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Abstract

Clinical studies demonstrate frequent co-existence of nicotine and alcohol abuse and suggest that
this may result, in part, from the ready access to and intake of fat-rich diets. Whereas animal
studies show that high-fat diet intake in adults can enhance the consumption of either nicotine or
ethanol and that maternal consumption of a fat-rich diet during pregnancy increases operant
responding for nicotine in offspring, little is known about the impact of dietary fat on the co-abuse
of these two drugs. The goal of this study was to test in Long-Evans rats the effects of perinatal
exposure to fat on the co-use of nicotine and ethanol, using a novel paradigm that involves
simultaneous intravenous (V) self-administration of these two drugs. Fat- vs. chow-exposed
offspring were characterized and compared, first in terms of their nicotine self-administration
behavior, then in terms of their nicotine/ethanol self-administration behavior, and lastly in terms of
their self-administration of ethanol in the absence of nicotine. The results demonstrate that
maternal consumption of fat compared to low-fat chow during gestation and lactation significantly
stimulates nicotine self-administration during fixed-ratio testing. It also increases nicotine/ethanol
self-administration during fixed-ratio and dose-response testing, with BEC elevated to 120 mg/dL,
and causes an increase in breakpoint during progressive ratio testing. Of particular note is the
finding that rats perinatally exposed to fat self-administer significantly more of the nicotine/
ethanol mixture as compared to nicotine alone, an effect not evident in the chow-control rats. After
removal of nicotine from the nicotine/ethanol mixture, this difference between the fat- and chow-
exposed rats was lost, with both groups failing to acquire the self-administration of ethanol alone.
Together, these findings suggest that perinatal exposure to a fat-rich diet, in addition to stimulating
self-administration of nicotine, causes an even greater vulnerability to the excessive co-use of
nicotine and ethanol.
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Introduction

There is considerable evidence linking the consumption of dietary fat to the use and abuse of
drugs. Clinical studies reveal a close relationship between dietary fat and the use of nicotine,
with obese individuals showing a two-fold greater risk for developing nicotine addiction
(Hussaini, Nicholson, Shera, Stettler, & Kinsman, 2011) and, conversely, with cigarette
smokers consuming a significantly greater amount of high calorie, fat-rich foods than non-
smokers (Dallongeville, Marécaux, Fruchart, & Amouyel, 1998). In addition, studies
demonstrate a close relationship between dietary fat and alcohol abuse, with obese
individuals exhibiting a greater rate of alcohol use (Sansone & Sansone, 2013), the intake of
fat strongly correlated with the amount of alcohol consumed (Kesse, Clavel-Chapelon,
Slimani, van Liere, & E3N Group, 2001), and a higher BMI associated with a higher
familial risk for alcohol dependence (Lichenstein et al., 2014). Whereas animal studies
relating adult dietary fat to nicotine consumption are lacking, a close positive relationship
between fat and ethanol consumption has been demonstrated in rodents, with fat intake or
administration of lipids causing an increase in ethanol intake (Carrillo, Leibowitz,
Karatayev, & Hoebel, 2004) and the administration of ethanol, in turn, increasing the
consumption of and preference for a fat-rich diet (Barson et al., 2009). Together, these
studies support the idea that dietary fat is closely related to the abuse of drugs, such as
nicotine and alcohol.

The possibility that exposure to dietary fat early in life can also affect later drug use is
suggested by clinical evidence that unhealthy eating patterns and weight problems in
childhood are associated with a lower age of onset of cigarette smoking and an increase in
withdrawal symptoms during abstinence (Saules, Levine, Marcus, & Pomerleau, 2007).
Also, maternal consumption of a fat-rich diet and being overweight during pregnancy
(Dietz, 1998; Hannon, Rao, & Arslanian, 2005), which increase later consumption of and
preference for fatty foods in the offspring (Fisher & Birch, 1995), is found to program other
behaviors, such as anxiety, novelty seeking, and depression, which themselves are likely to
promote drug use and increase vulnerability to drug abuse later in life (Bilbo & Tsang, 2010;
Morganstern, Ye, Liang, Fagan, & Leibowitz, 2012; Rizzo, Silverman, Metzger, & Cho,
1997). Similar findings have been obtained in animal studies, demonstrating that in utero
exposure to a fat-rich diet increases both alcohol drinking (Bocarsly et al., 2012; Cabanes,
de Assis, Gustafsson, & Hilakivi-Clarke, 2000) and nicotine self-administration and seeking
(Morganstern et al., 2013), while also promoting the consumption of and responding for
palatable foods (Chang, Gaysinskaya, Karatayev, & Leibowitz, 2008; Naef et al., 2011; Ong
& Muhlhausler, 2011). Together, these studies support a close positive relationship, in
humans and animals, between early or prenatal exposure to dietary fat and the abuse of
nicotine or ethanol.

The question to be addressed in this study is whether dietary fat affects the simultaneous
consumption or co-use of nicotine and alcohol, a phenomenon frequently observed in
humans. Clinical studies show that 70-80% of alcoholics smoke cigarettes (DiFranza &
Guerrera, 1990; Falk, Yi, & Hiller-Sturmhofel, 2006), that smokers drink twice as much
alcohol as nonsmokers (Falk et al., 2006) and are four times more likely to develop
alcoholism (Grant, Hasin, Chou, Stinson, & Dawson, 2004; Larsson & Engel, 2004), and
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that exposure to nicotine via smoking or transdermal patch increases the consumption of
alcohol (Acheson, Mahler, Chi, & de Wit, 2006; Barrett, Tichauer, Leyton, & Pihl, 2006;
Kandel, Chen, Warner, Kessler, & Grant, 1997). This evidence leads us to question whether
exposure to dietary fat early in life might increase the co-use of nicotine and alcohol and the
risk of their co-abuse. There are no studies to date, in humans or animals, directly testing the
influence of dietary fat on simultaneous consumption of these two substances. There is only
the suggestion that a greater availability in recent decades of palatable, fat-rich foods may be
one factor that is increasing vulnerability to the co-abuse of nicotine and alcohol (WHO,
2003).

Studies examining the phenomenon of nicotine and ethanol co-use in animals have revealed
mixed results. Earlier reports have shown that chronic peripheral administration of nicotine
can increase both home-cage ethanol drinking and operant self-administration (Bito-Onon,
Simms, Chatterjee, Holgate, & Bartlett, 2011; L&, Corrigall, Harding, Juzytsch, & Li, 2000;
Lé, Wang, Harding, Juzytsch, & Shaham, 2003; Olausson, Ericson, L6f, Engel, &
Sdderpalm, 2001) and, conversely, that alcohol-preferring P rats compared to non-preferring
NP rats self-administer more nicotine and exhibit more robust nicotine-seeking behavior (Lé
et al., 2006). More recent studies, which have combined intravenous (IV) self-administration
of nicotine with oral self-administration of ethanol, have obtained different results,
depending on the particular training paradigm used. Whereas rats trained to self-administer
IV nicotine and oral ethanol sequentially show that nicotine increases subsequent ethanol
self-administration and ethanol reduces nicotine self-administration (L&, Funk, Lo, & Coen,
2014), rats trained to self-administer these drugs concurrently show no effect of nicotine on
ethanol intake or of ethanol on nicotine intake (L€ et al., 2010). Further, when both drugs are
given orally, outbred rats that readily drink these substances together consume them in
similar amounts as when they are offered separately (Marshall, Dadmarz, Hofford, Gottheil,
& Vogel, 2003), and P rats lever-press for a solution containing both nicotine and ethanol at
the same level as when ethanol is provided alone (Hauser, Getachew, et al., 2012). While
these studies lead one to question the phenomenon of co-use in animals, there is a recent
report that allowed alcohol-preferring rats to self-administer a nicotine/ethanol mixture
directly in the posterior ventral tegmental area (VTA) and obtained evidence for an
interaction between the two drugs in a way that increased their co-use (Truitt et al., 2014).
There is also a study in human subjects which describes an interactive effect of 1V ethanol
and IV nicotine on behavior and cognition (Ralevski et al., 2012). Together with the clinical
studies, this finding provides support for a close, positive relationship between nicotine and
ethanol intake. It suggests that another method, involving IV self-administration of both
drugs together, may be used to demonstrate their co-use, which then will allow us to take the
next step to test whether prenatal exposure to fat increases the risk for the co-abuse of these
substances.

Thus, the present study examined two major experimental manipulations. First, we tested a
new paradigm which involves 1V self-administration of both nicotine and ethanol, separately
and together, and permits us to examine changes in their co-use while avoiding certain
aversive properties and interactions associated with oral self-administration of ethanol as
well as nicotine (Gyekis et al., 2012; Kiefer & Dopp, 1989; Oliveira-Maia et al., 2009;
Thuerauf, Kaegler, Renner, Barocka, & Kobal, 2000). Second, with this paradigm that
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allowed significant simultaneous IV self-administration, we then examined the effect of
maternal consumption of a fat-rich diet, during gestation and lactation, on different aspects
of nicotine/ethanol self-administration behavior in the offspring. These include the self-
administration of nicotine alone as revealed by fixed-ratio (FR) testing, the self-
administration of nicotine/ethanol solution as revealed by FR testing, dose-response and
breakpoint analysis using progressive ratio testing, and then the self-administration of
ethanol alone after removal of nicotine. With these measures and the use of a paradigm that
involves simultaneous IV self-administration of both nicotine and ethanol, this study was
designed to test the specific hypothesis that vulnerability of the offspring to excessive co-use
of nicotine and ethanol is increased by perinatal exposure to dietary fat.

Materials and methods

Animals

Diets

Timed-pregnant, Long-Evans rats (220-240 g) from Harlan Laboratories (Indianapolis, IN,
USA) were delivered to the animal facility on embryonic day 4 (E4). The dams were
individually housed in plastic cages in a fully accredited AAALAC facility (22 °C, with a
12:12 h light-dark cycle, with lights off at noon), according to institutionally approved
protocols as specified in the NIH Guide to the Care and Use of Animals and also with
approval of the Rockefeller University Animal Care and Use Committee. The rats were
maintained ad libitum from E5 on either a fat-rich diet with 50% fat or a standard, low-fat
chow diet, with the fat-rich diet group having lab chow available for three additional days
(until E8) as the dams became fully adapted to the mixed fat-rich diet. Over the course of the
experiments, food intake was measured daily during gestation and two times per week
during lactation, and the body weights of dams and pups were recorded weekly. While the
dams maintained on a fat-rich diet consumed more calories than the chow dams (90.1 + 3.2
vs. 79.1 + 1.9 kceal, p < 0.05), the groups were similar in their measures of daily weight gain
(25.1 £ 4.5vs. 23.7 £ 3.9 g, ns). Also, the fat-exposed and chow litters were similar in their
size (10.3 £ 1.7 vs. 10.9 + 1.3), body weight at birth (9.4 £ 0.2 vs. 9.7 £ 0.5 g), and female/
male ratio (7:9 vs. 5:8), with no spontaneous abortions observed in either diet group. On
postnatal day 1 (P1), the litters were culled to n = 8, primarily by eliminating the females. At
weaning (P22), all male rats were pair-housed and switched to ad libitum lab chow diet for
the duration of the experiment. They were single-housed following jugular catheterization
surgery, as described below.

During the experimental period, the rats were maintained ad libitum either on standard
rodent chow (13.2% fat, 3.4 kcal/g; PicoLab Rodent Diet 20 5053, Lab Diet, St. Louis, MO,
USA\) or the fat-rich diet (50% fat, 5.2 kcal/g) as described in prior publications
(Dourmashkin et al., 2006; Leibowitz et al., 2004). Specifically, this fat-rich diet consisted
of: fat from 75% lard (Armour, Omaha, NE, USA) and 25% vegetable oil (Wesson
vegetable oil, Omaha, NE, USA); carbohydrate from 30% dextrin, 30% cornstarch (ICN
Pharmaceuticals, Costa Mesa, CA, USA), and 40% sucrose (Domino, Yonkers, NY, USA);
and protein from casein (Bioserv, Frenchtown, NJ, USA) with 0.03% L-cysteine
hydrochloride added (ICN Pharmaceuticals). This diet was supplemented with minerals
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(USP X1V Salt Mixture Briggs; ICN Pharmaceuticals) and vitamins (Vitamin Diet
Fortification Mixture; ICN Pharmaceuticals). The macronutrient composition of this semi-
solid fat diet, calculated as percentage of total kilocalories, was 50% fat, 25% carbohydrate,
and 25% protein. It was stored at 4 °C until use, and on a daily basis, fresh diet was weighed
out in metal dishes and placed in the appropriate cages. This fat-rich diet is nutritionally
complete and found to have no detrimental effects on the health of the animals.

Nicotine and ethanol self-administration testing was performed in 10 standard operant-
conditioning chambers (Coulbourn Instruments, Allentown, PA, USA). Each chamber was
equipped with two levers located 10 cm above the floor, with one lever defined as active and
able to stimulate the infusion pump for 4 s and the other lever defined as inactive and having
no scheduled consequences. The chambers also contained a LED house light placed on the
wall opposite to the levers, a triple-cue light placed directly above the active lever, and a
tone cue (4 kHz, 86 dB @ 10 cm) placed outside the chamber. The catheters were attached
to an infusion pump (Harvard Apparatus, Natick, MA, USA) through a swivel system and
protective metal spring tether. The operant chambers were controlled by a computer using
the Graphic State Software package.

Jugular catheterization surgery

Drugs

Following successful sucrose training (see Experimental Procedures below), the rats (P52—
P55) were implanted with a jugular catheter using aseptic techniques. They were
anesthetized with a combination of ketamine (80 mg/kg, intra-peritoneally [i.p.]) and
xylazine (10 mg/kg, i.p.), supplemented with ketamine when necessary, and were prepared
surgically with SILASTIC catheters in the right jugular vein as previously published
(Corrigall & Coen, 1989; Morganstern et al., 2013). The catheter exited in the intrascapular
region and was connected to a 22-gauge cannula attached to a mesh piece, which was
implanted subcutaneously (s.c.) to hold the catheter in place. Immediately after surgery, the
animals were given 0.03 mg/kg of the pain medication buprenorphine (s.c.) and 5 mg/kg of
the antibiotic baytril (1) and were then allowed 7-10 days to recover. The catheters were
flushed daily with 0.9% saline containing heparin (50 units) and baytril antibiotic (2.27
mg/kg) and were then locked with a solution of 50% dextrose containing heparin (200
units).

(-)Nicotine tartrate (Sigma-Aldrich Corp., St. Louis, MO, USA) was dissolved in isotonic
saline, and the pH was adjusted to 7.0 with dilute NaOH. The unit dose for the intravenous
nicotine self-administration (100 uL over 4 s) was 0.03 mg/kg (expressed as free base). For
the nicotine/ethanol mixture, we first made the appropriate ethanol solution to be
administered at 100 pL over 4 s at 0.02, 0.03, 0.04, or 0.05 g/kg/infusion and then added
(-)nicotine tartrate, with the final dose of nicotine being 0.03 mg/kg/infusion.
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Experimental Procedures

Acquisition of self-administration of nicotine—Prior to surgery, the fat- and chow-
exposed offspring (n = 17/group) underwent operant training (from ages P42 to P50) for 45
mg sucrose pellets (Bioserv, Frenchtown, NJ, USA). Briefly, rats were food-deprived
overnight and then restricted to 20 g of daily chow, given immediately after the training
session, for the remainder of the sucrose training period, during which no visual stimuli
were presented. Measurements of daily chow intake showed that the rats on most days
consumed essentially all of the 20 g of chow provided. All rats were first trained on an FR1
reinforcement schedule, and once the rats earned 100 pellets within an hour, they were
switched to an FR2 schedule and then to an FR3 schedule until they were able to earn 100
rewards under each schedule of reinforcement. The fat- and chow-exposed rats exhibited no
measured differences in their responding during the sucrose-training period [active lever
presses: FR1 (25 + 3.8 vs. 21 +4.1), FR2 (124 + 14.1 vs. 139 + 14.7)], and FR3 (306 + 31.4
vs. 321 £ 39.3] or in the number of days taken to progress from FR1 to FR2 schedules (6.4 +
1.4 vs. 7.7 £ 2.8) or from FR2 to FR3 schedules (1.1 £ 0.2 vs. 1.3 + 0.2). Following
successful training using this protocol, the rats (from ages P52 to P55) were surgically
implanted with a jugular catheter and allowed to recover for 7-8 days prior to the start of the
experiment. During the acquisition phase, animals were trained for 1 h each day during the
dark cycle to self-administer nicotine (0.030 mg/kg/infusion over 4 s in a volume of 100
uL). The training dose of 0.03 mg/kg/infusion was chosen based on published evidence
(Donny, Caggiula, Knopf, & Brown, 1995; Paterson & Markou, 2004; Suto, Austin, &
Vezina, 2001) showing that the peak rates of responding and the number of infusions on a
fixed-ratio schedule are typically obtained at doses ranging from 0.01-0.03 mg/kg/infusion.
The 4-s duration was chosen based on published evidence (Fowler & Kenny, 2011,
Morganstern et al., 2013) suggesting that 3—4-s infusion times yield optimal responding for
nicotine in adult rats and more closely mimic natural smoking conditions which entail a
gradual transit of nicotine from the lungs to the brain (Sorge & Clarke, 2009). As described
in our recently published paper (Morganstern et al., 2013), the animals at the beginning of
the session received two infusions of nicotine to fill the lines with 200 pL nicotine solution
with the house light on, and afterward the house light remained off throughout the training
session. This volume of nicotine was precisely calculated based on the length of the catheter
and connecting tubing to be filled without exposing the rats to the nicotine. Each active lever
press simultaneously activated the cue light (4 s) and tone cue (1 s) as well as the infusion
pump. After the 4-s infusion, the cue light remained on for an additional 20 s, which was
defined as the time-out period during which responses were recorded but had no scheduled
consequences as previously described (Clemens, Caillé, & Cador, 2010; Morganstern et al.,
2013; Yan et al., 2012). After the time-out period, the cue light was turned off. During the
first part of acquisition training (10 days), responding was reinforced on an FR1 schedule
(one infusion for each active press), with the reinforcement schedule subsequently
increasing to FR2 for 4 days and then to FR3 for 3 days.

Acquisition of self-administration of nicotine/ethanol solution—After nicotine
training was completed on the FR3 schedule, the reinforcement schedule was returned to
FR1, and a mixture of nicotine and ethanol was offered, respectively, at a dose of 0.03
mg/kg/infusion and 0.04 g/kg/infusion and administered over 4 s in a volume of 100 pL as
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described above for nicotine alone. The rats were again trained under this dose of drug
combination on the FR1 schedule (4 days), with the reinforcement schedule increasing to
FR2 for 3 days and then to FR3 for 4 days.

Dose-response testing—After the last session on the FR3 schedule, a dose-response
curve was determined on the FR1 schedule of reinforcement using a single dose of nicotine
(0.03 mg/kg/infusion) (Guillem & Peoples, 2011) and the four following doses of ethanol,
0.02, 0.03, 0.04, and then 0.05 g/kg/infusion (DeNoble, Mele, & Porter, 1985; lkegami et
al., 2002). There were 4 sessions at each dose and a 1-day return to the training dose (0.04
g/kg/infusion) before each new dose of ethanol.

Progressive ratio testing—After these dose-response measures were collected, all
animals were returned to the training dose (0.03 mg/kg/infusion of nicotine and 0.04 g/kg/
infusion of ethanol) for 5 days prior to progressive ratio (PR) testing. The PR testing was
conducted over a 4-day period, according to procedures previously described (Caille,
Clemens, Stinus, & Cador, 2012). The PR schedule was determined using the exponential
formula 5Xexp (0.2 x infusion), such that the required responses per infusion were as
follows: 3, 6, 10, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, and so forth. The PR
conditions were identical to the FR sessions, except that the duration of each PR session was
extended to 2 h. Breakpoint was determined when >20 min of inactivity on the active lever
passed, according to procedures described in prior studies of nicotine self-administration
(Brunzell & Mclntosh, 2012; Forget, Coen, & Le Foll, 2009; Garcia, L&, & Tyndale, 2014;
Morganstern et al., 2013). During PR testing, all animals reached breakpoint within the 2-h
session and thus were all included in the data analysis.

Self-administration of ethanol after removing nicotine from the solution—After
completion of the PR training, we next determined whether the rats lever-pressed for ethanol
alone once the nicotine had been removed from the infusion. Rats were returned to FR1 and
allowed to lever-press for ethanol only (0.04 g/kg/infusion). They were maintained on the
FR1, FR2, and FR3 schedules, with 12 days for each FR schedule.

Acquisition of ethanol self-administration in nicotine-naive rats—To examine
the acquisition of ethanol self-administration alone in rats that had never been exposed to
nicotine or ethanol, a separate set of rats (n = 12) was treated as described above, first
trained to lever-press for sucrose and then surgically implanted with a jugular catheter and
allowed to recover for 7-8 days. The rats were then trained to lever-press for ethanol using
the method identical to that described above for nicotine acquisition on the FR1 (12 days)
and FR2 (12 days) schedules.

Blood collection and measurements of blood alcohol concentration

Blood was collected from the tail vein on the 4th day of nicotine/ethanol self-administration
on FR3 schedule of reinforcement. Blood serum was assayed for blood ethanol
concentration (BEC) using an Analox GM8 Alcohol Analyzer (Lunenberg, MA, USA).
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Statistical analysis

Results

Differences in the effects of perinatal diet on drug self-administration at different FR
schedules and differences in response to nicotine/ethanol vs. nicotine alone within each diet
group were tested with either a repeated-measures ANOVA (when FR was a within-subject
factor) followed up by pairwise comparisons using Tukey’s HSD or a one-way ANOVA
followed by Tukey’s post hoc test as appropriate. For progressive ratio testing, measures of
the number of rewards earned and breakpoint (last ratio completed) were analyzed
separately using unpaired Student’s t tests (p < 0.05). Data were determined to be distributed
normally using the Shapiro-Wilk test. Significance was determined at p < 0.05, and data are
reported as mean * standard error of the mean (S.E.M.).

Co-administration of nicotine and ethanol

This experiment tested whether the offspring from Long-Evans dams that consumed a fat-
rich vs. chow diet during pregnancy and lactation exhibit differences, first in their self-
administration of nicotine and then in their co-administration of nicotine and ethanol.
Analysis of nicotine self-administration by itself (0.03 mg/kg/infusion) revealed an overall
main effect (with all FR schedules combined) of perinatal fat vs. chow exposure on active
lever pressing (F[1,18] = 11.82, p < 0.01), with no effect on the overall number of infusions
earned (F[1,21] = 1.40, ns) or inactive lever pressing (F[1,18] = 1.42, ns) (Fig. 1 and 2).
There was a significant main effect of the schedule of reinforcement on active lever pressing
(F[3,54] = 44.83, p < 0.01) and the number of infusions earned (F[3,63] = 7.48, p < 0.01),
with a significant interaction between perinatal treatment and these measures of lever
pressing (F[3,54] = 7.06, p < 0.01) and number of infusions earned (F[3,63] = 7.47, p<
0.01). Specifically, active lever pressing and infusion number were significantly increased in
the fat- compared to chow-exposed offspring on the FR3 schedule (+31%, p < 0.02 and
+30%, p < 0.05, respectively), but not the FR1 or FR2 schedule of reinforcement (ns).
Analysis of the lever pressing for nicotine in the chow group across the FR1, FR2, and FR3
schedules of reinforcement revealed that responding for nicotine during FR2 and FR3 was
significantly greater than during FR1 (p < 0.01) and that lever pressing during the FR2 and
FR3 schedules did not differ from each other (ns). The significant linear trend for within-
subject contrasts (F[1,12] = 32.10, p < 0.01) indicates that responding on each FR schedule
becomes progressively greater when compared to the preceding one, as described previously
(Morganstern et al., 2013).

Analysis of the self-administration of the combined nicotine/ethanol solution, with doses
respectively of 0.03 mg/kg/infusion and 0.04 g/kg/infusion, also revealed a significant main
effect of perinatal diet treatment on active lever pressing (F[1,17] = 57.95, p < 0.01) and
number of infusions (F[1,18] = 16.91, p < 0.01), with no effect on inactive lever pressing
(F[1,18] = 0.69, ns) (Fig. 1 and 2). There was also a main effect of schedule of
reinforcement on active lever pressing (F[2,34] = 44.83, p < 0.01) and infusion number
(F[2,36] = 46.55, p < 0.01), with no significant interaction with perinatal treatment for both
of these measures (F[2,34] = 2.29, ns) and (F[2,36] = 1.16, ns), respectively. The fat-
exposed offspring had a 35-90% (p < 0.05) higher lever pressing and infusion number than
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chow-exposed offspring. Together, these data demonstrate that perinatal exposure to fat
significantly increases the self-administration not only of nicotine alone but also of nicotine
and ethanol mixed together. Self-administration of nicotine/ethanol led to a significant
elevation of BEC (p < 0.05) in the fat-exposed (120 + 10.2 mg/dL) vs. chow-exposed (85 +
19.3 mg/dL) rats when measured at 30 min after the start of the self-administration session.

Further analyses were performed to compare the lever-pressing behavior of the fat- and
chow-exposed offspring on the nicotine/ethanol solution (0.03 mg/kg nicotine/0.04 g/kg
ethanol) to that of nicotine alone (0.03 mg/kg). Within-group analysis revealed an overall
main effect of perinatal diet treatment on drug self-administration, as measured by the total
number of active lever responses (F[1,14] = 19.36, p < 0.01) and infusions earned (F[1,15] =
15.09, p < 0.01), with no difference in inactive lever presses (F[1,14] = 2.31, ns) (Fig. 1 and
2). There was also a significant main effect of the type of drug solution, nicotine/ethanol vs.
nicotine, on active lever pressing (F[1,14] = 4.10, p < 0.05), with a significant interaction
between perinatal diet treatment and drug solution (F[1,24] = 9.30, p < 0.01). The total
number of infusions was also significantly affected by the drug solution (F[1,15] = 15.23, p
< 0.01), with a significant interaction again observed between perinatal treatment and drug
solution (F[1,15] = 10.01, p < 0.01). Further within-group analyses showed that, while the
chow-exposed rats exhibited no difference in their lever pressing for the nicotine/ethanol
solution compared to nicotine alone (F[1,14] = 0.74, ns), the fat-exposed offspring exhibited
a difference in their lever pressing (F[1,16] = 16.89, p < 0.01), which was significantly
greater for the nicotine/ethanol solution than for nicotine alone (+90%, p < 0.01). There was
also a main effect of FR reinforcement schedule on active lever pressing (F[2,28] = 48.67, p
< 0.01), with no interaction between perinatal diet treatment and reinforcement schedule
(F[2,28] = 2.60, ns), but there was no effect of reinforcement schedule on infusion number
(F[2,30] = 2.30, ns). These findings demonstrate that perinatal exposure to fat compared to
chow, which stimulates the 1V self-administration of nicotine as well as of nicotine in
combination with ethanol, has a significantly stronger, stimulatory effect on the co-
administration of nicotine/ethanol together, a difference not evident in the chow-exposed
rats.

Dose-response determination to nicotine/ethanol

To evaluate the sensitivity of the offspring to ethanol in the nicotine/ethanol solution, this
experiment tested increasing doses of ethanol (from 0.2 to 0.5 g/kg/infusion) in combination
with a single dose of nicotine (0.03 mg/kg/infusion) and compared the dose-response curves
for the fat- and chow-exposed rats. Analysis of infusion number and ethanol intake as the
ethanol dose increased revealed in the fat-exposed rats an overall significant increase
compared to chow-exposed offspring in both the number of infusions earned (F[1,25] =
24.94, p < 0.01) and the intake of ethanol (F[1,25] = 26.98, p < 0.01) (Fig. 3). In addition,
there was a significant main effect of ethanol dose on the number of infusions (F[3,75] =
43.45, p < 0.01), with a significant interaction between ethanol dose and perinatal diet
treatment (F[3,75] = 3.39, p = 0.01). Further analyses revealed a significant main effect of
ethanol dose on rewards earned in both the fat-exposed (F[3,24] = 24.83, p < 0.01) and
chow-exposed (F[3,39] = 18.29, p < 0.01) rats. Pairwise comparisons showed that the
number of rewards earned, while similar within each treatment group across the three lower
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doses of ethanol (0.02, 0.03, 0.04 g/kg/infusion, ns), was markedly reduced (p < 0.01) at the
highest ethanol dose (0.05 g/kg/infusion). These results show that, as the dose of ethanol
increases to 0.04 g/kg/infusion, the fat-exposed rats continue to self-administer significantly
more of the ethanol/nicotine mixture than the chow-exposed rats. This effect, however, is
lost at the highest dose, where both groups reduced their intake. These results suggest that
the rising concentration of ethanol increases the rewarding potential of the ethanol/nicotine
mixture.

Progressive ratio responding to nicotine/ethanol

Progressive ratio responding for the nicotine/ethanol solution was also measured in the rats
perinatally exposed to the fat or chow diet, to determine whether they exhibit a difference in
their reinforcement from this solution. As depicted in Fig. 4, progressive ratio analysis
revealed significant differences between the diet groups, with the fat-exposed rats earning
significantly more rewards than the chow-exposed rats (t[20] = —2.70, p < 0.05). Further
analysis of the breakpoint showed that the fat- vs. chow-exposed rats exhibit a significant
increase in the median last ratio completed (t[19] = -4.18, p < 0.05) (Fig. 4). These results,
revealing a greater number of rewards earned and greater breakpoints in the fat-exposed
offspring, suggest that these rats are more motivated than chow-control rats to attain the
nicotine/ethanol solution and thus that they attribute a greater value and reward to this drug
mixture.

Ethanol self-administration

The final experiment examined the rat’s lever-pressing behavior for IV ethanol alone, after
removal of nicotine, at the FR1, FR2, and FR3 schedules of reinforcement. The overall
assessment revealed no differences between the fat- and chow-exposed rats in their number
of active presses (F[1,19] = 0.01, ns) and number of infusions (F[1,19] = 0.04, ns), as well
as their number of inactive presses (F[1,16] = 0.01, ns) (Fig. 5). While there was a
significant main effect of FR reinforcement schedule on active lever presses (F[2,38] = 9.40,
p < 0.01), there was no interaction between this measure and perinatal treatment (F[2,38] =
0.58, ns). There was also a significant main effect on the number of infusions (F[2,38] =
21.69, p < 0.01) but no interaction with this measure and perinatal treatment (F[2,38] = 2.34,
ns) and no main effect on inactive lever presses (F[2,38] = 1.48, ns). This lack of a
difference between the fat- and chow-exposed rats may reflect the fact that the offspring in
both groups failed to acquire ethanol self-administration once nicotine was removed from
the solution, as indicated by the absence of an increase in the number of lever presses or
infusions as the rats proceeded from FR1 to FR2 to FR3 schedules. To determine whether
the lack of lever presses for ethanol in these animals was due to the fact that they were
examined at the end of the test series involving nicotine as well as ethanol, we examined a
separate group of naive rats (N = 12) with no prior exposure to the drugs and found using
our test paradigm that neither fat- nor chow-exposed rats acquired ethanol 1V self-
administration, showing no escalation in their lever pressing as they advanced from the FR1
(12 £ 2.81) to FR2 (8 + 1.45) ratio of reinforcement (F[1,110] = 2.66, ns). These findings in
both tests demonstrate that rats fail to respond to 1V ethanol alone, whether after nicotine
has been removed from the nicotine/ethanol mixture or when trained first to administer
ethanol with no prior exposure to nicotine.
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Discussion

The results of this study in Long-Evans rats show that maternal consumption of fat during
pregnancy and lactation has profound effects on later drug self-administration in adult
offspring. It causes an increase in the self-administration not only of nicotine but also of a
combination of nicotine and ethanol when the two drugs are presented together. It also
increases responding for nicotine/ethanol during dose-response testing and leads to greater
motivation for nicotine/ethanol as demonstrated by a higher breakpoint using progressive
ratio testing. Of particular note is the additional finding that maternal fat consumption
causes the offspring to self-administer significantly more nicotine plus ethanol than they do
nicotine alone, a difference not seen in the offspring of dams maintained on a low-fat, chow
diet.

The new model used in the present study provides the first evidence for IV self-
administration of nicotine and ethanol mixed together in a single solution. Prior studies
developing methods for administering a combination of nicotine and ethanol have involved
either oral self-administration of the two drugs separately or together (Hauser, Getachew, et
al., 2012; Marshall et al., 2003), IV self-administration of nicotine combined with oral self-
administration of ethanol sequentially or concurrently (Hauser, Katner, et al., 2012; Lé et al.,
2010, 2014), or the self-infusion of a mixture of nicotine and ethanol directly into the
posterior VTA (Truitt et al., 2014). While these paradigms have been successful in getting
rats to self-administer both drugs, in some cases at pharmacologically relevant levels
(Hauser, Katner, et al., 2012), the results obtained relating these two drugs may in some
cases be determined by their specific properties or the specific paradigms of administration.
When given orally, both substances have orosensory properties that include a bitter taste,
aversive odor, or irritating effect (Gyekis et al., 2012; Oliveira-Maia et al., 2009; Thuerauf et
al., 2000) which by themselves may influence drug-taking behavior (Crabbe, Harris, &
Koob, 2011; Gyekis et al., 2012; Kulkosky, 1985). Also, a specific paradigm involving
sequential administration of the two drugs may yield results reflecting the effect of one drug
on intake of the other, rather than the co-use of these drugs. This is suggested by studies
showing that the injection of nicotine can stimulate the drinking of ethanol and that rats
prone to drinking excess ethanol are subsequently found to self-administer more nicotine
(Bito-Onon et al., 2011; L€ et al., 2000, 2003, 2006; Olausson et al., 2001). Our model,
which involves the 1V method of self-administration of both drugs and their simultaneous
administration, eliminates both of these possible confounding factors while showing greater
self-administration of the nicotine/ethanol mixture as compared to nicotine or ethanol alone.
This result is consistent with a recent report showing that rats self-administer the ethanol/
nicotine mixture directly into the posterior VTA (Truitt et al., 2014).

Most studies to date have shown that rats either fail to acquire 1V self-administration of
ethanol alone (DeNoble et al., 1985; Numan, Naparzewska, & Adler, 1984) or achieve very
low levels of daily ethanol intake (Gass & Olive, 2007; Sinden & Le Magnen, 1982), with
additional procedures such as a fixed-time food delivery schedule, a forced infusion of high
ethanol doses, or a sucrose reinforcer found to potentiate ethanol 1V self-administration
(Numan, 1981; Oei & Singer, 1979; Windisch, Kosobud, & Czachowski, 2014). The model
used in the present study, which allows rats to self-administer IV ethanol and nicotine
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together, gave us the opportunity to determine whether rats trained to self-administer first
nicotine alone and then ethanol in combination with nicotine might then continue to self-
administer ethanol alone after nicotine has been removed. Our tests, however, failed to
reveal ethanol self-administration in the absence of nicotine. This confirms the general
notion that IV administration of ethanol in rats is a relatively weak, positive reinforcer that
does not support self-administration behavior (DeNoble et al., 1985; Numan, 1981; Numan
et al., 1984; Sinden & Le Magnen, 1982). The only other study that used this paradigm of
combining ethanol with another drug of abuse examined IV self-administration of a mixture
of ethanol with cocaine (Ikegami et al., 2002). This report showed that rats trained to self-
administer the ethanol/cocaine mixture continue to self-administer ethanol alone (up to 2
g/kg/session/day) over a several-week period. This indicates that the combination of ethanol
with cocaine, as compared to ethanol with nicotine, may have a more potent and sustaining
effect on IV self-administration of ethanol. It is possible, however, that the lack of ethanol
self-administration after removal of nicotine may reflect a general decline in behavior across
the long series of tests. We examined this possibility in an additional group of rats that were
drug-naive and found using our test paradigm that they similarly failed to acquire IV ethanol
self-administration, consistent with the results of other published studies (DeNoble et al.,
1985; Grupp, 1981; Sinden & Le Magnen, 1982). With multiple reports showing that rats
readily selfadminister ethanol in both oral operant and two-bottle choice paradigms (Simms,
Bito-Onon, Chatterjee, & Bartlett, 2010; Simms et al., 2008), this evidence substantiates the
general notion that ethanol when administered 1V by itself is not reinforcing.

Our results also demonstrate that exposure to dietary fat during gestation and lactation
produces significant changes in later drug self-administration behavior. The fat-exposed
adult offspring as compared to chow-exposed rats exhibit a general increase in their nicotine
responding during the training period. This result substantiates our recent study of nicotine
self-administration in Sprague-Dawley rats (Morganstern et al., 2013), and it is also
consistent with other reports indicating that early exposure to a palatable, fat-rich diet
increases ethanol drinking and enhances sensitivity to the locomotor-stimulating effects of
another drug, amphetamine (Bocarsly et al., 2012; Cabanes et al., 2000). While somewhat
lower than those described in certain studies (Bardo, Green, Crooks, & Dwoskin, 1999;
Lynch, 2009; Sanchez, Moore, Brunzell, & Lynch, 2014), the levels of nicotine 1V self-
administration obtained in the present study are similar to those in other reports (Cohen,
Koob, & George, 2012; Gilpin et al., 2014) as well as our previous publication (Morganstern
et al., 2013). Our main new finding is that fat-exposed offspring exhibit increased
responding to a mixture of nicotine and ethanol, an effect evident during the training period,
the dose-response testing, and the progressive ratio testing. Whereas the baseline responding
during progressive ratio testing is similar to that in our prior study (Morganstern et al.,
2013), it is somewhat lower than that described in other publications (Lynch, 2009; Shram,
Funk, Li, & L&, 2008), perhaps due to the fact that the rats in our studies underwent almost
50 days of training prior to the progressive ratio test. Although both IV nicotine and IV
ethanol are generally thought to be weak reinforcers and may even be aversive (Grupp,
1981; Palmatier et al., 2007; Stairs, Neugebauer, & Bardo, 2010), our findings here showing
prenatal fat exposure to stimulate responding for the nicotine/ethanol mixture while
increasing the breakpoint values indicate that the nicotine/ethanol mixture is reinforcing and
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the fat-exposed offspring are more motivated by the rewarding properties of this nicotine/
ethanol mixture.

The present study is the first to report BEC levels after 1V self-administration of a mixture
of ethanol and nicotine. During IV self-administration of nicotine and ethanol together, BEC
levels were significantly higher (p < 0.01) in the fat-stimulated (120 + 10.2 mg/dL)
compared to chow (85 *+ 9.3 mg/dL) offspring. These BEC levels in the chow group, which
exceed those commonly achieved in Sprague Dawley rats (Barson, Fagan, Chang, &
Leibowitz, 2013; Bito-Onon et al., 2011), are comparable to those found in selectively bred
alcohol-preferring P rats (Bell, Rodd, Lumeng, Murphy, & McBride, 2006). Furthermore,
BEC levels in the fat-exposed rats are equivalent to those found after an alcohol binge or
during alcohol relapse in the P rats (Bell et al., 2006; Rodd-Henricks et al., 2001). Although
nicotine levels were not measured in this study, extrapolation from data obtained in other
nicotine self-administration studies (LeSage, Keyler, Collins, & Pentel, 2003; Shoaib &
Stolerman, 1999) suggests that blood nicotine levels in the chow group are likely to be
around 65 ng/mL, which is comparable to nicotine levels in smokers (Benowitz & Jacob,
1984). A recent study, showing that ethanol can affect nicotine accumulation in the brain, is
consistent with the idea that ethanol is involved in nicotine addiction (Katner et al., 2015).

The result obtained using combined IV self-administration of these two drugs provides the
first evidence that exposure to fat during an early period of development leads to an
increased motivation for the nicotine and ethanol combination. With the rats increasing their
responding to the mixture while the ethanol concentration was increased and the nicotine
concentration remained constant, this suggests that the presence of ethanol in the nicotine/
ethanol mixture is enhancing the rewarding potential of this mixture. This is supported by
the evidence that ethanol, at doses up to 2 g/kg/day, exerts a dominant discriminative control
over nicotine in an nicotine/ethanol mixture (Ford, McCracken, Davis, Ryabinin, & Grant,
2012). Together, this supports other studies showing frequent co-abuse of these two drugs in
humans as well as animals (DiFranza & Guerrera, 1990; Falk et al., 2006; Hauser, Katner et
al., 2012; Lé et al., 2010, 2014).

Neurochemical systems that mediate this increase in nicotine self-administration in fat-
exposed offspring may involve the common brain pathways affected by fat and nicotine
intake in adult animals as well as by prenatal exposure to fat. These include the
hypothalamic and mesolimbic systems involving dopamine (DA) and acetylcholine (ACh),
the opioid peptide enkephalin (ENK), and the orexigenic peptides, orexin/hypocretin (OX),
galanin (GAL) and melanin-concentrating hormone (MCH) (Barson, Morganstern, &
Leibowitz, 2011, 2012; Chang, Gaysinskaya, Karatayev, & Leibowitz, 2008; Morganstern et
al., 2013; Picciotto, Higley, & Mineur, 2012; Vucetic, Kimmel, Totoki, Hollenbeck, &
Reyes, 2010). Prenatal exposure to fat is found to stimulate the expression of these peptides
in the hypothalamus and nucleus accumbens (Chang et al., 2008; Vucetic et al., 2010) and
produce changes in the mesolimbic dopaminergic reward system (Naef et al., 2011; Ong &
Muhlhausler, 2011; Vucetic et al., 2010) and in cholinergic activity in mesostriatal and
hypothalamic areas (Morganstern et al., 2013). The possibility that these neurochemical
changes in the offspring can, in turn, promote later consumption of nicotine is supported by
pharmacological evidence in rats, showing that nicotine self-administration is reduced by
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hypothalamic administration of an OX receptor 1 antagonist or peripheral administration of
an opioid antagonist (Ismayilova & Shoaib, 2010; LeSage, Perry, Kotz, Shelley, &
Corrigall, 2010), by dopaminergic blockade through peripheral injection of receptor
antagonists or lesions in the mesolimbic dopaminergic system (Corrigall & Coen, 1991,
Corrigall, Franklin, Coen, & Clarke, 1992; Kutlu et al., 2013), and by systemic injection of a
specific a7 nAChR antagonist, methyllycaconitine (Markou & Paterson, 2001). With
additional evidence showing that nicotine injection can stimulate these orexigenic peptides
and the dopaminergic and cholinergic systems (Houdi, Dasgupta, & Kindy, 1998; Loughlin
et al., 2006; Rada, Jensen, & Hoebel, 2001), it is likely that nicotine self-administration and
these neurochemicals function within a positive feedback loop. In addition to having direct
effects on nicotine self-administration, these neurochemical systems are also involved in
stimulating emotional behaviors, including anxiety and locomotor activity (Bilbo & Tsang,
2010; Kang, Kurti, Fair, & Fryer, 2014; Raygada, Cho, & Hilakivi-Clarke, 1998), which are
closely associated with an increased propensity for drug abuse (Kabbaj, 2006; Piazza,
Deminiere, Le Moal, & Simon, 1989). Thus, when stimulated by perinatal exposure to fat,
these different brain systems may be involved in promoting IV nicotine self-administration.

The same neurochemical systems involved in increasing nicotine self-administration may
also have a role in stimulating the consumption of ethanol. Similar to nicotine, ethanol
drinking is increased by hypothalamic administration of OX (Lawrence, Cowen, Yang,
Chen, & Oldfield, 2006; Schneider, Rada, Darby, Leibowitz, & Hoebel, 2007) and MCH
(Duncan, Proulx, & Woods, 2005; Morganstern et al., 2010), by an ENK analogue in the
hypothalamus, accumbens, and VTA (Morganstern, Barson, & Leibowitz, 2011), or by
central cholinergic stimulation (Hauser et al., 2014). In addition, it is reduced by inactivation
of DA receptors in the accumbens and by peripheral administration of a DA receptor
antagonist (Bahi & Dreyer, 2012; Di Chiara & Imperato, 1988). The most significant finding
in the present study is that offspring perinatally exposed to a fat-rich diet self-administer
significantly more of the nicotine plus ethanol mixture than they do of nicotine alone, a
difference not evident in chow-fed offspring that lever-pressed similarly for both nicotine
and nicotine/ethanol. This evidence suggests that exposure to fat may affect the rewarding
properties of the solution containing nicotine and ethanol together, leading these two drugs
to interact in some manner that enhances their combined rewarding effects. While the
different peptide systems may be involved, the strongest available evidence is provided by
studies of the mesolimbic dopaminergic system showing nicotine and ethanol to have both
additive and synergistic effects on mesocorticolimbic DA signaling. This has been revealed
using systemic administration of nicotine plus accumbal administration of ethanol, which
together increase DA levels in the accumbens to a greater extent than administration of
either drug alone (Tizabi, Bai, Copeland, & Taylor, 2007; Tizabi, Copeland, Louis, &
Taylor, 2002). Nicotine and ethanol are also found to act synergistically when administered
directly into the posterior VTA, where the mixture of these two drugs as compared to either
alone produces a greater change in gene expression in mesolimbic DA neurons (Truitt et al.,
2014). Further, pretreatment with nicotine in the VTA increases the stimulatory effect of
ethanol on DA, indicating that repeated exposure to nicotine stimulates the responsiveness
of DA neurons to ethanol (Ding et al., 2012). These findings suggest that rats exposed to
dietary fat early in life, which are found here to be more behaviorally sensitive to the
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combined effects of nicotine and ethanol than they are to either drug alone, are likely to
experience a greater activation of the dopaminergic system that increases the rewarding
properties of the drug combination. This fat-induced effect, possibly mediated by DA, may
help to explain the proposal (WHO, 2003) that an increased availability of fat-rich diets in
recent decades may be a factor that contributes to the co-use/abuse of ethanol and nicotine.
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Fig. 1.

Nigcotine and nicotine/ethanol lever response in perinatal fat-exposed vs. chow-fed rats.

Lever responses to nicotine (0.03 mg/kg/infusion) or nicotine/ethanol (0.03 mg/kg/0.04

g/kg/infusion) increase during the first 29 days under FR1, FR2, and FR3 reinforcement
schedules in fat-exposed vs. chow-exposed offspring (n = 17/group). *p < 0.05
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Fig. 2.
Nicotine and nicotine/ethanol infusion number in perinatal fat vs. chow-fed rats. Infusion

number of nicotine (0.03 mg/kg/infusion) or nicotine/ethanol (0.03 mg/kg/0.04 g/kg/
infusion) increases during the first 29 days under FR1, FR2, and FR3 reinforcement
schedules in fat-exposed vs. chow-fed offspring (n = 12/group). *p < 0.05
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Fig. 3.

Dose-response to ethanol in perinatal fat-exposed vs. chow-fed rats self-administering
nicotine/ethanol. Rats perinatally exposed to fat vs. chow exhibit greater lever pressing for
nicotine/ethanol and greater intake of ethanol as the dose of ethanol increases (0.02-0.04
g/kg/infusion) and nicotine dose stays the same (0.03 mg/kg/infusion) (n = 12/group).*p <
0.05
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Fig. 4.
Progressive ratio testing in perinatal fat-exposed vs. chow-fed rats self-administering

nicotine/ethanol (0.03 mg/kg/0.04 g/kg/infusion). Fat-exposed compared to chow-fed rats
earn more rewards and demonstrate an increase in the median last ratio completed (n =12/
group). *p < 0.05

Alcohol. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Karatayev et al. Page 26

50 1 ——Chow (Active) 257 —=—Chow
—a—Fat (Active) - Fat
5 40 4 —+—Chow (Inactive) 20 A
= —e—Fat (Inactive) S
5 2
g 30 5 15 4
5 5
Q 20 ‘» 10
2 2
- =
S £
2 10 A N 5 1
o |
. [ S SN .
[=] - o [w] - w0 0 ~ «© (=2} (=] - N [w] [= - o~ (vl - wn ©0 ~ © (=2} (=] - o~ ™
8‘8‘8‘8’888‘8’8 8‘3“6‘3’3 8‘8’8‘8‘8 8’8‘8‘8 8‘3‘3’3’3
FR1 FR2 FR3 FR1 FR2 FR3
Schedule of reinforcement Schedule of reinforcement
Fig. 5.

Ethanol self-administration in perinatal fat-exposed vs. chow-fed rats. Both fat-exposed and
chow-fed rats fail to acquire ethanol self-administration (0.04 g/kg/infusion) after nicotine is
removed from the solution, as demonstrated by a lack of escalation in the number of lever
responses and infusions during a 14-day period under the FR1, FR2, and FR3 schedules of
reinforcement (n = 11/group). *p < 0.05
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