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Abstract

Determining the neural factors contributing to compulsive behaviors such as alcohol-use disorders
(AUDs) has become a significant focus of current preclinical research. Comparison of phenotypic
differences across genetically distinct mouse strains provides one approach to identify molecular
and genetic factors contributing to compulsive-like behaviors. Here we examine a rodent assay for
punished ethanol self-administration in four widely used inbred strains known to differ on ethanol-
related behaviors: C57BL/6J (B6), DBA/2J (D2), 129S1/SvimJ (S1), and BALB/cJ (BALB). Mice
were trained in an operant task (FR1) to reliably lever-press for 10% ethanol using a sucrose-
fading procedure. Once trained, mice received a punishment session in which lever pressing
resulted in alternating ethanol reward and footshock, followed by tests to probe the effects of
punishment on ethanol self-administration. Results indicated significant strain differences in
training performance and punished attenuation of ethanol self-administration. S1 and BALB
showed robust attenuation of ethanol self-administration after punishment, whereas behavior in B6
was attenuated only when the punishment and probe tests were conducted in the same contexts. By
contrast, D2 were insensitive to punishment regardless of context, despite receiving more shocks
during punishment and exhibiting normal footshock reactivity. Additionally, B6, but not D2,
reduced operant self-administration when ethanol was devalued with a bitter tastant. B6 and D2
showed devaluation of sucrose self-administration, and punished suppression of sucrose seeking
was context dependent in both the strains. While previous studies have demonstrated avoidance of
ethanol in D2, particularly when ethanol is orally available from a bottle, current findings suggest
this strain may exhibit heightened compulsive-like self-administration of ethanol, although there
are credible alternative explanations of the phenotype of this strain. In sum, these findings offer a
foundation for future studies examining the neural and genetic factors underlying AUDs.
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1. Introduction

Alcohol-use disorders (AUDs) are often characterized by persistent drinking despite
negative consequences (American Psychiatric Association, 2013). Determining the neural
factors contributing to such behaviors has become a significant focus of current preclinical
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research (Everitt et al., 2008; Koob & Volkow, 2010; Vengeliene, Celerier, Chaskiel, Penzo,
& Spanagel, 2009). One potentially useful approach in this regard involves assaying ethanol
self-administration after punishment (Hopf & Lesscher, 2014; Radke et al., 2015;
Radwanska & Kaczmarek, 2012; Seif et al., 2013). For instance, comparing punished
ethanol self-administration across genetically distinct mouse strains offers a means to
identify brain regions, molecular pathways, and genetic factors contributing to ethanol self-
administration in the face of aversive outcomes.

Four widely studied inbred mouse strains, C57BL/6J (B6), DBA/2J (D2), 129S1/SvimJ (S1),
and BALB/cJ (BALB), have been shown to show disparities in neural function and anatomy
(Andolina, Puglisi-Allegra, & Ventura, 2015) that may contribute to differences in learning
(Holmes, Wrenn, Harris, Thayer, & Crawley, 2002; Lederle et al., 2011; Owen, Logue,
Rasmussen, & Wehner, 1997; Paylor, Baskall, & Wehner, 1993), stress responsivity
(Graybeal et al., 2014; Lattal & Maughan, 2012; Moy et al., 2007; Mozhui et al., 2010), and
ethanol-related behaviors (Belknap, Crabbe, & Young, 1993; Boyce-Rustay, Janos, &
Holmes, 2008; Chesler et al., 2012; Crabbe, 1983; Debrouse et al., 2013; Elmer, Meisch, &
George, 1987a; Elmer, Meisch, & George, 1987b; Elmer, Meisch, Goldberg, & George,
1988; Fish et al., 2010; Ford, Steele, McCracken, Finn, & Grant, 2013; Palachick et al.,
2008; Rhodes et al., 2007; Rodgers & McClearn, 1962; Yoneyama, Crabbe, Ford, Murillo, &
Finn, 2008). Of particular note, a now classic observation is that D2 exhibit reduced ethanol
drinking and preference compared to B6 in two-bottle choice tests (Belknap et al., 1993;
Boyce-Rustay et al., 2008; Crabbe, 1983; Rhodes et al., 2007; Rodgers & McClearn, 1962;
Yoneyama et al., 2008), along with evidence that ethanol is a less effective reinforcer for D2
than B6 (Risinger, Brown, Doan, & Oakes, 1998). These findings have led to
conceptualization of these two mouse strains as high- (B6) and low- (D2) ethanol preferring.

However, a number of recent observations have clouded the distinction between D2 and B6.
D2 mice show stronger conditioned place preference (CPP) (Cunningham & Noble, 1992;
Cunningham, Niehus, Malott, & Prather, 1992; Gremel, Gabriel, & Cunningham, 2006;
Risinger, Malott, Riley, & Cunningham, 1992) and locomotor (Crabbe, 1983; Phillips,
Dickinson, & Burkhart-Kasch, 1994; Rose, Calipari, Mathews, & Jones, 2013) responses to
ethanol injections, and D2 < B6 differences in ethanol self-administration are attenuated
when ethanol is delivered intragastrically or intravenously (Fidler et al., 2012, 2011;
Grahame & Cunningham, 1997) or adulterated with certain tastants (e.g., monosodium
glutamate) (McCool & Chappell, 2014). These findings suggest that taste aversion may at
least partially account for lower two-bottle ethanol drinking in the D2 strain. They also raise
interesting questions about how mouse strains, and D2 and B6 in particular, that have been
characterized for their ethanol-related phenotypes in traditional behavioral assays would
perform on measures posited to be more relevant to the addicted state, such as punished
ethanol self-administration.

In the current study, we first compared the B6 and D2, along with S1 and BALB, strains on
an operant measure of responding for ethanol after punishment, recently developed in our
laboratory (Radke, Jury, et al., 2015; Radke, Nakazawa, & Holmes, 2015), based on prior
studies of ethanol and cocaine self-administration in rats (Belin, Berson, Balado, Piazza, &
Deroche-Gamonet, 2011; Marchant, Khuc, Pickens, Bonci, & Shaham, 2013; Pelloux,
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Murray, & Everitt, 2013, 2015). Additional experiments were then performed to further
characterize differences in punished ethanol responding between B6 and D2 by testing for
strain differences in sensitivity to ethanol devaluation and contextual cues. The results
obtained offer novel insight into punished ethanol self-administration in mice and provide a
foundation for exploiting these strains to delineate the neural and genetic basis of this
behavior.

2. Materials and methods

2.1. Subjects

Male S1, BALB, B6, and D2 mice were obtained from The Jackson Laboratory (Bar Harbor,
ME, USA). These strains were chosen based on their extensive use in neuroscience, their
inclusion in the Mouse Phenome Project (www.jax.org/phenome) (Bogue & Grubb, 2004),
and their use in our previous analyses of strain differences in behavioral phenotypes of
active sensitivity and ethanol self-administration (Boyce-Rustay et al., 2008; Chen &
Holmes, 2009; Lederle et al., 2011).

Mice were 9-10 weeks old at the start of the experiments. They were housed in pairs in a
temperature (72 £ 5 °F) and humidity (45 £ 15%) controlled vivarium, under a 12-h light/
dark cycle (lights on at 0630 h). Over approximately 1 week prior to behavioral training,
mice were reduced to 85% of their free-feeding body weight, which was maintained through
completion of behavioral testing. All experimental procedures carried out were approved by
the NIAAA Animal Care and Use Committee and followed the NIH guidelines outlined in
Using Animals in Intramural Research, as well as the local Animal Care and Use
Committees. See Fig. S1 for a schematic depiction of the sequence of tests used.

2.2. Operant training

Behavioral training was conducted in 21.6 x 17.8 x 12.7 cm operant chambers housed
within sound- and light-attenuating enclosures (Med Associates, St. Albans, VT, USA). Grid
floors of the chambers were fully covered with Plexiglas® for all sessions except the
punishment session, during which it was removed in order to administer footshock. Pellet
and liquid dispensers delivered rewards into a receptacle at one end of the chamber, which
was located in the middle of two ultra-sensitive response levers (5 cm from the receptacle).
Speakers emitting a 3-kHz pure tone cue that signaled reward delivery were positioned
above the levers. Med-PC software (Med Associates) controlled reward delivery and
recorded lever presses.

Mice were initially trained to press one of the two levers (= “‘active lever’) to receive delivery
of a 14-mg food pellet reward (40-min sessions on a fixed-ratio 1 [FR1]/continuous schedule
of reinforcement). Presses on the second, inactive lever had no programmed consequences.
Once responding was established (at least 35 active-lever presses in a 40-min session), mice
were trained to respond for ethanol using a sucrose-fade procedure (Radke, Jury, et al.,
2015), whereby the food pellet reward was replaced with a 10-pL liquid reward delivered
over 0.3 s. The liquid solutions were 10% sucrose, 10% sucrose + 10% ethanol, 5% sucrose
+ 10% ethanol, and 10% ethanol, with training proceeding on a given solution until criterion
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was met (= consistent active-lever pressing with less than 20% inter-session variation on
three consecutive sessions). The rate of active-lever pressing (per minute) for each reward
type is reported as the mean average during the three sessions at criterion.

2.3. Punished responding for ethanol

Following training, there was a 40-min punishment session in which active-lever pressing
alternated between being rewarded (10% ethanol) and being coincident with a 0.3-mA, 0.75-
s footshock. Punishment sessions took place in the same room where the mice had received
their training, using shock-equipped operant chambers that were identical to training
chambers in all aspects other than having an exposed metal-rod floor due to removal of the
Plexiglas® floor insert in order to deliver shock to the mouse. The number of shocks
received during the punishment session was recorded. Post-punishment probe tests were
conducted (using the procedure as pre-punishment training) on each of the 2 days following
punishment, in the same operant chambers where training had occurred and with the
Plexiglas® floor insert present. Three dependent variables were measured during the probe
tests: 1) the per-minute rate of active-lever pressing, 2) the latency to first make an active-
lever press, and 3) the vigor of active-lever pressing (= the maximum number of consecutive
1-min bins in which an active-lever press was made). These values were averaged over the
two probe tests and compared with the average at pre-punishment criterion.

2.4. Ethanol devaluation

Beginning 24 h after probe testing, B6 and D2 were tested under the same procedures used
for training until active-lever rates returned to pre-punishment levels (S1 and BALB were
excluded from subsequent experiments because their performance did not differ from B6
during punished responding for ethanol). There were then an additional five daily sessions
(testing procedures again equivalent to training) to ensure a reliable level of responding.
Beginning on day 6, the ethanol solution was adulterated using the bitter compound,
denatonium benzoate (DB) (Sigma Aldrich, Allentown, PA, USA) — previously shown to be
avoided to an equal extent by B6 and D2 (Boughter, Raghow, Nelson, & Munger, 2005).
Concentrations of DB increased daily from day 6 through day 11 as follows: 0.01, 0.1, 0.3,
1, 3, and 10 mM. Active-lever pressing at each concentration was calculated as percent
change from non-devalued baseline.

2.5. Footshock reactivity

Five days after devaluation testing, mice were placed in a 27 x 27 x 11 cm chamber (Med
Associates) with a metal-rod floor, and after a 60-s baseline period, exposed to five 0.3-mA,
0.75-s footshocks delivered randomly, once every 90 s on average. Shock responsivity was
measured automatically by Med Associates VideoFreeze System as movement during shock
delivery.

2.6. Training, punishment, and devaluation of responding for sucrose

A test-naive cohort of B6 and D2 were tested as above, but with the exception that the
reward was 10% sucrose throughout operant training, punishment, and (DB-adulterated
sucrose) devaluation.
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2.7. Punished responding for ethanol (punishment = probe context)

A test-naive cohort of B6 and D2 were trained using the same procedures as described
above, but with the exception that the probe tests were conducted in a context with the same
fully exposed (as opposed to Plexiglas®-covered) grid floor as was present during the
punishment session. The punishment/probe test chamber was also housed in a room different
than the room used for training.

2.8. Statistical analyses

Strain comparisons were analyzed using one-way analysis of variance (ANOVAs), followed
by Tukey HSD post hoc tests using B6 mice as the reference to compare the other strains.
Comparisons between B6 and D2 were analyzed using either two-way ANOVAS or
Student’s ttests. The threshold for statistical significant was set at p < 0.05.

3. Results

3.1. Strain differences in training

Strains significantly differed in the number of sessions to reach the training criterion for the
food-pellet reward (A3,42] = 8.81, p< 0.01). Post hoc tests showed that S1 took more
sessions to attain criterion than B6, but neither BALB nor D2 differed from B6 (Fig. 1B).
After reaching criterion, S1 made significantly more active-lever presses than B6 (A3,42] =
5.16, p< 0.01, followed by post hoctest: p < 0.05) (Fig. 1C).

For liquid rewards, the number of sessions to reach criterion only differed significantly
between strains at the 5% sucrose + 10% ethanol solution (A3,42] = 6.846, p< 0.01); S1
took more sessions than B6 to reach criterion for this reward (post hoctest: p< 0.01) (Fig.
1B). There were significant strain differences in rates of active-lever pressing at each reward
type: 10% sucrose (H3,42] =5.93, p<0.01), 10% sucrose + 10% ethanol (A3,42] = 16.34,
p<0.01), 5% sucrose + 10% ethanol (A3,42] = 7.74, p< 0.01), and 10% ethanol only
(H3,42] = 5.06, p< 0.01). Post hoc tests showed that BALB pressed at a higher rate than B6
for every mix, except 5% sucrose + 10% ethanol, whereas S1 pressed at lower rates than B6
for the 10% sucrose + 10% ethanol and the 5% sucrose + 10% ethanol mixes (Fig. 1C). B6
and D2 did not differ on this measure for any reward type. The average doses of the 10%
ethanol-alone reward attained (as indicated by the amount of liquid dispensed) differed
between strains (B6: 1.09 + 0.3, BALB: 2.58 + 0.5, D2: 1.62 + 0.1, and S1: 1.06 + 0.2 g/kg
ethanol).

3.2. Strain differences in punished responding for ethanol

There was a significant effect of strain for the number of shocks received during the
punishment session (A3,42] = 4.19, p< 0.05), due to D2 receiving more shocks than B6
(post hoctest: p<0.05) (Fig. 2A).

On the punishment-probe tests, there was a significant (probe versus pre-punishment)
session x strain interaction for the rate of active-lever pressing (A3,39] = 5.10, p< 0.01).
BALB and S1 had reduced rates on the probe tests, relative to pre-punishment (post hoc
tests: p< 0.01), whereas D2 and B6 did not (Fig. 2B). There was a significant effect of
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session (A1,43] = 9.83, p<0.01) and strain (A3,42] = 4.13, p< 0.05), but no interaction,
for the latency to the first active-lever press during the probe tests. BALB and S1, but not D2
or B6, had significantly longer latencies on the probe tests, as compared to pre-punishment
(post hoctests: p < 0.05) (Fig. 2C). There was also a significant session X strain interaction
for the vigor of active-lever pressing (H3,39] = 4.05, p < 0.05); BALB and S1 reduced vigor
during the probe tests, whereas D2 and B6 did not (Fig. 2D).

3.3. No strain differences in footshock reactivity

In response to pseudorandomly delivered footshocks at the same intensity as used for
punishment, D2 and B6 did not significantly differ in the magnitude of their movement
response ({19] = 1.87, p=0.08) (Fig. 3A).

3.4. Strain differences in ethanol devaluation

There was a significant interaction between strain and DB concentration (A5,95] = 2.33, p<
0.05). B6, but not D2, showed a concentration-dependent decrease in responding such that,
at the highest DB concentrations, active-lever press values were higher in D2 than B6 (post
hoctests: p<0.05) (Fig. 3B).

3.5. No strain differences in training, punishment, and devaluation of responding for

sucrose

During training, B6 and D2 did not differ in sessions to criterion or active-lever press rates
for either food or sucrose (Fig. 4A and B). The strains also did not differ in the number of
shocks received during the punishment session (Fig. 4C), or in the latency, rate, or vigor of
active-lever responding during the probe tests (Fig. 4D-F).

In the sucrose-devaluation test, there was a significant concentration x strain interaction
(H5,60] = 4.58, p< 0.05) and a significant main effect of concentration (A5,60] = 36.50 p<
0.01), but no effect of strain. Both strains reduced responding in a concentration-dependent
manner (Fig. 4G).

3.6. Strain differences in punished responding for ethanol-tested mice (punishment =
probe context)

During training, B6 and D2 did not differ in sessions to criterion (Fig. 5B or active-lever
press rates (Fig. 5C) for any reward type. D2 received more shocks than B6 during the
punishment session ({11] = 4.60, p< 0.01) (Fig. 5D). B6 had reduced active-lever press
rates on the probe tests, relative to pre-punishment (Fig. 5E), whereas D2 did not (strain x
session interaction: A1,11] = 6.58, p< 0.05, followed by planned post hoctests: p< 0.01).
Additionally, compared to pre-punishment, B6 had a higher latency to active-lever press
(46] = 2.45, p< 0.05) and a reduction in response vigor ({6] = 4.52, p< 0.05) during the
punishment-probe, whereas D2 did not show a change in any of these variables (Fig. 5F and
G).
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4. Discussion

A major novel finding of the current study was that inbred mouse strains differed in
punished responding for ethanol. Moreover, in the D2 and B6 strains, the effects of
punishment were differentially modulated by context and extended to differences in
sensitivity to ethanol devaluation.

Prior to punishment, the four mouse strains tested varied in the acquisition of reliable
instrumental responding for a food reward and for various liquid ethanol and sucrose
combinations, as evidenced by sessions to reach performance criterion and/or the rates of
active-lever pressing after reaching criterion. As compared to B6, S1 was slower to reach
criterion and responded at lower rates for some reward types. This difference was not due to
gross learning or motoric effects in S1, because the strain responded at a higher rate for at
least one reward type (food). Moreover, previous studies show that S1 mice exhibit good
learning across a range of operant- and maze-based behavioral assays (Clapcote & Roder,
2004; Holmes et al., 2002; Merritt & Rhodes, 2015). Thus, the lesser responding for ethanol-
containing solutions in S1 mice likely reflects the aversion to ethanol, whether straight or
sweetened, that has been reported in this strain previously (Rhodes et al., 2007; Yoneyama et
al., 2008).

Two of the other strains tested in the current study, BALB and D2, also displayed higher or
no difference in responding for ethanol-containing solutions, relative to B6. This seemingly
contradicts earlier re ports that these strains show aversion to ethanol (Elmer et al., 19873,
1987b, 1988; Belknap et al., 1993; Boyce-Rustay et al., 2008; Crabbe, 1983; Hutsell &
Newland, 2013; Rhodes et al., 2007; Rodgers & McClearn, 1962; Yoneyama et al., 2008).
However, earlier operant-based studies have concluded that ethanol acts as a poor reinforcer
in BALB (Elmer et al., 1987a, 1987b, 1988), suggesting the response rates observed in the
current study may be unrelated to the reinforcing properties of ethanol in this strain. This
brings up a more general point regarding the extent to which ethanol served as a strong
reinforcer in any of the strains. The amount of ethanol consumed is much lower in mouse
operant self-administration paradigms than, for example, two-bottle drinking, and even if
response rates are very high, it is difficult to discern that responding is driven by ethanol as
opposed to other stimuli. Additionally, we did not obtain measures of BECs or behavioral
signs of intoxication after operant testing. Thus, we cannot exclude the possibility that
ethanol reinforcement was the primary driver of operant self-administration.

A wealth of prior evidence has characterized D2 as ‘ethanol-avoiding” and B6 as ‘ethanol-
preferring’, mainly in two-bottle, but also in operant-based, settings (Belknap et al., 1993;
Boyce-Rustay et al., 2008; Risinger et al., 1998; Rodgers & McClearn, 1962; Yoneyama et
al., 2008). Indeed, these observations have led to the strains being adopted as progenitors of
the BXD recombinant lines that have historically been a mainstay of neural and genetic
studies of ethanol-related behaviors (Crabbe, Belknap, Buck, & Metten, 1994; Crabbe,
Belknap, Mitchell, & Cranshaw, 1994; Phillips et al., 1994). The reasons for the lack of
strain differences in responding for ethanol under these conditions remain to be determined.
Contributing factors may be the use of food deprivation and/or sucrose fading; although,
arguing against the latter possibility, previous studies have reported clear differences in
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ethanol seeking are still evident between B6 and D2 when a sucrose-fading procedure is
used (Camarini & Hodge, 2004). It is also worth pointing out that clear-cut differences in
ethanol self-administration between D2 and B6 are not evident in all experimental settings.
For instance, avoidance in D2 is attenuated when ethanol is available through the
intravenous or intragastric route (Fidler et al., 2012, 2011; Grahame & Cunningham, 1997)
or orally when mixed with monosodium glutamate (McCool & Chappell, 2014). In addition,
D2 show robust locomotor stimulation and CPP for intraperitoneally or intravenously
administered ethanol (Crabbe, 1983; Cunningham et al., 1992; Cunningham & Noble, 1992;
Grahame & Cunningham, 1997; Gremel et al., 2006; Phillips et al., 1994; Risinger et al.,
1992; Rose et al., 2013). Thus, differences between B6 and D2 appear to vary as a function
of the assay employed.

Against this background, a notable finding from the current study was that neither D2 nor
B6 suppressed ethanol responding following a session of footshock punishment that was
sufficient to robustly suppress responding in S1 and BALB. Punished suppression in S1 and
BALB was not due to these strains making more approaches to the active lever during the
punishment session and, as a result, accruing more press = punish associative experience.
Rather, these data are consistent with heightened sensitivity to the effects of punishment on
ethanol self-administration — an effect that may relate to the more persistent and
generalizable fear, and the increased anxiety-related behavior shown by these strains in other
tests (Belzung & Griebel, 2001; Camp et al., 2012, 2009; Crawley et al., 1997; Hefner et al.,
2008; Lad et al., 2010; Moy et al., 2007; Norcross et al., 2008).

The absence of punished suppression of ethanol-responding in B6 under these conditions
was surprising, given previous studies from our laboratory showing significant suppression
of operant responding for ethanol (or food) in this genetic background strain (Radke, Jury, et
al., 2015; Radke, Nakazawa, et al., 2015). We confirmed, however, that this lack of a
punishment of effect in B6 extended to self-administration of a sucrose reward. We also
identified a key procedural difference between this earlier work and the current study: the
contexts used for the punishment session and post-punishment probe tests. Specifically, we
found that B6 showed significant suppression of ethanol-responding (here and in Radke,
Nakazawa, et al., 2015) when the probe and punishment contexts were the same, but that the
insertion of a solid floor over the shock grid during the probe tests was a sufficient change in
context to occlude the effect of punishment in B6. This indicates that floor texture is the
principal factor gating the expression of the punishment effect in B6.

The significance of floor texture as the critical discriminative contextual feature in this task
concurs with previous studies of conditioned context fear in rats (Gonzalez, Quinn, &
Fanselow, 2003). More pertinently, the importance of context fits well with the recent
findings that the effects of punishment on operant ethanol self-administration in rats are also
highly context-dependent (Bouton & Schepers, 2015; Marchant et al., 2013). One
implication of our data is that other cues, notably including the reward lever itself, were not
capable of supporting this behavior, at least within the procedural parameters we employed.
In other words, it would appear that an instrumental contingency between the reward lever
and punishment was either too weak to effectively suppress responding for reward, not
established at all, or only expressed when coupled with the appropriate punished context
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(i.e., acts as an operant occasion setter [Holland, 1983; Skinner, 1938]). As such, this issue
recasts how we might view punished suppression of ethanol seeking as relevant to
compulsive behaviors in AUDs, which are more tightly defined as the continuation of
behaviors directed at obtaining alcohol despite punishment.

Another interesting finding was that D2 failed to show punished suppression of ethanol
responding even when the punishment and probe testing contexts were equivalent. One
explanation of this finding is that this lack of contextual gating reflects impaired
representation of contextual information in D2 mice. This would be consistent with reports
of impaired contextual fear conditioning in D2 (André, Cordero, & Gould, 2012; Nie &
Abel, 2001; Upchurch & Wehner, 1988); which some authors have attributed to
hippocampal abnormalities in the strain (Fordyce, Bhat, Baraban, & Wehner, 1994;
Heimrich, Schwegler, & Crusio, 1985; Nguyen, Abel, Kandel, & Bourtchouladze, 2000;
Sunyer, An, Kang, Hoger, & Lubec, 2009; Wehner, Sleight, & Upchurch, 1990). The current
experiments however, cannot exclude the alternative interpretation that D2 are resistant to
the effects of punishment, irrespective of context — perhaps due to a failure to learn the lever-
shock contingency. Of note in this regard, D2 received more shocks than B6 during the
punishment session. This difference was seen despite the strains showing similar reactivity
to footshock — arguing against lesser pain perception in D2 and consistent with prior studies
(Kazdoba, Del Vecchio, & Hyde, 2007; Patrono et al., 2015).

The possibility that D2 mice exhibit a punishment-resistant ethanol self-administration
phenotype will require testing in future studies. This idea however, does fit with the recent
observation that D2 are also relatively insensitive to footshock-punished chocolate
consumption, as compared to B6 (Patrono et al., 2015). Another pertinent finding in the
current study was that D2, in contrast to B6, maintained operant responding for ethanol
adulterated with the bitter-tasting compound, denatonium benzoate (DB). This does not
appear to be an artifact of altered D2 taste perception, because the two strains have been
found to have equivalent taste sensitivity for the same concentrations of DB used here
(Boughter et al., 2005), and both demonstrated clear and similar reductions in responding for
DB-adulterated sucrose between the strains.

Also of note are prior studies demonstrating increased impulsive behavior in D2 mice on
various operant-based tests, including delay discounting, go/no go, and the five-choice serial
reaction time task (Gubner, Wilhelm, Phillips, & Mitchell, 2010; Helms, Reeves, &
Mitchell, 2006; Loos et al., 2010; Patel, Stolerman, Asherson, & Sluyter, 2006; Pinkston &
Lamb, 2011). There is growing evidence that impulsivity and compulsivity are related traits
in rodents (Belin, Mar, Dalley, Robbins, & Everitt, 2008; Belin-Rauscent et al., 2015) and
human patient populations (Brook, Brook, Zhang, & Koppel, 2010; Fernandez-Serrano,
Perales, Moreno-L&pez, Pérez-Garcia, & Verdejo-Garcia, 2012; Lopez-Ibor, 1990; Wilens,
2007). In addition, in some but not all studies, D2 exhibit exaggerated responses to ethanol
in the midbrain-striatal dopamine system, which is strongly implicated in both impulsivity
and compulsivity (Brodie & Appel, 2000; Kapasova & Szumlinski, 2008; Zapata, Gonzales,
& Shippenberg, 2006). The strain also has reduced midbrain-striatal dopamine D2 receptor
expression (Carneiro et al., 2009; Patrono et al., 2015), which has been linked to increased
risk for substance abuse (Belin, Belin-Rauscent, Everitt, & Dalley, 2016). These prior
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findings, taken together with the current results, raise the intriguing possibility that D2 could
represent a model of heightened persistence in ethanol self-administration. As already noted,
this hypothesis remains speculative in the absence of further study.

In conclusion, the results of the current study reveal differences between commonly used
inbred mouse strains in a measure of punished ethanol self-administration. In addition, they
show that this behavioral measure is gated by context in the B6 strain, while the D2 strain is
unaffected by punishment regardless of context and also displays insensitivity to ethanol
devaluation. These findings provide a valuable point from which to elucidate neural and
genetic factors underlying addiction-related AUD traits.
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Fig. 1. Strain differencesin operant training
(A) Plexiglas® flooring was removed only during punishment sessions to expose shock-grid

flooring. (B) S1 required more sessions than B6 to attain criterion for food and for 5%
sucrose + 10% ethanol. (C) S1 had a higher rate of active-lever pressing for food reward, but
lower rates for all sucrose + ethanol reward mixes, as compared to B6. BALB had a higher
rate of active-lever pressing for 10% sucrose, 10% sucrose + 10% ethanol and 10% ethanol,
relative to B6. *p < 0.05 versus B6.
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Fig. 2. Strain differencesin responding for ethanol under punishment
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(A) D2 received more shocks during punishment than B6. BALB and S1, but not B6 or D2,
had a lower rate of active-lever pressing (B), a longer latency to first press (C), and a
reduction in the vigor of pressing (D) on post-punishment probe tests, relative to pre-
punishment. *p < 0.05 versus B6, 1p < 0.05, 11p < 0.01 pre-punish versus punish.
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Fig. 3. Strain differencesin footshock sensitivity and ethanol devaluation
(A) D2 and B6 had similar footshock-reactivity scores. (B) Adulterating ethanol with

denatonium benzoate (DB) reduced active-lever pressing in B6, but not D2. D2 pressed
significantly more than B6 at the 3-mM and 10-mM DB concentrations. *p < 0.05, **p <
0.01 versus B6, #p < 0.05 concentration-dependent decrease.
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Fig. 4. Strain differencesin responding for sucrose
During operant training, D2 and B6 did not differ in sessions to reach criterion (A) or rates

of active-lever pressing (B) for either food or sucrose. (C) D2 and B6 did not differ in
shocks received during punishment. Neither strain showed altered rates of active-lever
pressing (D), latency to first lever press (E), or vigor of pressing (F) on punishment probes,
relative to pre-punishment. (G) B6 and D2 exhibited a reduction in pressing for sucrose
adulterated with denatonium benzoate (DB). #p < 0.05 concentration-dependent decrease.
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Fig. 5. Strain differencesin punished responding for ethanol tested in same context
(A) Plexiglas® flooring was removed to expose grid flooring during both punishment and

probe tests, which took place in a different room than training. D2 and B6 did not differ in
sessions to reach criterion (B) or rates of active-lever pressing (C) for any reward. (D) D2
received more shocks than B6 during punishment. B6, but not D2, showed reduced rates of
active-lever pressing (E), an increased latency to first press (F), and a decrease in the vigor
of pressing (G) during punishment probe tests, as compared to pre-punishment. ***p <
0.001 versus B6, 1p < 0.05, +1p < 0.01 pre-punishment versus punishment.
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