to a unique test environment, where they receive drug treatments. Animals in
the Paired group usually also receive an injection of saline in their home cage. Animals
the Unpaired group receive saline in the test environment and the drug later, in their
home cage. Control animals receive saline in both the test environment and at home. On
test day, all animals receive a challenge injection of the drug in the test environment. In
many studies of this kind, sensitization is expressed in the Paired group, but not the
Unpaired group. Thus, sensitization is said to be context-specific because it is expressed
only in the group that previously experienced the drug in the test environment (Robinson

et al., 1998).

Thesis Objectives

We hypothesize 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 Sgkl is regulated by

ethanol, has a well-established role in learning and memory and is responsive to

glucocorticoid signaling we hypothesize that Sgkl is involved in modulating acute and
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chronic cellular and behavioral responses to ethanol, specifically ethanol sensitization.

This hypothesis will tested in the following specific aims:

1) Determine the role of HPA axis signaling in regulating ethanol related
behaviors.

2) Examine the role of the endocannabinoid system in regulating the HPA axis
following ethanol administration.

3) Investigate the role of HPA axis signaling in ethanol regulation of Sgkl1 in the
PFC. Further characterize ethanol regulation of SgkI mRNA and SGK1
protein in the PFC of DBA/2J mice.

4) Explore the role Sgkl may play in ethanol induced locomotor activation and
sensitization through the viral overexpression of Sgk1 in the PFC of DBA/2J

mice.
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Figure 1: Above we present a simplified model of part of our hypothesis. Ethanol
activates the HPA axis leading to the release of corticosterone (S) in mice. Corticosterone
acts at the glucocorticoid receptor (GR) which resides in the cytoplasm of the cell bound
to chaperone proteins (HSP90) in its inactive state. Steroid hormones bind to the
glucocorticoid receptor causing a change in receptor confirmation (as indicated by the
change in the receptor shape above), induce GR nuclear translocation and activate
transcription of target genes containing a Glucocorticoid Response Element (GRE). Sgk1
is a glucocorticoid responsive gene with a GRE in its promoter. We hypothesize that
Sgk1 upregulation in the prefrontal cortex may be a downstream effect of HPA axis
activation by ethanol and may ultimately modulate behavioral responses to ethanol.
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CHAPTER 3
Role of Adrenal Glucocorticoid Signaling in Prefrontal Cortex Gene Expression and
Acute Behavioral Responses to Ethanol
INTRODUCTION

Ethanol and other drugs of abuse acutely activate the hypothalamic pituitary
adrenal (HPA) axis leading to glucocorticoid release (Piechota et al., 2010b), and
alcoholics show a blunted HPA axis while drinking and upon withdrawal (Costa et al.,
1996, Wand and Dobs, 1991a). Glucocorticoid hormones are the final step in activation
of the HPA axis and are known to function in the biological response to stress and
circadian activity (Marinelli et al., 1997, De Kloet et al., 1998). Not only do
glucocorticoids regulate the stress response, but their feedback regulation helps to
terminate HPA activation (De Kloet et al., 1998).

Drug-induced locomotor stimulation is a common acute response to drugs of
abuse, including ethanol, in rodents (Boehm et al., 2002, Phillips et al., 1992). It is
suggested that ethanol’s locomotor stimulation in rodents serves as a model of human
ethanol-induced euphoria and arousal (Boehm et al., 2002, Palmer et al., 2002, Phillips et
al., 1992). Behavioral sensitization, a long-lasting augmentation of the locomotor
activating effects of a drug with repeated exposure, also occurs across different classes of
addictive drugs, and represents a form of neural plasticity affecting chronic behavioral
responses to ethanol and other drugs (Phillips et al., 1997a). Sensitization has been
observed for psychostimulants, opioids, and ethanol, suggesting that drugs of abuse may

exert effects on neural plasticity through shared mechanisms (Lessov and Phillips, 2003).
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It has been suggested that HPA axis activation is a common pathway by which
abused drugs induce neuroadaptations leading to sensitization (Deroche et al., 1995,
Roberts et al., 1995, Piechota et al., 2010b). Studies have shown that the HPA axis plays
a role in the sensitized response as stress can substitute for drug administration in cross
sensitization studies and adrenalectomy blocks the induction of psychostimulant
locomotor sensitization (Roberts et al., 1995, Deroche et al., 1995). However, not all
studies with adrenalectomized (ADX) animals have reached the same conclusion.
Badiani et al. found that ADX does not alter amphetamine sensitization (Badiani et al.,
1995b) and Prasad et al. showed that corticosterone does not mediate long term cocaine
sensitization (Prasad et al., 1998).

Our laboratory and others have used genome-wide expression profiling to identify
gene networks functioning in acute and chronic behavioral responses to ethanol (Kerns et
al., 2005a, Treadwell and Singh, 2004, Wolstenholme et al., 2011). We previously
identified a group of genes prominently regulated by acute ethanol in prefrontal cortex
(PFC) of DBA2/J (D2) mice, but not C57BL/6 mice (Kerns et al., 2005b). Contained in
this group were well-characterized glucocorticoid responsive genes such as Fkbp5 and
Sgkl. D2 mice show a robust locomotor activation response following acute ethanol
administration, and reliably show locomotor sensitization upon repeated ethanol (Phillips
et al., 1997a), whereas C57 mice do neither. Taken together, these results and prior work
by Phillips and colleagues (Phillips et al., 1997b) suggests that glucocorticoid signaling
might play a role in modulating acute ethanol locomotor activation and the initiation of
locomotor sensitization. Here we have further studied the relationship between

glucocorticoid signaling and acute ethanol locomotor activation. Our results show that
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glucocorticoid signaling and glucocorticoid-responsive genes may represent an important

endophenotype modulating the acute response to ethanol.

MATERIALS AND METHODS

Animals

Mice were maintained in a temperature controlled room (2341°C) with 12 h light/dark
cycles and free access to standard chow (Harlan Teklad #7912, Madison, WI) and water.
Cages and bedding (Harlan Sani-chips, #7090A, Harlan, Teklad, Madison, WI) were
changed weekly. All tests were carried out between 0900 and 1200 h. Procedures were
approved by the Institutional Animal Care and Use Committee of Virginia
Commonwealth University and followed the NIH Guide for the Care and Use of
Laboratory Animals. All mice were DBA2/J mice from Jackson Laboratories (Bar
Harbor, Maine) purchased at 10-13 weeks of age. ADX and SHAM mice were
adrenalectomized or SHAM treated at Jackson and delivered following recovery from
surgery. ADX mice were supplemented with 1% w/v saline solution in their drinking
water. All mice were allowed to habituate to the animal facility for at least 1 week prior
to testing.

Adrenalectomy

All adrenalectomies and SHAM procedures were conducted using aseptic and atraumatic
surgical techniques at Jackson laboratories and were approved by the institution’s Animal
Care and Use Committee. Surgeries were performed using the lateral abdominal
approach. Left and right adrenal glands were removed through separate incisions. The

animals were anesthetized using tribromoethanol and carprofen was administered for
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analgesia and the surgical site was prepared. The animals were placed in right lateral
recumbency and a 5-8mm incision was made parallel and ventral to the spine and
midway between the last rib and iliac crest. The underlying muscle was opened and the
adrenal gland was located cranial to the left kidney. The adrenal gland was grasped with
ring forceps and exteriorized. The adrenal and adjacent adipose tissues were excised.
The incisions in the abdominal wall and skin were closed separately. Bupivacaine was
applied topically to the incision site for local analgesia. Skin closure material was
removed prior to shipment. The same procedure was followed for excision of the right
adrenal gland except the skin incision was made immediately caudal to the last rib. This
adjustment was necessary to accommodate for the more cranial location of the right
adrenal gland relative to the left in the abdomen.

Drugs

All drugs were administered intraperitoneally (i.p.). Saline solutions were 0.9% w/v
sterile saline. Ethanol solutions were prepared from 200-proof absolute anhydrous
ethanol (Pharmco-Aaper brand, Brookfield, CT). Ethanol was administered at 20% v/v
in 0.9% saline. RU-486 (Sigma, St. Louis, MO), was dissolved by sonication in 20% w/v
beta-cyclodextrin (Sigma, St. Louis, MO).

Behavioral Testing

Mice were habituated to injections with saline in their home cage for 2 days prior to
experiments and allowed a 1-hour acclimation period to the behavioral room prior to
testing. Locomotor activity was measured immediately following injection with either
saline or ethanol during a 10-minute session in locomotor activity chambers (Med-

Associates, model ENV-515; St. Albans, VT). Loss-of-righting reflex (LORR) assays

54



were done following 3.8 g/kg ethanol administration. After ethanol injection, mice were
returned to their home cage until they exhibited LORR as defined by the inability to right
themselves three times in 30 seconds after placement in the supine position in a V-shaped
trough. The duration of LORR was calculated by subtracting time of onset of LORR from
the time at recovery from LORR. Anxiety testing was done using the light-dark
transition model (Crawley and Goodwin, 1980). Five behavioral experiments were
performed:

Exp. 1 -- Glucocorticoid receptor blockade by RU-486 and acute locomotor
responses to ethanol: Six groups of mice (n = 7-9) were treated as follows: vehicle +
saline (VS), vehicle + 2 g/kg ethanol (VE), 20 mg/kg RU + saline (RU20 S), 20 mg/kg
RU + 2 g/kg ethanol (RU20 E), 35 mg/kg RU + saline (RU35 S), and 35 mg/kg RU + 2
g/kg ethanol (RU35 E). On test day 3, RU-486 was administered 30 minutes prior to
ethanol or saline. Control mice received vehicle followed by saline or ethanol.
Measurement of locomotor activity was performed as described above.

Exp. 2 -- Ethanol acute locomotor activation and sensitization following ADX: ADX
and control animals (n=14-30) received one of three treatments: saline-saline (SS), saline-
ethanol (SE) or ethanol-ethanol (EE) (Table 1). Animals were tested on day 3 for acute
responses to either saline (SS, SE) or ethanol (EE). The dose of ethanol used for test
days (days 3 and 14) was 2.0 g/kg. On days 4-13, animals received daily injections in
their home cages of either saline (SS, SE) or 2.5 g/kg ethanol (EE). On test day 14 the SS
group received saline, the SE group received ethanol and the EE group received ethanol

as on day 3.
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Exp. 3 -- Effects of RU-486 on initiation of ethanol sensitization: Four groups of D2
mice (n = 9) were treated according to the sensitization protocol and either vehicle or
RU-486 pretreatment was administered prior to drug: vehicle + saline, RU + saline,
vehicle + ethanol and RU + ethanol. On test day 3, vehicle or 25 mg/kg of RU-486 was
administered 30 minutes prior to 2.0 g/kg ethanol or saline. Days 4-13 mice received
vehicle + saline (VS) or 2.5 g/kg ethanol (VE), or 25 mg/kg RU-486 + saline (RS) or
ethanol (RE). On day 14, only vehicle pretreatment was administered for all groups and
locomotor activation was measured as described above in response to saline (VS, RS) or
2 g/kg ethanol (VE, RE).

Exp. 4 -- Anxiolytic-like response to ethanol following ADX: ADX and SHAM mice
were tested in the light-dark transition model of anxiety. Testing took place in locomotor
activity chambers described above with a black plastic partition inserted, dividing the
chamber in half. SHAM and ADX mice (n=12-14) were restrained in a conical tube for
15 minutes, removed, injected with either saline or ethanol and placed into activity
chambers facing the dark compartment.

Exp. 5 -- The Effect of ADX or RU-486 on Ethanol-Induced Loss of Righting Reflex
(LORR): Mice (n = 6-7) were either adrenalectomized or injected with 35 mg/kg RU-
486 prior to injection with ethanol and LORR measurement. Treatment groups include:
ADX, 3.8 g/kg ethanol; SHAM, 3.8 g/kg ethanol; RU-486, 3.8 g/kg ethanol; VEH, 3.8
g/kg ethanol. RU-486 and VEH were administered 30 minutes prior to ethanol.
Radioimmunoassay (RIA)

Four hours following ethanol or saline administration in behavioral Exp. 1, trunk blood

was collected from individual mice. Serum was isolated by centrifugation at 2500 x g for
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15 minutes and stored at -80°C until RIA. A RIA containing I'* labeled corticosterone
(MP Biomedicals, Cleveland, Ohio) was performed according to the manufacturer’s
instructions.

Brain Micropunch Dissection

Four hours following ethanol or saline administration in Exp. 1 at the time of blood
collection, brain tissue was also collected. In a separate experiment, ADX and SHAM
D2 mice (n = 4-5) were habituated to handling for two days, on day 3 they were
sacrificed and brains were extracted. Collection of brain tissue occurred exactly as
described in Kerns et al. (Kerns et al., 2005a). The medial prefrontal cortex (PFC)
dissection contained tissue from the dorsal and ventral anterior cingulate and some
secondary motor cortex.

RNA Isolation and Microarray Hybridization

RNA was isolated from PFC tissue samples using the RNeasy Protect Mini Kit (Qiagen,
Valencia, CA) according to the manufacturer’s instructions. RNA concentration and
quality was assessed by Experion automated electrophoresis (BioRad, Hercules, CA).
100ng total RNA were transcribed into double-stranded cDNA using the GeneChip® 3’
IVT Express Kit (Affymetrix, Santa Clara, CA). Biotin-labeled cRNA was synthesized
from cDNA, purified and fragmented according to the manufacturer’s instructions.
Labeled cRNA from individual animals (n=3/group) was hybridized to a single
microarray. Samples were analyzed with oligonucleotide arrays (Affymetrix Mouse
Genome 430A 2.0 array) with array hybridization and scanning performed according to
the manufacturer.

Microarray and Bioinformatics Analysis
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Microarray data were processed using GeneChip Operating Software v4.1 (GCOS,
Affymetrix) and normalized to a mean total hybridization intensity of 190. Array quality
was assessed by accepting arrays with a scaling factor < 3, 3°—5’ actin ratio < 2, and by
examining chip validity and linearity. Chip-chip correlations all exceeded 0.98 and
percent present calls by the Affymetrix GCOS software were greater than 58% for all
arrays. Probesets with RMA expression values < 3.5 consistently across all microarrays
were filtered to reduce variance from low expressing genes. Differential gene expression
between ADX and SHAM treated mice was assessed using the R (R Development Core
Team, 2011) implementation of the S-score algorithm (Kennedy et al., 2006). For a
single gene, an |S-score| > 2 corresponds to a p-value < 0.05. We used the Benjamini-
Hochberg false discovery rate (FDR) method to calculate g-values for all S-scores. The
differential expression of genes with g-values < 0.05 were considered statistically
significant. Additional bioinformatics analyses were performed using Toppgene

(http://toppgene.cchmc.org/) with a Bonferroni correction and p-value cutoff of 0.05. The

networks were generated through the use of IPA (Ingenuity® Systems,

wWww.ingenuity.com).

Quantitative Real Time Polymerase Chain Reaction (Q-rtRCR)

cDNA was generated from 1 mg total RNA by reverse transcription with the iScript
CDNA kit (Bio-Rad, Hercules, CA) following the manufacturer’s instructions. Q-rtPCR
was performed using the iCycler iQTM system (Bio-Rad) according to the
manufacturer’s instructions for SYBR Green I-based detection. Quantification of gene
expression levels was determined based on the threshold cycle for each well using the

provided software and all results were normalized to multiple reference genes using
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Genorm as described in Vandesompele et al. (Vandesompele et al., 2002). Primers used
were as follows, Fkbp5 (Forward-GCCGACTGTGTGTGTAATGC and Reverse-
CACAATACGCACTTGGGAGA), Gpr6 (Forward-CCTCATCTTACACTTCGTGTTCC
and Reverse-GGTCCACTGTGATAGCAAGCA), Gapdh (Forward-
TTCCAGTATGACTCCACTCACGG and Reverse-
TGAAGACACCAGTAGACTCCACGAC), Ppp2r2a (Forward-
ATCTCTCACCCTTGCCCTTT and Reverse-CCCATTTTGTGTGCTTTCGT), Ublcpl
(Forward-ATGACAGGGACAGGACAAGC and Reverse-
TACAATGACACCCGACTGGA), and Ndufvl (Forward- GACCGTGCTAATGGACTTCG
and Reverse-GGCATCTCCCTTCACAAATC).

Blood Ethanol Concentrations

ADX and SHAM D2 animals were treated with 2 g/kg ethanol and harvested 10 min., 1
hour, 2 hours and 4 hours following ethanol administration (n = 9-10/group; 78 mice
total). D2 animals were pretreated with vehicle (VEH) or 35 mg/kg RU-486 30 minutes
prior to being treated with 2 g/kg ethanol and harvested 10 min., 1 hour, 2 hours and 4
hours following ethanol administration (n = 5-6/group; 48 mice total). Blood ethanol
concentrations were measured by capillary column headspace gas chromatography.
Corticosterone Time Course

D2 mice were treated with saline or ethanol and harvested 5 minutes, 10 minutes, 1 hour
and 2 hours following ethanol administration (n = 5-6/group; 52 mice total) and a RIA
was performed to measure corticosterone levels.

Statistics
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Data were expressed as mean = SEM and analyzed parametrically. Data were analyzed
with analysis of variance (ANOVA) or Kruskal-Wallis One Way Analysis of Variance on
Ranks (jump counts) using appropriate between-and within subject factors. All post hoc
comparisons were made using Student Newman-Keul’s test or Dunn’s test (rank
transformed, uneven sample number analysis). Values of p < 0.05 were considered

statistically significant.

RESULTS

Ethanol-induced acute locomotor response following RU-486.

The effect of two different doses of RU-486 on ethanol-induced locomotor activation was
tested in Exp. 1. A one-way ANOVA showed a significant effect of treatment (F's 4, =
20.88, p <0.01). Post-hoc analysis identified no difference between VS, RU20 S or
RU35 S groups showing that RU-486 had no effect on basal locomotor activity (Fig. 2A).
A significant increase in locomotor activity compared to saline controls was found with
VE, RU20 E and RU35 E treatments, confirming locomotor activation following acute
ethanol. VE and RU20 E groups showed significantly greater locomotor activity
compared to RU35 E treated animals indicating that higher doses of RU-486 blunted the
locomotor activating effect of ethanol while having no effect on basal activity. In
examining corticosterone levels in mice following RU treatment, a one-way ANOVA
showed a significant effect of treatment (Fs26= 13.42, p <0.01) and post-hoc analysis
revealed significant increases in corticosterone levels in animals treated with R20 E, R35

S and R35 E compared to those treated with VS, VE and R20 S (Fig. 2B).
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Acute locomotor activation and sensitization following adrenalectomy.

Acute and repeated ethanol exposure was studied in a sensitization protocol (Table 1)
with SHAM and ADX treated D2 mice. A mixed model repeated measures ANOVA
(phenotype x treatment x time) showed an overall effect of time (F 112=212.14, p <
0.01) indicating that both SHAM and ADX treated mice sensitized to the locomotor
activating effects of ethanol (Fig. 3A.). A two-way ANOVA (phenotype x treatment)
evaluating animals on just day 3 of sensitization studies showed a significant effect of
phenotype (F.115= 6.20, p <0.01), treatment (F ;5= 167.61, p <0.01) and a significant
interaction (F 115=4.87, p <0.03). Both ADX and control animals showed locomotor
activation following ethanol treatment. Post-hoc analysis identified significant
differences between ethanol treatment in ADX vs. SHAM, with ADX animals exhibiting
a blunted locomotor activation response. This suggests that ADX, like treatment with
RU-486, blunted the ethanol-induced acute locomotor activation response while having
no effect on basal locomotor activity. A two-way ANOVA (phenotype x treatment)
evaluating animals on day 14 of sensitization studies showed a significant effect of
phenotype (Fi.112=5.40, p <0.05) and treatment (F; ;2= 153.45, p <0.01), but no
significant interaction. Post-hoc analysis showed that while both SHAM and ADX
animals sensitized to the locomotor activating effects of ethanol, chronically ethanol
treated ADX mice showed a blunted locomotor activation response on day 14 of
sensitization, similar to day 3. These results suggest that ADX blunted the locomotor
activating properties of ethanol in naive and sensitized animals, but had no effect on

sensitization per se.
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SHAM and ADX mice treated with repeated ethanol also sensitized to jump
counts (Fig. 3B.). Both groups of mice showed significant increases in jump counts on
day 14 of sensitization studies compared to day 3. Acute ethanol (day 3 or day 14)
completely abrogated jumping, whereas chronically ethanol treated mice showed jump

counts similar to saline controls.

Initiation of ethanol sensitization following RU-486 treatment.

To determine whether direct glucocorticoid receptor blockade altered the initiation of
ethanol sensitization, we pre-treated mice with RU-486 (25 mg/kg) or vehicle prior to
saline or ethanol injections during the initiation phase of sensitization (Table 1). From
our earlier acute studies (Fig. 2), we hypothesized 25 mg/kg RU-486 was a dose of drug
that would antagonize the GR without producing the effects on acute locomotor activity
seen at 35 mg/kg in Fig. 1. A mixed model repeated measures ANOVA showed a
significant effect of treatment (F33, = 182.02, p <0.01), day (F,32=47.98, p <0.01) and
a significant interaction (treatment x day) (£33,=20.42, p <0.01) (Fig. 4A.). Post-hoc
analysis revealed that both vehicle and RU pre-treated mice showed significant increases
in locomotor activation following ethanol treatment on day 3 of sensitization studies.
Both groups of mice also showed significant increases in locomotor activation on day 14
of sensitization studies compared to day 3, indicating both groups of mice sensitized to
the locomotor activating effects of ethanol. There were no differences between RU and
VEH pre-treated animals on day 14 of sensitization studies, indicating that RU-486 had
no effect on the initiation of the sensitized response. Like SHAM and ADX treated

animals, RU pre-treated animals also sensitized to jump counts (Fig. 4B.). Both groups
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of mice showed significant increases in jump counts on day 14 compared to day 3.

Ethanol-induced anxiolysis and LORR responses to ADX or RU-486.

To determine if glucocorticoid receptor blockade or adrenalectomy affected acute
responses to ethanol other than locomotor activity, we tested anxiolytic-like responses to
ethanol (2g/kg) or incoordinating responses to ethanol (3.8 g/kg). A two-way ANOVA
(phenotype x treatment) revealed an overall effect of treatment for % distance traveled in
the light (F149=17.80, p <0.01) and % time spent in the light (F 49=24.46, p < 0.01),
but no differences between phenotypes and no interaction (Figs. SA-B). Post-hoc
analysis showed that both ethanol-treated ADX and SHAM animals spent a significantly
greater percentage of time and traveled a larger distance in the light compared to saline
treated control animals. A student’s t-test between ADX vs. SHAM mice and RU-486
vs. VEH pre-treated mice revealed no significant differences in the time taken to recover

the righting reflex (Fig. SC, D).

Microarray analysis of ADX-induced changes in PFC gene expression.

The data presented above suggests that glucocorticoid signaling modulates acute
locomotor activation by ethanol. To initiate studies on the brain mechanisms that might
underlie this action, we performed a study of gene expression in the PFC regulated by
ADX. We reasoned that ADX-responsive genes might be involved in the mechanism of
glucocorticoid modulation of acute ethanol locomotor activation. We chose the PFC for
expression studies due to the known feedback interaction between the PFC and dopamine

signaling (Durstewitz et al., 2000); because the PFC is well characterized as a

63



glucocorticoid-responsive brain region (Mizoguchi et al., 2003); and our prior microarray
studies showed induction of a number of glucocorticoid-responsive genes by acute
ethanol in the PFC (Kerns et al., 2005a).

Microarray analysis of the PFC identified 269 probesets (255 genes) with
significant basal differences between SHAM and ADX mice. These included 75
probesets up-regulated and 194 down-regulated by adrenalectomy. Q-rtPCR was used to
validate select genes from the microarray results. G protein-coupled receptor 6 (Gpr6)
was significantly increased in ADX mice (Fig. 6A) while FK506 binding protein 5
(Fkbp5) expression was decreased by adrenalectomy (Fig. 6B) (student’s t-test, p < 0.05).
Bioinformatics functional over-representation analysis revealed significant differences
between SHAM and ADX animals in gene groups involved in nerve impulse
transmission and genes regulated by the synthetic glucocorticoid, dexamethasone (Table
2). Of particular interest, the entire ADX regulated set of genes had a highly significant
overlap (p=1.8 x 10°*) with those identified in our prior microarray studies on acute
ethanol with D2 mice (Kerns et al., 2005a). These overlapping genes included: heat shock
70kDa protein (Hspa$8), potassium large conductance calcium-activated channel,
subfamily M, alpha member 1 (Kcnmal), phosphatase and tensin homolog (Pten),
proteolipid protein 1 (Plp1), early growth response 2 (Egr2), early growth response 1
(Egrl), and Fkbp5 (Table 2, *). Of note, all these genes showed significant decreased
expression in the PFC of ADX mice, except for Plpl, which had increased expression.
Acute ethanol increased the expression of all these genes in our prior studies. Thus,
except for Plpl, there was the expected inverse relationship between our prior microarray

results on ethanol responses and results from ADX mice. These results not only
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demonstrate that ADX alters PFC gene expression, but that there is a potentially causal
relationship between ethanol-evoked glucocorticoid release and at least a subset of acute
ethanol-responsive genes in the PFC.

To provide further initial evidence for the role of glucocorticoids in acute ethanol-
responsive PFC gene expression, we determined whether RU-486 would block acute
ethanol induction of Fkbp3, one of the genes mentioned above as overlapping between
our microarray studies on acute ethanol and ADX, and which functions as a critical
regulator of glucocorticoid receptor function (Sinars et al., 2003). Q-rtPCR analysis of
Fkbp5 mRNA levels in PFC four hours following ethanol or saline administration (+/-
RU-486) was done with animals from behavioral Exp. 1. One-way ANOVA showed an
overall significant effect of treatment (Fs,,= 8.99, p <0.01) (Fig. 6C.). Post-hoc
analysis showed that RU pre-treatment had no effect on basal Fkbp5 levels. Ethanol
significantly increased Fkbp5 levels compared to VS and RU-486 at the higher dose
(RU35) blocked this response. These results indicated that higher doses of RU-486
blunted both the acute locomotor activating effects of ethanol and ethanol-induced Fkbp5
expression.

We used Ingenuity pathway analysis to identify networks overrepresented among
genes identified through microarray and S-score analysis to be significantly different in
SHAM vs. ADX treated D2 mice. Overrepresented networks include a network of genes
involved in protein synthesis, behavior, and nervous system development and function
(Fig. 7A.) and a network of genes involved in hereditary disorder, neurological disease
and skeletal and muscular disorders (Figs. 7B.) These results indicate that genes

regulated following ADX have functional implications for nervous system function and
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behavioral responses.

Blood Ethanol Concentration (BEC)
ADX animals showed a lower peak BEC and unaltered rate of clearance following 2 g/kg
ethanol. A two-way ANOVA (phenotype x time) showed an overall effect of time (F3 70=
858.41, p <0.001), an overall effect of phenotype (F, 70= 10.92, p <0.001) and a
significant interaction (F370=3.02, p < 0.05). Post-hoc analysis revealed significant
differences between BEC 10 minutes, 1 hour, 2 hours and 4 hours following 2 g/kg
ethanol administration and significant differences between BEC in ADX and SHAM
animals 10 minutes, 1 hour and 2 hours following 2 g/kg ethanol administration (Fig.
8A.).

In animals pre-treated with 35 mg/kg RU-486 versus those pre-treated with VEH
10 min., 1 hour, 2 hours and 4 hours following 2 g/kg ethanol administration, a two-way
ANOVA (treatment x time) showed an overall effect of time (F3 3= 86.69, p <0.001),
but no effect of treatment. Post-hoc analysis revealed significant differences between
BEC in VEH and RU-486 pre-treated animals 10 minutes, 1 hour, 2 hours and 4 hours
following 2 g/kg ethanol administration, but no significant differences between VEH vs.
RU-486 pretreated animals at any of these time points (Fig. 8B.). This indicates that there
were no differences in BEC between D2 animals pretreated with VEH versus those
pretreated with RU-486 10 min., 1 hour, 2 hours and 4 hours following 2 g/kg ethanol

administration.

Corticosterone Timecourse
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A corticosterone (cort.) time course was performed to measure HPA axis activation
following 2 g/kg ethanol administration. A two-way ANOVA (treatment x time) showed
an overall effect of treatment (F.4; = 28.79, p <0.001) and time (F44;=4.50, p <0.01).
Post hoc analysis revealed cort. levels were significantly elevated 5 minutes, 10 minutes,
1 hour and 2 hours following ethanol administration (Fig. 9). There were no differences
in cort. levels between saline treated animals. Levels peaked 1 hour following ethanol
administration. Despite a strong trend towards elevated levels 4 hours following ethanol
administration, cort. levels between saline vs. ethanol treated animals did not differ from
one another at this time indicating that corticosterone levels returned to normal 4 hours

following 2 g/kg ethanol administration.

DISCUSSION

Defining the mechanisms underlying acute behavioral responses to ethanol has
significant biomedical implications since acute responses to ethanol serve as a predictor
of risk for alcoholism or excessive ethanol intake (Schuckit, 1994, Metten et al., 1998).
Our prior genomic studies (Kerns et al., 2005a) suggest that glucocorticoid signaling in
the PFC might play an important role in brain gene expression responses to acute ethanol.
Here we characterized the role of glucocorticoid signaling in responses to acute ethanol,
ethanol sensitization, and in regulating PFC gene expression. We found that ADX and
RU-486 both impair acute ethanol induced locomotor activation, but do not alter the
induction of ethanol sensitization or basal locomotor activity. Further, ADX altered
expression of genes in PFC that include a significant number of previously identified

ethanol responsive genes. Overall, this work points to a previously uncharacterized
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mechanism modifying acute locomotor responses to ethanol and identifies an important
role for glucocorticoid signaling in ethanol-responsive gene expression.

One prior study showed that ADX reduced ethanol stimulated locomotor activity in
female C3H mice (Wallis et al., 1984). However, neither the effects of GR antagonists
nor adrenalectomy on the acute locomotor activating effects of ethanol have been
investigated in D2 mice, the strain most widely studied for motor responses to ethanol.
We found that both higher doses of RU-486 and ADX blunted the acute locomotor
activating effects of ethanol. In addition, acute ethanol activated the HPA axis leading to
significant increases in CORT as soon as 5 minutes following ethanol administration
(Fig. 9). Thus, ethanol-induced glucocorticoid release could partially modulate ethanol-
induced locomotor activation. The work presented here does not differentiate whether
glucocorticoids mediate a portion of ethanol-induced locomotor activation, or simply
provide a permissive effect in such a response to ethanol. However, since both RU and
ADX treatments only affected a portion of the ethanol locomotor activation response, this
clearly suggests a permissive effect. Future work will be needed to directly test this
hypothesis.

Our results are consistent with prior studies on other drugs of abuse. ADX reduces
the acute psychomotor stimulant effects of cocaine (Marinelli et al., 1997, Deroche et al.,
1997) and amphetamine (Cador et al., 1993) in the rat and the locomotor response to
psychomotor stimulants in ADX animals can be restored by corticosterone administration
(Cador et al., 1993, Marinelli et al., 1997). Discrepancies in the psychostimulant
literature do exist, as a more recent study found that GR inactivation in the nervous

system did not affect acute cocaine locomotor activation in mice, suggesting that the
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acute locomotor effects of cocaine do not require GR signaling (Deroche-Gamonet et al.,
2003). But it has been suggested that these divergent findings are due to methodological
differences (Marinelli and Piazza, 2002).

Both RU-486 and ADX would affect more than just the glucocorticoid system as
RU-486 is an antagonist of both the progesterone receptor (PR) and GR (Chrousos et al.,
1988). Further, ADX alters the synthesis of numerous steroid hormones, in particular
corticosterone and aldosterone, which both interact with the mineralocorticoid receptor
(Piechota et al.). ADX also removes adrenal medullary catecholamines such as
epinephrine. However, the adrenal medulla does not provide the body’s only source of
catecholamines and RU-486 presumably has no effect on catecholamine action and only
minimal binding affinity for the MR (Ricordi et al., 1988). Thus, the combined use of
both ADX and RU-486 in our studies increases the likelihood that the alterations in
ethanol-induced locomotor activation with these treatments were due to GR actions.
Additional evidence for a role of the GR comes from our studies of RU-486 and ethanol
effects on circulating CORT levels. Acting through hypothalamic and pituitary GR, RU-
486 disrupts negative feedback loops responsible for returning corticosterone levels to
normal following HPA axis activation (De Kloet et al., 1998). We only found significant
basal RU-486 induced increases in circulating CORT at the higher dose of drug (35
mg/kg), which was also the only dose inhibiting ethanol-induced locomotor activation.

Studies on other drugs of abuse also support GR rather than MR as a mediator of
the locomotor response. Blockade of MRs by spironolactone had no significant effects
on locomotion induced by systemic morphine (Marinelli et al., 1998). Still, the possibility

that other steroid hormones play a role in ethanol-induced locomotor activation cannot be
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ignored.

ADX or RU-486 effects on ethanol pharmacokinetics could be an alternative
explanation for our results with ethanol-induced locomotor activation. Gililland and Finn
showed that ADX in D2 mice produced slightly increased ethanol clearance rates
following 4 g/kg ethanol administration, but had no effect on peak BEC (Gililland and
Finn, 2007). We found slight decreases in peak BEC following 2 g/kg ethanol in ADX
D2 mice (Fig. 8A). However, decreased ethanol locomotor activation was seen with both
ADX and RU-486 treatment and RU-486 pre-treatment did not alter ethanol metabolism
(Fig. 8B). We also found that ADX and RU pre-treatment had no effect on ethanol-
induced LORR or anxiolysis (Fig. 5), indicating that ADX and RU selectively altered
acute ethanol-induced locomotor activation. This combination of data strongly suggests
that pharmacokinetic factors do not totally explain ethanol locomotor activation
behavioral differences in ADX animals.

Our finding that RU-486 and ADX did not block initiation of behavioral
sensitization (Figs. 3-4), were contrary to previously published findings showing that
RU-486 blunted initiation of ethanol behavioral sensitization (Roberts et al., 1995).

Some of the discrepancies could be due to differences in experimental design. Roberts et.
al. used female D2 mice, a shorter protocol with lower doses of ethanol and lower doses
of RU-486 (Roberts et al., 1995). Interestingly, we found that not only did all groups of
mice sensitize to the locomotor activating effects of ethanol, but they also sensitized to
jump counts. To our knowledge, this is the first report of ethanol sensitization to jumping
behavior.

We hypothesized that basal differences in gene expression may be partially
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responsible for the observed behavioral differences between SHAM and ADX animals
following acute ethanol administration. IPA analysis showed that genes identified
through microarray and S-score analysis to be significantly different in SHAM vs. ADX
treated D2 mice were overrepresented in networks involved in behavior and neurological
disease. This result supports our hypothesis that ethanol’s activation of the HPA axis may
be responsible for regulating gene expression following ethanol administration and that
this regulation may result in behavioral alterations and neurological alterations that may
eventually lead to pathologies such as alcoholism. Our microarray studies showed
prominent changes in basal gene expression of ADX animals in PFC, a brain region
known to be sensitive to glucocorticoids (Mizoguchi et al., 2003), and a significant
proportion of these were identified as ethanol-responsive genes in PFC in our prior
studies. For example, Fkbp5 was decreased basally in ADX mice whereas previously it
was found to be induced by ethanol in D2 PFC (Kerns et al., 2005a). Of note, Fkbp5
regulates glucocorticoid receptor sensitivity and polymorphisms in Fkbp5 lead to a
dysregulated stress response and have been found in individuals with depression, bipolar
disorder and post-traumatic stress disorder (Binder, 2009).

In addition, pre-treatment with doses of RU-486 that blunted ethanol locomotor
activation also diminished ethanol induced Fkbp5 expression (Fig. 6C). This overlap
between ADX, RU-486 and ethanol-sensitive gene expression is consistent with our prior
hypothesis that a subset of acute ethanol-responsive genes in PFC were possibly due to
involvement of GR signaling. Our results also suggest that such GR and ethanol-
responsive genes in PFC may play a role in modulating aspects of basal acute sensitivity

to ethanol.
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Table 1: Outline of experimental design for ethanol sensitization

Phase of sensitization Initiation Expression
Group Days 1-2 Day 3 Days 4-13 Day 14
Habituation Activity test Conditioning Activity Test
SS Saline Saline Saline Saline
SE Saline Saline Saline Ethanol 2.0 g/kg
EE Saline Ethanol 2.0 g/kg Ethanol 2.5 g/kg | Ethanol 2.0 g/kg

Table 1. Sensitization protocol.

Table 2: Gene ontology over-representation analysis for ADX microarray results

Ontological Entrez -value;
ntologic Gene Symbol Gene Name Gene | 4 ’
Category D s-score

HRHI1 histamine receptor H1 3269 0'2 })619;
HSPAS&* heat shock 70kDa protein 8 3312 0_205320 ;
solute carrier family 6 (neurotransmitter <0.001;

SLC6A13 transporter, GABA), member 13 6540 5.30
NTRK? neurotrophic tyrosine kinase, receptor, 4915 0.0500;

type 2 -3.62
potassium large conductance calcium- 0.0257-
KCNMAT1* | activated channel, subfamily M, alpha 3778 L3 37 ’

member 1 ]

KDR kinase insert domain receptor (a type Il 3791 0.0022;

receptor tyrosine kinase) 4.62
: <0.001;

CLDNS5 claudin 5 7122 794
Nerve Irppglse SOD1 superoxide dismutase 1, soluble 6647 0.0126;

Transmission -4.11
calcium channel, voltage-dependent, 0.0257,

CACNG3 gamma subunit 3 10368 3.88
RABI1A RABI1A, member RAS oncogene family | 8766 0:2071 53 ;
. 0.0080;

RAB14 RAB14, member RAS oncogene family 51552 426
2',3'-cyclic nucleotide 3' 0.0482;

CNP1 phosphodiesterase 1267 3.63
CPLX2 | complexin 2 10814 0:237198 ;
solute carrier family 1 (glial high affinity 0.0259;

SLCIA3 glutamate transporter), member 3 6507 3.87
solute carrier family 1 (glial high affinity 0.0009;

SLCIA2 glutamate transporter), member 2 606 -4.87
HOMERI1 | homer homolog 1 (Drosophila) 9456 0.0004;
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-5.03

ATXNI | ataxin 1 6310 | 00109
-4.15
KIFIB kinesin family member 1B 23095 <_06'(3gl;
PTEN* phosphatase and tensin homolog 5728 0:2465 63 ;
calcium channel, voltage-dependent, P/Q 0.0061;
CACNAIA type, alpha 1A subunit 773 -4.34
CREBI cAMP responsive element binding 1385 0.0075;
protein 1 -4.28
SYN2 synapsin I 6854 0:2287;;
PLP1* proteolipid protein 1 5354 0':? 2824;
EGR2 early growth response 2 1959 <_%%O11;
EGR1* early growth response 1 1958 0:2071;;
HTR2C 5-hydroxytryptamine (serotonin) receptor 3358 0.0441;
2C -3.68
ARC act1v1j[y-regulate.d cytoskeleton- 23237 0.0005;
associated protein -5.01
. : 0.0036;
GRIALI glutamate receptor, ionotropic, AMPA 1 2890 “4.43
: 0.0001;
DCN decorin 1634 530
HSD11B1 lllydroxystermd (11-beta) dehydrogenase 3290 | < 222 1;
HRH1 histamine receptor H1 3269 0'2 })619;
HSPAS8* heat shock 70kDa protein 8 3312 0_205320 ;
potassium large conductance calcium- 0.0257-
KCNMAT1* | activated channel, subfamily M, alpha 3778 L3 33 ’
Dexamethasone member 1 )
potassium voltage-gated channel, Shab- <0.001;
KENBL | | lated subfamily, member 1 3745 1 635
SODI1 superoxide dismutase 1, soluble 6647 0:2112 16 ;
FKBP5* | FK506 binding protein 5 2289 0;231820 ;
o 0.0480;
PLIN2 perilipin 2 123 3 64
APCDDI adenomatosis polyposis coli down- 147495 0.0316;
regulated 1 3.80
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EPHX?2

epoxide hydrolase 2, cytoplasmic

2053

0.0274;

3.84
EDNRB endothelin receptor type B 1910 0':? 2920;
S100A9 S100 calcium binding protein A9 6280 0_20(?15 ;
calcium channel, voltage-dependent, 0.0009:
CACNAZDI alpha 2/delta subunit 1 781 4.84
SULTIAIL sulfotransferas.e family, cytosolic, 1A, 6817 <0.001;
phenol-preferring, member 1 -7.05
CXCL12 | chemokine (C-X-C motif) ligand 12 6387 | V00
TTR transthyretin 7276 < 8(1)2 IR
FOS FBJ murine osteosarcoma viral oncogene 7353 <0.001;
homolog 872
EGR1 early growth response 1 1958 0:20712;
NR2C2 nuclear receptor subfamily 2, group C, 7180 <0.001;
member 2 6.11
TPM1 tropomyosin 1 (alpha) 7168 0:2294(;1;

Table 2.

Over-represented

gene ontology categories from analysis of genes with
significant g-values using ToppGene (http://toppgene.cchmc.org/) with a Bonferroni
correction and p-value cutoff of 0.05. A positive s-score indicates a gene that is
significantly increased; conversely a negative s-score indicates a gene that is significantly
decreased. *Represents a gene previously identified in our laboratory as an ethanol
responsive gene (Kerns et al., 2005a).
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Figure 2. Antagonism of glucocorticoid receptor function by RU-486 alters acute
locomotor responses to ethanol and produces compensatory changes in serum
corticosterone. Panel A: RU-486 at 35 mg/kg (RU 35), but not 20 mg/kg (RU 20),
blunted the acute locomotor activating effects of ethanol in D2 mice. * p <0.05 vs. all
saline-treated animals; * p < 0.05 vs. VEH ethanol and RU 20 ethanol. Panel B:
Corticosterone levels were determined 4 hours after behavioral testing. Corticosterone
levels were significantly elevated in animals treated with RU 35 followed by saline or
animals treated with RU 20 or RU35 following by ethanol. *p < 0.05 vs. VEH treated
groups and RU 20 S; *p <0.05 vs. RU 35 S.
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Figure 3. Adrenalectomy (ADX) alters acute ethanol locomotor activation but not
ethanol sensitization. Panel A: ADX significantly blunted the acute locomotor activating
response to ethanol, but not locomotor sensitization. On day 3, locomotor responses were
reduced in the ADX ethanol-treated group compared to sham controls. * p <0.05 vs. day
3 Saline-Saline treated mice; ' p < 0.05 vs. Day 3 Ethanol-Ethanol treated SHAM mice; °
p <0.05 vs. day 14 Saline-Saline treated mice; * p < 0.05 vs. day 3 Ethanol-Ethanol
treated mice, Saline-Saline treated mice and Saline-Ethanol treated mice; ® p < 0.05 vs.
Day 14 Ethanol-Ethanol treated SHAM mice. Panel B: SHAM and ADX mice also
sensitized to Jump Counts. * p < 0.05 vs. SHAM Saline-Ethanol Day 14, ADX Saline-
Ethanol Day 14, SHAM Ethanol-Ethanol Day 3, ADX Ethanol-Ethanol Day 3; * p < 0.05
vs. SHAM Saline-Ethanol Day 14, ADX Saline-Ethanol Day 14, SHAM Ethanol-Ethanol
Day 3, ADX Ethanol-Ethanol Day 3; * p < 0.05 vs. SHAM Saline-Ethanol Day 14, ADX
Saline-Ethanol Day 14, SHAM Ethanol-Ethanol Day 3, ADX Ethanol-Ethanol Day 3; % p
< 0.05 vs. SHAM Saline-Ethanol Day 14, ADX Saline-Ethanol Day 14, SHAM Ethanol-
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Ethanol Day 3; " p < 0.05 vs. SHAM Saline-Ethanol Day 14, ADX Saline-Ethanol Day
14, SHAM Ethanol-Ethanol Day 3; * p < 0.05 vs. SHAM Saline-Ethanol Day 14.
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Figure 4. Pretreatment with 25 mg/kg RU-486 had no effect on the initiation of ethanol
sensitization as measured via locomotor activity and jump counts. Panel A: Pretreatment
with 25 mg/kg RU-486 had no effect on the initiation of ethanol sensitization as
measured via locomotor activation. * p < 0.05 vs. Day 3 Saline-Saline treated mice; * p <
0.05 vs. Day 3 Ethanol-Ethanol treated mice. Panel B: VEH and RU-486 Ethanol-
Ethanol pretreated mice also sensitized to Jump Counts. * p < 0.05 vs. VEH Ethanol-
Ethanol Day 3, RU Ethanol-Ethanol Day 3; 5 p <0.05 vs. VEH Ethanol-Ethanol Day 3
and RU Ethanol-Ethanol Day 3; * p < 0.05 vs. VEH Ethanol-Ethanol Day 3, RU Ethanol-
Ethanol Day 3; ¥ p <0.05 vs. VEH Ethanol-Ethanol Day 3, RU Ethanol-Ethanol<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>