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a b s t r a c t

One of the major challenges in preclinical studies of alcohol abuse and dependence remains the
development of paradigms that will elicit high ethanol intake and mimic the progressive transition from
low or moderate social drinking to excessive alcohol consumption. Exposure of outbred rats to repeated
cycles of free-choice ethanol intake and withdrawal with the use of intermittent access to 20% ethanol in
a 2-bottle choice procedure (IA2BC) has been shown to induce a gradual escalation of voluntary ethanol
intake and preference, eventually reaching ethanol consumption levels of 5e6 g/kg/24 h, and inducing
pharmacologically relevant blood ethanol concentrations (BECs). This procedure has recently been
gaining popularity due to its simplicity, high validity, and reliable outcomes. Here we review experi-
mental and methodological data related to IA2BC, and discuss the usefulness and advantages of this
procedure as a valuable pre-training method for initiating operant ethanol self-administration of high
ethanol intake, as well as conditioned place preference (CPP). Despite some limitations, we provide
evidence that IA2BC and related operant procedures provide the possibility to operationalize multiple
aspects of alcohol abuse and addiction in a rat model, including transition from social-like drinking to
excessive alcohol consumption, binge drinking, alcohol seeking, relapse, and neuroadaptations related to
excessive alcohol intake. Hence, IA2BC appears to be a useful and relevant procedure for preclinical
evaluation of potential therapeutic approaches against alcohol abuse disorders.

� 2014 Elsevier Inc. All rights reserved.
Introduction

Alcohol abuse and dependence are characterized by a progres-
sive escalation from low or moderate to excessive alcohol con-
sumption, and by repeated cycles of intoxication, withdrawal,
craving, and relapse (Koob, 2003; Koob & Volkow, 2010;
Vengeliene, Bilbao, Molander, & Spanagel, 2008). Therefore, ani-
mal models that can demonstrate escalation to excessive ethanol
consumption via repeated cycles of free-choice access to ethanol
and withdrawal are particularly useful as valid models of these
aspects of alcohol abuse. Voluntary consumption of alcohol in
laboratory rats has traditionally been obtained by preceding initi-
ation procedures, such as sucrose fading, or water/food deprivation
(Samson, 1987). However, ethanol intake usually declines upon the
removal of the initiation factors. Procedures without an initiation
stage involving intermittent access to ethanol in 2-bottle choice
(IA2BC) were first presented in the early 1970s (Wayner et al., 1972;
Wise, 1973). These early studies showed that the repeated cycles of
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free-choice ethanol intake and withdrawal over a period of several
weeks lead to a gradual escalation of ethanol intake and preference,
which reach a stable baseline after several weeks. Most impor-
tantly, when compared with protocols using a continuous access to
ethanol in 2-bottle choice, the IA2BC procedure yields considerably
higher levels of ethanol intake (Wayner et al., 1972; Wise, 1973).
However, this paradigm was revived only in the last decade
(Carnicella, Amamoto, & Ron, 2009; Carnicella, Kharazia, Jeanblanc,
Janak, & Ron, 2008; Simms et al., 2008), and has been gaining
popularity due to its simplicity, high validity, and reliable results.
Intermittent access to 20% alcohol in 2-bottle choice

Training procedure

The typical IA2BC procedure is described here, but several other
variations have been used (e.g., intermittent access to ethanol in 3-
bottle choice procedure (Palm, Roman, & Nylander, 2011), or alcohol
access and abstinence periods of 48 h (Wayner et al., 1972)). Rats are
housed individually and receive at least a week of acclimatization
and handling. Importantly, individual caging (social isolation) was
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Table 1
Intermittent access to 20% ethanol in 2-bottle choice e comparative table from representative reports.

Strain Initial ethanol
intake
(1st week)
g/kg/24 h

Final ethanol intake;
last week(s);
g/kg/24 h

Blood ethanol
concentrations (mg%)
and correlation with
drinking (duration)

Institution Rat supplier Reference

Long Evans w2e3.5 5.1 � 0.6 Range: 10e100 mg%
R2 ¼ 0.85; (30 min)

Gallo Research Center, UCSF, CA Harlan; Indianapolis, IN Simms et al. (2008)

Long Evans w1.6 5.5 � 1.5 Gallo Research Center, UCSF, CA Harlan; Indianapolis, IN Carnicella
et al. (2008)

Long Evans w1.5 5.39 � 0.37 Range: 7.1e158.6 mg%
R2 ¼ 0.63; (30 min)

Gallo Research Center, UCSF, CA Harlan; Indianapolis, IN Carnicella,
Amamoto,
et al. (2009)

Long Evans w1.8 w5.5e6.5 Gallo Research Center, UCSF, CA Harlan; Indianapolis, IN Carnicella
et al. (2010)

Long Evans w5.6e6 Gallo Research Center, UCSF, CA Harlan; Indianapolis, IN Barak,
Ahmadiantehrani,
et al. (2011)

Long Evans 4.95e6.18 � 0.11e0.75 Gallo Research Center, UCSF, CA Harlan; Indianapolis, IN Barak, Carnicella,
et al. (2011)

Long Evans w2e3.5 w5e5.5 Gallo Research Center, UCSF, CA Harlan; Indianapolis, IN Nielsen et al. (2012)
Long Evans 4.03 � 0.61

(4th session)
5.48 � 0.88 Gallo Research Center, UCSF, CA Harlan; Indianapolis, IN Ahmadiantehrani

et al. (2013)
Long Evans 5.90 � 0.76 112.28 � 32.27 mg%;

(60 min)
Tufts University, MA Charles River;

Wilmington, MA
Hwa et al. (2013)

Long Evans w2e4 w4e5.5 UCLA, CA Harlan; Indianapolis, IN Meyer et al. (2013)
Long Evans 5.7 � 0.23 Range: 26e249 mg%

R2 ¼ 0.714 (30 min)
University of Medicine and
Dentistry of New Jersey, NJ

Harlan; Indianapolis, IN Li et al. (2012)

Wistar w1.5e3 5.8 � 0.8 Range: 4e93 mg%
R2 ¼ 0.63 (30 min)

Gallo Research Center, UCSF, CA Harlan; Indianapolis, IN Simms et al. (2008)

Wistar w3e4 w5.2 Range: w7e61 mg%
R2 ¼ 0.85 (60 min)

NIAAA Charles River;
Wilmington, MA

Cippitelli
et al. (2012)

Wistar w1 w4.2 Sir George Williams University,
Montreal, Quebec, Canada

Wise (1973)

Wistar w1 w3.6 w58 mg% (120 min) The Scripps Research
Institute, La Jolla, CA

George et al. (2012)

Wistar w3.7e4.2 3.4 � 0.56 University of Gothenburg, Sweden Taconic; Ejby, Denmark Adermark
et al. (2011)

Sprague-Dawley w1.7 4.8 � 0.4 Range: 6e122 mg%
R2 ¼ 0.7607 (30 min)

Gallo Research Center, UCSF, CA Charles River;
Wilmington, MA

Bito-Onon
et al. (2011)

Sprague-Dawley 5.63 � 0.3 University of Medicine and
Dentistry of New Jersey

Taconic Farm;
Hudson, NY

Li et al. (2010)

Sprague-Dawley 3.2 � 0.1 4.3 � 0.2 Range: w15e87
Mean ¼ 30.2 � 6.4 mg%
R2 ¼ 0.67 (60 min)

University of Medicine and
Dentistry of New Jersey

Taconic Farm;
Hudson, NY

Li, Zou, et al. (2011)

P rats w4.5 w8 Range: 11e63 mg%
R2 ¼ 0.93 (30 min)

Gallo Research Center, UCSF, CA Indiana University, IN Simms et al. (2008)

Sardinian P rats w4e5 w9 Range: w49e125
Mean ¼ 81.1 � 6.81 mg%
R2 ¼ 0.919 (60 min)

Boston University, MA University of
Cagliari, Italy

Sabino et al. (2013)

Sardinian P rats w5.5 w9e10 Neuroscience Institute,
Cagliari, Italy

University of
Cagliari, Italy

Loi et al. (2010)
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recently reported to lead to increased ethanol intake in IA2BC in rats,
regardless of the stage at which rats are socially isolated (juveniles or
adults) (Chappell, Carter, McCool, & Weiner, 2013). Rats then receive
three 24-h sessions of free access to 2-bottle choice (water and 20%
ethanol) per week (typically Monday, Wednesday, and Friday), with
24-h and 48-h withdrawal periods during weekdays and weekends,
respectively. During the withdrawal periods, rats receive one or two
bottles ofwater. Theplacementof theethanolbottle is alternatedeach
drinking session to control for side preferences. Drinking sessions can
beginduring the light cycle (Barak,Ahmadiantehrani,Kharazia,&Ron,
2011; Barak, Carnicella, Yowell, & Ron, 2011; Carnicella, Amamoto,
et al., 2009; Carnicella et al., 2008) or the dark cycle (Li, Bian, Dave,
& Ye, 2011; Simms et al., 2008). Fluid intake is recorded at various
time points, usually 30e60 min and 24 h after the beginning of the
session. Rats typically consume stable, high levels of ethanol (>4.5 g/
kg/24 h) after 3e4 weeks of training (Carnicella, Amamoto, et al.,
2009; Simms et al., 2008).

Depending on the aims of the study, rats that fail to reach a
predefined criterion of alcohol intake can be excluded. For example,
in studies where the research question concerns the effects of ma-
nipulations on excessive drinkers, binge drinking, or withdrawal
from excessive drinking, the study population consists of excessive
alcohol drinkers, and therefore the sample should include only high
ethanol-drinking rats. In such cases, rats consuming less than
3.5e4 g/kg/24 h should be excluded from the study to obtain a group
of excessive ethanol-drinking rats (Carnicella, Amamoto, et al., 2009;
Carnicella et al., 2008). In Long-Evans rats, typically about 20% of the
animals fail to reach this criterion. However, if the research question
refers to the general population, such as the effects of certain ma-
nipulations on escalation in ethanol drinking (see Ahmadiantehrani,
Barak, & Ron, 2013) or individual differences, then no selection of
high drinkers should be conducted to avoid the loss of valuable data
andmisrepresentation of the population. Unfortunately, information
as to whether and according to what criteria rats have been excluded
from the study is not readily available in most IA2BC studies, and
non-standard exclusion criteria might account for the variability in
ethanol intake and BEC levels (see Table 1 and below). Future studies
should therefore include this critical information.
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Escalation in alcohol drinking and BECs

At the early stages of this procedure, rats consume relatively low
levels of ethanol (<2.5 g/kg/24 h). However, within 3e4 weeks of
training they gradually escalate to consume considerably higher
amounts, namely, 5e6 g/kg/24 h, with w50% ethanol preference
(Carnicella, Amamoto, et al., 2009; Carnicella et al., 2008; Simms
et al., 2008). This gradual escalation from moderate to excessive
ethanol drinking can potentially model the transition frommoderate
“social”-like drinking to excessive alcohol drinking in humans (e.g.,
Ahmadiantehrani et al., 2013; Barak et al., in press). Interestingly,
Carnicella, Amamoto, et al. (2009) showed that about one-third of
the total ethanol amount consumed throughout the 24-h session is
consumed within the first 30 min, generating a BEC of >80 mg%,
which meets the criteria of the National Institute on Alcohol Abuse
and Alcoholism (NIAAA) for binge drinking in humans (National
Institute on Alcohol Abuse and Alcoholism, 2004). Thus, this proce-
dure is also used to model binge-like alcohol drinking in rats
(Ahmadiantehrani et al., 2013; Barak, Ahmadiantehrani, et al., 2011;
Ben Hamida et al., 2012; Carnicella, Amamoto, et al., 2009; George
et al., 2012; Neasta, Ben Hamida, Yowell, Carnicella, & Ron, 2010,
2011; Nielsen et al., 2012; Simms, Nielsen, Li, & Bartlett, 2013).
Moreover, in procedures that start the session in the light cycle, rats
seem to consume lower levels of ethanol for several hours after the
first 30 min of binge-like drinking (possibly until the dark cycle be-
gins), and then consume high levels during the dark cycle (Barak,
Ahmadiantehrani, et al., 2011; Carnicella, Amamoto, et al., 2009).
This drinking pattern should be carefully considered for studies
assessing the effects of alcohol drinking on other variables, as well as
the effects of various manipulations on alcohol consumption in this
procedure. For example, somemanipulations might affect the binge-
like phase but not the later drinking phase, or vice versa (e.g., Barak,
Ahmadiantehrani, et al., 2011, and see below).

Strain differences

Most of the studies that employed the IA2BC procedure used
Long-Evans rats (Barak, Ahmadiantehrani, et al., 2011; Carnicella
et al., 2008; Li, Bian, et al., 2011; Meyer, Long, Fanselow, &
Spigelman, 2013; Simms et al., 2008) and Wistar rats (Cippitelli
et al., 2012; George et al., 2012; Hopf, Chang, Sparta, Bowers, &
Bonci, 2010; Shirazi, Dickson, & Skibicka, 2013; Simms et al.,
2008; Wise, 1973). However, some studies used Sprague-Dawley
(Bito-Onon, Simms, Chatterjee, Holgate, & Bartlett, 2011; Li, Zou,
& Ye, 2011) or alcohol-preferring (P or Sardinian) rats (Sabino,
Kwak, Rice, & Cottone, 2013; Simms et al., 2008). Simms et al.
(2008) compared ethanol drinking in Wistar, Long-Evans, and
alcohol-preferring (P) rats, and found similar intake levels in Long-
Evans (5.1 � 0.6 g/kg/24 h) and Wistar rats (5.8 � 0.8 g/kg/24 h). P
rats initiate drinking at higher levels compared to Long-Evans and
Wistar rats (Simms et al., 2008), as well as to Sprague-Dawley rats
(Bito-Onon et al., 2011) (see Table 1). However, P rats show only a
trend toward an escalation in ethanol intake over time, and reach
intake levels ofw8 g/kg/24 h (Simms et al., 2008). In contrast, other
studies showed that the TSRI Sardinian alcohol-preferring rats
showa very sharp escalation, starting atw4 g/kg/24 h, and reaching
ethanol intake levels of 9e10 g/kg/24 h within 3e6 sessions (1e2
weeks) (Loi et al., 2010; Sabino et al., 2013). Finally, escalation in
ethanol intake was also observed in Sprague-Dawley rats (Bito-
Onon et al., 2011; Li, Bian, et al., 2011; Li, Zou, et al., 2011). How-
ever, the percentage of rats not showing drinking escalation seems
to be higher in this strain compared to the Wistar and Long-Evans
strains (Moorman & AstoneJones, 2009).

Interestingly, the correlation between the levels of ethanol intake
and BEC was stronger for Long-Evans, Sardinian alcohol-preferring,
and P rats (R2 ¼ 0.85, R2 ¼ 0.84, and R2 ¼ 0.93, respectively)
compared toWistar (R2 ¼ 0.63) and Sprague-Dawley rats (R2 ¼ 0.76)
(Bito-Onon et al., 2011; Sabino et al., 2013; Simms et al., 2008).
Furthermore, the levels of ethanol intake required to reach high BECs
were lower for Long-Evans rats compared to Wistar, Sprague-
Dawley, and P rats (Bito-Onon et al., 2011; Simms et al., 2008), as
well as Sardinian alcohol-preferring rats (Sabino et al., 2013),
possibly due to strain differences in ethanol metabolism. In fact, 40%
of the Long-Evans rats reached BECs usually seen in rat strains
selectively bred for alcohol preference (Bell, Rodd, Lumeng, Murphy,
& McBride, 2006; Simms et al., 2008). This finding suggests that
Long-Evans rats might be the ideal outbred strain for this model. It
should be noted, however, that recent studies reported lower ethanol
intake levels (3e4 g/kg/24 h) in both Long-Evans (Meyer et al., 2013)
and Wistar (e.g., Adermark, Jonsson, Ericson, & Söderpalm, 2011;
George et al., 2012) rats. Furthermore, Palm et al. (2011) reported
2-fold differences in ethanol intake in a 3-bottle choice procedure
(water, 5% ethanol, and 20% ethanol) among Wistar rats from five
different suppliers. In the same study, rats from all strains showed
very little or no escalation in ethanol intake over time (Palm et al.,
2011). Thus, there seems to be inter-strain, inter-supplier, and
inter-laboratory variability in the amount of ethanol consumed and
in the drinking escalation function (see Table 1).

Neuroadaptations

Neurophysiological and neurochemical adaptations
Stuber et al. (2008) showed that excessive ethanol consumption

in the IA2BC procedure enhances postsynaptic AMPA receptor
function in the ventral tegmental area (VTA) 12e24 h after the last
self-administration bout. Subsequently, spontaneous, but not
evoked, glutamate release was enhanced by ethanol consumption
(Stuber et al., 2008).

Ron and colleagues recently demonstrated that training rats in
the IA2BC procedure for several weeks leads to neurochemical
adaptations in the mesolimbic system (Barak, Carnicella, et al.,
2011). Specifically, using in vivo microdialysis, they showed that
following long-term excessive ethanol consumption in the IA2BC
procedure (7 weeks; average consumption 5.5e6 g/kg/24 h),
withdrawal from ethanol for 24 h led to a substantial decrease in
dopamine (DA) overflow in the nucleus accumbens (NAc) (Barak,
Carnicella, et al., 2011). Remarkably, although rats tested immedi-
ately after a 24-h ethanol-drinking session did not show DA defi-
ciency, the DA levels in these rats declined within 2 h to levels
similar to those of their counterparts measured after 24 h of
withdrawal (Barak, Carnicella, et al., 2011). This report on
withdrawal-associated DA deficiency agrees with previous studies
that used other ethanol exposure protocols, showing that with-
drawal from chronic exposure to high levels of ethanol leads to a
substantial reduction in the activity of DA-ergic VTA neurons pro-
jecting to the NAc (Diana, Pistis, Carboni, Gessa, & Rossetti, 1993;
Shen, Choong, & Thompson, 2007). This results in a reduction in
DA levels in the NAc, which has been associated with ethanol
craving during relapse (Diana et al., 1993; Rossetti, Melis, Carboni,
Diana, & Gessa, 1992; Weiss et al., 1996).

Interestingly, Ahmed and Koob suggested that long-term
excessive consumption of drugs leads to an allostatic decrease in
the reward system, so that the levels of drug intake must be pro-
gressively increased to achieve a satisfying rewarding outcome
(Ahmed & Koob, 1998, 2005). Moreover, the authors suggested that
these allostatic changes lead to a transition from positive to nega-
tive reinforcement mechanisms in addiction (Koob, 2003; Koob &
Le Moal, 2001). The results of Ron and colleagues suggest that the
deficient VTA DA-ergic neuron firing and the consequent deficient
DA release in the NAc are associated with the reduction in reward
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function after a long history of excessive ethanol consumption
(Barak, Carnicella, et al., 2011), leading to ethanol-seeking behavior
motivated by negative reinforcement mechanisms. Thus, the IA2BC
procedure seems to generate allostatic changes in the reward sys-
tem that are correlated with neurochemical allostatic deficiencies
in the mesolimbic pathway.

Molecular and biochemical neuroadaptations
Molecular and biochemical adaptations were reported following

training in the IA2BC procedure for several weeks. Ron and col-
leagues showed that themammalian target of rapamycin complex 1
(mTORC1), which controls translation of specific synaptic proteins
and has been implicated in learning and memory processes
(Hoeffer & Klann, 2010), is activated in the NAc of rats following 3
months of training in the IA2BC procedure (Neasta et al., 2010).
Moreover, the levels of the mTORC1-mediated synaptic proteins,
Homer and GluR1, were increased in the NAc (Neasta et al., 2010).
Interestingly, a similar increase in mTORC1 activity was observed
after 24 h of abstinence and after 30 min of binge-like drinking
(Neasta et al., 2010), suggesting that this neuroadaptation may be
due to long-term ethanol exposure, rather than due to withdrawal
or acute exposure to ethanol. Moreover, the same group found that
the activity of H-Ras and AKT signaling, the main upstream acti-
vator of mTORC1, is increased in the NAc of rats trained in the IA2BC
procedure, after 24 h of abstinence (Neasta et al., 2011).

Moreover, George et al. (2012) found in rats trained in the IA2BC
procedure a robust increase in FOS protein expression, a marker of
neuronal activity, in the medial prefrontal cortex (mPFC) and cen-
tral nucleus of the amygdala (CeA), when measured after 24 h of
abstinence. This neuroadaptation was completely abolished after
2 h of ethanol drinking, and the intake levels positively correlated
with the increase in FOS expression (George et al., 2012). Thus, the
IA2BC procedure seems to generate electrophysiological and
neurochemical adaptations that underlie alcohol-seeking behavior
seen in this procedure following 24 h of abstinence (Carnicella,
Amamoto, et al., 2009; Simms et al., 2008). Finally, the mRNA
expression of glial cell line-derived neurotrophic factor (GDNF) was
shown to fluctuate as a function of stages in the IA2BC procedure
(Ahmadiantehrani et al., 2013, and see below).

Behavioral adaptations
Given the neuroadaptations detailed above, it is not surprising

that several studies have demonstrated behavioral alterations after
prolonged training, particularly following a short period of absti-
nence. Specifically, acute (24e72 h), but not protracted (16e68 days),
abstinence in rats trained in the IA2BC was reported to cause
working memory deficits in tasks known to depend on the integrity
of themPFC (Ymaze-based spontaneous alteration task and operant-
based delayed non-match to sample task) (George et al., 2012). In
contrast, no changes in anxiety-like behavior (measured in an
elevated plus maze test, a putative amygdala-related task) were
found in the same study (George et al., 2012). These findings, taken
together with a higher increase in FOS expression in the mPFC
compared to the CeA, led the authors to suggest that the mPFC was
more sensitive to the effect of acute ethanol abstinence than the CeA.

Several signs of physical withdrawal (tail stiffness and walking
with broad gait) were reported after acute but not protracted
abstinence (Steensland et al., 2012), raising the possibility that rats
under this procedure develop ethanol dependence, at least to some
extent. It will be beneficial for the validity of the model to further
characterize the behavioral adaptations that occur after short
withdrawal periods, e.g., in cognitive flexibility, motivated behav-
iors, and social behaviors.

Finally, we recently found that rats with a history of ex-
cessive ethanol consumption in the IA2BC procedure show
ethanol-conditioned place preference (CPP) after the termination
of the IA2BC training (Barak, Carnicella, et al., 2011). Typically, for
ethanol-CPP experiments, rats need to be habituated to ethanol by
a daily administration for several days or weeks before the
experiment in order to prevent aversive responding of the rats to
alcohol (e.g., Biala & Kotli�nska, 1999; Reid, Hunter, Beaman, &
Hubbell, 1985; Zarrindast, Meshkani, Rezayof, Beigzadeh, &
Rostami, 2010). Conducting the CPP experiment in rats with a
history of excessive ethanol (via IA2BC training) provides a more
behaviorally relevant way to habituate the animals to ethanol.
Furthermore, we showed that similar habituation to ethanol via
IA2BC training leads to high ethanol consumption in an operant
self-administration procedure (Barak et al., 2013; Carnicella et al.,
2008; Carnicella, Yowell, & Ron, 2011) (see below).

Advantages, limitations, and perspectives

The IA2BC procedure provides one of the most efficient behav-
ioral protocols to train animals to voluntarily consume clinically
relevant excessive ethanol levels. More specifically, this procedure is
advantageous for several reasons. First, it makes it possible to train
rats to voluntarily consume excessive, stable levels of ethanol
without an initiation procedure that might have confounding issues
(see below). Second, rats of different strains trained in this proce-
dure will initially consume moderate levels of ethanol and will
progress to excessive alcohol drinking, providing a useful model for
transition from social-like to excessive alcohol intake. Third, long-
term training in the IA2BC leads to binge-like drinking episodes
generating high levels of BEC, which show high positive correlations
with alcohol intake levels. Fourth, training in this procedure pro-
duces neuroadaptations in the molecular, cellular, and behavioral
levels, which are relevant to alcohol abuse disorders. Taken together,
these characteristics suggest that IA2BC training is useful to model
escalation to excessive drinking, as well as for binge drinking, in the
rat. Importantly, the model shows three aspects of validity: face
validity, given the similarity to the drinking pattern of human al-
coholics (Koob, 2003; Koob & Volkow, 2010; Vengeliene et al.,
2008); construct validity, given the high correlation of BEC and
alcohol intake levels, and the neuroadaptations found following
IA2BC training; and predictive validity, given the accumulating
findings in the literature reporting that drugs approved by the US
Food and Drug Administration for the treatment of alcoholism (i.e.,
naltrexone and acamprosate) suppress alcohol intake in this model
(e.g., Li et al., 2010; Sabino et al., 2013; Simms et al., 2008).

Several limitations should, however, be taken into account when
using the IA2BC model. First, only 50e80% (depending on strains,
breeds, and laboratory) of the rats typically escalate to excessive
alcohol drinking, and from the latter cohort, only about half show
BECs of>80mg%. On the one hand, this variabilitymaycontribute to
the validity of the model, which can detect individual differences.
Specifically, the fact that some rats do not escalate their drinking
allows dissociation between high- and low-drinking rats e an
advantage of the procedure when the research question refers to
individual differences. However, amajor problem of this approach is
that by the time this differentiation can be concluded, high and low
drinkers will not have the same history of alcohol exposure. This
confounding issuemust be considered in any subsequent behavioral
and/or neurobiological assessment of the two phenotypes.

On the other hand, this variability limits the usefulness of the
model, as a high percentage of the animals cannot be used for many
studies. Second, although rats reach very high levels of ethanol
consumption, and although some signs of physical withdrawal have
been reported, it is likely that this procedure cannot model alcohol
dependence as other models have done, e.g., models using vapor
chambers (Gilpin, Richardson, Cole, & Koob, 2008). In addition, the

mailto:end body part
mailto:end body part
mailto:end body part
mailto:end body part
mailto:end body part
mailto:end body part
mailto:end body part
mailto:end body part


S. Carnicella et al. / Alcohol 48 (2014) 243e252 247
lack of behavioral effects after long-termwithdrawal (George et al.,
2012; Steensland et al., 2012) and the fact that alcohol deprivation
effects are typically not observed in this model (Li, Bian, et al., 2011,
Li, Zou, et al., 2011; Meyer et al., 2013; Simms et al., 2008; but see
Barak et al., 2013), further suggest that this procedure models
alcohol abuse, rather than alcohol dependence.

Furthermore, it should be noted that most of the studies using
the IA2BC procedure to investigate molecular, neuronal, neuro-
chemical, or behavioral adaptations related to repeated excessive
ethanol intake, or to test the potential inhibitory impact of mole-
cules on such behavior, did not include a formal low ethanol-
drinking control group (Barak, Carnicella, et al., 2011; Neasta
et al., 2010; Seif et al., 2013; Stuber et al., 2008; but see George
et al., 2012; Hopf et al., 2010). The lack of a non-escalated
ethanol-drinkers group, usually used as a control in models of
escalation of drug use (e.g., Ahmed & Koob, 1998), does not allow
the investigator to conclusively infer that the mechanisms evi-
denced in these studies are specifically associated with the devel-
opment and/or maintenance of high alcohol intake. It appears,
therefore, important for future studies to use, when possible, a
continuous-ethanol access group inwhich rats do not escalate their
ethanol intake (Simms et al., 2008; Wise, 1973) in order to accu-
rately dissect potential mechanisms implicated in normal or
excessive alcohol drinking behaviors.

Finally, given the fact that the IA2BC is a non-operant self-
administration procedure, it lacks the more advanced analyses that
operant self-administration procedures provide. Thus, the next
section will present the advantages of a combination of IA2BC
training with an operant ethanol self-administration procedure.

Operant self-administration in rats pre-trained in IA2BC

The IA2BC paradigm in rats appears to be a useful and relevant
approach for studying the psychobiological mechanisms and the
neuroadaptations underlying alcohol use disorders, as well as the
effects of systemic or intra-cerebral manipulations on excessive
alcohol intake and binge-like drinking behaviors. This procedure
does not, however, afford a strong insight into the motivational and
reinforcing processes that govern alcohol seeking and drinking
behaviors. Because these aspects, which are critical for the study of
addiction, are classically evaluated under instrumental conditions,
we discuss below how to shift 20% ethanol intermittent-access
drinking rats from free-choice drinking to operant procedures,
andwe discuss the validity of this approach for preclinical studies of
alcohol abuse and addiction.

Training procedure

Rats are first subjected to IA2BC with a 20% (v/v) ethanol solution
as described above for 7 weeks. Animals consuming less than 4 g/kg/
24 h at the baseline are excluded from the study (Carnicella et al.,
2008, 2011), as they are considered resilient to excessive alcohol
intake. Exclusion of rats according to this predefined criterion is
critical as rats drinking low levels of ethanol in the IA2BC do not ac-
quire operant 20% ethanol self-administration (S. Carnicella, unpub-
lished observation). Thus, as emphasized in Training procedure
section above, the selection of animals that drink higher levels of
ethanol is derived from the reference population of studies. Hence,
studies using this operantprocedure refer tohighorexcessive ethanol
drinkers rather than the general population, and conclusions drawn
from studies using this procedure should be considered accordingly.
Next, rats are trained to orally self-administer the 20% ethanol solu-
tion in operant self-administration chambers, with an active, rein-
forced lever (for which presses result in the delivery of 0.1 mL of the
ethanol solution), and an inactive, non-reinforced lever, to control for
non-specific behavioral activity. No discrete cues are required to
indicate thedeliveryofethanol and to trigger respondingontheactive
lever, unless a cue-induced reinstatementof ethanol-seeking test (see
below) is conducted. Two or three overnight sessions under a fixed
ratio 1 (FR1) allow rapid acquisition of the instrumental contingency
between the manipulandum (lever presses, nosepokes) and the de-
livery of the ethanol solution into a dipper receptacle. Then, operant
sessions are conducted 5 days per week, with the schedule require-
ment increased to FR3 and the length of session shortened from 60 to
30 min over the first 2 weeks, as we found that the majority of rats
terminate their operant activity after 30 min (Carnicella et al., 2008).
Onemonth of training under these parameters (FR3, 30min), usually
results in a stable baseline of operant ethanol self-administration
(Barak, Carnicella, et al., 2011; Barak et al., 2013; Carnicella et al.,
2011). Animals pressing for less than 0.4 g/kg/30 min at the baseline
are excluded from the study (Carnicella et al., 2011). The operant
responding criterion is standard for most operant procedures,
including ethanol operant self-administration using sucrose-fading
pre-training (e.g., Bertholomey, Verplaetse, & Czachowski, 2013;
McCool & Chappell, 2009; Radwanska et al., 2008; Simms, Bito-
Onon, Chatterjee, & Bartlett, 2010).

As mentioned above, approximately 20% of Long-Evans rats
typically fail to escalate their ethanol intake in the intermittent-
access 2-bottle choice procedure, while 10% do not successfully
acquire operant self-administration, leading to a success rate of
w70% (Carnicella et al., 2011). Critically, acquisition of operant 20%
ethanol self-administration under these conditions without pre-
exposure to a 20% ethanol solution in an intermittent-access pro-
cedure leads to a lower success rate of only 40% (Carnicella et al.,
2011). Interestingly, the level of ethanol intake in non-pre-
exposed rats that successfully acquire operant self-administration
is comparable to the level obtained after the intermittent-access
procedure (Carnicella et al., 2011). It therefore indicates that rats
can readily self-administer ethanol without sucrose fading (see also
Simms et al., 2010) and that pre-exposure to a 20% ethanol solution
in the IA2BC procedure significantly reduces the rate of attrition.

Self-administration pattern and BECs

At the baseline, ethanol consumption ranges from 0.4 to more
than 1 g/kg in 30 min (Barak, Carnicella, et al., 2011; Carnicella, He,
Yowell, Glick, & Ron, 2010; Carnicella et al., 2011; Neasta et al., 2011;
Wang et al., 2012). Interestingly, the majority of this consumption
occurs at the beginning of the operant session, as approximately
70% of the ethanol deliveries are made within the first 10 min
(Fig. 1A), suggesting a voluntary fast ethanol loading, as observed in
ethanol-dependent rats (e.g., Weiss et al., 1996). Indeed, operant
self-administration of a 20% ethanol solutionwith this pattern leads
to pharmacologically relevant BECs, ranging from 25 up to 85 mg%,
with a mean of 60 mg% and with a strong correlation between BECs
and the level of ethanol intake (Fig. 1B).

These BEC and intake levels are higher than those commonly ob-
tained with a standard 10% ethanol self-administration preceded by
sucrose-fading initiation procedures (Carnicella et al., 2008; Simms
et al., 2010; Slawecki, Samson, & Hodge, 1997; Weiss et al., 1996,
and Fig. 1B; but see Czachowski, Santini, Legg, & Samson, 2002), but
not as high as the values obtained with the IA2BC procedure (see
Table 1). This decrease in intake following the shift of paradigm may
be associated with some instrumental constraints (e.g., greater effort
to obtain ethanol, repeated alternations between seeking and
consummatory behaviors, short refractory period between two
ethanol deliveries). It is also likely due, at least in part, to an increase in
the frequency of ethanol access (every weekday ethanol-access
schedule). Indeed, increasing the interval between two ethanol self-
administration sessions by keeping an every-other-day schedule,
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Fig. 1. Pattern of ethanol intake and BECs during a 30-min operant 20% ethanol self-administration session. A) Number of 20% ethanol deliveries during 10-min intervals. The graph
summarizes data collected and published in Carnicella et al., 2008 and Neasta et al., 2011; n ¼ 15. B) Correlations between BECs and the ethanol consumed by 20% ethanol IA2BC-
trained rats during a 30-min operant 20% ethanol self-administration session (black, n ¼ 12), or by rats pre-trained with a sucrose-fading 10% ethanol procedure, during a 1-h
operant 10% ethanol self-administration session (gray, n ¼ 10).
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allows for the maintenance of ethanol intakes comparable to the
ones obtained in the intermittent-access 2-bottle choice procedure
(Carnicella & Ron, unpublished observations).

Other intermittent procedures

Other procedures for operant ethanol self-administration using
intermittency have recently been developed and have produced
similar outcomes. For example, slight variations of the procedure
described above were used to induce high levels of ethanol intake
during operant self-administration (0.8e1.0 g/kg/30 min) by pre-
exposing Sprague-Dawley or Wistar rats to a 20% ethanol IA2BC
(Bito-Onon et al., 2011; Steensland et al., 2012). The main difference
from the procedure described above is the use of a 3-sec stimulus
light and a 3-sec tone as ethanol-associated cues that are pairedwith
the delivery of ethanol. Moreover, after 2 months of daily 30-min
operant sessions, Steensland and colleagues reduced ethanol access
to only 3 times per week (Monday, Wednesday, and Friday), but
increased the duration of operant sessions to 60 min (Bito-Onon
et al., 2011; Steensland et al., 2012). While the reason for this
modification was not indicated, we speculate that it was done to
maintain high levels of ethanol intake. In another study, Hopf and
colleagues also shifted Wistar rats from a longer-term (1.5 or 3e4
months) IA2BC schedule to operant self-administration, but tested
the rats directly under a progressive ratio paradigm (see below), after
only two overnight sessions for acquisition of the lever-ethanol
contingency, without several weeks of short training sessions un-
der FR reinforcement schedules (Hopf et al., 2010). Another variant of
the procedurewas introduced by Simms and colleagueswho showed
in Long-Evans rats that underwent intermittent access to 20%
ethanol in 12 overnight operant self-administration sessions, pro-
duced ethanol intake as high as 1.5 g/kg in subsequent daily 30-min
operant sessions, with a mean BEC of 60 mg%, as observed in our
procedure, but ranging up to 150 mg% (Simms et al., 2010). Intrigu-
ingly, the intermittent schedule in this condition did not appear
crucial as 12 consecutive overnight operant self-administration
sessions led to similar results (Simms et al., 2010), suggesting that
extensive overnight operant training with a 20% ethanol solution
may be sufficient to induce high levels of ethanol intake.

Instrumental manipulations

After acquisition of self-administration, several instrumental
manipulations can be performed to accurately investigate the
motivational and reinforcing processes associated with alcohol
seeking and drinking behaviors. Below are those that have been
validated in the present procedure.

Progressive ratio
Steensland et al. (2012) and Hopf et al. (2010) have recently

used a progressive ratio schedule of reinforcement as an index of
motivation (Hodos, 1961). During the progressive ratio test, the
response requirement for obtaining an ethanol reward increases
after each reward earned, according to an exponential function
that was specifically adapted for ethanol self-administration
(5 � e(0.1 � number of rewards previously earned)�5; Bowers et al., 2008).
This paradigm, in which the workload to obtain ethanol increases
until animals eventually cease operant responding, can provide
interesting insights into the motivation of rats to seek and consume
ethanol. Using this procedure, Hopf et al. (2010) showed that
motivation to seek and consume ethanol was reduced by quinine
adulteration in rats exposed to 1.5, but not 3e4, months of IA2BC,
suggesting the potential development of abnormal ethanol seeking
behaviors following a long-term exposure to the intermittent-
access procedure.

Doseeresponse curve
When levels of self-administration are stable, changing the

concentration of the ethanol solution strongly affects operant
behavior. We found that varying the concentration of ethanol from
2.5 up to 60% (v/v) after acquisition of 20% ethanol self-
administration leads to a typical inverted U-shaped dos-
eeresponse curve (Carnicella et al., 2011). As observed for other
drugs of abuse, beyond a certain concentration (20% ethanol here),
rats adapt their level and pattern of responding to ethanol con-
centration changes in order to obtain a constant level of intake and
BEC (Barak, Carnicella, et al., 2011; Carnicella et al., 2011), sug-
gesting that their operant behavior is mainly driven by the moti-
vation to obtain a specific pharmacological effect of ethanol. Using
this method, Simms et al. (2010) showed that animals trained to
self-administer 20% ethanol consume significantly more ethanol
than rats trained to self-administer 10% ethanol with a sucrose-
fading initiation procedure, regardless of the ethanol concentra-
tion, indicating an upward shift in the doseeresponse curve. This
upward shift, as observed for example in cocaine-treated rats after a
long history of access (Ahmed & Koob, 1998), could reflect profound
changes within the reward systems indicative of an allostatic
mechanism (Kenny, 2007), and is usually considered a hallmark of
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drug abuse (Carnicella et al., 2011; Piazza, Deroche-Gamonent,
Rouge-Pont, & Le Moal, 2000).

Extinction test
Rats can be tested in extinction (by not reinforcing the condi-

tioned response during a short self-administration session) after a
period of withdrawal of several days (Carnicella, Ahmadiantehrani,
et al., 2009), or just the day after an ethanol self-administration
session (Wang, Lanfranco, et al., 2010). By avoiding consumma-
tory behaviors, it provides, in a simple manner, a specific insight
into ethanol-seeking behaviors. For example, Carnicella, Ahma-
diantehrani, and colleagues (2009) found that cabergoline, a
dopaminergic agonist that increases GDNF levels in the ventral
tegmental area (Carnicella, Ahmadiantehrani, et al., 2009), reduced
the instrumental response in extinction following a 10-day period
of withdrawal from ethanol, which is indicative of a potent action
on the motivation to seek ethanol after a period of abstinence.

Ethanol priming and cue-induced reinstatement of ethanol seeking
Reinstatement is considered to be a particularly relevant model

of relapse (Marchant, Li, & Shaham, 2013), one of the core features
of addiction, and a major challenge for the treatment of alcohol-use
disorders (McLellan, Lewis, O’Brien, & Kleber, 2000; O’Brien, 2008).
Interestingly, exposing rats that first underwent a 20% ethanol
intermittent-access period and were then subjected to extinction of
their conditioned response, to a small (0.2 mL) non-contingent
delivery of ethanol in the reward port, induces a rapid return of
operant responding on the lever previously associated with
ethanol, indicating a robust reinstatement of ethanol seeking by the
polysensory properties of a small ethanol volume (Wang,
Lanfranco, et al., 2010). Using this method, we were able to show
that pharmacological blockade of the NR2B subunit of the NMDA
receptor in the dorsomedial striatum, a region inwhich this subunit
shows long-lasting hyperactivation following IA2BC, reduces the
reinstatement of ethanol-seeking behavior (Wang, Lanfranco, et al.,
2010). With a similar operant ethanol self-administration para-
digm, Steensland et al. (2012) efficiently induced reinstatement of
ethanol-seeking behavior with an ethanol-associated cue.

Reconsolidation
Very recently, Barak et al. (2013) introduced a procedure based

on prior training in IA2BC followed by operant 20% ethanol self-
administration, designed to investigate the mechanisms of
reconsolidation of ethanol-associated memories. Specifically, after
7 weeks of IA2BC training followed by 4 weeks of self-
administration training, rats were subjected to 10 days of absti-
nence in the home cage. On the 11th day, rats had a 5-min
“reactivation” session, conducted in the operant chambers under
extinction conditions (lever presses were not reinforced), with a
small amount of ethanol that served as an odor-taste cue, given at
the beginning of the session. They found that the retrieval of
alcohol-associated memories increased the activation of the
mammalian target of rapamycin complex 1 (mTORC1), a complex
that controls synaptic translational machinery and is known to
play a crucial role in learning and memory processes (Hoeffer &
Klann, 2010), and the effect was restricted to the prefrontal cor-
tex and central nucleus of the amygdala (CeA). In a subsequent
series of experiments, the mTORC1 inhibitor rapamycin was
administered immediately after the reactivation session either
systemically or into the CeA in order to disrupt the reconsolidation
of ethanol-associated memories. Twenty-four and 48 h later, rats
underwent a 30-min retention test under extinction as described
above, and a 30-min reacquisition test (in which lever presses
were reinforced), which measured relapse to ethanol seeking
and drinking, respectively. They found that mTORC1 inhibition
disrupted the reconsolidation of alcohol-associated memories and
reduced lever pressing in both relapse tests (Barak et al., 2013).

Advantages, limitations and perspectives

The major advantage of the IA2BC-initiated operant self-
administration procedure is the absence of sucrose-fading pre-
training. Indeed, sucrose is a powerful reinforcer (e.g., Lenoir, Serre,
Cantin, & Ahmed, 2007) and consequently, may be a potent con-
founding factor in preclinical studies of alcohol addiction (Simms
et al., 2010). For instance, different psychobiological mechanisms
can underlie the acquisition and maintenance of operant ethanol
self-administration after a sucrose-fading procedure. The classical
view is that rats self-administer ethanol for its primary reinforcing
or motivational properties. However, it is not unlikely that ethanol
becomes a discriminative stimulus (Macenski & Shelton, 2001), due
to its strong association with sucrose (i.e., sucrose available in the
presence of ethanol), thereby acting as a strong conditioned rein-
forcer (e.g., McCusker & Bell, 1988). This potential confound re-
mains largely under-estimated when a sucrose-fading procedure is
used, while it may lead to alternative interpretations concerning
the effect of pharmacological agents on operant ethanol self-
administration, or the investigation of the neurobiological mecha-
nisms associated with ethanol drinking and seeking behaviors. It
should be noted that Logrip and Zorrilla (2012) recently introduced
an operant procedure that produces rapid stable ethanol (10%) self-
administration without sucrose-fade pre-training. However, the
level of ethanol intake during the FR3 baseline was 0.52 � 0.07 g/
kg/60 min in the control group (Logrip & Zorrilla, 2012), and is
therefore considerably lower than the 0.8e1.0 g/kg/30 min usually
obtained under a similar, FR3 schedule following IA2BC.

Animals trained in operant self-administration that were pre-
trained in the IA2BC procedure consume relatively high amounts
of ethanol during 30 min, which generate pharmacologically rele-
vant BECs, well within the range reported with ethanol vapor- or
liquid diet-dependent rats (Gilpin, Richardson, Cole, et al., 2008;
Roberts, Heyser, Cole, Griffin, & Koob, 2000; Weiss et al., 1996) or
with alcohol-preferring rats (Gilpin, Richardson, Lumeng, & Koob,
2008). Thus, IA2BC-trained rats outperform animals trained to
self-administer 10% ethanol with a sucrose-fading initiation pro-
cedure. However, except for the study of Simms and colleagues
with a related but different method (Simms et al., 2010), animals of
these two procedures were never directly compared by self-
administering the same ethanol concentration, but rather with
their respective 20% and 10% ethanol solution. In other words, it
remains to be determined whether rats trained to self-administer
10% ethanol with a sucrose-fading procedure maintain a lower
ethanol intake than IA2BC-trained rats, when the concentration of
the ethanol solution is increased to 20%. This point is particularly
relevant as it has already been shown that shifting sucrose-fading
pre-trained rats from 10% to 20% ethanol substantially increases
their ethanol intake during operant self-administration (Samson,
Pfeffer, & Tolliver, 1988; Samson, Sharpe, & Denning, 1999; Simms
et al., 2010). Thus, it appears crucial to compare levels of operant
self-administration of rats pre-trained with 20% ethanol IA2BCwith
those of rats pre-trained with sucrose fading to self-administer 10%
ethanol, in a full doseeresponse curve study to ensure that 20%
ethanol IA2BC leads to higher levels of ethanol consumption. This
point is particularly critical, as sucrose-fading pre-trained rats may
be used as the operant control counterparts of the non-escalating
ethanol-drinking rats of the IA2BC procedure in future studies,
particularly if sucrose-fading pre-trained rats self-administer less
ethanol (20%) than IA2BC-pre-treated rats. Indeed, rats under a 20%
ethanol continuous-access drinking protocol are unlikely to acquire
operant ethanol self-administration due to their low level of
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ethanol intake (S. Carnicella, unpublished observation with Long-
Evans rats). 10% ethanol sucrose-fading procedure can potentially
be used as a standard control for other models of escalating ethanol
intake, such as in procedures using ethanol vapor chambers
(Roberts et al., 2000) or liquid diet (Weiss et al., 1996). Such controls
will therefore promote a comparison across different models of a
high level of ethanol self-administration.

The procedures described here enable several instrumental
manipulations with useful heuristic values concerning drug abuse
and addiction. However, the compulsive aspect of addiction re-
mains to be investigated. As shown in Fig. 1 (see also Simms et al.,
2010), there is great inter-individual variability in the level of
ethanol intake, with only a small subset of rats reaching intoxica-
tion consistently. As for cocaine (Belin, Mar, Dalley, Robbins, &
Everitt, 2008; Deroche-Gamonet, Belin, & Piazza, 2004), it there-
fore may be of interest to determine whether specific, vulnerable
subjects developed compulsive ethanol seeking and taking by using
a procedure of punishment (i.e., mild footshock) associatedwith the
reinforced response. By using a quinine adulteration procedure,
Hopf et al. (2010) suggested that a prolonged intermittent access to
ethanol (3e4 months) may lead to the development of compulsive
seeking and taking behaviors.

Studies on GDNF as a proof concept

The glial cell line-derived neurotrophic factor (GDNF) is a
growth factor that plays an essential role in the development,
survival, and maintenance of midbrain DA neurons (Airaksinen &
Saarma, 2002; Lin, Doherty, Lile, Bektesh, & Collins, 1993). GDNF
signals via the Ret receptor tyrosine kinase and GFRa1 co-receptor,
and the growth factor was reported to regulate DA transmission in
the nigrostriatal DA pathway in the adult brain (Airaksinen &
Saarma, 2002) and mesolimbic system (Barak, Carnicella, et al.,
2011; Wang, Carnicella, et al., 2010). Ron and colleagues have
conducted comprehensive work on the role of GDNF in alcohol
abuse disorders, mostly using the two procedures described above.
This series of studies demonstrates the strengths and advantages of
these models in the characterization of the role of a specific
signaling pathway in alcohol addiction-related behaviors. Specif-
ically, the group found that infusion of GDNF into the ventral
tegmental area (VTA) in the midbrain, where the receptors of the
growth factor are highly abundant, suppresses ethanol intake in
animals trained in the IA2BC procedure (Carnicella, Amamoto, et al.,
2009). Furthermore, theyreported that the effect of GDNF is rapid
(within 10 min), and sustained for at least 24 h (Barak,
Ahmadiantehrani, et al., 2011; Carnicella, Amamoto, et al., 2009).
More specifically, the group showed that infusion of GDNF into the
VTA 10 min before the initiation of an IA2BC session reduces the
binge-like drinking behaviors measured in the first 30 min after the
presentation of ethanol (Carnicella, Amamoto, et al., 2009), and that
GDNF also suppressed ethanol intake in the remainder of the 24-h
drinking session (Barak, Ahmadiantehrani, et al., 2011; Carnicella,
Amamoto, et al., 2009). Interestingly, they found that the exoge-
nous, recombinant GDNF infused into the VTA accounts for the
immediate suppressive effects of the growth factor on ethanol
intake. By contrast, the sustained decrease in ethanol consumption
was mediated by a molecular positive autoregulatory feedback loop
that led to the recurring synthesis of endogenous GDNF (Barak,
Ahmadiantehrani, et al., 2011). Taken more generally, these find-
ings suggest that mechanisms that control the “binge phase” in the
IA2BC model may be different from the mechanisms controlling
ethanol consumption in the later phase of the drinking session.

Moreover, the same group recently showed that training rats in
the IA2BC procedure causes fluctuations in the mRNA levels of
GDNF in the VTA during the course of training (Ahmadiantehrani
et al., 2013). Specifically, they found that GDNF expression levels
in the VTAwere increased following an ethanol-drinking session in
rats trained in the IA2BC procedure for 1 week. After 7 weeks of
training in this procedure, GDNF expression levels were reduced
when tested following a 24-h abstinence, but not after a 24-h
drinking session, whereas the levels were elevated after a 30-min
binge-like drinking session (Ahmadiantehrani et al., 2013). More-
over, knockdown of GDNF within the VTA facilitated the escalation
of ethanol drinking by ethanol-naïve rats (Ahmadiantehrani et al.,
2013). These results suggest that GDNF is an ethanol-responsive
gene in the VTA, which protects against development of excessive
drinking at the early stages of the IA2BC procedure; however, this
protection breaks with the progress of training and escalation in
ethanol intake.

Ron and colleagues also looked into the mechanisms by which
GDNF acts to suppress ethanol seeking and drinking behaviors, and
particularly on the effects of the growth factor on ethanol-induced
neuroadaptations occurring in the mesolimbic system. Thus, Barak
and colleagues recently showed that infusion of GDNF into the VTA
rapidly reverses allostatic DA-ergic deficits, both in the sponta-
neous firing of VTA DA-ergic neurons, and in the extracellular levels
of DA in the NAc (Barak, Carnicella, et al., 2011; Barak et al., in press),
effects that likely account for the capacity of GDNF to suppress
ethanol seeking and drinking. Moreover, the authors showed that
GDNF suppresses ethanol-CPP in rats with a history of long-term
excessive ethanol intake in IA2BC training (Barak, Carnicella,
et al., 2011).

Finally, Ron and colleagues also demonstrated that intra-VTA
infusion of GDNF decreases operant self-administration for a 20%
ethanol solution in rats that were pre-trained in the IA2BC proce-
dure (Carnicella et al., 2008). Interestingly, GDNF does not abolish
ethanol self-administration but rather reduces ethanol intake to
moderate, non-intoxicating levels. Consistently, intra-VTA infusion
of GDNF induces a downward shift of the inverted U-shaped dos-
eeresponse curve for ethanol self-administration, reducing the
amount of ethanol consumed from 1.2 to 0.6 g/kg (Barak, Carnicella,
et al., 2011). The normalization of accumbal DA levels and of
spontaneous firing of VTA DA-ergic neurons in IA2BC-trained rats
by intra-VTA GDNF infusion (Barak, Carnicella, et al., 2011; Barak
et al., in press) may account for this downward shift, indicative of
a decreased motivation to seek and consume ethanol related to the
reversal of an allostatic mechanism.

Conclusions

In summary, the IA2BC procedure is a low-cost, simple, acces-
sible behavioral protocol that efficiently induces voluntary con-
sumption of high amounts of ethanol in several strains of outbred
rats, with clear advantages, such as the absence of initiation or
forced exposure procedures. The progressive transition from social-
like to excessive alcohol intake and binge-like drinking induced by
intermittent access to ethanol provides an important heuristic value
to this model, as it is reminiscent of the repeated cycles of intoxi-
cation, abstinence, craving, and relapse that characterize alcohol
abuse and dependence (Koob, 2003; Koob & Volkow, 2010;
Vengeliene et al., 2008). IA2BC appears also to be a powerful pre-
training method for promoting the acquisition of robust and reli-
able operant ethanol self-administration and ethanol-CPP, in order
to gain more insights into the rewarding, reinforcing, and motiva-
tional mechanisms that govern alcohol seeking and drinking be-
haviors. The point concerning CPP is of particular interest, as CPP to
ethanol is generally difficult to induce in rats (Tzschentke, 2007).
Indeed, the study of GDNF and its regulatory effects on ethanol
seeking and intake provide a wealth of data pointing to the use-
fulness of the two models presented in this review, in modeling
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multiple aspects of alcohol abuse and addiction, including transition
from social-like drinking to excessive alcohol consumption, binge
drinking, alcohol seeking, relapse, and neuroadaptations related to
alcohol intake. However, some criteria of standardization remain to
be determined, such as the systematic use of non-escalating alcohol-
drinking control groups, and the exclusion of low-drinking rats.

Several aspects of addiction-like features remain to be investi-
gated, including signs of behavioral dependence during acute and
protracted abstinence and the development of compulsive alcohol
seeking and taking, especially after a prolonged and extensive
IA2BC training (Hopf et al., 2010). Such insights will advance the
validation of these approaches, and will help to better define the
specific aspects of drug abuse and addiction that are recapitulated
by the models.
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