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Abstract
BACKGROUND—Co-morbid use of nicotine-containing tobacco products and alcohol is
prevalent in alcohol dependent individuals. Common genetic factors could influence initial
sensitivity to the independent or interactive effects of these drugs and play a role in their co-abuse.

METHODS—Locomotor sensitivity to nicotine and ethanol, alone and in combination, was
assessed in mice bred for high (FAST) and low (SLOW) sensitivity to the locomotor stimulant
effects of ethanol and in an inbred strain of mouse (DBA/2J) that has been shown to have extreme
sensitivity to ethanol-induced stimulation in comparison to other strains.

RESULTS—The effects of nicotine and ethanol, alone and in combination, were dependent on
genotype. In FAST and DBA/2J mice that show high sensitivity to ethanol-induced stimulation,
nicotine accentuated the locomotor stimulant response to ethanol. This effect was not found in
SLOW mice that are not stimulated by ethanol alone.

CONCLUSIONS—These data indicate that genes underlying differential sensitivity to the
stimulant effects of ethanol alone also influence sensitivity to nicotine in combination with
ethanol. Sensitivity to the stimulant effects of nicotine alone does not appear to predict the
response to the drug combination, as FAST mice are sensitive to nicotine-induced stimulation,
whereas SLOW and DBA/2J mice are not. The combination of nicotine and ethanol may have
genotype-dependent effects that could impact co-abuse liability.
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1. Introduction
Excessive use of alcohol (ethanol) and tobacco poses a significant health risk, with a high
cost to society (Rehm et al., 2009; NIDA, 2009, Danaei et al., 2009). Alcohol and nicotine
share a high rate of co-abuse (Anthony and Echeagaray-Wagner, 2000; Falk et al., 2006),
and this comorbidity results in more alcoholics dying from smoking- than alcohol-related
diseases (Hurt et al., 1996). The underlying factors accounting for the comorbidity are not
well understood (Lajtha and Sershen, 2010).

Nicotine is a direct agonist of nicotinic acetylcholine receptors (nAChR), and nAChR
mediate some of the effects of ethanol (Soderpalm et al., 2000). For example, nAChR
antagonists reduced ethanol preference and consumption in mice (Farook et al., 2009;
Hendrickson et al., 2009) and humans (Chi and de Wit, 2003). Mecamylamine, a non-
selective nAChR antagonist, attenuated ethanol-induced stimulation in mice (Kamens and
Phillips, 2008; Larsson et al., 2002), and data from microdialysis studies showed that
mecamylamine microinjected into the ventral tegmental area (VTA) blocked ethanol
induced dopamine (DA) efflux in the nucleus accumbens (NAcc; Ericson et al., 2008;
Blomqvist et al., 1997). Thus, one hypothesis to explain the high rate of alcohol/nicotine co-
abuse is that, in combination, nicotine and alcohol have increased rewarding effects,
possibly through pharmacological interactions at nAChR. There is evidence to support this
hypothesis. In rats, low but not high doses of nicotine given with ethanol increased DA
levels in theNAcc (Tizabi et al., 2002; 2007). In mice, low concentrations of nicotine
combined with ethanol had greater than additive effects on the firing rate of DA neurons in
the ventral VTA, when measured in brain slices (Clark and Little, 2004). In human smokers,
alcohol was found to enhance some of the subjective rewarding effects of nicotine (Rose et
al., 2002). Together, these data indicate that nAChR are a common site of action for nicotine
and ethanol and suggest that the combination of nicotine and ethanol may potentiate
activation of nAChR and increase the independent rewarding effects of each drug.

Genetic factors influence risk for alcohol (for review see Gelernter and Kranzler, 2009) and
nicotine (for review see Batra et al., 2003) dependence. Studies using genetic mouse models
have demonstrated that level of ethanol consumption (Yoneyama et al., 2008; Phillips et al.,
2005) and magnitude of ethanol- and nicotine-induced locomotor stimulation (Crabbe et al.,
1987; 1994; Phillips et al., 1991; 2002; Bergstrom et al., 2003) are genetically influenced.
Sensitivity to the stimulant effects of alcohol has been identified as a risk factor for
development of alcohol dependence (King et al., 2002; 2011; Newlin and Thompson, 1991;
Söderpalm and Söderpalm, 2011). In addition, insensitivity to sedative-like effects of
alcohol has been shown to predict greater risk for development of abuse (Chung and Martin,
2009; Holdstock et al., 2000; King et al., 2011; Schuckit, 1994; Schuckit et al., 2000). One
consistent finding across drugs of abuse, including ethanol, is that they cause locomotor
stimulation via activation of the mesolimbic DA system (Wise and Bozarth, 1987). Thus,
drug-induced locomotor stimulation provides a behavioral model of DA system activation
that avoids some of the interpretational issues of drinking studies (e.g., taste avoidance).
FAST and SLOW mice were bidirectionally selectively bred for high and low sensitivity to
the locomotor stimulant effects of ethanol, respectively. Subsequently, FAST mice were also
found to exhibit greater nicotine-induced stimulation, compared to SLOW mice (Bergstrom
et al., 2003). The FAST and SLOW lines provide a genetic model to study combined effects
of nicotine and ethanol because these lines are genetically predisposed to exhibit markedly
different behavioral responses to each drug when administered alone. DBA/2J (D2) mice
were used here to determine whether results obtained in the selectively bred FAST line
would generalize to a non-selected inbred strain that is also highly sensitive to the locomotor
stimulant effects of ethanol (Dudek et al., 1991; 1994; Crabbe et al., 1994), but reported to
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be insensitive to nicotine-induced stimulation (Marks et al., 1983). Our lab has shown that
antagonism of nAChR attenuates ethanol-induced locomotor stimulation in both FAST and
D2 mice (Kamens and Phillips, 2008), supporting the involvement of these receptors in mice
with high susceptibility to the stimulant response to ethanol.

Experiment 1 examined the effects of acute treatment with nicotine or ethanol alone and in
combination on locomotor activity in FAST and SLOW mice; D2 mice were similarly tested
in experiment 2. We hypothesized that nicotine and ethanol in combination would have
greater stimulant effects than predicted by the additive effects of the two drugs alone in
FAST and D2 mice. However, we speculated that combined drug effects would be greater in
FAST than D2 mice, commensurate with the greater sensitivity of FAST mice to nicotine-
induced stimulation. Because SLOW mice are genetically insensitive to the stimulant effects
of both drugs, we predicted that they would not be susceptible to stimulatory effects of the
drug combination. BEC and BCC levels were measured to determine possible effects of
nicotine on ethanol clearance, and vice versa. Such effects could provide a possible
explanation for combined drug effects on behavior. For this study, blood samples were
collected from the perioorbital sinus, which more accurately reflects brain ethanol
concentrations within 10 min of treatment (Smolen and Smolen, 1989; Ponomarev and
Crabbe, 2002), compared to other peripheral blood sources, such as the tail vein (Goldstein,
1983; Lessov and Phillips, 1998). Nicotine has previously been found to reduce BEC in rats,
but only when ethanol was administered as an intragastric and not intraperitoneal (IP)
injection (Parnell et al., 2006). As all drugs were administered IP in our studies, we
hypothesized that BEC and BCC would be comparable across treatment groups.

2. MATERIALS AND METHODS
2.1. Animals

2.1.1. FAST and SLOW mice—Male and female mice from two independent replicates
of the FAST and SLOW lines (FAST-1, FAST-2, SLOW-1, SLOW-2) were used (Crabbe et
al., 1987; Phillips et al., 1991; 2002). The FAST and SLOW lines were created by
selectively breeding from the heterogeneous HS/Ibg stock (Anderson and McClearn, 1981)
for 37 generations for high (FAST) or low (SLOW) acute locomotor stimulation to ethanol.
When similar results are found in both sets of lines, this provides strong evidence that the
trait being studied shares some genetic influence with the original selection trait. This
conclusion is reached when line differences are found that do not differ across replicates, or
are in the same direction, but of different magnitude (Crabbe et al., 1990). Mice were
produced from breeding pairs at the Portland Veterans Affairs Medical Center and were
from generations S37G 98–102, where Sxx indicates selection generation and Gxx indicates
number of total generations (including those after selection was relaxed). Mice were weaned
at 21±2 days of age and housed 2–5 per cage with same-sex littermates in standard rodent
cages lined with EcoFRESH bedding (Absorption Corp, Ferndale, WA). Mice were 60–100
days old at the time of testing and maintained on a 12:12 h light:dark cycle with lights on at
0600h. The room temperature was maintained at 21±2°C and mice were provided food
(Purina 5001, Animal Specialties Inc., Hubbard, OR) and water ad libitum. All procedures
were IACUC approved and in accordance with the NIH Guide for Care and Use of
Laboratory Animals.

2.1.2. D2 mice—Male D2 mice were purchased from The Jackson Laboratory
(Sacramento, CA) and tested when 60–80 days old. Mice were housed for at least 2 weeks
after arrival and before testing to allow for acclimation after shipping. Because there were
no significant sex differences in experiment 1, only male D2 mice were used in experiment
2 to reduce animal usage.
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2.2. Drugs
Nicotine tartrate salt (Sigma Aldrich, St. Louis, MO, USA) and ethyl alcohol (Decon
Laboratories Inc., King of Prussia, PA) were prepared in physiological (0.9%) saline (Baxter
Healthcare Corp., Deerfield, IL, USA) and administered as IP (intraperitoneal) injections in
a volume of 20 ml/kg. Nicotine and ethanol combined doses were delivered together in a
cocktail (wt/vol solution). Doses of nicotine are expressed as mg/kg of the tartrate salt (1 mg
nicotine tartrate = 0.33 mg freebase nicotine). In FAST and SLOW mice, peak locomotor
stimulation to ethanol is reached within the first 10 min after an IP injection, and then wanes
(Scibelli and Phillips, 2009; Shen et al., 1995). Peak brain ethanol levels are reached in the
mouse around 5 min after a 2 g/kg IP injection (Goldstein, 1983; Gilliam et al., 1985;
Smolen and Smolen, 1989). For nicotine, FAST mice were found to have peak locomotor
stimulation during the first 5 min after an IP injection (Bergstrom et al., 2003). C3H strain
mice also showed stimulation during a similar time period (first 8 min), compared to other
strains, including D2, which showed locomotor depression (Marks et al., 1983). Blood
nicotine levels have been found to peak at around 5 min after an IP injection of 1 mg/kg
nicotine (Petersen et al., 1984) and the half-life of nicotine is about 6 min (Petersen et al.,
1984; Matta et al., 2007). Thus, nicotine and ethanol were co-administered (Bachtell and
Ryabinin, 2001), so that peak behavioral effects of the drugs would overlap.

2.3. Apparatus
Sixteen automated locomotor activity monitors (AccuScan Instruments Inc., Columbus, OH,
USA) each contained eight photocell beams 2 cm above the 40×40×30 cm clear acrylic
chamber floor, with corresponding detectors on opposite sides. A computer recorded beam
breaks that were used by VERSADAT software (AccuScan Instruments Inc.) to determine
horizontal distance traveled (in centimeters). To isolate animals from the external room
environment during testing, each monitor was enclosed in an Environmental Control
Chamber (ECC) constructed from PVC/lexan (AccuScan Instruments Inc) and equipped
with a fan that provided ventilation and background noise. ECCs were illuminated with a 3.3
Watt incandescent light bulb during activity testing. All behavioral testing was conducted
during the light phase of the light: dark cycle, between 0800 and 1600 h. Testing was
counterbalanced with regard to line, replicate, drug dose, sex, time of day and locomotor
chamber. However, each mouse was always tested in the same activity chamber across
multiple test days at the same time of day.

2.4. Procedures
2.4.1. Experiment 1: Nicotine and ethanol in FAST and SLOW mice—Mice were
tested on three consecutive days as previously described (Palmer et al., 2002; Kamens and
Phillips, 2008). On each day, mice were moved into the testing room 45 minutes prior to the
start of the experiment to acclimate to the test room environment. Mice were weighed, held
in holding cages while injection syringes were filled, injected, and immediately placed into
individual activity monitors, where behavior was recorded for 30 min. On days 1 and 2,
mice received saline injections; on day 3, mice received one of six dose combinations of 0, 1
or 2 mg/kg nicotine given in combination with 0 or 1 g/kg ethanol (N0/E0, N0/E1, N1/E0,
N2/E0, N1/E1 and N2/E1). The 1 g/kg dose of ethanol was chosen as a moderately
stimulating dose in FAST mice (Palmer et al., 2002) that would allow for increases in
behavior, when given in combination with nicotine. The 1 and 2 mg/kg doses of nicotine
were chosen as effective stimulating doses (Bergstrom et al., 2003). To obtain a measure of
locomotor response attributable to drug effects, day 2 habituated baseline activity data were
subtracted from day 3 drug data for each individual animal, effectively eliminating the
impact of possible differences in baseline activity level. Use of this difference score as the
dependent variable is consistent with our previous work for ethanol (Phillips et al., 1991;
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1995) and other drugs (Kamens et al., 2005; Scibelli and Phillips, 2009). Group size was 4–6
per line, replicate, sex, nicotine dose and ethanol dose; the absence of replicate and sex
effects on drug responses allowed us to collapse on these factors, resulting in a final group
size of 21–24 mice per dose group and line. Lastly, immediately after activity testing, mice
were gently restrained by gripping them in the same way as for an IP injection, a calibrated
glass micro-Hematocrit capillary tube (Fisher Scientific, city state) was inserted behind the
eye to puncture the perioorbital membrane and a 20μl blood sample was obtained only from
ethanol treated mice. Blood samples were processed and analyzed for blood ethanol
concentration (BEC), using an established, standard gas chromatography method (Boehm et
al., 2000).

2.4.2. Experiment 2: Nicotine and ethanol in D2 mice—Procedures were identical to
those described for experiment 1 (group size was 21–23 per nicotine dose and ethanol dose),
except that in addition to taking a blood sample for determining BEC, a periorbital blood
sample (70μl) was collected and used to determine blood cotinine concentration (BCC).
Cotinine is a metabolite of nicotine and is used as a biomarker of nicotine, as it has a longer
half-life (Hukkanen et al., 2005). Cotinine levels were not determined for experiment 1
because we had not implemented this assay when that study was performed. Blood samples
were processed and analyzed as prescribed for the mouse/rat cotinine enzyme-linked
immunosorbent assay (ELISA) kit (Calbiotech, Spring Valley, CA). Briefly, blood samples
were sealed inside the capillary tubes with clay and placed in glass test tubes on ice.
Samples were spun in a pre-chilled centrifuge at 1700 × g at 4°C for 20 minutes. The plasma
portions were then extracted and placed in microcentrifuge tubes and stored in the freezer
until analysis. The lower limit of detection for the ELISA kit was 1 ng/ml. Each sample was
analyzed in duplicate, and cotinine concentrations were interpolated from samples used to
form a standard curve (0, 5, 10, 25, 50, and 100 ng/ml cotinine).

2.5. Statistics
Statistical analyses were carried out using STATISTICA (StatSoft, Tulsa, OK, USA). Data
(day 3 minus day 2 distance scores) were analyzed by ANOVA with repeated measures,
when appropriate. Possible independent variables were line, replicate, sex, nicotine dose,
ethanol dose and time (repeated measure). For data from FAST and SLOW mice, results of
the overall analysis were examined for interactions of sex and replicate with nicotine and
ethanol dose. In the absence of interactions, data were collapsed on these factors for
simplification and to avoid testing more animals than necessary (please see Crabbe et al.,
1990 for appropriate handling of data from replicate selected lines). Significant interactions
involving three factors were further examined by two-way ANOVA within each level of the
third factor (e.g., time or line). Simple main effect analysis was used to assess the source of
two-way interactions and mean differences detected by the Newman-Keuls post hoc test. For
all statistical analyses, p-values less than 0.05 were considered statistically significant.
Analysis and graphical presentation of day 2 baseline locomotor activity data are located in
the supplementary material1.

3. RESULTS
3.1. Experiment 1: FAST and SLOW mice

Day 2 baseline activity data for FAST and SLOW mice are presented in supplementary
material2, along with the detailed statistical analyses. There were no significant main effects
of dose or line, or interactions of nicotine dose or ethanol dose with line, suggesting that

1Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
2Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
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there were no significant differences among the groups designated to receive different
treatments on day 3. There was a significant main effect of replicate. Overall, FAST and
SLOW mice of replicate 1 had higher baseline locomotor activity, compared to replicate 2
mice. As described in the methods, individual locomotor activity scores were corrected (Day
3 – Day 2) to eliminate any possible influence of differences in baseline activity on
evaluation of drug effects.

To differentiate stimulant (first 10 min) from no or depressant drug effects, initial analyses
were performed with data clustered into 10-min time bins. Initial analyses identified highly
significant line x ethanol and nicotine dose interactions. To determine replicability with
previous results, the selected lines were compared for the first 10-min time period, when
drug effects were most robust. For the nicotine response, consistent with previous data
(Bergstrom et al., 2003), there was a significant line x nicotine dose interaction
(F(2,125)=8.90, p<0.001), with FAST mice exhibiting significant stimulation (p<0.05) and
SLOW mice exhibiting significant locomotor depression (p<0.05). Similarly, for the ethanol
response, there was a significant line x ethanol dose interaction (F(1,82)=19.00, p<0.001),
with only FAST mice exhibiting significant locomotor stimulation (p<0.001), as expected.
These differences between the lines in drug response are apparent in Panel A of Figures 1
and 2. Drug effects were next examined within each line.

For FAST mice, there was a significant time x ethanol x nicotine dose interaction
(F(4,224)=3.32, p=0.05), but no significant main effects of sex or replicate or significant
interactions of these factors with the ethanol x nicotine dose interaction. Therefore, analyses
considered each 10-min time period with data collapsed on replicate and sex. For the first
10-min period (Figure 1A), there was a significant ethanol x nicotine dose interaction
(F(2,130)=5.18, p<0.01). In non-ethanol treated FAST mice, there was no significant effect of
nicotine on locomotor activity. However, nicotine accentuated the locomotor stimulant
response to ethanol. During the middle 10-min period (Figure 1B), the only significant result
for FAST mice was a significant locomotor stimulant effect of ethanol (F(1, 130)=17.09,
p<0.001), regardless of nicotine dose group. During the last 10-min time period (Figure 1C)
there were no significant main or interaction effects.

In SLOW mice, there were significant interactions of time x ethanol dose (F(2,222)=34.96,
p<0.001) and time x nicotine dose (F(4,222)=3.21, p<0.05). Sex and replicate did not interact
with these factors, and there was no ethanol x nicotine dose interaction. Data for each 10-
min time period were further considered collapsed on sex and replicate. During the first 10-
min period (Figure 2A), there was a significant locomotor depressant effect of nicotine
(F(2,129)=7.98, p<0.001). However, there was no significant effect of ethanol dose or
interaction between ethanol and nicotine dose. During the middle 10-min period (Figure
2B), there were significant locomotor depressant effects of nicotine (F(2,129)=8.97, p<0.001)
and of ethanol (F(1,129)=40.99, p<0.001), but there was no significant interaction effect.
Similar results were found for the last 10-min period (Figure 2C); there were significant
locomotor depressant effects of nicotine (F(2,129)=8.29, p<0.001) and ethanol
(F(1,129)=25.63, p<0.001).

For BEC data (Figure 3), there was a main effect of line (F(1,96)=14.11, p<0.001), with
SLOW mice having higher BECs, compared to FAST mice, but the line by nicotine dose
interaction was not significant (F(2,96)=2.06, p=0.13). Therefore, effects of nicotine on BEC
were not significant.

3.2. Experiment 2: D2 mice
Patterns of drug effects in D2 mice were similar to those observed in FAST mice. There was
a significant time x ethanol x nicotine dose interaction (F(4,256)=8.66, p<0.001). For the first
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10-min period (Figure 4A), there was a significant ethanol x nicotine dose interaction
(F(2,121)=5.73, p<0.01). In non-ethanol treated D2 mice, there was no significant effect of
nicotine dose; however, nicotine enhanced the stimulant response to ethanol. During the
middle (Figure 4B) and last 10-min (Figure 4C) periods, there were no significant
interaction effects. There was a main effect of ethanol for both the middle (F(1,128)=34.42,
p<0.001) and last 10-min periods (F(1,128)=35.26, p<0.001), during which D2 mice exhibited
a smaller, but persistent stimulant response to ethanol.

Nicotine did not significantly affect BEC (Figure 5); however, there was a significant effect
of ethanol on BCC (F(1, 76)=47.19, p<0.001) (Figure 6). BCC levels increased with
increasing nicotine dose and mice treated with ethanol and the higher dose of nicotine had
higher BCC levels, compared to mice treated with saline and the higher dose of nicotine.

4. DISCUSSION
In FAST and D2 mice, when nicotine was given with ethanol, locomotor stimulation was
greater than predicted from the additive, independent effects of the drugs. No significantly
increased effects of the drugs in combination were seen in SLOW mice, which show a lack
of sensitivity to the stimulant effects of either drug. These results indicate that initial
sensitivity to ethanol plays an important role in response to combined administration of
nicotine and ethanol. Initial sensitivity to the stimulant effects of ethanol may increase risk
for ethanol and nicotine co-abuse.

That an accentuating effect of nicotine on the ethanol response was seen in both FAST and
D2 mice indicates that it is not idiosyncratic to selective breeding. Previous results indicated
that FAST, but not D2, mice are sensitive to the stimulant effects of nicotine. The stimulant
response in FAST mice was most robust during the first 5-min after nicotine administration
(Bergstrom et al., 2003). When this time period was examined for the current data set, a
significant stimulant effect of nicotine was found in FAST (F(2,62)=13.85, p<0.001; means
were 51.43±74.64, 427.24±145.76, 962.43±136.70 cm for 0, 1 and 2mg/kg nicotine,
respectively), but not D2 mice; in fact, D2 mice showed significant locomotor depression
(F(2,64)=4.29, p<0.05; means were −89.46±113.86, −247.27±139.56, −557.74 ±90.65 cm for
0, 1 and 2mg/kg nicotine, respectively). This replicates our previous data and also suggests
that the difference among the genotypes in sensitivity to the accentuating effect of nicotine
is related to genetic susceptibility to ethanol, but not nicotine, stimulation.

One possible mechanism underlying the effects seen here is that the drug combination
increased DA in the mesolimbic reward system to a greater extent than that predicted from
the additive independent effects of the two drugs. nAChR involvement in ethanol’s DAergic
effects appears to reside at least partially in the VTA, since an infusion of the nAChR
antagonist mecamylamine into the VTA, but not the NAcc, blocked ethanol-induced DA
efflux in the NAcc (Ericson et al., 2003). In addition, nicotine microinjected into the VTA
combined with systemic ethanol increased DA release in the NAcc, compared to ethanol
alone (Tizabi et al., 2002). These data suggest that nAChR in the VTA indirectly influence
actions of ethanol in the NAcc.

It is also possible that the drugs are acting in separate areas of the brain (ethanol in the NAcc
and nicotine in the VTA), leading to enhanced activation of the mesolimbic DA system, and
that nAChR composition plays a role. There are multiple nAChR subtypes comprised of
different combinations of subunits (Chatterjee and Bartlett, 2010; Buccafusco, 2004). FAST
and D2 mice could be genetically predisposed to a specific composition of nAChR within
the VTA that leads to an enhanced response to the drug combination.
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In SLOW mice, locomotor depressant effects of ethanol and nicotine were seen. There are
nAChR located on GABAergic neurons, and nicotine has been shown to transiently enhance
GABAergic transmission (Mansvelder et al., 2002). Ethanol produces some of its effects
through enhancement of GABAergic activity (Boehm et al, 2006) and SLOW mice have
slower pacemaker firing of DA neurons, with increased synaptic input from GABAA
receptors, compared to FAST mice (Beckstead and Phillips, 2009). Selection could have
increased the number of nAChR on GABAergic neurons; greater expression of two nAChR
subunit genes, Chrna6 and Chrnb4, was found in whole brain samples from SLOW mice,
compared to FAST mice (Kamens and Phillips, 2008). Data shown in Figure 2 suggest that
the drug combination produced additive locomotor depressant effects, but this was not
detected statistically. In part, this could be due to a floor effect, making significantly lower
activity levels difficult to detect, compared to levels seen after the independent
administration of nicotine or ethanol. It should also be noted that, due to the short half-life of
nicotine (~6 min) (Petersen et al., 1984; Matta et al., 2007), levels of nicotine in the brain
during the last 10-min time period should be low. It is possible that the tendency for
increased sedation during this time period is due to effects of an active metabolite of
nicotine such as cotinine, which, although less potent than nicotine at displacing
radiolabeled nAChR ligands (e.g., Vainio and Tuominen, 2001) has previously been shown
to have behavioral and neuropharmacological effects (Dwoskin et al., 1999; Terry et al.,
2012).

SLOW mice had significantly higher BEC compared to FAST mice, a difference we have
sometimes found (Shen et al., 1995; Shen and Phillips, 1998), but have not always found
(Holstein et al., 2005). The small difference in BEC does not likely account for the large
difference in locomotor stimulant response to ethanol, but could play a partial role. BEC and
BCC were measured because one drug might have effects on clearance of the other,
providing an explanation for altered behavioral effects. Overall, nicotine did not
significantly affect BEC, consistent with previous work in rats (Parnell et al., 2006).
Although BEC appears to increase with increasing nicotine dose in SLOW mice in Figure 3,
there was no statistically significant line x nicotine dose interaction to substantiate further
examination. Ethanol did significantly affect BCC in D2 mice. To our knowledge, this is the
first report of this finding in acutely treated animals. However, it has previously been
reported that rats treated with 4 then 8 g/kg/day ethanol across a 13 day period had faster
plasma clearance of both nicotine and cotinine (Adir et al., 1980), suggesting that repeated
exposure to ethanol can affect the metabolism of nicotine and/or its metabolite. Possible
explanations for higher BCC in our ethanol-treated mice are that ethanol increased the rate
of conversion of nicotine to cotinine, preferentially increased the formation of this
metabolite, relative to other metabolites of nicotine, decreased the metabolism of cotinine, or
altered the volume of distribution for nicotine. Because cotinine was the only metabolite of
nicotine measured and only a single time point was assessed, the current data are not
sufficient for discriminating among these possibilities. However, a change in metabolism
offers one explanation for the combined drug effects.

Our findings suggest that certain genotypes may be more sensitive to combined effects of
nicotine and ethanol that influence their potential for co-abuse. Locomotor stimulation, in
part, serves as a behavioral marker of activation of the mesolimbic DA system, which has
been previously shown to be more profound in FAST than in SLOW mice (Meyer et al.,
2009). Results for the role of sensitivity to drug stimulant effects in drug intake are not
straightforward (see de Wit and Phillips, 2012). For example, FAST mice show a higher
preference for ethanol than SLOW mice (Risinger et al., 1994), but D2 mice are among the
lowest ethanol preference strains (Belknap et al., 1993; Yoneyama et al., 2008). However, it
has been convincingly argued that non-pharmacological factors (e.g., taste, odor) have a
strong role in governing ethanol intake in D2 mice (Belknap et al., 1977; 1978; Fidler et al.,
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2011). In humans, there are additional factors that influence continued use of alcohol and
tobacco, such as social pressures and flavorings to mask aversive taste. This further
complicates the role of taste cues in development of escalating alcohol intake using rodent
models compared to humans. In addition, external cues associated with drug use can play an
important role in addiction (Robbins and Everitt, 2002). Nicotine is known to induce strong
learning of contextual cues with which it is associated (Ferguson and Shiffman, 2009), and it
is possible that nicotine could enhance learning of contextual cues associate with ethanol
consumption. Future research utilizing models of drug reward and consumption are planned
to more directly address these hypotheses, along with examination of neurocircuitry and
molecular mechanisms underlying the combined effects of nicotine and ethanol.
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Figure 1.
Nicotine accentuated the locomotor stimulant response to ethanol (EtOH) in FAST mice.
Shown are means ± SEM for the first (A), middle (B) and last (C) 10-min periods of a 30-
min test. Distance traveled for each animal was calculated by subtracting the day 2 baseline
from the day 3 drug score. Data are combined for the two sexes and replicates because these
factors did not significantly influence the results; thus, group size is 21–24 mice per dose
group. *: p<0.05; ***: p<0.001; for the comparison of saline with ethanol 1 g/kg for each
dose of nicotine. $$$: p<0.001 for the comparison of the indicated group with the ethanol 1
g/kg/nicotine 0 mg/kg group. ###: p<0.001 for the main effect of ethanol.
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Figure 2.
Ethanol (EtOH) and nicotine had locomotor depressant effects in SLOW mice. Shown are
means ± SEM for the first (A), middle (B) and last (C) 10-min periods of a 30-min test.
Distance traveled for each animal was calculated by subtracting the day 2 baseline from the
day 3 drug score. Data are combined for the two sexes and replicates because these factors
did not significantly influence the results; thus, group size is 20–24 mice per dose group.
There were no significant interaction effects, therefore specific mean comparisons were not
appropriate. ###: p<0.001 for the main effect of ethanol. +++: p<0.001, for the main effect
of nicotine.
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Figure 3.
Nicotine did not significantly alter blood ethanol levels in FAST or SLOW mice. Blood
samples were obtained at the end of the 30-min activity test on day 3 from all mice that had
received ethanol. Data are mean ± SEM blood ethanol concentration. ###: p<0.001 for the
main effect of line.
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Figure 4.
Nicotine accentuated the locomotor stimulant response to ethanol (EtOH) in DBA/2J (D2)
mice. Shown are means ± SEM for the first (A), middle (B) and last (C) 10-min periods of a
30-min test. Distance traveled for each animal was calculated by subtracting the day 2
baseline from the day 3 drug score. Group size was 21–23 mice per dose group. ***:
p<0.001; for the comparison of saline with ethanol 1 g/kg for each dose of nicotine. $$:
p<0.01 for the comparison of the indicated group with the ethanol 1 g/kg/nicotine 0 mg/kg
group. ###: p<0.001 for the main effect of ethanol.
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Figure 5.
Nicotine did not alter blood ethanol levels in DBA/2J mice. Blood samples were obtained at
the end of the 30-min activity test on day 3 from all mice that had received ethanol. Data are
mean ± SEM blood ethanol concentration. N: mg/kg of nicotine; E: g/kg of ethanol.

Gubner et al. Page 18

Drug Alcohol Depend. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 6.
Ethanol increased blood cotinine levels in nicotine-treated DBA/2J mice. Blood samples
were obtained at the end of the 30-min activity test on day 3 from all mice that had received
nicotine. Data are mean ± SEM blood cotinine concentration. N: mg/kg of nicotine; E: g/kg
of ethanol. *: p<0.05; for the comparison of saline and ethanol groups treated with the same
dose of nicotine.
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