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Abstract
Rationale—Human ethanol withdrawal manifests as multiple behavioral deficits with distinct
time courses. Most studies with mice index ethanol withdrawal severity with the handling-induced
convulsion (HIC). Using the accelerating rotarod (ARR), we recently showed that ethanol
withdrawal produced motor impairment.

Objectives—a) to characterize further the ARR withdrawal trait; b) to assess generalizability
across additional behavioral assays; and c) to test the genetic correlation between ethanol
withdrawal ARR impairment and HICs.

Results—Seventy of the ARR performance deficit depends on ethanol vapor dose and exposure
duration, and lasts 1–4 days. Fatigue could not explain the deficits, which were also evident after
intermittent exposure to ethanol vapor. Withdrawing mice were also impaired on a balance beam,
but not on a static dowel or in foot slip errors per distance traveled in the parallel rod floor test,
where they showed reduced locomotor activity. To assess genetic influences, we compared
Withdrawal Seizure-Prone and -Resistant mice, genetically selected to express severe vs mild
withdrawal HICs, respectively. The ARR scores were approximately equivalent in all groups
treated with ethanol vapor, though WSP mice may have displayed a slightly more severe deficit as
control-treated WSP mice performed better than control-treated WSR mice.

Conclusions—These studies show that ethanol withdrawal motor impairment is sensitive to a
range of ethanol doses, and lasts for several days. Multiple assays of behavioral impairment are
affected, but the effects depend on the assay employed. Genetic contributions to withdrawal-
induced ARR impairment appear largely distinct from those leading to severe or mild HICs.
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Introduction
Alcoholism is a complex trait expressed through the interaction of multiple genes and
environmental factors (Spanagel, 2009; Crabbe, 2002; Kranzler and Edenberg, 2010).
Alcohol (ethanol) dependence is evidenced by the emergence of a withdrawal syndrome
upon cessation of ethanol consumption or administration (Hasin et al., 2006). Ethanol
withdrawal produces physiological and psychological symptoms based on neuroadaptations
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to exposure and subsequent abstinence (Fadda and Rossetti, 1998). Physiological
withdrawal symptoms range from mild malaise to life threatening seizures (Dissanaike et al.,
2006) and psychological withdrawal symptoms can manifest as stress, depression and
anxiety (Heilig et al., 2010).

In mice, the handling-induced convulsion (HIC) is used as a very sensitive behavioral index
of withdrawal seventy based on central nervous system hyperexcitability (Goldstein and Pal,
1971; Goldstein, 1973). Other ethanol withdrawal phenotypes in mice include decreased
locomotor activity (Capaz et al., 1981; Hutchins et al., 1981; Kliethermes et al., 2004),
increased startle response (Chester and Barrenha, 2007), increased susceptibility to drug-
induced seizures (Crabbe et al., 1993; Kosobud and Crabbe, 1993), hypothermia (Ritzmann
and Tabakoff, 1976), and anxiety-like (Kliethermes et al., 2004; Kliethermes, 2005) and
depressive-like behaviors (Hirani et al., 2002). Mice have also shown increased voluntary
drinking during ethanol withdrawal (Becker and Lopez, 2004; Griffin, III et al., 2009).

However, ethanol withdrawal indices other than the HIC have not been explored
extensively. To add to the diversity of ethanol withdrawal phenotypes systematically
characterized in mice, we recently used the accelerating rotarod (ARR) to assess motor
performance and learning. We found a transient disruption in performance that was present
several hours and days after withdrawal but not one week later. It did not appear to be the
result of a learning deficit, as mice were impaired even when compared with controls whose
practice on repeated trials was limited. Several inbred mouse strains differed in the seventy
of the withdrawal ARR deficit, suggesting genetic influences underlying the phenotype
(Philibin et al, 2008).

These results suggested that a deficit in motor performance was a promising phenotype for
further investigation. Therefore, we explored its parameters in more detail. All our previous
studies had employed continuous exposure to a single concentration of ethanol vapor for 72
h to establish physical dependence in the mice. Here, we varied the concentration or
duration of ethanol vapor exposure, or the time course of the post-vapor withdrawal deficit.
A fourth study assessed the potential contribution of fatigue to the ARR performance deficit.
A fifth explored effects of intermittent ethanol vapor exposure. Systematic studies on inbred
mice suggest that various behavioral assays of intoxication that have a motor component
cannot be assessing the same set of physiological substrates (Crabbe et al 2005, 2008).
Therefore, we explored three additional behavioral assays of motor performance, the dowel
test, a balance beam, and the parallel rod floor, in an attempt to assess the generalizability of
the withdrawal deficit in motor performance. Finally, we employed mice selectively bred for
severe or mild ethanol withdrawal HIC to see whether the genetic contributions to motor
deficits and HIC were independent.

Method
Subjects

Naïve outbred mice (WSC-2, or WSC-1 for Experiments 2 and 6) were used for most
experiments. The WSC lines are genetically segregating controls for the two independent
replicate lines of Withdrawal Seizure-Prone (WSP-1 and -2) and Withdrawal Seizure-
Resistant (WSR-1 and -2) mice used for Experiment 8. The WSP and WSR lines were
selectively bred to display severe (WSP) vs mild (WSR) HICs following 72 h continuous
ethanol vapor inhalation (Crabbe et al., 1985). Naïve WSP and WSR mice from the 26th
selected (114th–116th filial) generation were used in Experiment 8. Mice were housed 3–4
per polysulfone cage (28×17×11.5 cm) lined with sterile corncob bedding (Bedocob: Green
Products Company, Conrad, Iowa, USA). Food (Purina 5001, PMI International, St. Louis,
Missouri, USA) and water were available ad libitum. The colony was maintained on a 12h
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light/12 h dark cycle with lights on at 0600 h. Colony and procedure rooms were maintained
at 22±1°C. All studies were carried out in male mice aged 50–140 days old. After ethanol
vapor or air treatment (see next section), mice were group-housed with original cage mates
in the colony room. Mice were moved into a procedure room 1 h prior to any behavioral
testing, which occurred between 0800–2200 h. All mice used were bred and maintained at
the Veterinary Medical Unit, Veterans Affairs Medical Center (Portland, Oregon, USA).
Table 1 describes original and final sample sizes, together with subject loss, for each
experiment.

Ethanol vapor inhalation exposure
Ethanol vapor inhalation exposure was used to induce physical dependence as described
previously (Metten et al., 2010; Metten and Crabbe, 2005). For all studies, mice in the
ethanol groups were initially weighed and injected with an ethanol dose (g/kg, 20% [vol/vol]
in saline, ip) to raise blood ethanol concentrations (BECs) to a target mg ethanol/mL blood.
The alcohol dehydrogenase inhibitor pyrazole HCl (68.1 mg/kg, IP; Sigma, St. Louis, MO,
USA) was administered in the ethanol solution to inhibit ethanol metabolism and stabilize
BECs at the desired level (1.5 mg/mL unless otherwise specified). Mice were then placed in
wire mesh cages within the Plexiglas chamber. Ethanol vapor concentrations were
maintained as stably as possible by monitoring with gas chromatography. In continuous
exposure experiments, EtOH-treated mice were removed from the chambers every 24 h,
weighed, blood sampled (if applicable), injected with pyrazole in saline, and placed back in
the ethanol vapor chambers. Control mice were injected with pyrazole in saline and placed
in identical inhalation chambers exposed only to air. Ethanol vapor concentrations were
adjusted daily based on BECs collected that day. The WSP and WSR selected lines used in
Experiment 8 differ in rates of ethanol metabolism (Terdal and Crabbe, 1994). Therefore, to
equate genotypes for inhaled ethanol dose, different ethanol vapor concentrations were used
to avoid pharmacokinetic contributions to genotypic differences (for discussion, see Terdal
and Crabbe, 1994). For Experiment 2, mice were continuously exposed for 24, 48 or 72 h.
For Experiment 5, we exposed mice to chronic intermittent ethanol (CIE) vapor for 3 daily
cycles of 16 h ethanol vapor (or air) exposure alternated with 8 hr exposure to air, as
described previously (Metten et al., 2010). For this experiment, ethanol exposed mice were
weighed and injected with pyrazole in ethanol before each daily 16 h exposure to ethanol
vapor. They were removed, weighed, blood sampled, and then moved to an air chamber for
the remaining 8 h of each day. Air exposed control mice were injected with pyrazole in
saline and handled similarly. Due to behavioral testing time constraints, data were collected
during multiple passes for some experiments and ethanol and air treatment groups were
included for each pass.

Control mice are always exposed to pyrazole as this drug has behavioral effects including
toxicity (Goldstein, 1980, and see Discussion). Mortality during or shortly after inhalation
ranged from 0% to 13% (average = 8%) in Experiments 1–7 (see Results). In Experiment 8,
we experienced a higher than expected rate of mortality (27%) for unknown reasons.

Blood ethanol concentrations
Blood samples (20 μl) were collected for BEC determination using a gas chromatographic
assay detailed previously (Rustay and Crabbe, 2004). Mice were removed from the
inhalation chambers daily at the assigned time (16 hr or 24 hr) and BEC was sampled from
10–20 ethanol-treated mice per chamber via tail vein (or peri-orbital sinus for Experiment 5
only) blood in order to make vapor concentration adjustments. In all experiments, all mice
experienced a blood sampling procedure (with or without blood collection) regardless of
treatment group after the last exposure period. We have found that BECs taken at the end of
a 72 h period of continuous ethanol vapor exposure are well correlated with BECs
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experienced earlier during the prior 72 h, and that withdrawal BECs are significantly
correlated with seventy of withdrawal assessed with the HIC (Crabbe et al., 1983). Thus, for
all experiments, we report BECs at the time of withdrawal.

Apparatus and test procedures
Accelerating rotarod (ARR)—A modified Accurotor Rota Rod (Accuscan Instruments,
Columbus, Ohio, USA) was used. Four mice were tested simultaneously per rotarod; two
identical rotarods were used at a time. Once all mice were stationed on the rod, the motor
was turned on and the rod was continuously accelerated from 0 revolutions per min (rpm) at
a constant rate of 20 rpm/min. After all mice had fallen, mice were returned to their starting
position on the static dowel for each consecutive trial after 30–120 s between trials. Latency
to fall was automatically recorded by photo beam breaks. No mice were tested for handling
induced convulsions (HICs) and were handled so as not to elicit a HIC inadvertently.

Dowel and balance beam—The 3/4 in diameter wooden dowel and the 19mm balance
beam have been described previously (Crabbe et al., 2003a,b). One day before starting the
inhalation procedure, mice were criterion tested on the dowel and pretrained on the balance
beam. Each mouse was given 1–3 trials to establish whether it could remain on the dowel
without falling for 1 min (Erwin and Deitrich, 1996). Mice were then immediately placed on
the balance beam and required to traverse its length (104.1 cm) once. At 10 and 24 h of
withdrawal, mice in Experiment 7 were given a single 1-min trial on the dowel and latency
to fall was recorded. Mice were then given one trial on the balance beam, and foot slip errors
were scored (Crabbe et al., 2003a).

Parallel rod floor—The parallel rod floor apparatus has been described in detail
previously (Kamens and Crabbe, 2007; Kamens et al., 2005). Briefly, the floor consists of a
series of parallel steel rods, a stainless steel base plate with an acrylic border raised 1 cm
above the base plate, and a clear acrylic box with no bottom and a removable lid.
TracerDAQ hardware and software were used to record locomotor activity and foot slips
using a standard PC (Enu lnc.[Portland, OR] 3.01 GHz). A paw slip through the parallel rod
floor is detected as the paw touches the base plate, completing a circuit. Two photocell
beams cross the apparatus approximately 1.5 cm above the parallel rod floor. Locomotor
activity is reported as beam interruptions.

At 12 h of withdrawal, each mouse was placed into the center of the apparatus; foot position
and beam interruption status was recorded once each second during the 5 min test. The
apparatus was cleaned between each test using 10% isopropyl alcohol.

Data analysis
Systat (Chicago, Illinois, USA) version 13 was used for statistical analyses. Data were
analyzed using analysis of variance (ANOVA). Unless otherwise noted, significant main
effects or interactions were further examined by Tukey’s honestly significant differences
post hoc test. Statistical differences were considered significant at p < 0.05.

Accelerating rotarod—ARR testing involved multiple trials during each test session. In a
few instances, data were lost during the ARR test because (i) the photocell beam was
blocked and thus no latency to fall was recorded (a very rare event) or (ii) the mouse jumped
from the rod during the trial. The latter problem was more pronounced in ethanol dependent
mice experiencing withdrawal. Animals were retained despite jumping if there were no
jumps on adjacent trials, if there were fewer than three trials missing, and if at least two of
the first three and two of the last three trials were not missing. Mice whose data passed this
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criterion were included in analyses by averaging the two trials surrounding the missing trial
and inserting the mean.

To simplify analysis, performance on the ARR was indexed by the average latency to fall
across all trials during a particular test.

Other motor tests—For the dowel test, latency to fall was recorded. If the mouse did not
fall, the maximum score of 60 s was assigned. For the balance beam, hind foot slips during
the run across the beam were counted. For the parallel rod floor test, beam interruptions and
number of foot slips was recorded: each was summed across the 5 min session for analysis.
It has been previously noted that the number of foot slips is positively correlated with
distance traveled (Kamens et al., 2005). Therefore, to index motor incoordination, a ratio
was obtained by dividing the number of foot slips by the total number of beam breaks.

Experiment 1: Ethanol dose-response: To establish dose-dependence, four sets of WSC-2
mice were assigned to Air Control (Con) or Ethanol (Et) 1.0, Et 1.5, and Et 2.5 groups. Mice
were continuously exposed for 72 h to air or different concentrations of ethanol vapor
designed to yield BECs of 1.0, 1.5, and 2.5 mg ethanol/mL blood. Upon removal from the
chambers after 72 h, mice were returned to their home cage until testing, and between tests.
ARR testing was performed 10, 24 and 168 h later for all mice. For each test, mice were
given 5 trials on the ARR.

Experiment 2: Ethanol exposure duration-response: To establish duration-dependence,
four groups of WSC-1 and WSC-2 mice were treated. Ethanol vapor treatment start date was
staggered so that all three groups receiving ethanol vapor completed their treatment of 24,
48, or 72 h on the same day. Group Et 24 was exposed to air for 48 h and then ethanol vapor
during the last 24 h period. Group Et 48 was exposed to air for 24 h and then EtOH vapor
during the final 48 h. Group Et 72 spent all 72 h in ethanol vapor. The air control (Con)
group spent all 72 h exposed to air. Eight h after removal from the chambers, all mice were
given 8 ARR trials as described.

Experiment 3: Withdrawal time course: To establish the persistence of withdrawal
deficits, WSC-2 mice were assigned to one of 7 withdrawal time point groups (8, 12, 24, 48,
72, 96, or 120 h) and were tested at that time on the ARR for 8 trials. Mice were
continuously exposed for 72 h to air (Groups Con 8–Con 120) or ethanol vapor (groups Et
8–Et 120).

Experiment 4: Role of fatigue: Withdrawing mice could fail to show performance
improvement across successive, closely-spaced rotarod trials because they become fatigued
more easily than mice exposed to air. We exposed WSC-2 mice (Et groups) to ethanol vapor
or air (Con groups) for 72 h continuously. Starting 8 h after removal from the chambers,
mice were given 10 trials on the ARR. Half the mice (Massed groups) of each treatment
group received their trials with a 30–120 s inter-trial interval (i.e., the normal test
procedure). The other half of each treatment group (Spaced groups) was given 10 min
between each rotarod trial.

Experiment 5: Withdrawal following chronic intermittent exposure (CIE) to ethanol
vapor: To see whether ARR impairment was also seen following an intermittent ethanol
vapor exposure pattern (Metten et al., 2010) we tested 22 WSC-2 mice. Half the mice were
exposed only to air (Con group), and the other half to ethanol vapor (Et group). Each day,
mice were removed from the chamber after only 16 h exposure to ethanol or air and returned
to the air chamber. Eight h later, mice were placed again into ethanol vapor or air. All mice
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were given 8 ARR trials starting 8 h after removal from the 3rd 16 h vapor exposure (on day
3).

Experiment 6: Tests on dowel and balance beam: To see whether other motor behaviors
were impaired, two groups of WSC-1 mice were tested. One group was exposed only to air
(Con), and the other group to ethanol vapor (Et). Ten h after the end of the inhalation period,
mice were given a one min test on the dowel followed by one traverse of the balance beam.
These tests were repeated at 24 h.

Experiment 7: Tests on the parallel rod floor: To extend the survey to another motor
response, WSC-2 mice were exposed to ethanol vapor (Et group) or air (Con group) for 72
h. Starting 12 h after removal from the inhalation chambers, mice were tested for 5 min in
the parallel rod floor apparatus.

Experiment 8: Tests with WSP and WSR mice: To assess genetic contributions to motor
impairment, mice from both replicates of the Withdrawal Seizure-Prone (WSP-1, WSP-2)
and -Resistant (WSR-1, WSR-2) selected lines were exposed for 72 h to air (Con groups) or
ethanol vapor (Et groups). Starting 12 h after withdrawal from the chambers, all mice were
given 8 ARR trials. Mice were handled carefully so as not to elicit the HICs that both
WSP-1 and WSP-2 mice were selectively bred to manifest during ethanol withdrawal:
WSR-1 and WSR-2 mice show very minimal HIC scores.

Results
Experiment 1: Ethanol dose-response

BEC values at the time withdrawal commenced for the 1.0, 1.5 and 2.5 mg/mL dose groups
were 0.89±0.07, 1.85±0.06, and 2.43±0.19, respectively. Groups differed significantly
(F(2,42)=84.0; p <0.0001), and post hoc tests showed that each target dose group differed
significantly from the other two. Although the group targeted for 1.5 mg/mL experienced
slightly higher BECs than that, we refer to the three dose groups by their targeted values for
simplicity.

Fig. 1a shows rotarod performance across trials when mice were initially tested 10 h into
withdrawal. We analyzed the performance (average latency to fall across trials) across the
three withdrawal time periods as a function of BEC (Fig. 1b). There were significant main
effects of ethanol dose (F(3,60)=10.68; p <0.0001) and time (F(2,120)=131.25; p <0.0001),
as well as a significant interaction (F(6,120)=8.02; p <0.0001). We therefore analyzed each
time point with a separate ANOVA. There was a dose-dependent impairment 10 h after
withdrawal (F(3,60)=28.80; p <0.0001). All groups differed significantly from all others (ps
<0.01) with the exception of the Et 1.5 and Et 2.5 groups. Impairment remained significant
at 24 h (F(3,60)=10.31, p <0.0001). Post hoc analysis now showed that all groups differed
significantly from all others (ps<0.05) with the exception of the Et 1.0 and Et 1.5 groups,
although the impairment of the Et 1.5 group versus controls only tended to reach
significance (p =0.08). By 168 h (one week), there were no significant effects of ethanol
treatment on performance (F(3,60)=1.68, NS).

We conclude that there was a regular ethanol dose-effect relationship to impair ARR
performance during withdrawal.

Experiment 2: Ethanol exposure duration-response
BECs did not differ significantly across the three ethanol groups on Day 3 (F(2,61)<1, NS).
While BECs for the Et 48 group on Day 2 were also clearly similar to those of all groups on
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Day 3, group Et 72 appeared to have experienced higher blood alcohol levels during their
first two days of vapor inhalation than on Day 3 and than did other groups (see Table 2).
This impression was borne out by a repeated measure ANOVA across days for group Et 72
(F(2,42)=28.90, p <.0001). Post hoc analyses showed that the BECs for this group differed
significantly on each day of exposure (all ps< 0.01).

Withdrawal performance differed significantly in a duration-dependent fashion across
treatment groups (see Fig. 2, F(3,83)=5.62; p <0.01). Performance was impaired in the Et 72
group as compared with the Et 24 group and the control group (ps<0.05), which did not
differ from each other; the Et 48 group did not differ significantly from any other group.

Experiment 3: Withdrawal time course
Across all ethanol-exposed mice, there were no significant differences among the 7 time
point groups in BEC at withdrawal (F(6,67)=0.10; NS).

Results are shown in Fig. 3. Ethanol withdrawing mice performed worse than controls
(F(1,146)=33.4; p <0.0001). There were also significant main effects of withdrawal time and
the interaction of treatment and withdrawal time (Fs(6,146) ≥3.92; ps≤0.001). We therefore
compared each ethanol withdrawal time point group with its air-exposed control group.
There were significant performance decrements at 8, 12, 24 and 72 h (Fs(1,19–22)≥7.71;
ps≤0.01) but not at 48, 96 or 120 h (Fs(1,17–23)≤=0.55; NS).

We conclude that the withdrawal-related ARR impairment persisted for a least 24 h,
possibly until 72 h, and had resolved by one week later.

Experiment 4: Role of fatigue
Results of the ARR tests are shown in Fig. 4. EtOH withdrawing mice performed worse than
controls (F(1,41)=57.8; p <0.0001). There was a trend toward worse performance with
massed versus spaced trials (F(1,41)=3.80; p =0.06), and no significant interaction of EtOH
withdrawal and massed versus spaced trials (F(1,41)=0.02; NS). We conclude that fatigue is
unlikely to explain the poor ARR performance of withdrawing mice.

Experiment 5: Withdrawal following chronic intermittent exposure to ethanol vapor
BECs from the ethanol-exposed mice were 2.29 ± 0.13, 1.82 ± 0.10, and 1.42 ± 0.15 mg/mL
after the first, second, and third 16-h periods of vapor exposure, respectively. Data from the
ARR tests with groups of 9–10 mice conducted 8 hr later showed that the ethanol
withdrawing mice had worse performance than the mice exposed only to air ((Mean±SEM
latency = 25.2±2.8 s vs 47.0±4.6 s, respectively; F(1,17)=16.7, p <0.001).

We conclude that CIE to ethanol vapor effectively yields withdrawal-induced ARR
performance deficits.

Experiment 6: Tests on dowel and balance beam
Average BEC for the ethanol-exposed mice was 1.87±0.05 mg/mL. Anomalous behaviors of
some mice in both tests at 10 h (see below) led us to analyze data from the 10 h and 24 h
tests separately. Dowel performance is shown in Fig. 5A and balance beam data in Fig. 5B.

Dowel Test—Ten (5 ethanol, 5 air) of the remaining 34 mice had failed to pass the static
dowel criterion testing, meaning that they did not stay on the dowel for 60 seconds during
any of three trials given the day prior to vapor inhalation. Given some anomalies in
performance at 10 h (see below), in order to maintain a reasonable N, we tested these mice
notwithstanding.
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At 10 h of withdrawal, there was no significant effect of treatment on latency to fall from the
dowel (F(1,31)=2.81, NS). Eight mice jumped from the dowel during testing; this was
recorded, and they were given another trial. Only one (air-treated) mouse refused to stay on
the dowel during both trials, so its data were excluded. If the jumping mice from the
ethanol-treated group were excluded from the analysis, there was no change in interpretation
of the results (F(1,24)=0.59, NS). However, the proportion of animals displaying jumping
(7/16 ethanol vs. 1/18 control) was significantly different (X2=6.87, df=1, p <0.01). At 24 h
of withdrawal, only one (ethanol-treated) mouse jumped from the dowel, and there was no
significant effect of treatment (F(1,32)=0.0001, NS).

While the dowel test may have detected withdrawal impairment at 10 h by showing a high
proportion of mice that jumped, those mice that performed the task were not impaired at
either 10 or 24 h.

Balance Beam Test—Many ethanol-treated mice dragged one or both hind feet alongside
the sides of the beam rather than walking on the top surface. As this behavior competes with
foot slips and makes it difficult for the observer to count them, we removed data from
animals for which this was noted. The proportion of animals excluded for hind limb
dragging during the hour 10 test (11/16 ethanol-treated vs. 0/18 controls) was significantly
different (X2=18.3, df=1, p <0.0001). At 24 h of withdrawal, only one (ethanol) mouse
displayed hind limb dragging. At 10 h, the remaining ethanol-treated mice made
significantly more foot slips while crossing the balance beam (F(1,21)=17.60, p <0.001).
There was also a significant impairment at 24 h (F(1,29)=7.21, p=0.01).

We conclude that the balance beam test showed significant motor impairment during ethanol
withdrawal.

Experiment 7: Test on the parallel rod floor
BECs at withdrawal averaged 1.61 ± 0.09 mg/mL. Results are shown in Fig. 6. Ethanol-
withdrawing mice tended to make fewer foot slips in the apparatus than Controls
(F(1,32)=3.73, p =0.06) but they were significantly less active (F(1,32)=12.22, p <0.01).
This resulted in no significant difference between groups in impairment expressed as foot
slips corrected for activity (F(1,32)=0.02, NS).

This task was insensitive to motor impairment during withdrawal, but did show a reduction
in locomotor activity in withdrawing mice.

Experiment 8: Tests with WSP and WSR mice
We removed data for seven mice to achieve matched BECs across gentotypes (Terdal and
Crabbe, 1994). Final sample sizes per line/replication/treatment and their BECs at the time
of withdrawal are shown in Table 3.

BECs from the ethanol-treated mice differed significantly between replicates (F(1,29)=8.54,
p <0.01), but not between lines (F(1,29)=1.40, NS). The interaction was also not significant
(F(1,29)=0.03, NS). BECs averaged across the replicates and performance data are also
shown in Table 2. Performance was significantly impaired in ethanol-treated groups and
differed between replicates (Fs(1,86)≥16.5, p ≤0.0001). WSP mice tended to have better
overall performance than WSR(F(1,86)=3.13, p =0.08). The interaction of line and replicate
was also significant (F(1,86)=11.2, p =0.001). Significant differences involving replicate
lines are not germane to the question of whether the treatment group differences depended
on selected line. This question was addressed by the interaction of line and treatment, which
approached significance (F(1,86)=3.86, p =0.05). Post hoc tests suggested that both WSP
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and WSR mice were significantly impaired. While WSP mice exposed to air performed
significantly better than WSR (p =0.014), the selected lines did not differ in performance
after withdrawal from ethanol vapor (p >0.10). Neither treatment X replicate nor the three-
way interaction of treatment X line X replicate were significant (Fs(1,86)<0.54, NS).

These data suggest that impairment was greater in WSP mice than WSR, as the difference
between air- and ethanol-treated WSP mice was greater, but may depend on the control
group differences.

Discussion
The current studies further characterized the effects of ethanol withdrawal on motor
performance using the ARR task in outbred mice. Together, the results of Experiments 1–5
clearly established performance on the ARR as an alternative test of ethanol withdrawal
seventy. This test has some advantages over the HIC, as it may be less intrusive for the
animal and therefore less disruptive than HIC scoring to other behavioral tests during
withdrawal.

Experiment 1 offered evidence of dose dependency. We varied dose indirectly by
manipulating ethanol vapor concentration and assessed the success of the manipulation with
the BEC at removal from the inhalation chambers. This experiment also showed that the
motor performance deficit lasts for 24 h but not as long as 1 week, consistent with our initial
report (Philibin et al., 2008). In Experiment 2, we found a regular duration-dependent
increase in seventy of behavioral impairment following 24, 48, and 72 h of inhalation.
However, the BECs experienced by the 3 treatment groups were not entirely equivalent
across all days of exposure. All 3 groups were well-matched for BECs during their final 24 h
of exposure, and the 24 and 48 h groups experienced virtually the same BECs throughout
their ethanol exposure (see Table 1). However, the latter groups did not differ significantly
in withdrawal severity, nor was either significantly impaired as compared with the control
group. The 72 h group experienced somewhat higher BECs during their first two days of
inhalation, and displayed significant impairment vs either the 24 h group or the control
group. While our experience and earlier data suggest that the BEC experienced during the
final 24 h period is the most important value for predicting withdrawal HIC severity (Crabbe
et al., 1983), we cannot rule out the role of an overall higher experienced dose by the 72 h
group. Thus, this experiment is not definitive as to the role of exposure duration.

Experiment 3 sought to establish when between 1 day and 1 week the ARR withdrawal
deficit resolved. Results here were also somewhat equivocal (Figure 3). The 7 different
ethanol withdrawal groups experienced very similar BECs during inhalation (F=0.10), so the
experiment successfully manipulated time of withdrawal independently of dose of inhaled
ethanol. The deficit was clearly present at 8, 12, and 24 h, replicating Experiment 1, earlier
studies (Philibin et al., 2008), and unpublished data. By 4 or 5 days, there was no significant
deficit. However, the deficit seen at 24 and 72 h was absent in the 48 h test group. This
puzzling departure from regularity in the results cannot be explained by repeated testing, as
this was a between-groups analysis, and the pattern was apparent in all three passes of the
experiment (data not shown). Some unexplained anomaly in performance at 48 h seems
more likely to us than a transient recovery followed by a loss of function 24 h later.

We conclude that the ARR performance deficit lasts somewhere between 1 and 4 days.
Given that the seventy of the withdrawal-induced motor impairment appears to be a function
of both dose and duration of exposure to ethanol vapor, it is likely that the duration of
impairment is a function of both as well. Withdrawal HIC seventy and duration are a joint
function of ethanol dose and the duration of vapor exposure (Goldstein, 1972), so we
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suspect the ARR deficit is as well, although we did not formally test this. Other withdrawal
signs have not been rigorously analyzed to establish their persistence, although many believe
that withdrawal-associated anxiety-like behavior may persist for weeks in rodents [(Heilig et
al., 2010); but see (Kliethermes, 2005)].

The nature of the performance deficit remains unclear. In our previous study, we ruled out
one possibility, namely, that the ethanol-withdrawing mice could not acquire the motor
learning that underlies improvement in latencies across the multiple trials on the ARR as
efficiently as control mice (Philibin et al., 2008). In Experiment 4, we addressed another
possible source of the performance deficit, fatigue. In fact, performance under massed trials
tended to be worse than under spaced trials; however, the ethanol withdrawal deficit was
equivalent in both test protocols. We conclude that fatigue is not likely to be the proximate
cause of the motor impairment.

Interest has recently increased in studying the effect of multiple cycles of ethanol
dependence and withdrawal to escalate voluntary ethanol drinking (Becker and Lopez 2004;
Sommer et al. 2008). We have characterized withdrawal HIC seventy in multiple inbred
mouse strains using the CIE exposure protocol, and a comparison of withdrawal seventy
between CIE and standard 72 h continuous inhalation has shown that the two withdrawal
phenotypes are partially correlated genetically (Metten et al., 2010). In Experiment 5, we
demonstrated that the withdrawal ARR impairment is robust after CIE to ethanol, making
this trait available to index relative dependence seventy in such experiments without needing
to elicit HICs. It would be of interest to compare the severity of the ARR deficit in animals
that had been exposed to equivalent doses of ethanol continuously vs intermittently.

We also extended the findings to other behavioral assays of motor performance, and
corroborated our earlier finding that withdrawal HIC severity and motor disruption are
influenced by largely distinct sets of genes (Philibin et al. 2008). Few behaviors other than
HICs have been rigorously characterized during ethanol withdrawal. Experiments 6 and 7
extended the range of assays tested for the withdrawal deficit to the dowel test, balance
beam test, and a new behavioral assay, the parallel rod floor test (Kamens et al., 2005). The
dowel test yielded equivocal results. Significantly more (nearly half) of the ethanol-
withdrawing mice than control mice (only one) elected to jump from the dowel during the
10 h withdrawal test. Although Fig. 5a gave the appearance of a deficit at 10 h of
withdrawal, this difference was not significant. By 24 h, there was no difference in
performance or behavior. On the balance beam, many withdrawing mice also displayed
aberrant behavior at 10 h, and those withdrawing mice that performed the task made more
foot slip errors than controls. Competing behavior had normalized by 24 h, and the
withdrawing mice displayed a clear deficit by displaying more foot slip errors at this time
point (Fig. 5b). In the parallel rod floor test, withdrawing mice showed fewer foot slips, but
also had significantly reduced activity as compared with controls (Fig. 6). Motor
performance when corrected for activity did not reveal a significant deficit in withdrawing
mice. Thus, Experiments 6 and 7 showed that the withdrawal deficit was evident in one
additional task, the balance beam, and potentially in a second, the dowel test. Experiment 7
also replicated the earlier findings of reduced activity in a novel apparatus during
withdrawal (Kliethermes et al, 2004; 2005). It should be noted that task-specific deficits for
these and other tasks may only be seen at times other than those we tested.

It is possible that the neurobiological substrates for acute ethanol intoxication are similar to
those underlying the compromised motor performance seen during withdrawal from chronic
ethanol exposure. If this hypothesis is true, we would predict that those tasks where
sensitivity to ethanol intoxication had been found to be correlated genetically would show a
similar pattern of sensitivity to ethanol withdrawal. The current data offer some support for
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this hypothesis. We have compared sensitivity to ethanol in 18 intoxication measures
derived from 11 behavioral assays and assessed in 8 inbred mouse strains (Crabbe et al.,
2005; Crabbe et al., 2008). Here, we found that performance on the ARR and on the balance
beam were both compromised during withdrawal. The earlier intoxication survey reported a
genetic correlation between sensitivities on these tasks (r = 0.67). Overall, the hypothesized
commonality of biological substrates between acute ethanol intoxication and ethanol
withdrawal is consistent with some, but not all of the current data. If the hypothesis is true,
based on the acute sensitivity correlations, we would predict that withdrawing mice would
show abnormal ambulation in an observer-rated ataxia assay (Metten et al. 2004), but would
not show a withdrawal deficit on the screen test (Crabbe et al. 2003a).

We previously reported that male Withdrawal Seizure-Prone and -Resistant selected lines
were affected similarly by ethanol withdrawal on the ARR after 72 h chronic continuous
ethanol vapor inhalation exposure (Philibin et al., 2008). However, there were very few
WSP-2 (N=4) mice in that study, dictating an analysis that collapsed data across replicates
of the selection. Testing both pairs of independently-selected replicate lines allows the
experimenter to perform a much stronger test of the hypothesis of divergent responses
between lines, which would suggest genetically correlated traits (Crabbe et al., 1990).
Therefore, we repeated the experiment with WSP and WSR lines. The current experiment
included more mice from each replicate line. It differed from the previous study in that
BECs were generally lower (WSP=1.19 mg/mL; WSR=1.34 mg/mL) as compared with
earlier values of 1.68 and 1.71 mg/mL, respectively. We also tested later during withdrawal
(12 h vs 8 h). We obtained essentially the same result. All 4 selected lines showed marked
impairment during withdrawal. There was a tendency toward greater impairment in WSP
than WSR mice. This could have been due to the significantly better performance of WSP-1
mice in the control group (see Table 2), as the 4 ethanol-treated groups did not differ
significantly, but the difference between air- and ethanol-treated groups tended to be greater
in WSP than WSR mice. This result suggests that while there may be some genes that
influence both withdrawal HIC severity and the ARR performance deficit, the two traits are
predominantly influenced by different genes, consistent with the previously-noted lack of a
genetic correlation between inbred strain mean withdrawal deficits in the ARR task (Philibin
et al., 2008) and in HIC seventy (Metten and Crabbe, 2005).

We note that these findings may be specific to withdrawal from ethanol dependence induced
by vapor inhalation and that different results might be seen if a different method were used
(e.g., exposure to a liquid diet containing ethanol). All the animals tested here had received
daily pyrazole injections to inhibit alcohol dehydrogenase activity. The potential
contributing role of ethanol metabolites to the neurobiological sequelae of chronic ethanol
exposure remains an area of active interest (Deitrich, 2011). Acute injection of pyrazole to
rats, at a higher dosage (120 mg/kg) than we use in mice (68.1 mg/kg), has been reported to
cause motor incoordination in the tilting plane test (Goldberg et al. 1972). It both potentiated
and prolonged the intoxication induced by 1.5 g/kg ethanol. Thus, specifics of the results
reported here should be generalized with care to other situations.

This report adds to the arsenal of behavioral tests used to measure motor responses known to
be sensitive to disruption during withdrawal from chronic ethanol vapor exposure and
therefore should facilitate characterization of the complex phenotype. As knowledge of the
mechanisms underlying these various behavioral tasks advances, this should enable us to
gain parallel increments in our understanding of withdrawal from chronic ethanol. One of
our goals in the immediate future is to develop a battery of tests assessing a range of
behaviors in mice that could be used to create a general profile of ethanol withdrawal
severity. The tests will cover the domains of central nervous system excitability (e.g., the
HIC), motor performance (the ARR and balance beam), locomotor activity, anxiety- and
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depression-like behavior, motivation, and cognitive performance. Early studies suggest that
such a battery may be possible to achieve (Hutchins et al. 1981) and would improve the
parallelism between preclinical and clinical studies of alcohol dependence.
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Fig. 1.
Rotarod performance (latency to fall) as a function of BEC after inhaled ethanol (Et) or air
(Con group) and time of withdrawal test (10 h, 24 h, 168 h). 1a Performance across the 5
test trials at 10 h of withdrawal. 1b Performance across the three withdrawal tests. Means ±
SEM are shown for 14–19 mice/group
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Fig. 2.
Rotarod performance (latency to fall) at 8 h of withdrawal as a function of duration of
inhalation of ethanol vapor (Groups Et 24–72) or air (Group Con). Means ± SEM are shown
for 18–22 mice/group. * p<0.05 vs Groups Et 24 and Con
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Fig. 3.
Rotarod performance (latency to fall) as a function of time (h) after inhalation. Mice were
exposed for 72 h to ethanol (Groups Et) or air (Groups Con). Means ± SEM are shown for
9–13 mice per time X treatment condition. *p<0.01 vs respective Con group
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Fig. 4.
Effect of massed versus spaced trials during rotarod testing on performance. Mice were
exposed for 72 h to ethanol (Groups Et; N = 12–15) or air (Groups Con; N = 8–10) and
tested 8 h later. Means ± SEM are shown. *p<0.0001 for main effect, Et vs Con groups
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Fig. 5.
Performance on the a. static dowel and b. balance beam 10 and 24 h after 72 h exposure to
ethanol vapor (Et groups) or air (Con groups). Means ± SEM are shown for 16–17 mice/
group (5a). For the balance beam (5b), Et N = 5 at 10 h and 16 at 24 h vs 17 Con mice.
*p<0.01 vs respective Con group
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Fig. 6.
Performance in the parallel rod floor apparatus, a. Foot slips, b. Activity, and c. Impairment
are shown in mice exposed to ethanol (Group Et) or air (Group Con). Data are from a 5 min
test starting 12 h after removal from the chambers. Means ± SEM are shown for 16–18
mice/group. *p<0.01 vs Con
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Table 2

Experiment 2 blood ethanol concentrations across days (mg/mL)

Group Day 1 Day 2 Day 3

Con

Et 24 1.22 ± 0.05

Et 48 1.30 ± 0.07 1.27 ± 0.08

Et 72 1.66 ± 0.08 1.53 ± 0.07 1.24 ± 0.06

Means ± SEM are shown. Group Con was exposed only to air. Groups Et 24–72 received 24, 48 or 72 h exposure to ethanol vapor, respectively
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Table 3

Group sizes, BEC at withdrawal, and rotarod performance for Experiment 8

Line-Replicate Con Ethanol BEC Latency to fall (s)

WSP-1 12  8 1.01±0.07 49.1±4.1

WSR-1 17 10 1.14±0.12 36.0±2.0

WSP-2 17  8 1.38±0.18 31.9±2.5

WSR-2 14  8 1.57±0.16 34.2±2.8

WSP 29 16 1.19±0.10 39.5±2.6

WSR 31 18 1.34±0.11 34.9±1.6

Totals 60 34 1.27±0.08 37.1±1.5

Con groups were exposed to air; Et groups were exposed to ethanol vapor. BEC = Mean ± SEM mg/mL blood ethanol concentration for the Et
group only. For statistical results, see text.
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