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The gateway hypothesis posits that initial exposure to legal drugs promotes subsequent addiction to illicit drugs. However, epidemiological
studies are correlational and cannot rule out the alternative hypothesis of shared addiction vulnerability to legal and illegal drugs. We tested
the gateway hypothesis using established rat alcohol exposure procedures and cocaine self-administration and reinstatement (relapse)
procedures. We gave Wistar or alcohol-preferring (P) rats intermittent access to water or 20% alcohol in their homecage for 7 weeks
(three 24-h sessions/week). We also exposed Wistar rats to air or intoxicating alcohol levels in vapor chambers for |4-h/day for 7 weeks.
We then tested the groups of rats for acquisition of cocaine self-administration using ascending cocaine doses (0.125, 0.25, 0.5, 1.0 mg/kg/
infusion) followed by a dose—response curve after acquisition of cocaine self-administration. We then extinguished lever pressing and
tested the rats for reinstatement of drug seeking induced by cocaine-paired cues and cocaine priming (0, 2.5, 5, 10 mg/kg, i.p.). Wistar rats
consumed moderate amounts of alcohol (4.6 g/kg/24 h), P rats consumed higher amounts of alcohol (7.6 g/kg/24 h), and Wistar rats
exposed to alcohol vapor had a mean blood alcohol concentration of 1762 mg/dl during the last week of alcohol exposure. Alcohol
pre-exposure had no effect on cocaine self-administration, extinction responding, and reinstatement of drug seeking. Pre-exposure to
moderate, high, or intoxicating levels of alcohol had no effect on cocaine self-administration and relapse to cocaine seeking. Our data do
not support the notion that alcohol is a gateway drug to cocaine.

INTRODUCTION

In a recent US survey of high school seniors, 84.4% of all
cocaine users reported that they began alcohol drinking or
cigarette smoking before they began to use cocaine (Johnston
et al, 2014). These results are in agreement with those from
other epidemiological studies showing that initial exposure
to legal drugs is associated with subsequent use of illicit drugs
(Kandel, 1975; Kandel et al, 1992; Kirby and Barry, 2012;
Wagner and Anthony, 2002). These findings led to the
formulation of the ‘gateway’ hypothesis that posits that initial
exposure to legal drugs causes subsequent addiction to
illicit drugs (Kandel et al, 1992). However, epidemiological
studies are correlational and cannot rule out the alternative
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hypothesis of time-independent shared addiction vulner-
ability to legal and illegal drugs (Vanyukov et al, 2012). In
addition, human studies cannot test experimentally the
gateway hypothesis, because a definitive study will require
random assignment of subjects to groups exposed or not
exposed to the legal drug. The gateway hypothesis can be
tested in animal models where pre-exposure to the legal drug
is under experimenter control. In our study, we empirically
tested whether there is a biological basis for the gateway
hypothesis with established rat models using alcohol and
cocaine as prototypical legal and illegal drugs, respectively.
Although the legal status of some drugs (eg, marijuana) may
change over time, it is unlikely that cocaine will become a
legal drug in the foreseeable future in the United States and
other countries.

Several previous studies examined whether prior alcohol
exposure increases cocaine conditioned place preference
(CPP). In four studies, adolescent mice (Mateos-Garcia et al,
2015; Molet et al, 2013) or rats (Hutchison and Riley, 2012),
or adult rats (Hutchison and Riley, 2012) that were
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pre-exposed to alcohol showed increased cocaine CPP. In
contrast, Le Pen et al (1998) reported that alcohol pre-
exposure in adult rats decreased subsequent cocaine CPP in
low but not high alcohol drinkers. However, the relevance of
these studies to the gateway hypothesis is limited, because the
drug CPP procedure is not a good model of human
addiction, because drug exposure is very low and indepen-
dent of the subject’s behavior (Lu et al, 2003).

Two previous studies examined whether prior alcohol
exposure increases cocaine self-administration in rats.
Mierzejewski et al (2003) trained rats to self-administer
alcohol in the sucrose-fading procedure and then divided
them into low vs high alcohol self-administration. They
reported that the high-intake group self-administered more
cocaine during the initiation phase. However, the results of
this study are difficult to interpret in the context of the
gateway hypothesis, because the authors did not include a
control group of alcohol-naive rats that only self-
administered sucrose during training. In addition, the
authors used a single cocaine dose. Thus, it is unknown
whether increased drug intake reflects increased or decreased
cocaine reward (Yokel, 1987).

More recently, Mateos-Garcia et al (2015) intermittently
exposed adolescent male and female mice to alcohol (twice-
daily, 2.5 g/kg, i.p) during adolescence and reported that this
exposure modestly increased acquisition of cocaine self-
administration but not drug self-administration under a
progressive ratio reinforcement schedule. A limitation of this
study, in which the authors also reported that prior alcohol
exposure increased cocaine CPP, is that group differences in
acquisition of cocaine self-administration may be due to the
non-specific effects of alcohol as a pharmacological stressor
(Sarnyai et al, 2001). Indeed, exposure to alcohol doses lower
than the one used by Mateos-Garcia et al are aversive to
adolescent rats (Philpot et al, 2003). Thus, as stress exposure
early in life can increase cocaine self-administration (Lu et al,
2003; Marinelli and Piazza, 2002; Piazza and Le Moal, 1998),
an alternative interpretation of Mateos-Garcia et al results is
that alcohol increased cocaine self-administration not
because of its rewarding effects, but because it induced a
chronic stress-like state during adolescence. In conclusion,
several studies have tested the gateway hypothesis using CPP
and cocaine self-administration procedures in rodents.
However, because of methodological and conceptual con-
siderations described above, we conclude that the data in
these studies neither support nor refute this hypothesis.

Here, we tested the gateway hypothesis in three experi-
ments in which we used outbred Wistar rats and alcohol-
preferring (P) rats and exposed them to alcohol using
established alcohol pre-exposure procedures (intermittent
access for 20% alcohol or alcohol vapor) for an extended
period time (7 weeks) (Roberts et al, 2000; Simms et al, 2008;
Wise, 1973); we exposed the rats to alcohol during the late
adolescence/early adulthood phase (Figure 1b) (McCutcheon
and Marinelli, 2009; Spear, 2015). We then tested the rats for
differences in acquisition of cocaine self-administration
using an ascending dose-response procedure (Goeders and
Guerin, 1994; Stewart et al, 1996) and cocaine dose-response
curve after acquisition. Next, we tested whether alcohol pre-
exposure increases resistance to extinction, an established
measure of drug seeking (Shalev et al, 2002; Venniro et al,
2016), and reinstatement of cocaine seeking induced by
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Table | Inactive Lever Presses During the Extinction and
Reinstatement Tests (mean + SEM per -2 h)

Extinction Cue Extinction Priming
no cue reinstatement with cue reinstatement

Exp. |

Water 13.1+£23 127 +2.7 88+19 1.0

Low 89+ 18 75+20 74+15 27+10

alcohol

High 44+13 58+13 57+19 1.5+06

alcohol
Exp. 2

Air 8.1+23 86+26 6.1+ 1.1 14+03

Vapor 8.1+1.6 78420 59+ 1.1 09+03
Exp. 3

Water 78+10 103+26

Alcohol 64+09 62+12

discrete cocaine cues (Meil and See, 1996) and cocaine
priming injections (de Wit and Stewart, 1981).

MATERIALS AND METHODS
Overview of Experimental Procedures

We gave Wistar (Exp. 1) or P rats (Exp. 3) intermittent access
to water or 20% alcohol in their home cage for 7 weeks. We
also exposed another group of Wistar rats (Exp. 2) to air or
intermittent (14 h/day) intoxicating levels of alcohol for
7 weeks. We then tested the rats in the different experiments
in the following identical sequence of test phases (Figure 1):
Acquisition of cocaine self-administration, dose-response
curve following the acquisition phase, extinction responding
without the discrete cue, cue-induced reinstatement, extinction
responding with the discrete cue, and cocaine priming-
induced reinstatement (Table 1). For a detailed description
of the experimental methods and the specific experiments see
Supplementary online Materials and Methods Section.

RESULTS

Exp. 1. Wistar Rats: Prior Exposure to Intermittent
Access to 20% Alcohol

The timeline of Exp. 1 is provided in Figure la. Before testing
the rats for acquisition of cocaine self-administration,
extinction, and reinstatement of cocaine seeking, we gave
the rats intermittent access to water (n=12) or 20% alcohol
(n=24) in their home cage for 7 weeks. We then divided the
alcohol-exposed rats to two groups based on median split for
the last week of drinking: low alcohol intake (mean + SEM of
3.0 £0.3 g/kg/24 h, n=12) and high alcohol intake (mean +
SEM of 5.8 +0.5 g/kg/24 h, n=12) (Figure 1c, Exp. 1).

We also correlated the data for the preference for alcohol
over water with the data for alcohol intake based on g/kg
during the last week of drinking and these measures were
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Figure | Experimental timeline, and age of onset of alcohol exposure, and alcohol pre-exposure. (a) Outline of the experimental procedures. (b) Age of

onset of alcohol exposure in Exp. |-3; the chronological timeline is based on McCutcheon and Marinelli (2009). (c) Left panel: alcohol intake (g/kg) in Wistar
rats (Exp.|; n=12 per group) during intermittent home-cage access to 20% alcohol. Middle panel: blood alcohol levels (mg/dl) in Wistar rats (Exp. 2; n=12)
during alcohol vapor exposure. Right panel: Alcohol intake (g/kg) in P-rats (Exp. 3; n=15) during intermittent home-cage access to 20% alcohol. Data are

presented as mean + SEM.

positively correlated (low alcohol intake: r=0.84 p=0.001;
high alcohol intake: r=0.55 p=0.07). Despite the lack of a
significant correlation between alcohol intake and preference
score in the high alcohol intake group, the lowest preference
score in the high alcohol intake group was higher than the
highest preference score in the low alcohol intake group.
Overall, alcohol pre-exposure had no effect on the different
measures of cocaine self-administration, extinction respond-
ing, and reinstatement of cocaine seeking. In addition, there
were no correlations between mean alcohol intake (g/kg) and
the different cocaine taking and seeking measures, except for

a negative correlation in the high alcohol intake group for the
0.25 mg/kg/infusion dose during acquisition of cocaine self-
administration (Supplementary Table S1, Supplementary
Information). Below we provide the statistical results for
the different experimental phases.

Acquisition of cocaine self-administration and cocaine
dose-response after acquisition

Acquisition (left panel). (Figure 2, Exp. 1) The
analysis of the number of cocaine infusions included the
between-subjects factor of Pre-exposure condition (water,
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Figure 2 Acquisition of cocaine self-administration and dose—response
after acquisition. Left panel: acquisition of cocaine self-administration with
ascending doses of cocaine (3 d per dose) in Exp. |-3. Right panel: within-
session dose—response curve after acquisition of cocaine self-administration
in Exp. |-3. Data are mean +SEM of cocaine infusions per 2 h. Exp. I:
n=10-12 per group; Exp. 22 n=8-I1 per group; Exp. 3: n=12-14
per group.

low alcohol intake, high alcohol intake) and the within-
subjects factors of Cocaine dose (0.125, 0.25, 0.5, 1.0 mg/kg)
and Training session (session 1, 2, and 3 for each dose).
This analysis showed significant effects of Cocaine dose
(F3,00=8.8, p<0.01), Training session (F, o =36.4, p<0.01),
and interaction between the two factors (Fg130=4.5,
p<0.01). There were no significant effects of Pre-exposure
condition or an interaction between this factor and the other
factors (p-values>0.05).

Dose-response after acquisition (right panel). The
analysis of number of cocaine infusions showed a significant
effect of Cocaine dose (F;g;=281.3, p<0.01) but no effects of
Pre-exposure condition or an interaction between the two
factors (p-values>0.05).
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Figure 3 Extinction responding without cue and cue-induced reinstate-
ment. Left panel: extinction responding without cue over nine extinction
sessions in Exp. |-3. Right panel: cue-induced reinstatement in Exp. 1-3.
During testing, lever presses led to contingent presentation of the light cue
but not cocaine. The No cue data are the mean of the last three extinction
sessions without the cue. Data are mean +SEM of active lever presses
per 2 h. Exp. |: n=10-I1 per group; Exp. 2: n=8-11 per group; Exp. 3:
n=12-14 per group. * a significant difference between water and low
alcohol intake; * a significant difference between water and high alcohol
intake (Exp. 1), p<0. 05.

Extinction without cue and cue-induced reinstatement

Extinction without cue (left panel). (Figure 3, Exp. 1)
The analysis of number of active lever presses, which
included the between-subjects factor of Pre-exposure condi-
tion and the within-subjects factor of Extinction session
(session 1-9), showed significant effects of Extinction session
(Fs216=22.1, p<0.01) and an interaction between Pre-
exposure condition and Extinction session (Fj516=2.5,
p=0.01), but no significant effect of Pre-exposure condition
(p>0.05). The reason for the significant interaction is the
somewhat lower responding of the low alcohol intake group
in the two first extinction sessions.

Cue-induced reinstatement (right panel). The analysis
of number of active lever presses showed a significant effect
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Figure 4 Extinction responding with cue and drug priming-induced
reinstatement. Left panel: extinction responding with cue over | | extinction
sessions in Exp. |-3. Right panel: priming-induced reinstatement of cocaine
seeking (0, 2.5, 5, and 10 mg/kg, IP) in Exp. |-3. During testing, lever presses
led to contingent presentation of the light cue but not cocaine. Data are
mean + SEM of active lever presses per 2 h for extinction sessions and per |
h for priming-induced reinstatement. Exp. I: n=10-11 per group; Exp. 2:
n=28-10 per group; Exp. 3: n=12-14 per group.

of Cue condition (F;,;,=14.3, p<0.01) but no effects of
Pre-exposure condition or an interaction between the two
factors (p-values>0.05).

Extinction with cue and priming-induced reinstatement

Extinction with cue (left panel). (Figure 4, Exp. 1) The
analysis of number of active lever presses showed significant
effects of Extinction session (session 1-11) (Fyy 270=38.9,
p<0.01), but no effects of Pre-exposure condition or
interaction between the two factors (p>0.05).
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Priming-induced reinstatement (right panel). The ana-
lysis of number of active lever presses showed significant
effects of Cocaine priming dose (F;g; =4.4, p<0.01) but no
effects of Pre-exposure condition or an interaction between
the two factors (p-values>0.05).

Exp. 2. Wistar Rats: Prior Exposure to Alcohol Vapor
Chambers

The timeline of Exp. 2 is provided in Figure la. Before testing
the rats for acquisition of cocaine self-administration,
extinction, and reinstatement of cocaine seeking, we gave
the rats intermittent access to air (control condition; n=12)
or intoxicating levels of alcohol vapor (162.2+ 10.6 mg/dl;
n=12) for 7 weeks (Figure 1lc, Exp. 2). Overall, alcohol
pre-exposure had no effect on the different measures of
cocaine self-administration, extinction responding, and
reinstatement of cocaine seeking.

Acquisition of cocaine self-administration and cocaine
dose-response after acquisition

Acquisition (left panel). (Figure 2, Exp. 2) The analysis
of the number of cocaine infusions included the between-
subjects factor of Pre-exposure condition (air, alcohol
vapor), the within-subjects factors of Cocaine dose and
Training session. This analysis showed significant effects of
Cocaine dose (F3 5, =6.4, p<0.01), but no effects of Training
session or an interaction between the two factors
(p-values>0.05). In addition, there were no significant
effects of Pre-exposure condition or interactions between
this factor and the other factors (p-values>0.05).

Dose-response after acquisition (right panel). The
analysis of number of cocaine infusions showed a significant
effect of Cocaine dose (F35; =20.2, p<0.01) but no effects of
Pre-exposure condition or an interaction between the two
factors (p-values>0.05).

Extinction without cue and cue-induced reinstatement

Extinction without cue (left panel). (Figure 3, Exp. 2)
The analysis of number of active lever presses, which
included the between-subjects factor of Pre-exposure condi-
tion and the within-subjects factor of Extinction session
(session 1-9), showed a significant effect of Extinction
session (Fg 1,3 =4.6, p<<0.01) but no effects of Pre-exposure
condition or an interaction between the two factors
(p-values >0.05).

Cue-induced reinstatement (right panel). The analysis
of number of active lever presses showed a significant effect
of Cue condition (F;;6=9.4, p<0.01) but no effects of
Pre-exposure condition or an interaction between the two
factors (p-values>0.05).

Extinction with cue and priming-induced reinstatement

Extinction with cue (left panel). (Figure 4, Exp. 2) The
analysis of number of active lever presses showed a
significant effect of Extinction session (session 1-11)
(F10150=2.5, p<0.01) but no effects of Pre-exposure
condition or an interaction between the two factors
(p-values>0.05).
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Priming-induced reinstatement (right panel). The in-
itial ANCOVA analysis (inactive lever as a covariate) of
number of active lever presses showed no significant effects
of Cocaine priming dose, Pre-exposure condition, or an
interaction between the two factors (p-values>0.05). How-
ever, a post hoc ANOVA of active lever presses (without the
inactive lever responses as the covariate) showed a significant
effect of Cocaine priming dose (F; 44=11.1, p<0.01) but no
significant effects of Pre-exposure condition or an interac-
tion between the two factors (p-values > 0.05). The reason for
the differences between the ANCOVA with the inactive lever
as the covariate and the ANOVA is not clear because the
inactive lever presses were very low across the different
conditions (0-3.75 presses per 1h). However, owing to the
very low variability in inactive lever presses, the repeated
measures ANOVA of inactive lever presses showed a
significant effect of Cocaine priming dose (F;45=3.3,
p<0.05), but no significant effects of Pre-exposure condition
or an interaction between the two factors (p-values>0.05).

Exp. 3. Alcohol Preferring P rats: Prior Exposure to
Intermittent Access to 20% Alcohol

The timeline of Exp. 3 is provided in Figure 1a. Before testing
the rats for acquisition of cocaine self-administration,
extinction, and reinstatement of cocaine seeking, we gave
the rats intermittent access to water (n=14) or 20% alcohol
(mean + SEM of 7.2+ 0.2 mg/kg/24 h; n=15) in their home
cage for 7 weeks (Figure lc, Exp. 3). Overall, alcohol pre-
exposure had no effect on the different measures of cocaine
self-administration, extinction responding, and reinstate-
ment of cocaine seeking. In addition, there were no
significant correlations between mean alcohol intake (g/kg)
and the different cocaine measures of cocaine taking
and seeking (Supplementary Table SI1, Supplementary
Information).

Acquisition of cocaine self-administration and cocaine
dose-response after acquisition

Acquisition (left panel). (Figure 2, Exp. 3) The analysis
of the number of cocaine infusions included the between-
subjects factor of Pre-exposure condition (water, alcohol),
and the within-subjects factors of Cocaine dose and Training
session. This analysis showed significant effects of Cocaine
dose (F;;,,=4.7, p<0.01), Training session (F,4s=10.6,
p<0.01), and an interaction between the two factors
(Fs,144=2.8, p<0.05). There were no significant effects of
Pre-exposure condition or interactions between this factor
and the other factors (p-values>0.05).

Dose-response after acquisition (right panel). The
analysis of number of cocaine infusions showed a significant
effect of Cocaine dose (F37,=111.0, p<0.01) but no effects
of Pre-exposure condition or an interaction between the two
factors (p-values>0.05).

Extinction without cue and cue-induced reinstatement
Extinction without cue (left panel). (Figure 3, Exp. 3)
The analysis of number of active lever presses, which
included the between-subjects factor of Pre-exposure condi-
tion and the within-subjects factor of Extinction session

Neuropsychopharmacology
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Figure 5 Comparison of cocaine-taking and cocaine-seeking behaviors
across experiments. (a) Acquisition of cocaine self-administration with
ascending doses of cocaine (3 d per dose). (b) Within-session dose—
response curve after acquisition of cocaine self-administration. (c) Extinction
responding without the cue over nine extinction sessions. (d) Cue-induced
reinstatement of cocaine seeking. (e) Extinction responding with cue over
I'l extinction sessions. (f) Cocaine priming-induced reinstatement. Data are
presented as mean + SEM; comparison between Exp.|-3.

(session 1-9), showed a significant effect of Extinction
session (Fg 134 =8.0, p<0.01) but no effects of Pre-exposure
condition or an interaction between the two factors
(p-values >0.05).

Cue-induced reinstatement (right panel). The analysis
of number of active lever presses showed a significant effect
of Cue condition (F;,;=13.6, p<0.01) but no effects of
Pre-exposure condition or an interaction between the two
factors (p-values>0.05).



Extinction with cue and priming-induced reinstatement
Extinction with cue (left panel). (Figure 4, Exp. 3) The
analysis of number of active lever presses showed a significant
effect of Extinction session (session 1-11) (Fg 230=
2.3, p<0.05) but no effects of Pre-exposure condition or an
interaction between the two factors (p-values>0.05).

Priming-induced reinstatement (right panel). The sta-
tistical analysis of number of active lever presses showed
significant effects of Cocaine priming dose (F;¢0=6.8,
p<0.01) but no effects of Pre-exposure condition or an
interaction between the two factors (p-values> 0.05).

Comparison of cocaine-taking and cocaine-seeking beha-
viors across experiments. (Figure 5) Finally, visual inspec-
tion of the data in Figures 2-4 indicate that independent of
the alcohol pre-exposure conditions, the rats in Exp. 1-3
showed some differences in their cocaine-taking and
cocaine-seeking behaviors in the different experimental
phases. In particular, the rats with vapor exposure (Exp. 2)
were slower to initiate cocaine self-administration and the P
rats (Exp. 3) showed enhanced responding during the extinc-
tion and reinstatement tests (see Discussion). Note: we are
confident that the rats in Exp. 2 have learned to lever press for
cocaine, as indicated by the clear differences between active
and inactive lever presses during acquisition (Supplementary
Figure S1) and the observations of an orderly cocaine
dose-response after training (Figure 2, Exp. 2).

DISCUSSION

We have used established rat models of alcohol drinking and
dependence (Simms et al, 2008; Vendruscolo and Roberts,
2014), cocaine self-administration (Schuster and Thompson,
1969), and reinstatement of cocaine seeking (Shaham et al,
2003; Venniro et al, 2016) to determine whether different
forms of alcohol exposure during the adolescence and young
adult phase (Figure 1) will increase subsequent cocaine
taking and seeking in Wistar or alcohol-preferring P rats. We
found that prior drinking of moderate or higher amounts of
20% alcohol or exposure to intoxicating levels of alcohol
(vapor chambers) had no effect on acquisition of cocaine
self-administration, dose-response after acquisition, extinc-
tion responding, and cue- and cocaine-priming-induced
reinstatement of cocaine seeking. Together, our data from
established rat models suggest that alcohol exposure during
late adolescence/young adulthood does not increase vulner-
ability to cocaine self-administration and relapse to cocaine
seeking during adulthood.

Methodological and Conceptual Considerations

We provided converging data from the different addiction
phases (initiation, maintenance, abstinence, relapse), as they
are assessed in rat models, that alcohol pre-exposure does
not promote cocaine taking and seeking. These data do not
support the gateway hypothesis but as with any data from
rodent models of drug addiction and relapse, the generality
to the human condition should be made with caution
(Epstein et al, 2006; Markou et al, 1993). One general issue is
that as with most studies using animal addiction models
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(Heilig et al, 2016), the rats in our study and other preclinical
studies inspired by the gateway hypothesis (see Introduction)
were socially isolated throughout the experiment (Exp. 1
and 3) or during the cocaine self-administration phase (Exp.
2). In contrast, in humans the initiation of binge drinking
during late adolescence and early adulthood is largely driven
by social factors (eg, peer pressure, college drinking parties)
(Marzell et al, 2015).

Another issue is that we have used a limited access 2-h/day
cocaine self-administration procedure for a relatively short
time (12 days). Thus, a question for future research is
whether prior alcohol exposure will increase vulnerability to
cocaine self-administration in animal models that more
closely mimic the human condition. These include the
extended daily access escalation model (Ahmed, 2011), the
unlimited daily access binge model (Bozarth and Wise, 1985;
Tornatzky and Miczek, 2000), the DSM-IV-based model in
which rats self-administer cocaine for several months
(Deroche-Gamonet and Piazza, 2014; Piazza and Deroche-
Gamonet, 2013), or cocaine self-administration models in
which rats are given intermittent access to cocaine during
extended daily training sessions, leading to binge-like drug
intake (Roberts et al, 2007, 2013).

From an addiction perspective, another issue for future
research is whether alcohol pre-exposure will increase
cocaine taking and seeking in rat models of drug self-
administration and relapse in which cocaine self-
administration is suppressed by adverse consequences
(eg, punishment or electric barrier) (Cooper et al, 2007;
Pelloux et al, 2007) or in recent animal models of relapse
after punishment-imposed or alternative reward choice-
based voluntary abstinence (Caprioli et al, 2015; Krasnova
et al, 2014; Marchant et al, 2013; Venniro et al, 2016).

Another issue to consider regarding the generality of the
findings to the human condition is the homology between
the alcohol pre-exposure developmental period in our study
and age of onset of alcohol drinking in humans. In this
regard, we started the alcohol exposure in the different
experiments between PD 44-64, which corresponds to late
adolescence and early adulthood developmental periods of
the rat (McCutcheon and Marinelli, 2009; Spear, 2015).
These developmental periods correspond to the time of onset
of binge drinking in the majority of subjects in epidemiology
studies (Davoren et al, 2016; Hingson and Zha, 2009), but
do not capture the early- and mid-adolescence periods of
humans. Thus, our results may not generalize to early
developmental periods in which binge drinking is associated
with increased risk to develop alcohol addiction in adulthood
(Hingson and Zha, 2009). Another issue to consider
regarding the generality of the findings to the human
condition is that our rat model likely only captures some
neurobiological aspects of the gateway hypothesis, and does
not capture social, psychological, and legal aspects that can
promote the transition from legal to illegal drugs that are
beyond the scope of animal models of addiction.

Another issue that deserves some discussion is the finding
that independent of the alcohol pre-exposure conditions, the
rats in Exp. 1-3 showed some differences in their cocaine-
taking and cocaine-seeking behaviors in the different
experimental phases. Specifically, the P rats in Exp. 2.
showed enhanced responding during the extinction and
reinstatement tests. These findings are consistent with a
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previous study (Le et al, 2006) that reported higher cocaine
seeking in alcohol-naive P rats during extinction (with cue)
and cocaine priming-induced reinstatement of drug seeking
than in alcohol-naive non-preferring (NP) rats. In another
study, Katner et al (2011) showed that alcohol-naive P rats
will self-administer more cocaine into nucleus accumbens
shell than Wistar rats, suggesting that P rats are more
sensitive to some of the behavioral effects of cocaine and
cocaine cues than Wistar rats. Together, the results from our
study and the two studies mentioned above suggest that
genetic factors that influence alcohol taking and seeking can
also influence cocaine taking and seeking, and thus provide
tentative support for the alternative hypothesis of a shared
addiction vulnerability (Agrawal et al, 2004).

Another observation in our study was that the rats in
Exp. 2 (vapor exposure) were slower to initiate cocaine self-
administration (Figure 5a). A possible explanation for this
observation is that the rats in Exp. 2 were group-housed
during the alcohol (or air) exposure for 7 weeks, whereas the
rats in Exp. 1 and 3 were individually housed during this
time period. Indeed, several previous studies have shown that
group-housing during adolescence decreases cocaine self-
administration (Lu et al, 2003; Neisewander et al, 2012).

Finally, in reference to the general notion of the gateway
hypothesis—that early legal drug use increases vulnerability
to subsequent illegal drug use—we would like to point out
that our results may only be relevant to alcohol and cocaine,
but not to other combinations of legal and illegal drugs. We
are particularly cautious with regard to the generality of our
findings to heroin and prescription opioids, because there
are many differences between the neurobiological mechan-
isms of opioids and psychostimulants, and the risk factors
and environmental conditions that control addiction to these
drug classes (Badiani, 2013; Badiani et al, 2011; Caprioli et al,
2009). In addition, there is evidence that prior exposure to
nicotine during adolescence increases cocaine self-
administration (Reed and Izenwasser, 2016) and ampheta-
mine self-administration and reinstatement (Cortright et al,
2012).

Neurobiological Perspective

It is well established that the rewarding effects of cocaine, as
assessed in the drug self-administration procedure, are
mediated by activation of the dopamine projection from
the ventral tegmental area (VTA) to the nucleus accumbens
(the mesolimbic dopamine system) (Roberts et al, 1977;
Wise, 2004). There is also evidence that alcohol exposure
increases dopamine cell firing in VTA and release of
dopamine in nucleus accumbens (Di Chiara and Imperato,
1988; Gessa et al, 1985). In addition, pharmacological
inhibition of dopamine transmission in VTA or nucleus
accumbens decreases alcohol self-administration in rats
(Hodge et al, 1993; Samson et al, 1993). These findings
and the demonstration that rats will self-administer alcohol
directly into the VTA (Gatto et al, 1994) have led to the
popular notion that drug-induced activation of the meso-
limbic dopamine system is critical for alcohol self-
administration and alcohol seeking (Engel and Jerlhag,
2014; Soderpalm and Ericson, 2013; Vengeliene et al, 2008).

From the perspective of common neurobiological mechan-
isms of alcohol and cocaine reward, the lack of effect of
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alcohol pre-exposure on cocaine-taking behavior in our study
are unexpected. However, our findings are in agreement with
results from several studies suggesting dissociable mechanisms
of alcohol reward vs cocaine reward. One example is that
although the literature on the role of mesolimbic dopamine in
cocaine self-administration is highly consistent (Pierce and
Kumaresan, 2006; Wise, 1996), this is not the case for alcohol
self-administration and intake in rat models. For example,
Rassnick et al (1993) showed that 6-hydroxydopamine lesions
of the mesolimbic dopamine system has no effect on alcohol
self-administration, and Goodwin et al (1996) showed that
systemic administration of the D2-family receptor antagonist
pimozide has no effect on alcohol consumption; but see Files
et al (1998) and Pfeffer and Samson (1988) for positive results
with the D2-family receptor antagonists remoxipride and
haloperidol.

Another example for dissociable mechanisms of alcohol vs
cocaine taking and seeking is midbrain and striatal glial cell
line-derived neurotrophic factor and brain-derived neuro-
trophic factor (Ghitza et al, 2010; Logrip et al, 2015; Ron and
Barak, 2016). These growth factors provide trophic support
to midbrain dopamine neurons (Hyman et al, 1991; Lin et al,
1993; Lindsay et al, 1994; Tomac et al, 1995), and have been
shown to promote cocaine seeking (Graham et al, 2007;
Grimm et al, 2003; Lu et al, 2004, 2009) but to suppress
alcohol seeking (Barak et al, 2011; Carnicella et al, 2008,
2009; He et al, 2005).

A final example is the mu opioid receptor whose activation
is critical for alcohol self-administration and intake (Herz,
1997; Sanchis-Segura et al, 2005; Trigo et al, 2010). In
contrast, results from many pharmacological studies indicate
that activation of this opioid receptor and more generally the
endogenous opioid system has a minimal role in cocaine self-
administration (Badiani et al, 2011; Ettenberg et al, 1982;
Mello and Negus, 1996).

Conclusions

Using multiple measures and procedures, we found no
evidence that prior exposure to moderate, high, or intoxicat-
ing levels of alcohol increases cocaine self-administration
and relapse to cocaine seeking in rat models. Our data do not
support the notion that alcohol is a gateway drug for cocaine
and suggest that the high co-morbidity seen in humans is
likely due to time-independent shared addiction vulner-
ability, a notion supported by human epidemiological studies
(Agrawal et al, 2004; Degenhardt et al, 2010; Tsuang et al,
1998; Vanyukov et al, 2012).
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