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Abstract

Depressive symptoms in alcohol-dependent individuals are well recognized and clinically relevant
phenomena. The etiology has not been elucidated although it is clear that the depressive symptoms
may be alcohol independent or alcohol-induced. In order to contribute to the understanding of the
neurobiology of chronic ethanol use, we investigated the effects of chronic intermittent ethanol vapor
exposure on behaviors in the forced swim test (FST) and neuropeptide Y (NPY) and corticotropin
releasing factor (CRF) levels in specific brain regions. Adult male Wistar rats were subjected to
intermittent ethanol vapor (14 hours on / 10 hours off) or air exposure for two weeks and were then
tested at three time points corresponding to acute withdrawal (8-12 hours into withdrawal) and
protracted withdrawal (30 and 60 days of withdrawal) in the FST. The behaviors that were measured
in the five minute FST consisted of latency to immobility, swim time, immobility time and climbing
time. The FST results showed that the vapor-exposed animals displayed depressive-like behaviors,
for instance decreased latency to immobility in acute withdrawal and decreased latency to immobility,
decreased swim time and increased immobility time in protracted withdrawal, with differences
between air- and vapor-exposed animals becoming more pronounced over the 60 day withdrawal
period. NPY levels in the frontal cortex of the vapor-exposed animals were decreased compared to
the control animals and CRF levels in the amygdala were correlated with increased immobility time.
Thus, extended ethanol vapor exposure produced long-lasting changes in FST behavior and NPY
levels in the brain.
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Introduction

A significant proportion of alcohol-dependent individuals suffer from affective disorders such
as depression (Regier et al., 1990; Grant and Harford, 1995; Kessler et al., 1997; Schuckit et
al., 1997a; Schuckit et al., 1997b; Hasin and Grant, 2002; Gilder et al., 2004). However, the
onset of major depression following alcohol dependence/abuse does not necessarily imply a
causative relationship and the pathogenesis remains obscure. For those diagnosed with alcohol
dependence, up to one-third have experienced major depression (Roy et al., 1991) and it has
been identified that the depressive endophenotype can stem from different etiologies that may
be alcohol independent or alcohol-induced (Schuckit et al., 1997a; Hasin and Grant, 2002).
Furthermore, it has been shown that of those diagnosed with comorbid clinical depression and
alcohol dependence, a substantial percentage had symptomology that was determined to be
alcohol-induced (Schuckit et al., 1997b). It has been suggested that some individuals may use
alcohol to “self-medicate” symptoms of depression (O'Sullivan, 1984; Khantzian, 1990;
Markou et al., 1998).

In view of these clinical observations, and in conjunction with preclinical evidence that ligands
with anti-depressant properties can reduce the motivation of chronic ethanol-exposed animals
to self-administer alcohol during withdrawal (Walker and Koob, 2008), we decided to explore
the neurobiological effects of chronic exposure to ethanol in Wistar rats. The need for further
scientific study of alcohol-induced depression is highlighted by the observation that there are
no current pharmacotherapies that target negative affective states for those with a history of
alcoholism (Heilig and Koob, 2007).

In addition to monoamines, other classes of compounds, such as neuropeptides, play important
roles in affective disorders. There is strong clinical as well as experimental support for the
hypotheses that an increased expression of corticotropin releasing factor (CRF) and a reduced
expression of neuropeptide Y (NPY) play a role in pathogenesis of depression and anxiety and,
conversely, that one common mechanism of action of anti-depressive and anxiolytic treatment
modalities is a decrease in CRF and an increase in NPY expression (Mathé et al., 1996; Nikisch
and Mathé, 2008; Mathé et al., 2007; Nikisch et al., 2005; Husum and Mathé, 2002; Stenfors
etal., 1989; Holmes et al., 2003; Madaan and Wilson, 2009; Paschos et al., 2009; Heilig et al.,
1989; Redrobe et al., 2002; Redrobe, Dumont, and Quirion, 2002; Jimenez-Vasquez et al.,
2007). Finally, some data suggest that alterations in NPY and CRF systems in response to
chronic alcohol exposure could contribute to escalated ethanol intake (Sommer et al., 2008;
Rassnick, Heinrichs, Britton, and Koob, 1993; Thorsell, Slawecki, and Ehlers, 2005; Gilpin et
al., 2008; Funk et al., 2006; Funk et al., 2007; Valdez et al., 2002).

Cumulatively, these findings strongly indicate that ethanol-induced depressive-like behavior
involves alterations in CRF and NPY systems in the brain. Consequently, the present
experiment evaluated behavior of adult Wistar rats in the modified forced swim test (Lucki,
1997; Cryan et al., 2002) and subsequently levels of brain neuropeptides following long-term
ethanol exposure. Performance in the FST was evaluated in adult Wistar rats during acute
withdrawal and protracted abstinence following a two-week intermittent ethanol vapor
exposure period. In addition, because of their involvement with negative affect and depressive
like behaviors, NPY and CRF levels were measured in selected brain regions of the vapor- and
air-exposed animals following their final protracted withdrawal test.

Materials and Methods

Subjects

Eighteen male Wistar rats (Charles River, Wilmington, MA) weighing approximately 250 g
upon arrival were used in the present study. The animals were pair-housed within a
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temperature-controlled (21.5 °C) vivarium and maintained on a 12-hour light/dark cycle (lights
on at 3 a.m.). Upon arrival, animals were handled daily for one week prior to the onset of the
experiment. Ad libitum food and water were provided for the duration of the experiment. The
work described herein adheres to the guidelines stipulated in the NIH Guide for the Care and
Use of Laboratory Animals and was reviewed and approved by The Scripps Research Institute’s
Institutional Animal Care and Use Committee.

The subjects were divided into two groups that were subjected to either intermittent ethanol
vapor or air exposure for two weeks (see below). Following chronic ethanol vapor or air
exposure, the animals were tested in the FST at three different time points corresponding to
acute withdrawal (8-12 hours into withdrawal) and protracted abstinence (30 and 60 days of
withdrawal). The FST apparatus was a white plastic tub (diameter = 34 cm, height = 66 cm).
The tub was filled to a level of 48 cm with 24+2° C water. Illumination at the surface of the
water was approximately 25 lux. One day prior to the initial acute withdrawal test, rats were
placed in the apparatus for 10 minutes but behavior was not recorded. On the day of the acute,
30 and 60 day withdrawal tests, behavior in the apparatus was assessed during a 5 minute test
session. Each test session was videotaped and later analyzed by two researchers that were blind
to the exposure conditions. The behaviors that were measured consisted of latency to
immobility once being placed in the apparatus, swim time, immobility time and climbing time.
Immobility time was defined as a lack of active swimming and floating to maintain the head
above water with only minor paw movement. Climbing was defined by active attempts to climb
the walls of the apparatus in order to escape. Inter-rater reliability was very high, with less than
10% deviation between scorers on all parameters that were evaluated.

Intermittent Ethanol Vapor Exposure

Ethanol vapor exposure has been shown to reliably allow for the titration of blood alcohol
levels that are sufficient for inducing behavioral changes reflective of ethanol dependence-like
symptoms (Roberts et al., 1996; Roberts et al., 2000; O'Dell et al., 2004; Walker and Koob,
2007; Walker and Koob, 2008). In this paradigm, blood alcohol levels can be titrated by the
experimenter to fit established criterion and the animals show normal weight gain and are freely
moving (Rogers et al., 1979). Standard rat cages were sealed and ethanol vapor or air was
pumped through the chambers. Ethanol vapor was created by dripping 95% ethanol into 2000ml
Erlenmeyer flasks that were maintained at 50°C due to a warming tray. Air (11L/min) was
passed over the bottom of the flask so that when the ethanol hit the warm glass and was
vaporized, the air carried it into the vapor chamber. Alteration of the ethanol vapor
concentration was accomplished by modulating the air flow carrying the ethanol vapor into
the chamber. Target blood alcohol levels (BALs) were 175-225 mg% across the two week
exposure period and were determined by sampling blood collected from the tail (0.5 ml) twice
a week. Following centrifugation, plasma alcohol levels were determined using the Analox
micro-stat GM7 (Analox Instr. Ltd.; Lunenberg, MA).

Animals were subjected to intermittent vapor exposure (14 hours on / 10 hours off) over the
course of two weeks; this paradigm has previously been shown to be effective at inducing
motivational signs of ethanol dependence such as ethanol self-administration (O'Dell et al.,
2004). Furthermore, when compared to chronic vapor exposure, intermittent ethanol vapor
exposure has been shown to enhance ethanol self-administration during acute withdrawal
(O'Dell et al., 2004).

Analysis of NPY and CRF levels

NPY and CRF levels were assessed in the amygdala (AMYG), frontal cortex (FCTX),
hippocampus (HPC) and hypothalamus (HYPO). To ensure that the measurement of NPY and
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CREF levels reflected baseline changes (as opposed to swim stress-induced), brains were
collected from animals fourteen days after the 60-day withdrawal FST. The animals were
decapitated without anesthesia and the brain regions of interest were microdissected over ice
according to the coordinates identified in Palkovits and Brownstein (1988) using a chilled metal
rat brain matrix (Roboz Surgical Instruments Company, Inc., Gaithersburg, MD) to identify
the appropriate slices from which tissue was collected. Tissue samples were immediately
weighed, frozen using dry-ice and stored at —80 °C until they were assayed for NPY - and CRF-
like immunoreactivity (NPY-LI and CRF-LI, respectively) as previously described (Husum
and Mathé, 2002; Ehlers et al., 1998; Mathé et al., 1997; Stenfors et al., 1989)

Statistical Analysis

Results

Performance in the FST was individually evaluated for each of the three test sessions (i.e.,
acute withdrawal, 30 and 60 days of protracted withdrawal) using a multivariate analysis of
variance (ANOVA). The independent factor was level of vapor exposure (vapor-exposed or
air-exposed) and the dependent measures were latency to immobility, swim time, immobility
time and climbing time. To evaluate whether changes in behavior occurred within the FST
over the course of the experiment, a two-way repeated measures ANOVA was conducted. The
within- subject factors were latency to immobility, swim time, immobility time and climbing
time over the three test sessions (i.e., acute, 30- and 60-day withdrawal) and the between-groups
factor was condition (i.e., air- or vapor-exposed). NPY-LI and CRF-LI in the AMYG, FCTX,
HPC and HYPO from the vapor- and air-exposed animals were individually evaluated using
a between groups one-way ANOVA. In addition, correlations of NPY-LI and CRF-LI with
depressive-like behavior were calculated.

Data from the acute, 30 day and 60 day withdrawal FST were individually evaluated using a
multivariate analysis of variance. During acute withdrawal (see Fig. 1), compared to air-
exposed controls, the vapor-exposed animals had a significantly reduced latency to immobility
(F (1, 16) =5.722, p < 0.05). The initial protracted withdrawal test (30 days of withdrawal; see
Fig. 1) showed that the vapor-exposed animals had not only a significantly reduced latency to
immobility (F (1, 16) = 13.964, p < 0.01), but also a significantly reduced swim time (F (1, 16)
=5.155, p < 0.05) when compared to air-exposed controls. Lastly, in the 60 day protracted
withdrawal test (see Fig. 1), the vapor-exposed animals showed significant reduction in latency
to immobility (F (1, 16) = 5.083, p < 0.05) and swim time (F (1, 16) = 5.12.695, p < 0.01), but
also significantly increased immobility time (F (1, 16) = 6.066, p < 0.05) when compared to
control animals. Thus, the ethanol vapor-exposed animals displayed three behavioral signs
indicative of an increased depressive-like state.

To address the question of whether the observed behaviors in the FST changed over time, a
two-way repeated measures ANOVA was used to evaluate latency to immobility, swim time,
immobility time and climbing time for the air- and vapor-exposed animals across the three
different time points (i.e., acute, 30 and 60 days of withdrawal) that were utilized. As seen in
Figure 1, the results of the two-way ANOVA showed that there was a significant within-
subjects effect for latency to immobility (F (2, 32) = 14.963, p < 0.001) and a significant
between-groups effect of condition (F (1, 16) = 11.98, p < 0.01), which reflected that although
there were group differences, time to immobility changed over time (i.e., decreased) in a
comparable fashion for both groups, but they remained different from each other. When
evaluating swim time (see Fig. 1), a between-subjects effect of condition (F (1, 16) = 13.387,
p <0.01) and a Swim Time x Condition interaction (F (2, 32) = 4.028, p < 0.05) were found.
This indicates that not only did the air- and vapor-exposed animals express different behaviors
from each other, but that those behaviors changed over time differently for each group. For
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immobility time (see Fig. 1), the two-way ANOVA showed significant within-subject (F (2,
32) = 3.454, p < 0.05) and between-subjects (F (1, 16) = 7.861, p < 0.05) main effects, as well
as, a significant Immobility Time x Condition interaction (F (2, 32) = 3.453, p < 0.05). This
illustrates that immobility time was different for air- and vapor-exposed animals and that the
behavior changed over time differently for each group (i.e., increased for vapor-exposed and
decreased for air-exposed). Lastly, the two-way ANOVA identified a within-subjects effect (F
(2, 32) =13.141, p < 0.001) for climbing time (see Fig. 1), but no significant between-subjects
effects or interactions. This illustrates that that the air- and vapor-exposed animals showed
comparable climbing behavior that changed over time in a similar fashion.

The levels of NPY- and CRF-LI in the AMYG, FCTX, HPC and HYPO are shown in Figure
2. The one-way ANOVA showed that NPY-LI was significantly decreased (F (1, 17) = 7.438,
p <0.05) inthe FCTX of vapor-exposed when compared to air-exposed rats with no other brain
regions showing significant differences in levels of NPY- or CRF-LI. However, when
evaluating correlations of NPY- and CRF-LI in the AMYG, FCTX, HPC and HYPO with
depressive-like behavior in the vapor-exposed animals and air-exposed animals, CRF-LI in the
AMY G was shown to be positively correlated with immobility time (r =.627, p < 0.05) in the
FST (at 60 days of withdrawal) following 74 days of protracted abstinence, whereas there were
no significant associations between the depressive-like behaviors and immunoreactivity in the
air-exposed controls. There were no significant correlations between depressive-like behaviors
and NPY levels in the vapor- or air-exposed animals, although there was a trend towards a
negative correlation between NPY-LI in the AMYG and immobility time in the air-exposed
animals (r = —.60, p = 0.056).

Discussion

In the present study, we confirmed that ethanol vapor-exposed animals showed differential
behavior in the FST when compared to air-exposed controls during both acute and protracted
withdrawal time periods. Specifically, different latencies to immobility were seen during acute
withdrawal between air- and vapor-exposed animals. Furthermore, during protracted
withdrawal, not only were differential latencies to immobility maintained, but dissociations
between air- and vapor-exposed animals were also observed in swim time following 30 days
of withdrawal and both swim time and immobility time after 60 days of withdrawal. Thus, the
differences that were observed between air- and vapor-exposed animals became more apparent
over the 60 day withdrawal period as evidenced by the expression of depressive-like behavior
across multiple dependent variables. Furthermore, over the course of the experiment, air-
exposed and vapor-exposed animals showed differences in swim time and immobility time
that were distinct from each other. While swim time increased for air-exposed controls and
decreased for vapor-exposed animals, immaobility time increased for vapor-exposed animals,
but showed no change over time for air-exposed animals. Thus, two indices of depressive-like
behavior changed for the vapor-exposed group in a manner consistent with increased
‘depression’ over time. These data are also in accordance with previous evidence
demonstrating that adolescent animals with a history of ethanol vapor exposure also showed
decreased latencies to immobility during protracted withdrawal (Slawecki, Thorsell, and
Ehlers, 2004).

The present data set lends support to the clinical data showing that a substantial number of
individuals diagnosed with co-morbid depression and alcohol dependence have depressive
symptomology that can be attributed to alcohol use itself (Schuckit et al., 1997a; Hasin and
Grant, 2002). In humans, it has been shown that major depressive symptoms generally last for
2 — 4 weeks after abstinence from alcohol is initiated (Brown and Schuckit, 1988). However,
individuals for whom the diagnosis of clinical depression was maintained following one-month
of abstinence also reported a significantly greater incidence of withdrawal symptoms (Brown
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and Schuckit, 1988), perhaps indicative of greater severity of ethanol dependence prior to
abstinence. In that study (Brown and Schuckit, 1988), depressive symptomology was only
evaluated up to 4 weeks following abstinence, so further longitudinal data is unavailable. In
the present study, depressive-like behavior that was observed in rats following ethanol
exposure persisted for up to 8 weeks into abstinence. Although the temporal expression of
depressive-like behaviors following chronic ethanol exposure appears to persist for a longer
duration in Wistar rats when compared to humans, it should be noted that the ethanol vapor
exposure paradigm utilized in the present study produces physiological withdrawal symptoms
(Robertsetal., 1996). Thus, taken in context with the results of the study by Brown and Schuckit
(1988), the current paradigm may be modeling a more ‘extreme’ form of dependence that
translates into protracted depressive-like behaviors.

One point to consider in regards to the present study is that the two week vapor exposure period
can induce excessive alcohol intake during acute withdrawal, but to observe protracted
increases in ethanol self-administration, a more prolonged period is needed. It has been shown
that seven weeks of exposure can induce protracted elevations in self-administration that persist
for at least five to six weeks of abstinence (Rimondini et al., 2003). In the present study, the
vapor exposure length was selected because it is one of the shortest intervals that has been
sown to induce elevated alcohol self-administration(O'Dell et al., 2004), however, it would be
ideal to identify a length of vapor exposure that induces protracted changes in negative affect
that overlap with persistent increased levels of alcohol self-administration.

There are two possible interpretations of our data. The first would suggest that in alcohol-
dependent subjects during withdrawal, depressive-like behaviors become more pronounced
over time. However, as mentioned above, this interpretation is not consistent with observations
in humans showing that depression associated with abstinence from alcohol in previously
dependent individuals is maximal early in withdrawal and typically subsides within one month
(Brown and Schuckit, 1988). The other, and more likely, interpretation is that chronic ethanol
exposure has induced a neuroadaptive state that makes rats more susceptible to the depression-
promoting effects of repeated stress. Considering that the FST has been used to induce stress
responses (for example, see Land et al., 2008), this concept fits well with other existing data
regarding repeated ethanol withdrawal or stress and sensitized anxiety-like behavior
(Overstreet et al., 2002; Breese et al., 2004; Breese et al., 2005; Knapp et al., 2007). However,
a critical factor when considering this interpretation is that the air-exposed rats do not show
any alterations in depressive-like behavior, so it would appear as though repeated FST testing
alone is not sufficient to induce a depressive-like phenotype and that exposure to chronic vapor
exposure is necessary for the formation of depressive-like behaviors, as was observed in the
present study. However, because the present study used a repeated-measures design, future
between-group experiments would have to be conducted in vapor exposed animals to determine
the precise contribution of stress versus vapor exposure.

NPY and CRF are associated with the reduction (Heilig et al., 1989; Stogner and Holmes,
2000; Redrobe et al., 2002) and production (Overstreet and Griebel, 2004; Chaki et al., 2004;
Heinrichs et al., 1994), respectively of depressive- and anxiety-like behavior in preclinical
models. Furthermore, data has been generated suggesting that alterations in NPY and CRF
systems in response to chronic alcohol exposure could contribute to escalated ethanol intake
(Sommer et al., 2008; Rassnick et al., 1993; Thorsell et al., 2005; Gilpin et al., 2008; Valdez
et al., 2002; Funk et al., 2006; Funk et al., 2007). In the present study, when evaluating NPY
and CRF levels in the brains of those animals that were tested at time points corresponding to
acute, 30-day and 60-days of withdrawal, it was shown that, following protracted withdrawal,
NPY-LI was decreased in the fontal cortex. It is important to recognize that in the present
experiment, the neuropeptide levels were measured in brains that were extracted two weeks
after the final behavioral test and thus, reflect baseline changes as opposed to swim stress-
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induced changes. NPY has been shown to have anti-depressant and anxiolytic effects (Heilig
et al., 1989; Stogner and Holmes, 2000; Redrobe et al., 2002) and all so far tested anti-
depressant treatments (e.g., electroconvulsive therapy, SSRIs and lithium) produce increases
in NPY-LI immunoreactivity the frontal cortex and hippocampus of rats (Mathé et al., 1998;
Stenfors et al., 1989; Stenfors et al., 1994; Mathé et al., 1997) and thus, the present data are
consistent with the published literature and support the hypothesis of NPY being an endogenous
modulator of emotionality (Mathé et al., 2007). In addition, the correlation of CRF-LI in the
amygdala and immobility corresponds well with published reports of amygdalar CRF
differences in genetically selected Flinders Sensitive Line rats used as a model of depression
(Zambello et al., 2008), alterations in amygdalar CRF during withdrawal from alcohol in
dependent rats (Rassnick et al., 1993; Zorrilla et al., 2001; Merlo et al., 1995) and escalated
alcohol self-administration in dependent animals related to amygdalar CRF levels (Funk et al.,
2006). Furthermore, the decreased levels of NPY and CRF-associated increases in immobility
are consistent with a recognized trend that NPY levels are lower and CRF levels are enhanced
in anxiety and depression and that following treatment, those profiles are reversed (Nikisch et
al., 2005; Nikisch and Mathé, 2008).

In summary, intermittent ethanol vapor exposure produced depressive-like behaviors in male
Wistar rats that persisted for at least 60 days into withdrawal. Furthermore, immobility time
increased over the 60 day test period in a manner consistent with an increase in depressive-
like symptoms that appeared to require previous ethanol exposure to be expressed. Lastly,
NPY-LI was reduced in the frontal cortex of rats exhibiting depressive-like behavior in
protracted withdrawal and CRF-LI in the AMY G was correlated with immobility time in those
same rats. Therefore, this model should prove valuable for further characterization of chronic
ethanol exposure-induced depressive-like symptoms from behavioral, neurochemical and
neuropsychopharmacological perspectives, as well as, the development of therapies to treat
certain aspects of alcoholism.
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Figure 1.

Mean (+ S.E.M.) performance in the modified forced swim test over the three withdrawal test
sessions for (A) latency to immobility, (B) swim time, (C) immobility time and (D) climbing
time (* = p < 0.05 when compared to air-exposed animals). Significant interactions in behavior
(p <0.05) were seen between the ethanol vapor-exposed and air-exposed animals over the three
test sessions for the parameters of swim time and immobility time.
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Figure 2.

Mean (£ S.E.M.) NPY- and CRF-LI (neuropeptide Y- and corticotropin releasing factor-like
immunoreactivity) in the amygdala (AMY G), frontal cortex (FCTX), hippocampus (HPC) and
hypothalamus (HYPO) in protracted abstinence after two weeks of chronic vapor exposure (*
= p < 0.05 when compared to air-exposed control).
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