
Persistent Escalation of Alcohol Drinking in C57BL ⁄6J
Mice With Intermittent Access to 20% Ethanol

Lara S. Hwa, Adam Chu, Sally A. Levinson, Tala M. Kayyali, Joseph F. DeBold, and
Klaus A. Miczek

Background: Intermittent access (IA) to drugs of abuse, as opposed to continuous access, is
hypothesized to induce a kindling-type transition from moderate to escalated use, leading to
dependence. Intermittent 24-hour cycles of ethanol access and deprivation can generate high levels
of voluntary ethanol drinking in rats.

Methods: The current study uses C57BL ⁄ 6J mice (B6) in an IA to 20% ethanol protocol to
escalate ethanol drinking levels. Adult male and female B6 mice were given IA to 20% ethanol
on alternating days of the week with water available ad libitum. Ethanol consumption during the
initial 2 hours of access was compared with a short-term, limited access ‘‘binge’’ drinking proce-
dure, similar to drinking-in-the-dark (DID). B6 mice were also assessed for ethanol dependence
with handling-induced convulsion, a reliable measure of withdrawal severity.

Results: After 3 weeks, male mice given IA to ethanol achieved high stable levels of ethanol
drinking in excess of 20 g ⁄ kg ⁄ 24 h, reaching above 100 mg ⁄ dl blood ethanol concentrations, and
showed a significantly higher ethanol preference than mice given continuous access to ethanol.
Also, mice given IA drank about twice as much as DID mice in the initial 2-hour access period.
B6 mice that underwent the IA protocol for longer periods of time displayed more severe signs of
alcohol withdrawal. Additionally, female B6 mice were given IA to ethanol and drank signifi-
cantly more than males (ca. 30 g ⁄ kg ⁄ 24 h).

Discussion: The IA method in B6 mice is advantageous because it induces escalated, voluntary,
and preferential per os ethanol intake, behavior that may mimic a cardinal feature of human alco-
hol dependence, though the exact nature and site of ethanol acting in the brain and blood as a
result of IA has yet to be determined.
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O VER SEVERAL DECADES, preclinical models for
excessive, binge-like alcohol consumption have been

developed, yet it remains challenging to fully represent some
of the essential features of elevated alcohol drinking that char-
acterize human alcohol use disorders. Ethanol exposure via
vapor inhalation has been the current prototypical method
for rendering rodents dependent on alcohol (O’Dell et al.,
2004). Rodents reliably demonstrate alcohol dependence after
ethanol vapor exposure (Becker and Lopez, 2004; Roberts
et al., 2000; Schulteis et al., 1995), whereas dependence-
induced per os would be more applicable for a translation of
pharmacologically motivated drinking behavior (Dole et al.,
1985). Ethanol liquid diet or 1-bottle forced drinking proto-
cols also engender escalated oral ethanol consumption (Lieber
et al., 1963; Lieber and DeCarli, 1982), though incorporating

free-choice preferential alcohol drinking would enhance exter-
nal validity. Developing a paradigm that induces animals
to voluntarily consume high amounts of alcohol would
be a valuable tool for approximating human alcoholic-like
drinking.
Intermittent access (IA) appears to be a cardinal feature of

many conditions that promote drinking large amounts of
alcohol (Falk and Tang, 1988; Le Magnen, 1960; Lester,
1961; Rodd-Henricks et al., 2000; Sinclair and Senter, 1968).
It has been thought that the progression from high alcohol
intake to alcohol dependence may be driven by repeated
cycles of heavy drinking followed by deprivation (Breese
et al., 2005; Meisch, 1983). According to the kindling hypoth-
esis (Ballenger and Post, 1978; Becker, 1998), increasing
amounts of ethanol ingested over repeated episodes may
intensify ensuing symptoms of withdrawal when alcohol is
absent (Begleiter and Porjesz, 1979; Overstreet et al., 2002,
2004b), thus generating a compensatory mechanism for
relapse (Becker and Hale, 1993; Holter et al., 1998).
C57BL ⁄6J (B6) mice have been studied for more than 5

decades for their high alcohol intake (Belknap et al., 1993;
Rodgers, 1966). Compared with other inbred strains, B6 mice
voluntarily consume the most alcohol per unit of body weight
and exhibit the highest ethanol preference (Elmer et al., 1987;
McClearn and Rodgers, 1959; Yoneyama et al., 2008).
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Within the drinking-in-the-dark (DID) protocol, adult male
B6 mice show pharmacologically relevant blood ethanol con-
centrations (BECs) ranging from 80 to 100 mg ⁄dl over a 2- to
4-hour period (Lyons et al., 2008; Rhodes et al., 2005, 2007).
DID represents a replicable model for binge-like drinking up
to intoxication (Lowery et al., 2010; Sparta et al., 2008), but
the duration of ethanol intoxication does not seem to be sus-
tained sufficiently to induce dependence.
The present study explored escalated alcohol drinking

behavior in adult B6 mice given IA to 20% ethanol in a 2-
bottle choice paradigm, as previously implemented in rats
(Simms et al., 2008). We examined the time course of drink-
ing, when given IA versus continuous access to increasing
concentrations of ethanol, until stable 20% ethanol drinking
was observed. To assess whether the procedure produced
a shift from heavy alcohol drinking to dependence, signs of
withdrawal severity were assessed, as measured by responses
to handling-induced convulsion (HIC). B6 male drinking
behavior in the IA paradigm was compared with a short-
term, limited access ‘‘binge’’ drinking procedure, similar to
DID. Additionally, because females of the B6 strain are
known to self-administer higher amounts of ethanol than
males under most conditions (Finn et al., 2005; Lopez and
Becker, 2003), we compared female ethanol drinking behavior
with male drinking behavior in the IA paradigm in an initial
exploration of sex differences. We propose a pharmacologi-
cally motivated model of alcoholic-like drinking in mice (Dole
et al., 1985), as a novel approximation of episodic and exces-
sive drinking in humans.

MATERIALS AND METHODS

Animals and Housing

Adult male and female C57BL ⁄6J mice (Jackson Laboratories,
Bar Harbour, ME) were 8 weeks old upon arrival and were initially
housed as male ⁄ female pairs in polycarbonate cages (28 · 17 ·
12 cm) with stainless steel wire mesh lids and pine shavings covering
the floor. Ethanol-naı̈ve animals were given 1 week to habituate to
the vivarium conditions on a 12-hour reversed light ⁄dark cycle (lights
off at 7 am) and constant temperature (21 ± 2�C) and humidity
(25%). Standard rodent chow (LabDiet 5001 Rodent Diet; PMI
Nutrition International, Brentwood, MO) and tap water were unre-
stricted. All procedures were approved by the Tufts University Insti-
tutional Animal Care and Use Committee and were in accordance
with the NIH Guide for Care and Use of Laboratory Animals.

Ethanol Intake Procedures

Ethanol solutions (w ⁄v) were prepared in tap water from 95% ethyl
alcohol (Pharmaco-AAPER, Brookfield, CT). Males and females
were changed to individual housing at least 24 hours before the pre-
sentation of 2 centrifuge tubes of water on the cage lid for 3 days for
acclimation to drinking from sipper tubes. Fluids were presented in
50-ml plastic centrifuge tubes (Nalgene) with no. 5 rubber stoppers
(Fisher Scientific, Agawam, MA) containing stainless steel ball-bear-
ing sippers (Ancare Corp., Bellmore, NY). Centrifuge tubes were
securely held through the wire mesh cage lid and presented to mice
3 hours into the dark cycle. Bottles were weighed to the nearest hun-
dredth of a gram 24 hours after the fluids were given. To control for
spillage because of experimenter handling or evaporation, weekly
‘‘drip’’ averages (loss of fluid in a cage with no animal present) were

subtracted from individual fluid intakes. Mice were weighed to the
nearest tenth of a gram before every ethanol drinking session to calcu-
late the grams of ethanol intake per kilogramof bodyweight.

Experiment 1: IA 20% Ethanol 2-Bottle Choice Drinking

Male (n = 15) and female (n = 12) mice were given IA to 20%
ethanol without sweeteners in a recently revived drinking paradigm
for outbred rats (Simms et al., 2008), originally established by Wise
(1973). A second cohort of male (n = 12) mice were given IA to be
contemporaneously matched with the female cohort. On the first
Monday, Wednesday, and Friday, mice were given 3, 6, and 10%
(w ⁄v) ethanol solutions in 1 centrifuge tube and water in a second
centrifuge tube to fade in increasing ethanol concentrations. For the
remainder of the experiments, mice received 1 bottle of 20% ethanol
and 1 bottle of water every Monday, Wednesday, and Friday for
24 hours. At the same hour the following day, bottles were removed
and weighed, and the ethanol solution in 1 bottle was thoroughly
washed and replaced by water. The 2 water bottles remained in place
until the next alcohol drinking session. The placement of bottles
was alternated before each ethanol drinking session to avoid side
preferences.
Another group of male mice (n = 12) was given continuous access

to 20% ethanol without sweeteners. In the first week of alcohol
drinking, mice were given 3% ethanol solution and water on Mon-
day and Tuesday, 6% ethanol solution and water onWednesday and
Thursday, and 10% ethanol solution and water on Friday, Saturday,
and Sunday. For the duration of the experiment, mice received 1 bot-
tle of 20% ethanol and 1 bottle of water for 24 hours and 7 days a
week. Bottles were weighed at the same time as they were for mice
with IA, and the placement of bottles were switched daily.

Ethanol Withdrawal Assessments

Handling-Induced Convulsion. After 4 weeks, or 16 weeks, of
IA or 4 weeks of continuous access to ethanol, male mice were tested
for alcohol dependence by assessing physical reactions to ethanol
withdrawal (Goldstein and Pal, 1971). The scoring system for convul-
sions elicited by lifting a mouse by the tail, or HIC, is described by
Goldstein (1972) on a 0 to 4 scale (0 = no withdrawal signs; 1 =
tonic convulsion when the mouse is lifted and given a gentle 180�
turn; 2 = tonic-clonic convulsion elicited by the gentle spin, or tonic
convulsion when lifted without turning; 3 = tonic-clonic convulsion
not requiring any spin; 4 = violent tonic-clonic convulsion, often
continuing after release of the mouse). Ethanol bottles were removed
at the end of the 24-hour exposure, which was 3 hours into the dark
cycle (10 am). Observations by 2 experimenters were made every
2 hours after the ethanol bottle had been withdrawn for 10 hours.
Withdrawal severity was assessed throughout the remainder of the
dark cycle and 1 hour into the light cycle (8 pm).

Experiment 2: Limited Access ‘‘Binge’’ Drinking Versus IA

Prior to the first binge drinking test, all animals received exposure
to ethanol drinking in a 24-hour 2-bottle choice test (Belknap et al.,
1993; Yoneyama et al., 2008). Male mice were offered 2 bottles with
either water or ethanol (3, 6, 10, 20% w ⁄v) in ascending order on
consecutive days for 24 hours or 3 hours into the dark phase
(10 am). Once mice consumed stably (<15% variability across 3 eth-
anol sessions) 20% ethanol, male mice (n = 12) were given 1 bottle
of water or ethanol (20% w ⁄v) for 2 hours, 3 hours into the dark
phase (10 am) of the light cycle, based on previous research (Rhodes
et al., 2005). On test days 1 and 3, mice were given 1 bottle of water
for 2 hours. On test days 2 and 4, mice were given 1 bottle of 20%
ethanol for 2 hours. Water (ml) or ethanol (ml) consumption after
the 2-hour test session was averaged for each individual over the 2
test days. Drinking bottles were removed at the same time and
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weighed daily. Fresh 20% ethanol solution was prepared daily, and
all mice were weighed before replacing drinking bottles. Placement of
water and ethanol bottles (left or right side of cage lid) was counter-
balanced across test days. No blood samples were taken.
To make comparisons to short-term ‘‘binge’’ drinking, male mice

that had undergone the dependence-inducing IA procedure for
4 weeks were tested for their initial 2- and 4-hour drinking behavior.
Although mice have 24-hour total access to 2-bottle choice ethanol
and water, we sought to explore the initial drinking during the first
few hours of alcohol access after a 24-hour deprivation. It would also
be useful to establish 2- and 4-hour fluid intake measurements for
comparisons against intake behavior influenced by short-acting phar-
macological manipulations. For these additional measurements, male
mice given IA (n = 15) and continuous access (n = 12) for 4 weeks
were used from Experiment 1. Fluid intake (ml), ethanol drinking
(g ⁄kg), and ethanol preference were measured after the initial 2-hour
access period (12 pm) and 4-hour access period (2 pm) to 20% ethanol
and water during an alcohol session. Mice given continuous access to
alcohol had intake measurements occur 2 hours and 4 hours after
bottle weighing, which were contemporaneous with the IA mice, at
12 and 2 pm.

BEC Analysis

When male mice from the previous experiments had maintained a
stable baseline in the IA or continuous access procedure, blood sam-
ples were collected from the submandibular vein 2 hours after etha-
nol fluid presentation. For all animals, blood samples were collected
and then centrifuged at 4�C for 10 minutes at 1000·g. BECs (mg ⁄dl)
were assessed with an ethanol assay kit using NAD-ADH reagent
(Genzyme Diagnostics, Charlottetown, PE, Canada), and absor-
bance was analyzed with a SmartSpec 3000 spectrophotometer (Bio-
Rad, Hercules, CA).

Statistical Analysis

Statistical analyses were performed using SigmaStat version 3.1
(Systat Software, San Jose, CA). Ethanol intake (g ⁄kg), body weight
(g), volume of ethanol intake (ml), water intake (ml), total fluid intake
(ml), and ethanol preference (%) during the increasing ethanol con-
centrations between intermittent and continuous access groups were
analyzed with multiple two-way analyses of variance (ANOVAs), fol-
lowed by Bonferroni post hoc analysis when significant group effects
were found (p < 0.05). Single daily values from the intermittent
group were compared with the mean of the 2 or 3 days of intake from
the continuous group. For the maintenance phase at 20% ethanol,
ethanol intake (g ⁄kg), body weight (g), volume of ethanol intake
(ml), water intake (ml), total fluid intake (ml), and ethanol preference
(%) were analyzed between intermittent and continuous access
groups with multiple one-way ANOVAs. Three-week average intakes
for individual mice in the intermittent group (9 ethanol sessions) were
compared with 3-week average intakes for individual mice in the con-
tinuous group (21 ethanol sessions). For comparing male versus
female consumption, additional two-way ANOVAs were performed
for the acquisition phase on similar dependent variables previously
mentioned, and also one-way ANOVAs were used to analyze sex
differences in the 20% ethanol maintenance phase in IA procedure.
Group differences for HIC scores were analyzed with a Kruskall–

Wallis one-way ANOVA by ranks. The Kruskall–Wallis test was
followed by Mann–Whitney rank sum tests when significant group
differences for HIC scores were found. Graded HIC scores were
interpreted as ordinal data, so data are reported in median values
and interquartile ranges for each 2-hour assessment. The trapezoidal
method was used to calculate area-under-the-curve (AUC) for with-
drawal severity over time.
For 2- and 4-hour ethanol consumption, a one-way ANOVA was

performed to compare limited access binge ethanol intake (g ⁄kg ⁄2 h)

to continuous access ethanol intake (g ⁄kg) and IA ethanol intake
(g ⁄kg) during the same time period, followed by post hoc Bonferroni
t-tests. Volume of ethanol intake (ml), water intake (ml), total fluid
intake (ml), and ethanol preference (%) between groups during the 2-
and 4-hour access period were also analyzed with additional one-way
ANOVAs. Descriptive statistics for all measurements, except for
HIC scores, are reported as mean plus or minus standard error of the
mean (M ± SEM).

RESULTS

Experiment 1: IA to 20% Ethanol

Acquisition and Maintenance. Adult male B6 mice were
given either intermittent (n = 15) or continuous (n = 12) 2-
bottle choice to increasing concentrations of ethanol andwater,
which induced high ethanol drinking behavior (Fig. 1A).

Weeks of Ethanol Access
1 2 3 4

Ethanol Intake (g/kg/24h)

0

10

20

30

IA
CA

**

3% 6% 10% 20%

A

B

Weeks of Ethanol Access
1 2 3 4

Ethanol Intake (g/kg/24h)

0

10

20

30

40

M
F

3% 6% 10% 20%

**

Fig. 1. (A) Ethanol intake (g ⁄ kg) over 24 hours for male C57BL ⁄ 6J mice
given continuous access (CA, gray circles, n = 12) or intermittent access
(IA, black circles, n = 15) to alcohol. Ethanol concentrations were faded from
3, 6, and 10% ethanol to be maintained on 20% ethanol for the remainder of
the experiment. Mice receiving alcohol intermittently had significantly higher
alcohol consumption during 3-week maintenance phase on 20% ethanol.
Data are mean intake ± SEM. **p < 0.01 difference between groups. (B)
Ethanol intake (g ⁄ kg) over 24 hours for male (M, black circles, n = 12) and
female (F, gray triangles, n = 12) C57BL ⁄ 6J mice with IA to alcohol. Ethanol
concentrations were faded from 3, 6, and 10% ethanol to be maintained on
20% ethanol for the remainder of the experiment. Female mice had signifi-
cantly higher alcohol consumption during 3-week maintenance phase on
20% ethanol. Data are mean intake ± SEM. **p < 0.01 difference between
groups.
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Initially, a two-way ANOVA revealed no group differences to
ethanol intake (g ⁄kg),while animals had intermittent or contin-
uous 24-hour access to 3, 6, and 10% ethanol. There were sig-
nificant increases in ethanol intake between ethanol
concentrations,F(1, 2) = 23.91, p < 0.05, during the 3, 6, and
10% acclimation period. After 1 week of 3, 6, and 10% (w ⁄v)
ethanol and water 2-bottle choice, mice were given access to
20% ethanol, which was maintained for 3 additional weeks.
Mice with 24-hour IA to 20% ethanol intake stably consumed
an average 23.82 ± 0.68 g ⁄kg (M ± SEM) across the 3-week
period. In contrast, mean 24-hour ethanol intake was
15.95 ± 0.56 g ⁄kg for the continuous access group. A one-
way ANOVA revealed a significant group difference, F(1,
25) = 8.65, p < 0.01, for the 20% ethanol maintenance per-
iod.
The acquisition and maintenance of ethanol preference is

shown in Fig. 2. Preference for alcohol was calculated for
ethanol compared with water, with the formula being volume
of ethanol intake (ml) divided by total volume fluid intake
(ml). A two-way ANOVA (alcohol concentration · alcohol
access group) was performed to analyze initial acclimation to
alcohol with increasing concentrations. There were no prefer-
ence differences between 3, 6, and 10% ethanol concentra-
tions or group differences between mice in different alcohol
access groups. After the initial acclimation to alcohol, a
one-way ANOVA found significant group differences for
male B6 mice given 20% ethanol versus water, F(1, 25) =
4.84, p < 0.05, where mice given IA showed higher alcohol
preference (0.63 ± 0.04) than mice given continuous access
(0.46 ± 0.07).
Body weight, volume of ethanol intake (ml), water intake

(ml), and total fluid intake (ml) were monitored during the
acquisition phase through the 3, 6, and 10% ethanol days and
during the maintenance phase with the 20% concentration

(Table 1). Continuous access males (n = 12; Table 1) were
compared with the later described group of intermittent males
(n = 12) contemporaneous with the group of females (n =
12). Again, for the 3-week maintenance phase with 20% etha-
nol, individual averages across the ethanol sessions (9 sessions
for intermittent mice and 21 sessions for continuous mice)
were compared between groups. Reflecting differences in eth-
anol consumption in grams per kilogram, 24-hour ethanol
intake volume (ml) was also significantly different between
continuous access males and IA males for the 10% concentra-
tion, F(1, 22) = 10.23, p < 0.01, and the 20% concentration,
F(1, 22) = 20.91, p < 0.001. During the 20% ethanol
maintenance phase, body weight (g), water intake (ml), and
total fluid intake (ml) did not show any significant group
differences.
A group of female B6 mice (n = 12) were given the same

schedule of IA as another contemporaneous group of male B6
mice (n = 12) (Fig. 1B). There were no significant differences
between IA male (n = 15) groups tested at different times
(n = 12). Two-way ANOVAs (ethanol concentration · sex)
were used to compare sex differences between ethanol intake
(g ⁄kg) and preference during the acclimation phase to rising
concentrations of ethanol. During the acclimation phase, there
was a significant effect of sex on ethanol intake, F(1, 65) =
16.44, p < 0.001, and a significant effect of concentration on
ethanol intake, F(2, 65) = 81.50, p < 0.001. There was no
significant interaction. Post hoc tests revealed that female mice
given IA consumed more ethanol at each rising concentration
than male mice given IA, and both males and females con-
sumed more ethanol as the ethanol concentration increased.
During the 3-weekmaintenance phase with IA to 20% ethanol
and water, the contemporaneous group of male B6 mice
(n = 12) consumed 20.10 ± 0.48 g ⁄kg ⁄24 h 20% ethanol
and the group of female B6 mice (n = 12) consumed
32.13 ± 1.45 g ⁄kg ⁄24 h, roughly 50% more (Fig. 1B). A
one-way ANOVA showed that this sex difference in 24-hour
ethanol consumption (g ⁄kg) was statistically significant, F(1,
22) = 62.03, p < 0.001.
An additional two-way ANOVA was performed to analyze

ethanol preference across rising concentrations, 3, 6, 10% eth-
anol, and sex. Male and female mice given IA showed no sig-
nificant differences for preference across the acclimation
phase. Also, female mice did not significantly differ from male
mice in ethanol preference across the 20% ethanol mainte-
nance period.
Also shown in Table 1, significant group differences in

body weight (g) between IA males and IA females existed at
all ethanol concentrations [3% ethanol F(1, 22) = 9.60,
p < 0.01; 6% ethanol F(1, 22) = 11.47, p < 0.01; 10% eth-
anol F(1, 22) = 11.27, p < 0.01; and 20% ethanol F(1,
22) = 23.13, p < 0.001]. On average, females also consumed
higher volumes of 20% ethanol (ml), F(1, 22) = 4.89,
p < 0.05, and showed significantly lower water intake than
the IA males during the 20% ethanol maintenance phase,
F(1, 22) = 4.87, p < 0.05. All other measurements between
IA males and IA females were not statistically different.
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Fig. 2. Preference ratios were calculated for male C57BL ⁄ 6J mice by
dividing the amount of ethanol solution consumed by the total volume of fluid
consumed over 24 hours on alcohol drinking days. Mice given intermittent
access (IA, black circles, n = 15) had a significantly higher preference for
20% ethanol than mice given continuous access (CA, gray circles, n = 12).
Data are mean ethanol preference ± SEM. **p < 0.01 difference between
groups.
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Ethanol Withdrawal Assessments

Handling-Induced Convulsion. Severity of ethanol with-
drawal was judged every 2 hours using the HIC rating scale
described by Goldstein (1972). Of the total sample size for IA
mice (n = 15), 9 mice were randomly selected to continue
with intermittent alcohol access for an additional 12 weeks
before HIC ratings, while 6 mice were assessed for HIC rat-
ings after 4 weeks. Of the total sample size for continuous
access mice (n = 12), we were only able to perform HIC
scores for 6 mice. The other 6 continuous access mice were
used for other experiments. All mice that underwent HIC
assessments showed stable ethanol intake over 3 ethanol ses-
sions before they were deprived of ethanol. Median HIC
scores (ordinal scale 0 to 4) increased over time (Fig. 3A–C),
with 8 to 10 hours into ethanol withdrawal having the highest
HIC scores from the 3 experimental groups: IA for 16 weeks
(IA 16; n = 9; Fig. 3A), IA for 4 weeks (IA 4; n = 6;
Fig. 3B), and continuous access for 4 weeks (CA 4; n = 6;
Fig. 3C). A Kruskall–Wallis one-way ANOVA by ranks indi-
cated significant differences between median 8-hour HIC
scores of the groups (H = 13.64, p < 0.01). Mann–Whitney
rank sum t-tests revealed that the IA for 16 weeks group
exhibited greater 8-hour HIC reactions than both the IA for
4 weeks group (T = 25.5, p < 0.01) and the continuous
access for 4 weeks group (T = 22.5, p < 0.01). Mice that
were given IA for 16 weeks displayed the highest median of
graded withdrawal reactions; a score of 3 indicates a tonic-
clonic convulsion not requiring any spin (Goldstein, 1972).
As indicated by the interquartile range (Fig. 3A), most mice
in this group displayed an HIC score of 3. Median HIC scores
over time were also expressed as AUC between treatment
groups (Fig. 3D), which additionally revealed marked group
differences.

Experiment 2: Limited Access ‘‘Binge’’ Drinking Versus IA

A separate group of adult male B6 mice (n = 12) under-
went the 2-hour limited access binge drinking procedure,
adapted from DID. B6 males given IA (n = 15) and continu-
ous access (n = 11) for 4 weeks were used from the previous
experiment, and we recorded drinking during the initial 2-
hour access period to 20% ethanol and water during an alco-
hol session. One male in the continuous access group was
excluded from analyses because of significant spillage on test
day. Ethanol consumption (g ⁄kg ⁄2 h) is displayed in Fig. 4A,
but volume of ethanol intake (ml), water intake (ml), total
fluid intake (ml), and ethanol preference (%) were also mea-
sured. Because 1 bottle was presented to limited access mice
during test sessions, no preference measures are available. A
one-way ANOVA indicated significant group differences for
2-hour ethanol intake (g ⁄kg), F(2, 35)=7.01, p < 0.01, and
post hoc Bonferroni t-tests revealed that mice given IA drank
more ethanol in 2 hours than both the mice given continuous
access, t = 2.55, p < 0.05, and mice in the limited access
binge drinking procedure, t = 3.58, p < 0.01. Average 2-
hour ethanol intakes for B6 mice given different schedules
were 6.21 ± 0.92 g ⁄kg ⁄2 h given IA, 3.68 ± 0.51 g ⁄kg ⁄2 h
given continuous access, and 2.75 ± 0.31 g ⁄kg ⁄2 h given the
limited access binge drinking procedure.
Further one-way ANOVAs were performed for the other

measures during the 2-hour consumption period (not shown).
Similar to ethanol intake (g ⁄kg), volume of 20% ethanol (ml)
also was significantly different between groups, F(2, 35) =
10.13, p < 0.001, where mice given IA consumed greater vol-
ume of ethanol (ml) than mice given continuous access,
t = 2.99, p < 0.05, and mice in the binge drinking paradigm
t = 4.33, p < 0.001. Group differences in ethanol preference
during the 2-hour access period showed a nonsignificant trend

Table 1. C57BL ⁄ 6J Fluid Consumption When Given Differential Access to Alcohol

Sessions (days) BW (g) EtOH (ml) H2O (ml) Total (ml)

3%
Continuous male 2 24.2 ± 0.2 3.55 ± 0.23 1.45 ± 0.29 4.99 ± 0.16
Intermittent male 1 24.6 ± 0.4 2.97 ± 0.36 1.98 ± 0.36 4.95 ± 0.21
Intermittent female 1 22.0 ± 0.8* 2.76 ± 0.33 1.92 ± 0.48 4.68 ± 0.24

6%
Continuous male 2 24.5 ± 0.2 3.52 ± 0.20 1.35 ± 0.28 4.87 ± 0.16
Intermittent male 1 24.6 ± 0.3 3.63 ± 0.37 1.15 ± 0.39 4.77 ± 0.18
Intermittent female 1 21.8 ± 0.8* 4.17 ± 0.27 0.90 ± 0.31 5.07 ± 0.21

10%
Continuous male 3 24.6 ± 0.2 2.86 ± 0.22 1.63 ± 0.24 4.48 ± 0.13
Intermittent male 1 24.8 ± 0.3 3.65 ± 0.12** 1.08 ± 0.29 4.74 ± 0.22
Intermittent female 1 22.1 ± 0.8* 3.91 ± 0.22 1.11 ± 0.22 5.02 ± 0.30

20%
Continuous male 21 25.7 ± 0.4 1.99 ± 0.16 2.95 ± 0.46 4.93 ± 0.23
Intermittent male 9 26.0 ± 0.3 3.03 ± 0.16** 2.22 ± 0.31 5.20 ± 0.32
Intermittent female 9 22.7 ± 0.7* 3.37 ± 0.10* 1.90 ± 0.10* 5.25 ± 0.10

Several elements of 24-hour C57BL ⁄ 6J drinking behavior were assessed during the 1-week acclimation phase using 3, 6, and 10% ethanol
versus water and the 3 weeks of maintenance with 20% ethanol versus water for males given continuous access (CA) to alcohol (n = 12), males
given intermittent access (IA) to alcohol (n = 12), and females (n = 12) given IA to alcohol. Measurements are mean ± standard error of the
mean. Body weight (BW) in grams (g), volume of ethanol consumption (EtOH) in milliliters (ml), volume of water consumption (H2O) in milliliters
(ml), and total volume of fluid intake (total) in milliliters (ml) were recorded.

*p < 0.01 compared to IA males. **p < 0.01 compared to CA males.
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for higher ethanol preference in mice given IA (0.68 ±
0.08) than for mice given continuous access (0.54 ± 0.10). As
1 bottle was offered at a time to limited access binge drinking
mice during test sessions, neither total fluid nor preference
ratio was analyzed. Unlike the significant difference in ethanol
drinking, water consumption (ml) and total fluid consump-
tion (ml) were not significantly different between groups.
BEC was analyzed for a set of individuals in the IA

(n = 10) and continuous access (n = 8) procedures after
2-hour access to alcohol (Fig. 4B). Mice that did not show
reliable ethanol intake on the test day (n = 2, continuous
group) or did not have clear plasma samples after centrifuga-

tion (n = 5, intermittent group; n = 2, continuous group)
were excluded from BEC assessment. Mice that consumed
increasing quantities of alcohol showed matching BECs
(mg ⁄dl). BECs for continuous access mice ranged from 39.49
to 129.24 mg ⁄dl, and IA mice ranged from 79.58 to
166.93 mg ⁄dl.
Four-hour cumulative drinking was also assessed for IA

(n = 15) and continuous access (n = 11) mice after 4 weeks
of stable ethanol drinking (not shown). During the 4-hour
access period, ethanol consumption (g ⁄kg) was not statisti-
cally different between the 2 groups, although volume of etha-
nol consumed (ml) was significantly different, F(1, 24) =
9.70, p < 0.01. Although ethanol preference values in the
2-hour access period for intermittent (0.68 ± 0.08) and con-
tinuous access animals (0.54 ± 0.10) seemed to be conserved
in the 4-hour access period for intermittent (0.70 ± 0.10) and
continuous (0.50 ± 0.08) access groups, statistical analysis
revealed no significant group differences in ethanol preference
for the 4-hour access period. Additional one-way ANOVAs
showed that neither water consumption (ml) nor total fluid
consumption (ml) were different between ethanol access
groups during the 4-hour period.

DISCUSSION

Male B6 mice given IA to 20% ethanol and water will vol-
untarily and preferentially consume significantly higher quan-
tities of alcohol than male B6 mice given continuous access to
alcohol. In <4 weeks, this procedure with alternating daily
limited access and deprivation can induce a reliable and
steady escalation of per os alcohol intake; male B6 drink more
than 20 g ⁄kg ⁄24 h and female B6 drink ca. 30 g ⁄kg ⁄24 h.
Under these conditions, significant signs of dependence begin
to emerge. Also, mice that drink escalated amounts of alcohol
in the IA procedure consumed more alcohol in the first
2 hours than mice in the limited access binge drinking

Hours after withdrawal
2 4 6 8 10

16-wk Intermittent Access
HIC Score

0

1

2

3

4

Hours after withdrawal
2 4 6 8 10

4-wk Intermittent Access
HIC Score

0

1

2

3

4

Hours after withdrawal
2 4 6 8 10

4-wk Continuous Access
HIC Score

0

1

2

3

4

Treatment Group
IA 16 IA 4 CA 4

AUC

0

2

4

6

8

A CB D

**

Fig. 3. Handling-induced convulsion (HIC) ratings of withdrawal severity (Goldstein, 1972) were measured every 2 hours after ethanol withdrawal for
male C57BL ⁄ 6J mice given intermittent access (IA) for 16 weeks (black, n = 9; Panel A), mice given IA for 4 weeks (dark gray, n = 6; Panel B), and mice
given continuous access for 4 weeks (light gray, n = 6; Panel C). In Panels A, B, and C, median HIC scores are shown with interquartile ranges for each 2-
hour measurement after ethanol was removed. ** p < 0.01 difference between groups. Panel D compares the area-under-the-curve (AUC) of HIC scores
over time between 16-week intermittent access (IA 16, black), 4-week intermittent access (IA 4, dark gray), and 4-week continuous access (CA 4, light gray)
groups.
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Fig. 4. Panel A compares 2-hour 20% ethanol intake (g ⁄ kg) for male
C57BL ⁄ 6J mice in the limited access ‘‘binge’’ drinking procedure (DID,
white, n = 12), continuous access (CA, light gray, n = 11), and intermittent
access (IA, black, n = 15) procedures. IA intake (g ⁄ kg) was significantly
higher than both DID and CA intake. Data are mean ± SEM. *p < 0.05 and
**p < 0.01 difference between groups. Panel B shows the correlation
between ethanol intake (g ⁄ kg ⁄ 2 h) and blood ethanol concentration
(BEC) (mg ⁄ dl) after 2-hour access period for a subset of individuals in the IA
(black circles, n = 10) and CA (light gray, n = 8) schedules of ethanol
presentation.
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procedure, plus showing pharmacologically relevant BECs
greater than 100 mg ⁄dl.
The results of the present experiment complement previous

studies that generated high ethanol consumption with the
same IA 20% ethanol paradigm in rats (Simms et al., 2008;
Wise, 1973). Since the 1970s, intermittent presentations of
alcohol have also been shown to substantially elevate 2-bottle
choice alcohol drinking in rats on a 24-hour basis (Pinel and
Huang, 1976; Wayner and Greenberg, 1972; Wise, 1973). The
current study, like Simms and colleagues (2008, 2010), revives
a protocol that demonstrated that IA to 20% ethanol induced
high ethanol intake without the need of sucrose fading (Sam-
son, 1986) or water deprivation (Meisch and Thompson,
1972). The present results also complement, and exceed, the
escalated drinking seen in a protocol using every other day
15% ethanol drinking in B6 mice recently reported by
Melendez (2011).
The basic principle of IA has been implemented in various

protocols that ultimately lead to elevated ethanol drinking
(Tomie et al., 2005, 2006; Melendez, 2011). From this per-
spective, one can also consider the alcohol deprivation effect
(ADE), where periods of ethanol access alternate with periods
of deprivation in weekly cycles (Melendez et al., 2006; Rodd-
Henricks et al., 2000; Sinclair, 1972). Relapse-like drinking
has been studied in the expression of ADE (Breese et al.,
2005; Heyser et al., 1997; Sanchis-Segura and Spanagel,
2006), which is measured by a pronounced increase in ethanol
preference and consumption after imposed abstinence. So far,
methods investigating the ADE with 2-bottle choice testing
have not consistently shown to produce dependence, perhaps
because of the increased deprivation length (Melendez et al.,
2006). Although the ethanol drinking after the ADE and
other intermittent protocols (O’Dell et al., 2004) is substan-
tially escalated, the current procedure has the potential to lead
to ethanol dependence without forced vapor exposure (Becker
and Lopez, 2004; Schulteis et al., 1995) that incorporates free-
choice drinking.
In the present experiment, some animals given IA to alco-

hol exhibited high withdrawal scores, indicative of depen-
dence. Similar to alcoholic patients who show withdrawal
symptoms as severe as insomnia, nausea, autonomic hyper-
activity, and even tonic-clonic seizures (Cornish et al., 2001;
Hillbom et al., 2003), ethanol-dependent animals display
enhanced anxiety-like behaviors, HICs (Goldstein and Pal,
1971), and heightened startle responses (Macey et al., 1996)
during acute and protracted withdrawal (Baldwin et al., 1991;
Kliethermes et al., 2004; Overstreet et al., 2002; Valdez et al.,
2002). Chronic intermittent ethanol treatment via gavage has
also resulted in increased seizure severity that has been attrib-
uted to a kindling-like process (Gonzalez et al., 2001). Alto-
gether, the precise nature of whether excessive drinking
observed in the current IA procedure induces dependence has
yet to be characterized more comprehensively.
We hypothesize that the repeated cycling of high ethanol

consumption followed by deprivation induces persistent neu-
roadaptations. Previous research implicates neuropeptides

corticotropin-releasing factor (CRF) and neuropeptide Y as
prominent candidates for the modulation of dependent, inter-
mittent drinking behavior (Heilig and Koob, 2007; Koob
et al., 1993; Merlo-Pich et al., 1995; Rasmussen et al., 2000;
Rivier et al., 1984). In our ongoing investigations of central
CRF during IA drinking in B6 mice and Long-Evans rats,
we have found that antagonism of the CRF type-1 receptor
leads to selective suppression of alcohol drinking behavior
(Hwa et al., 2010). As CRF receptor antagonists also allevi-
ate anxiogenic withdrawal symptoms in dependent rats (Bre-
ese et al., 2004; Knapp et al., 2004; Overstreet et al., 2004a;
Rassnick et al., 1993), CRF may be a likely contributor to
the emergence of excessive alcohol consumption seen after
IA and consequently interact with dopamine and serotonin
in the ventral tegmental area (Gatto et al., 1994; Rodd et al.,
2004) and also the dorsal raphé nucleus (Kirby et al., 2000;
Valentino et al., 2010).
The present experiment demonstrated that female B6 mice

achieve a significantly higher average ethanol intake value
(g ⁄kg) of 20% ethanol than male mice. These findings con-
firm previously reported high ethanol intake in female B6
mice using a 1-bottle paradigm or food or water deprivation
(Middaugh et al., 1992, 1999) as well as continuous access in
a 2-bottle choice procedure (Yoneyama et al., 2008). As the
females showed similar volumes of ethanol consumption (ml)
as the males, their higher alcohol intake (g ⁄kg) appears to be
because of their lower body weights. Additionally, there may
be underlying physiological differences, such as the higher
water content in females and differences in metabolism (Crip-
pens et al., 1999), or neurological differences in brain archi-
tecture and endocrine systems (Devaud et al., 2003; Witt,
2007). The variability among females remained low despite
potential fluctuations in their estrous cycle. This suggests that
the estrous cycle and associated hormones may play a lesser
role in alcohol drinking in females, and the role of gonadal
hormones in escalated ethanol drinking will be pursued in
future experiments.
The current study extends the key principles of intermittent

ethanol availability combined with the use of B6 mice that
have been long known for their high alcohol intake (Belknap
et al., 1993; Elmer et al., 1987; McClearn and Rodgers, 1959;
Rodgers, 1966; Yoneyama et al., 2008). The pairing of B6
mice and intermittent availability of high concentrations of
ethanol for 24 hours has generated ethanol intake in the ini-
tial 2 hours that may exceed current short-term, limited access
models for binge-like drinking leading to intoxication (Low-
ery et al., 2010; Rhodes et al., 2005; Sparta et al., 2008). We
sought to adapt the DID procedure described by Rhodes and
colleagues (2005) to include an acclimation phase to increas-
ing concentrations of ethanol before the 4-day limited access
procedure. Despite this change to the history of the limited
access binge drinking mice, 2-hour ethanol consumption was
similar to levels previously described, at around 2 to
3 g ⁄kg ⁄2 h. BECs from the IA and continuous access individ-
uals remain lower than those seen in previous binge drink-
ing reports (Becker and Lopez, 2004; Finn et al., 2007), so
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ongoing projects are trying to clarify the time course of initial
peak binge drinking during IA.
Procedures mimicking binge-like drinking such as DID

demonstrate the principle of intermittency on an hourly basis.
However, we draw a crucial distinction in that the DID proce-
dure, which is most commonly assessed over 4 days, repre-
sents nondependent binge-like drinking. It is expected that
chronic IA should produce higher levels of binge-like drink-
ing, because of potential mechanisms driven by dependence.
In line with the kindling hypothesis of escalated alcohol
intake (Ballenger and Post, 1978; Becker, 1998; Breese et al.,
2010), the IA protocol allows for longer periods of depriva-
tion paired with longer episodes of high drinking, repeated
for several weeks, which may contribute to the higher intake
values during the initial 2-hour access period. The current
dependence-producing IA protocol extends the timeline of the
short-term, limited access procedures, like DID, significantly.
We show the IA procedure induced mice to drink more etha-
nol in a 2-hour access period, in the presence of freely avail-
able water. These features constitute a strong binge-like
drinking model that may be a step closer to approximating
the human condition.
In conclusion, we have described a procedure that incorpo-

rates ethanol-preferring B6 mice within a schedule that allows
frequent limited access to alcohol during the week, thereby
generating excessive, preferential voluntary alcohol drinking.
This procedure complements the IA 20% ethanol drinking
protocol using outbred rats, though the observed levels of
alcohol drinking can be up to 3 times higher in the inbred
mice. We submit this straightforward protocol for mimicking
the escalation to alcoholic-like drinking.
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