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Abstract

Rationale—A major issue in the addiction field is the limited number of animal models of the
voluntary induction and maintenance of alcohol dependence in outbred rats.

Objectives—To address this issue, we developed a novel apparatus that vaporizes alcohol for 2—
10 min after an active nosepoke response.

Methods—Male Wistar rats were allowed to self-administer alcohol vapor for 8 h/day every
other day for 24 sessions (escalated) or eight sessions (non-escalated). Escalated and non-escalated
rats were then tested for progressive ratio responding. Anxiety-like behavior, somatic signs of
withdrawal, and hyperalgesia were assessed during acute withdrawal.

Results—The results showed that rats exhibited excellent discrimination between the active and
inactive operanda (>85%), and the escalated rats quickly increased their blood alcohol levels from
~50 to >200 mg% in ~6 weeks. Compared with non-escalated rats, escalated rats exhibited severe
addiction-like behavior, including somatic signs of withdrawal, anxiety-like behavior,
hyperalgesia, and higher responding on a progressive ratio schedule of reinforcement.

Conclusions—These results demonstrate that outbred rats will voluntarily self-administer
alcohol vapor to the point of dependence without the use of forced alcohol administration,
sweeteners, food/water restriction, operant pretraining, or behavioral/genetic selection. This novel
animal model may be particularly useful for medication development to help unveil the neuronal
circuitry that underlies the voluntary induction of alcohol addiction and identify novel molecular
targets that are specifically recruited after the voluntary induction and maintenance of alcohol
dependence.
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Introduction

A major issue in the alcohol field is the limited number of animal models of the voluntary
induction and maintenance of alcohol dependence in outbred rats or mice. These animals
will readily self-administer alcohol, but its aversive taste and pharmacological properties
when ingested considerably limit the amount of alcohol that laboratory animals consume.
The highest alcohol self-administration levels are obtained when animals are given
intermittent access to alcohol using a two-bottle choice procedure. Even with this model,
however, blood alcohol levels (BALS) are generally limited to 10-100 mg% for less than 1-3
h (Nielsen et al. 2008; Rhodes et al. 2005, 2007; Simm:s et al. 2008; Steensland et al. 2010;
Wise 1973), and abstinence from alcohol using this model does not produce the typical
somatic and affective signs of withdrawal that are observed in alcohol-dependent humans
(Carnicella et al. 2014; George et al. 2012). These animal models are relevant to recreational
alcohol use and binge-like drinking because they produce BALSs that are comparable to
humans (80 mg%,; (NIAAA 2004), but they have limited relevance to human alcoholism,
which is characterized by BALS in the 100-300 mg% range for most hours of the day,
compulsive-like alcohol drinking, and often intense somatic and/or affective withdrawal
symptoms. Although no animal model of addiction fully emulates the human condition, the
existing models permit investigations of specific elements of the addiction process (Rodd et
al. 2004). Multiple methods have been developed to produce BALs in the 100-300 mg%
range for =212 h per day, associated with somatic and affective withdrawal symptoms, but
they use a forced alcohol liquid diet (Gilpin et al. 2009; Lieber and DeCarli 1982; Overstreet
et al. 2004), intragastric alcohol intubation (Aujla et al. 2013; Braconi et al. 2010; de
Guglielmo et al. 2015; Sidhpura et al. 2010), passive exposure to alcohol vapor (Becker and
Lopez 2004; de Guglielmo et al. 2016; Gilpin et al. 2008; Goldstein and Pal 1971; Kallupi et
al. 2014; Lopez and Becker 2014; O’Dell et al. 2004; Rimondini et al. 2002; Roberts et al.
1996; Schulteis et al. 1995; Vendruscolo and Roberts 2014), or selected inbred lines of
alcohol-preferring rats or mice (Bell et al. 2012; Ciccocioppo et al. 2006; Colombo et al.
2006; Crabbe et al. 2014; Matson and Grahame 2013; McBride and Li 1998; Quintanilla et
al. 2006; Sommer et al. 2006). Forced and passive administration models have limited face
validity and make it difficult to unveil the neuronal networks that mediate the voluntary
induction and maintenance of alcohol dependence. Moreover, inbred lines in genetic studies
cannot model the genetic heterogeneity that is found in outbred lines and humans, thus
limiting their predictive validity. It is critical to develop a novel animal model of alcohol
dependence in outbred rats to unveil the neuronal networks that underlie the voluntary
induction and maintenance of dependence and provide novel targets and improved
preclinical testing for the development of new pharmacological treatments of alcoholism.
We developed a novel apparatus based on a home cage that was equipped with nosepoke
holes and connected to an alcohol vaporizer. This apparatus allows the rats to self-administer
alcohol vapor. Based on recent studies that demonstrated that intermittent access to alcohol
accelerates the pace at which excessive levels of alcohol consumption can be established
(Carnicella et al. 2009; Hopf et al. 2010; Hwa et al. 2011; Loi et al. 2010; Rosenwasser et al.
2013; Simms et al. 2008), we validated a new paradigm using intermittent access to alcohol
vapor self-administration. With this model, rats self-administer alcohol vapor for 8 h every
other day to the point of producing BALS in the 100-300 mg% range. This work describes
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the characterization and validation of this model by measuring BALS, somatic and affective
signs of withdrawal (elevated plus maze (EPM), mechanical hyperalgesia), and compulsive-
like responding (progressive ratio (PR)) in Wistar rats.

Materials and methods

Subjects

Apparatus

Intravenous

Male Wistar rats (Charles River, Wilmington, MA, USA; n= 32) were housed two per cage
on a reverse 12 h/12 h light/dark cycle (lights off at 8:00 AM) in a temperature (20-22 °C)
and humidity (45-55%) controlled vivarium with ad libitum access to tap water and food
pellets (PJ Noyes Company, Lancaster, NH, USA). All of the procedures were conducted in
strict adherence to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional Animal Care and Use
Committee of The Scripps Research Institute. At the time of testing, the rats’ body weight
ranged from 350 to 400 g.

The alcohol inhalation systems that are currently available are designed to expose a large
number of animals non-contingently. Alcohol is usually vaporized with a heating element
and mixed with air at a concentration in the 20-30 mg/L range to produce BALSs that are
similar to alcohol-dependent humans (in the 100-300 mg% range). However, classic alcohol
vapor exposure apparatuses are unable to vaporize alcohol upon operant fixed-ratio
responding. Therefore, we developed a new apparatus that consists of a standard rat home
cage that is equipped with a nosepoke hole and a cue light on each side of the chamber for
active and inactive responses (Fig. 1). The apparatus was connected to a custom-made
alcohol vaporization system, consisting of a heating element, a glass flask, two solenoids
(one “normally opened,” connected to clean air; one “normally closed,” connected to the
alcohol flask), a gas washing bottle, and a compressor. The apparatus was controlled by a
Med Associates smartcard, and each response at the active nosepoke hole triggered the
activation of the two solenoids. The one that was “normally open” closed, and the one that
was “normally closed” opened, so alcohol vapor could be released into the chamber. After 2,
5, or 10 min (depending on the parameters used), the solenoids turned off, and clean air was
pushed into the chamber. All active and inactive responses were recorded on a computer.
The home cage was always ventilated with a minimum of 15 L/min of clean air during the
experiment.

catheterization

Catheterization was necessary for BAL determination in the first experiment. The animals
were anesthetized by inhalation of a mixture of isoflurane, and intravenous catheters were
aseptically inserted in the right jugular vein using a modified version of a previously
described procedure (Caine and Koob 1993). The vein was punctured with a 22-gauge
needle, and the tubing was inserted and secured inside the vein by tying the vein with suture
thread. The catheter assembly consisted of an 18-cm length of Micro-Renathane tubing
(0.023 in. inner diameter, 0.037 in. outer diameter; Braintree Scientific, Braintree, MA,
USA) that was attached to a guide cannula (Plastics One, Roanoke, VA, USA) that was bent
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at a near right angle, embedded in dental acrylic, and anchored with 2 cm? mesh. The
catheter exited through a small incision on the back, and the base was sealed with a small
plastic cap and metal cover cap. This design helped to keep the catheter base sterile and
protected. Catheters were flushed daily with heparinized saline (10 units/ml of heparin
sodium (American Pharmaceutical Partners, Schaumburg, IL, USA) in 0.9% bacteriostatic
sodium chloride (Hospira, Lake Forest, IL, USA)) that contained antibiotic (20 mg/0.2 ml
Timetin, GlaxoSmithKline, Philadelphia, PA, USA) once daily for 1 week, then once every
7-14 days, followed by heparinized saline.

Characterization of the kinetics of blood alcohol levels after exposure to alcohol vapor

The concentration of alcohol (obtained from the Department of Environmental Health and
Safety, The Scripps Research Institute, La Jolla, CA, USA) that was delivered into the
alcohol vapor self-administration chamber was determined by collecting a 5-s sample from
the reward port into an airtight 50 ml syringe. Samples were then pushed into a breathalyzer
(Intoxicometers, St. Louis, MO, USA) to determine air alcohol levels. To evaluate the effect
of exposure to alcohol vapor on BALSs, 12 rats were prepared with intravenous catheters.
One week later, they were placed in the new apparatus. The animals were passively exposed
to alcohol vapor (15 L/min) for 64 min (32 vapor pulses, 1 pulse = 2 min), and blood
samples (0.1 ml) were collected from the catheter after 1, 2, 4, 8, 16, 32, and 64 min. After
the vapor was turned off, blood samples were collected every 30 min for 3 h until the BALs
returned to zero.

Chronic intermittent alcohol vapor self-administration model

The animals were trained to self-administer alcohol vapor in 8-h sessions every other day
from 10 AM to 6 PM for a total of 24 sessions. Rats did not have access to food or water
during the test sessions. For the first 8 sessions, a response in the active nosepoke hole
resulted in the activation of two solenoids (one for alcohol vapor opened and one for clean
air closed) to expose the animals to alcohol vapor (15 L/min) for 2 consecutive minutes. The
illumination of a cue light for 20 s followed a nosepoke response. Any nosepoke in the
active hole while the cue light was on did not result in any delivery of alcohol vapor (timeout
(TO)). After the 20-s TO, responses in the active nosepoke hole released alcohol vapor for
another 2 min, and the cue light was illuminated again for another 20 s. Responses in the
opposite hole were recorded but had no consequences. In the next eight sessions, the animals
were subjected to the same parameters. The only difference was that the time of vapor
exposure after each nosepoke increased to 5 min. In the last eight sessions, the time of vapor
exposure after each nosepoke increased to 10 min. In the last 16 sessions (5 and 10 min of
vapor per response), the animals progressively escalated their alcohol self-administration.
“Escalated” animals were defined as those that were subjected to 24 sessions of alcohol
vapor self-administration (with 2, 5, and 10 min of alcohol vapor per response). “Non-
escalated” animals were defined as those that only self-administered alcohol vapor for 3
weeks in the 2-min paradigm (2 min of vapor exposure after each active nosepoke).

Progressive ratio responding for alcohol vapor self-administration

Two groups of rats, escalated and non-escalated, were exposed to a PR schedule for three
consecutive sessions, during which the number of nosepokes that were necessary to obtain
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the next reinforcement progressively increased according to the following progression: 1, 1,
2,2,3,3,4,4,5,5,7,7,9,9,11, 11, 13, 13, etc. (Leao et al. 2015; Vendruscolo et al. 2012).
Each reinforcement consisted of 10 min of alcohol vapor. The PR session stopped after 8 h
or when 60 min elapsed after the last reinforcement.

Determination of blood alcohol levels

Blood was sampled for the determination of BALs during vapor exposure and also upon
removal from the chambers in sessions 8, 16, and 24 at the end of each phase of the self-
administration paradigm. The rats were gently restrained under the technician’s arm, and the
tip of the tail (2 mm) was cut with a clean razor blade or drawn from an intravenous catheter.

Blood samples (0.1 ml) were collected in Eppendorf tubes (catalog no. 05-407-13C, Fisher
Scientific, Waltham, MA) that contained evaporated heparin and kept on ice. The samples
were centrifuged, and serum was decanted into fresh Eppendorf tubes. The serum was then
injected into an oxygen-rate alcohol analyzer (Analox Instruments, Stourbridge, UK) for
BAL determination.

Withdrawal score

Behavioral signs of withdrawal were measured 8 h after the end of session 24 using a rating
scale that was adapted from Macey et al. (1996). Withdrawal signs included ventromedial
limb retraction (VLR), irritability to touch (vocalization (VOC)), tail rigidity (TR), abnormal
gait (AG), and body tremors. Each sign was assigned a score of 0-2, based on the following
severity scale: 0 = no sign, 1 = moderate, and 2 = severe. The sum of the four observation
scores (0-8) was used as a quantitative measure of withdrawal severity.

Elevated plus maze

The elevated plus maze is a pharmacologically validated model of anxiety. The apparatus
was constructed from black plastic and consisted of two open arms (50 cm x 10 cm) and two
closed arms of the same size but with sidewalls. The apparatus was elevated 50 cm above the
floor. All arms of the maze were connected by a central area (10 cm x 10 cm). Testing was
performed under dim red light. The number of entries into the open and closed arms and
time spent on the open and closed arms were recorded for 5 min. The rats were placed in the
central area of the maze facing one of the open arms. An arm entry was defined as all four
paws entering an arm. A trained observer who was blind to the treatment conditions scored
behavior.

Mechanical nociception (von Frey test)

The hindpaw withdrawal threshold was determined using von Frey filaments, ranging from
3.63 t0 125.89 g. A test session began after 10 min of habituation to the testing environment.
A series of von Frey filaments was applied from below the wire mesh to the central region of
the plantar surface of the left hindpaw in ascending order, beginning with the smallest
filament (3.63 g). The filament was applied until buckling of the hair occurred, and it
remained in place for approximately 2 s. A sharp withdrawal of the hind paw indicated a
positive response. The stimulus was incrementally increased until a positive response was
observed and then decreased until a negative response was observed to determine a pattern
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of responses to apply to the statistical method of Dixon (Dixon 1980). The 50% paw
withdrawal threshold was determined by the formula X7 + k8, where Xfis the last von Frey
filament employed, kis the Dixon value that corresponds to the response pattern, and &is
the mean difference between stimuli. Once the threshold was determined for the left
hindpaw, the same testing procedure was applied to the right hindpaw after 5 min. Paw
withdrawal thresholds were recorded before beginning the alcohol vapor self-administration
sessions (i.e., when the animal was still naive to alcohol vapor self-administration) and 8 h
after the last self-administration session (8 h into withdrawal).

Statistical analysis

Results

Self-administration and elevated plus maze data were analyzed by appropriate analyses of
variance (ANOVAS), followed by the Newman-Keuls post hoc test. Progressive ratio and
mechanical nociception data were analyzed by Student’s ftest. Data from mechanical
nociception testing during withdrawal were analyzed by Student’s ¢test by comparing the
withdrawal results with the baselines during the naive state. Withdrawal signs were analyzed
by the nonparametric Mann-Whitney U statistic, followed by Dunn’s multiple-comparison
test.

Characterization of the kinetics of blood alcohol levels after exposure to alcohol vapor in
the new apparatus

After a single nosepoke, air alcohol levels reached 2—3 mg/dl within 2 min of alcohol
exposure and significantly decreased when the alcohol vapor was turned off, producing a
return of alcohol vapor levels to undetectable levels after ~8 min (Fig. 2a). We then
measured the stability of air alcohol levels after multiple nosepokes. If another response
occurred in the active nosepoke hole before the end of the first 2 min, then air alcohol levels
remained constant at ~2.5 mg/dl (Fig. 2b). For technical reasons, alcohol vapor in this test
was stopped at the 3-min time-point, but it was normally maintained for 2 min after the
second nosepoke.

The next experiment characterized the kinetics of BALSs after exposure to various pulses of
alcohol. Each vapor pulse (2 min) corresponded to one nosepoke (under a fixed-ratio 1
schedule). After the equivalent of ~20 nosepokes, the rats had BALSs that were relevant to
heavy drinking (> 80 mg%), reaching nearly 200 mg% after ~60 consecutive nosepokes
(every 2 min; Fig. 2¢). At this point, we evaluated the clearance of alcohol and determined
that ~3 h was necessary to return BALS to near zero (Fig. 2d).

Alcohol vapor self-administration paradigm

The rats discriminated very well between the active and inactive nosepoke operanda (Fig. 3a,
b, left panels). In the non-escalated group, the mixed factorial ANOVA, with lever as the
between-subjects factor and session as the within-subjects factor, revealed a significant lever
x session interaction (/7 9g = 5.722, p < 0.001). In the first session, the animals emitted
66.8% (73.8 £ 3.9) active nosepokes vs. 33.2% (35.6 + 4.3) inactive nosepokes. The
percentage of active vs. inactive nosepokes increased as the number of sessions increased. In
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the last four sessions, the animals exhibited strong preference for the active nosepoke hole
(90%, 55.5 + 3.3 vs. 5.9 £ 2.6). In the escalated group, the mixed factorial ANOVA, with
lever as the between-subjects factor and session as the within-subjects factor, revealed a
significant lever x session interaction (/3 506 = 31.39, < 0.001). In the first session, the
animals emitted 55.3% (83.9 + 6.1) active nosepokes vs. 43.7% (35.8 + 3.8) inactive
nosepokes. The percentage of active vs. inactive nosepokes increased as the number of
sessions increased and as the time of vapor exposure increased after each nosepoke. The
animals emitted 77.3% active nosepokes (49.7 £ 4.7 vs. 14 £ 5.1) at the end of the 2-min
phase (p < 0.01, vs. inactive nosepokes), 91.3% (54.1 £ 10.9 vs. 5.6 + 2.5) at the end of the
5-min phase (p < 0.001, vs. inactive nosepokes), and 93.8% (52.4 + 6.9 vs. 3.1 + 2.8) at the
end of the 10-min phase (0 < 0.001, vs. inactive nosepokes).

The animals presented escalation of alcohol vapor self-administration compared with the last
day of the 2-min phase (£11 23 = 35.91, p < 0.001, one-way ANOVA). The Newman-Keuls
post hoc test revealed that animals escalated their exposure to alcohol vapor from session 13
to session 16 (p < 0.05, 5 min phase) and from session 17 to session 24 (p < 0.001, 10 min
phase; Fig. 3b, right panel).

Progressive ratio responding for alcohol vapor self-administration

Student’s ¢test indicated that escalated animals had a significantly higher breakpoint for
alcohol vapor self-administration compared with non-escalated animals (44 = 4.604, p<
0.01; Fig. 3c). This experiment demonstrated that animals that escalated their exposure to
alcohol vapor following chronic intermittent alcohol vapor self-administration exhibited
higher motivation for alcohol compared with non-escalated rats.

Blood alcohol levels

Blood samples for BAL determination were collected at the end of each phase. The ANOVA
revealed a significant increase in BALSs over time (/3 11 = 27.04, p < 0.001). The Newman-
Keuls post hoc test showed that at the end of the 5- and 10-min phases, the animals
presented an increase in BALs compared with their naive state (both p < 0.001) and their
non-escalated state (2-min phase; p< 0.01 and p < 0.001, respectively; Fig. 3d).

Withdrawal score

Eight hours after the last session, escalated and non-escalated rats were subjected to a
withdrawal score test. The Mann-Whitney test indicated significant differences in
withdrawal signs between groups. Withdrawal from alcohol vapor affected VLR (Mann-
Whitney U= 13.99, p< 0.001), AG (U=8.96, p< 0.05), VOC (U=8.74, p< 0.5),and TR
(U=11.51, p<0.01), with no significant differences in body tremors (U= 0.34, p >0.05).
Dunn’s multiple-comparison test indicated that escalated rats exhibited increases in VLR (p
<0.01), AG (p<0.05), VOC (p< 0.05), and TR (p < 0.01) compared with non-escalated and
naive rats (Fig. 3e). The sum of the five rating scores revealed a significant difference
between groups in overall withdrawal severity (U= 15.63, p< 0.001). Dunn’s multiple-
comparison test indicated that escalated rats exhibited an increase in withdrawal severity (p
< 0.001; Fig. 3e, inset), whereas non-escalated rats did not present any somatic signs of
withdrawal.
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Alcohol withdrawal-induced anxiety-like behavior and mechanical hypersensitivity

During acute withdrawal (8 h after the self-administration session), the escalated rats
exhibited more anxiety-like behaviors compared with non-escalated and naive rats. The one-
way ANOVA revealed significant differences between groups in the percentage of time spent
on the open arms (/29 = 8.170, p < 0.01), entries into the open arms (/29 = 13.71, p<
0.001), and total arm entries (/29 = 15.69, p < 0.001) in the elevated plus maze. No
differences in entries into the closed arms were observed. The Newman-Keuls post hoc test
indicated that escalated animals spent less time on the open arms during acute withdrawal (p
< 0.01; Fig. 4a), made fewer entries into the open arms (p < 0.01; Fig. 4b), and made fewer
arm entries in general (p < 0.01; Fig. 4c) compared with non-escalated and naive rats. Non-
escalated rats did not exhibit any signs of anxiety-like behavior during withdrawal.

A significant increase in mechanical hypersensitivity was observed in escalated rats, with a
significant decrease in pain thresholds during acute withdrawal compared with non-escalated
(k4 = 2.879, p<0.05; Fig. 4d) and their naive state (& = 4.729, p < 0.01; Fig. 4d). Alcohol
withdrawal did not affect pain thresholds in non-escalated rats (Fig. 4d).

Discussion

The present study characterized a novel animal model for the induction and maintenance of
alcohol dependence in outbred rats using chronic intermittent alcohol vapor self-
administration. To our knowledge, the only other report of alcohol vapor self-administration
in rodents was a study by Kantak and Luzzo (2007) in mice. They showed that mice self-
administered alcohol vapor, but the BALSs that were achieved (~13 + 3 mg%) were too low
to be relevant to binge drinking (80 mg%) or alcohol use disorder (100-200 mg%) in
humans. Using a novel apparatus, we found that rats self-administered alcohol vapor to the
point of reaching BALSs in the 150-250 mg% range. We first demonstrated that our
apparatus produced air alcohol levels in the 2—-3 mg/dl range, similar to the level that is
known to produce alcohol dependence after passive exposure (Gilpin et al. 2008, 2009); Fig.
2a, b). Our findings also demonstrate the reliability and feasibility of alcohol vapor self-
administration in the home cage. When the rats were placed in the new apparatus and were
passively exposed to alcohol vapor, after the equivalent of ~20 nosepokes (40 min of
exposure), they had BALSs that were relevant to heavy drinking (>80 mg%), reaching nearly
200 mg% after ~60 nosepokes (120 min of exposure; Fig. 2¢). At this point, we evaluated
the clearance of alcohol vapor and determined that ~3 h is necessary to reach BALSs that are
close to zero. These results demonstrate that the novel chronic intermittent alcohol vapor
self-administration system leads to BALS that are relevant to alcohol dependence.

We then evaluated whether chronic alcohol exposure in this model is associated with the
development of addiction-like behaviors. We developed a new paradigm based on
intermittent access to alcohol vapor self-administration, with 8-h sessions every other day.
The length of each session was slightly different from what is normally employed with
passive vapor exposure (14 h on/10 h off for rats and 16 h on/8 h off for mice). The every-
other-day schedule was chosen because intermittent access to two-bottle choice has been
shown to lead to higher levels of responding than every-day access (George et al. 2012;
Simms et al. 2008). The 8-h time point was based on preliminary data that demonstrated that
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a shorter duration of access may not be sufficient to reliably produce BALS in the 200 mg/dI
range, which was previously shown to induce physical withdrawal signs in rats (Macey et al.
1996). Significant somatic signs of withdrawal were detected in escalated animals 8 h after
the end of the last self-administration session (Fig. 3d). The reason we used 8 h instead of 14
h (chronic intermittent exposure model) was to allow future studies to test two cohorts per
day to increase throughout using reversed light cycles (in the present study, we used only
one cohort per day). Our results indicate that the length of the vapor bout was a major factor
that drove the escalation of alcohol vapor self-administration. We observed a significant
increase in BALs and minutes of vapor exposure when the length of the vapor pulses was
increased from 2 to 5 min and when it was increased from 5 to 10 min.

In our protocol, the two groups of rats were subjected to different periods of alcohol vapor
self-administration (8 sessions for non-escalated and 24 sessions for escalated rats). This
was employed to simulate the recreational use of alcohol in non-dependent individuals and
avoid the escalation of alcohol vapor self-administration in our non-escalated rats. We
cannot exclude the possibility that alcohol vapor self-administration escalated after 24
sessions at 2 min, but we did not detect BALs >60 mg% or any signs of escalation after 3
weeks in any of the animals that were tested with these parameters.

After 24 sessions in our new paradigm, escalated rats also presented the emergence of a
negative emotional state during withdrawal, with an increase in anxiety-like behavior 8 h
after the end of the daily session, similar to passive alcohol vapor exposure (Valdez et al.
2002). In the elevated plus maze, the significant reduction of the total number of entries in
escalated rats might indicate a general reduction of locomotor activity. However, the analysis
of closed arm entries did not indicate any differences between escalated, non-escalated, and
naive rats. Additionally, evidence of a general reduction of motor function during alcohol
withdrawal has been reported in rats (Kumar et al. 2013; Williams et al. 2012). The negative
emotional state during acute withdrawal was also reflected by the development of
mechanical hyperalgesia. These data are consistent with previous studies that evaluated
passive alcohol exposure (Edwards et al. 2012) and chronic intermittent voluntary alcohol
drinking (Fu et al. 2015). At the end of the chronic intermittent alcohol vapor self-
administration paradigm, escalated rats were subjected to 3 sessions under a PR schedule of
reinforcement and were compared with non-escalated animals to measure differences in the
motivation to self-administer alcohol vapor, reflected by an exponential increase in the effort
required to obtain a reward. Escalated rats exhibited an increase in motivation for alcohol,
indicated by a higher breakpoint compared with non-escalated rats.

A major goal in the alcohol field has been to develop animal models that employ the
voluntary induction of compulsive-like responding to the point of alcohol dependence and
addiction in rats. This has been achieved with oral administration in Indiana alcohol-
preferring P rats and Wistar rats that are given 8 months of access (Bell et al. 2006; Spanagel
and Holter 1999). Previous work from our laboratory showed that vapor inhalation using
passive chronic intermittent exposure to alcohol vapor is a very efficient way to produce
alcohol dependence (George and Koob 2010; Gilpin 2012; Gilpin et al. 2008, 2009). The
chronic intermittent exposure model has often been criticized for its use of passive exposure
and the possibility that high levels of alcohol vapor may be aversive and cause stress in the
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animals. However, the present data indicate that alcohol vapor at the same air level as in the
CIE model is not aversive and instead is reinforcing in adult Wistar rats. Rats will
voluntarily self-administer alcohol vapor to the point of dependence using the alcohol vapor
self-administration paradigm. Using this new model, animals can reach BALSs that are
similar to BALSs that are achieved in the chronic intermittent exposure model. We suggest
that this new method of dependence induction may substitute for the passive exposure that is
commonly used in the chronic intermittent exposure model. Future experiments will
investigate this possibility and evaluate alcohol drinking after dependence that is induced by
alcohol vapor self-administration.

The alcohol vapor self-administration model also has direct face validity to the human
condition because of reports of alcohol vapor self-administration in humans. Alcohol vapor
inhalation apparatuses, such as AWOL (www.awolspirit.com) and Vaportini
(www.vaportini.com), have been marketed for several years and are increasingly popular in
young individuals. Interestingly, a walk-in cloud bar, where guests can inhale spirits at a
concentration of 1:3, has recently been closed in London (pending a new location; http://
bompasandparr.com/projects/view/alcoholic-architecture1/), and a bar in Austin, Texas
offers “Vapshots” (http://www.minibaraustin.com/vaporshot).

A known limitation of the present alcohol vapor self-administration model is whole-body
exposure in rats compared with nose-only exposure in humans. Indeed, one possibility is
that a fraction of the alcohol vapor may be absorbed through the skin, leading to a longer
pharmacokinetic effect of alcohol. However, although we cannot exclude this possibility
entirely, the dense fur of the animal likely limits this absorption process. Evidence suggests
that most of the alcohol is absorbed through inhalation. Inhalation is a very potent route of
drug administration, characterized by fast absorption from the nasal mucosa and extensive
lung capillaries (Meng et al. 1997). Toxicological studies have shown that skin absorption
represents less than 10% of the total dose received from combined skin and inhalation
exposure (Hayes and Bakand 2010). The alcohol vapor self-administration model may thus
provide a unique opportunity to investigate the biological and psychological consequences
of acute and chronic exposure to alcohol vapor and unveil the neuronal networks that
mediate the voluntary induction and maintenance of alcohol dependence.

In summary, the present results demonstrate that chronic intermittent alcohol vapor self-
administration produces alcohol dependence in outbred rats without the use of forced
alcohol administration, natural or artificial sweeteners, food/water restriction, operant
pretraining, or behavioral/genetic selection. The results also suggest that chronic exposure to
alcohol vaporizers in humans may be associated with a higher risk of developing alcohol
abuse and addiction. Finally, this novel animal model may be particularly useful for
medication development and may further unveil the neuronal circuitry that underlies the
voluntary induction of alcohol addiction and identify novel molecular targets that are
specifically recruited after the voluntary induction and maintenance of alcohol dependence.
Finally, this novel animal model of the voluntary induction and maintenance of alcohol
dependence in rats may be valuable for studying alcohol use disorder and developing better
animal models of cannabis, cocaine, nicotine, methamphetamine, and toluene abuse and
dependence.
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Fig. 2.

a i\ir alcohol levels after one nosepoke (2 min of vapor). b Air alcohol levels after two
consecutive nosepokes (2 + 2 min of vapor). Blood alcohol levels (c) during 1 h of
consecutive vapor pulses (1 pulse = 2 min) and d) in the successive 3 h after discontinuing
alcohol vapor. The data are expressed as mean £ SEM
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Fig. 3.

a iefz‘discrimination between active and inactive nosepokes throughout the self-
administration paradigm in non-escalated rats. Right mean £ SEM minutes of vapor during
the self-administration paradigm in non-escalated rats. b Left discrimination between active
and inactive nosepokes throughout the self-administration paradigm in escalated rats. Right
mean £ SEM minutes of vapor during the self-administration paradigm in escalated rats. The
animals presented escalation of intake starting from session 13 (*p < 0.05, vs. last day of 2
min) and continued increasing their intake (***p < 0.001, vs. last day of 2 min) until
stabilization from sessions 21 to 24. ¢ Progressive ratio responding for alcohol vapor self-
administration. ***p < 0.001, vs. non-escalated group. The data are expressed the mean *
SEM of rewards (/eft y axis) or breakpoint (right y axis). d Increase in BALS in the different
phases of the self-administration paradigm. ***p < 0.001, vs. naive; *p < 0.01, ##p <
0.001, vs. 2 min phase. e Somatic withdrawal signs measured 8 h after the last session. /nset
overall withdrawal severity (sum of somatic withdrawal scores across the five behavioral
signs of alcohol withdrawal). *p < 0.05, **p < 0.01, ***p < 0.001, vs. naive. VLR
ventromedial limb retraction, AG abnormal gait, VOC vocalization, 7Rtail rigidity, BT
body tremors

Psychopharmacology (Berl). Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

de Guglielmo et al.

A
404
[}
£
e 30
[
Q
o
g 204
£
)
£ 104
=
N
0 T T
Naive Non-esc
C
20
8 154 ——
= —
[}
£ 10
©
I
o 5]
0 T T
Naive Non-esc

Fig. 4.

Paw Withdrawal

Open Arm entries

O

Threshold (%)

1501

Page 18

-
o
o

o
o
1

1
I
#H
*%k
Nalive Nonl-esc Esc
——
Non-esc

Elevated plus maze test during withdrawal in alcohol vapor-escalated vs. non-escalated and
naive rats. a Percent time spent on the open arms. b Number of open arms entries. ¢ Number
of total arm entries. The data indicate higher anxiety-like behavior in rats that escalated
alcohol vapor self-administration. d Development of mechanical hypersensitivity after 24
sessions of alcohol vapor self-administration. The data are expressed as mean + SEM. **p <
0.01, vs. naive rats; #p < 0.05, #p < 0.01, vs. non-escalated rats
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