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Abstract
Two studies of variables affecting voluntary ethanol consumption by adolescent male and female
rats are reported. Sprague-Dawley (SD) and spontaneously hypertensive rats (SHRs) were
compared in Experiment 1. Starting on postnatal day 30 all had 24-hr access to 2%, then 4%, and
then 6% ethanol, followed by 1-hr access to the 6% until intake stabilized. During the 1-hr access
SHR females consumed more ethanol than all other groups. In Experiment 2 the same procedure
was used to compare SD groups prenatally exposed to nicotine, with controls. Nicotine-exposed
females consumed more ethanol during 1-hr access than both nicotine-exposed and control males;
but after using water intake as a covariate, the differences were not significant. These data show
that deprivation conditions need to be considered when generalizing the results of voluntary
consumption studies, and that estrogens may be a modulator of addictive behavior.
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Alcohol abuse is associated with increased morbidity and mortality in the United States of
America [4], and worldwide [84]. Adolescents and college students are particularly
vulnerable [3;42;49;76;80;86]. In their often-cited review Hawkins et al. [26] separated the
risk factors for adolescent and young adult alcohol and substance abuse into two broad
categories: contextual factors “…which provide the legal and normative expectations for
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behavior.” (p. 65); and individual and interpersonal factors such as physiological
characteristics, a family history of alcoholism, conduct problems, hyperactivity, and the
early initiation of drug use.

According to Grant [24] one of the strongest predictors of alcohol or other drug abuse later
in life is early use of alcohol or other addictive substances. Jernigan [27] reported that the
levels of drinking and bingeing among girls have risen faster than boys. Although women
have abused alcohol less than men, and have a lower lifetime prevalence (7-12%) of
alcoholism compared to men (20%) [32;84], data show that over the past 30 years the age of
first alcohol use among females has been declining, and that the rate of initiation of alcohol
use among the youngest females (10-14 year olds) is now equal to that of males [25].
Zilberman et al. [87] also suggested that there is a gender convergence in the prevalence
rates of alcohol use initiation among adolescents. They stated that women's pattern of
experiencing alcohol-related problems at a later age than men is rapidly changing; and that
the increase in alcohol-related disorders among women, and their reduced age of initiation,
suggest that the sexes may become equal in this regard. A recent review by Lynch [32]
indicated that the rates of initiation of drug and alcohol use are now comparable between
boys and girls. These are particularly disturbing findings since women take less time than
men to progress from initial use of a substance (including alcohol) to dependence on that
substance [33]. Additionally, when women drink to excess they are at a higher risk than men
for developing alcohol related health problems, including damage to their brain and heart,
alcohol related liver disease [13], disruption of their menstrual cycle, and reduced bone mass
[17]. Drinking alcohol during pregnancy can also have serious consequences such as fetal
alcohol syndrome [54;55].

In this paper we present the findings from two investigations of variables affecting the
voluntary intake of ethanol by adolescent male and female rats: strain (Experiment 1), and
gestational exposure to an addictive substance (nicotine, Experiment 2). Spear and
Varlinskaya [74] indicated that many of the effects of ethanol found in human adolescents
(e.g., attenuated sensitivity) are also found in many other species, including the laboratory
rat. The similarities between the species provide sufficiently promising evidence of face and
construct validity to support the use of animal models as tools for the study of the effects of
alcohol. Animal models also provide an opportunity to control experimental variables that
can influence sex-related differences in alcohol consumption [67].

Experiment 1
There has been growing interest and evidence showing the importance of genetic risk factors
in the development of alcoholism [67]. Investigations of genetic links have gone beyond
simply looking within families that have an alcoholic parent or grandparent. It is now
recognized that genetic risk factors include disorders such as Attention Deficit Hyperactivity
Disorder (AD/HD) [5]. Faraone [21], and Faraone et al. [22] presented compelling evidence
that AD/HD has a genetic component; and several recently published studies [39;78;81]
have shown AD/HD to be a risk factor for alcohol and drug abuse. In a prospective study
Molina and Pelham [37] also showed that AD/HD in childhood was associated with
increased risk of use and abuse of alcohol.

The spontaneously hypertensive rat (SHR) is a genetically hyperactive strain that has been
regarded as a suitable model for studying aspects of human AD/HD because they exhibit all
the behavioral characteristics of that disorder: impaired sustained attention, motor
impulsiveness, and hyperactivity [58;59]. In the first experiment we compared the volitional
intake of ethanol by adolescent male and female SHRs with male and female Sprague-
Dawley (SD) rats.
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There is considerable evidence to suggest that aspects of AD/HD behavior may result from
an imbalance between increased noradrenergic and decreased dopaminergic regulation of
neural circuits that involve the prefrontal cortex [59] and alterations in gene expression [12].
The SHRs appear to have decreased dopamine (DA) activity in the prefrontal cortex, along
with increased noradrenergic activity [58]. Alterations in dopaminergic activity when
exposed to alcohol are considered a major mechanism in the development of alcoholism and
addiction [62].

Just as alcohol consumption varies among the human population, differences are also found
between strains of rats. For example, Da Silva et al. [10] measured the voluntary choice of
various concentrations of a continuously available ethanol solution versus water by Floripa
genetically high and low anxious, Lewis, and SHR adult male and female rats. Their most
surprising finding was that SHRs, a strain that they referred to as the least anxiety prone of
the three strains, consumed more ethanol than the Lewis rats, even though the latter are
known to present more anxiety-like behaviors than SHRs [10;51], and to be addiction prone
[2;10]. The data also showed that, regardless of strain, female rats consumed 46% more
ethanol than males. As a partial replication of the 2004 study [10], Da Silva et al. [11]
compared adult male Lewis and SHRs in volitional ethanol consumption. The results
replicated the 2004 experiment: SHRs consumed more ethanol than Lewis rats.

Ethanol activates the mesolimbic dopaminergic system, increases the firing of DA neurons
in the ventral tegmental area, and may function as a learning signal associated with such
natural reinforcers under conditions of deprivation and novelty [see 72]. Blanchard and
associates [6;7] have reported that ethanol intake produced significantly greater increases in
extracellular DA in the nucleus accumbens of female, than in male rats. The increased
consumption of ethanol by SHRs, relative to other strains [10;11], may be a result of their
hypodopaminergic activity [59], and abnormal DA Transporter [82]; which may alter their
mesolimbic DA response to ethanol.

In the present experiment we used a limited-access procedure [77] to compare the voluntary
intake of ethanol of adolescent male and female SHR and SD rats. We were particularly
interested in consumption following ethanol deprivation, 1-hr (limited) access, as a
reflection of the animals' addiction to alcohol [71]. Based on the results of Da Silva et al.
[10;11] we expected SHRs, regardless of sex, to consume more ethanol than the SDs.
However it was also possible, and would be consistent with Da Silva's findings [10] and
those of Blanchard and associates [6;7], that the effects of sex and strain would interact. Due
the paucity of studies of ethanol consumption by female rats in general, and SHR females in
particular, more specific hypotheses regarding the proposed interaction would be
speculative.

Method
A total of 40 rats were purchased from Charles River Laboratories, Wilmington, MA for the
present experiment. Half were SHRs (10 males & 10 females) and the other half SDs (10
males & 10 females) rats. Starting on postnatal (PND) day 30 we used the limited-access
procedure [77] to gradually introduce the rats to the ethanol solutions; and provide a
measure of their volitional intake following ethanol deprivation, as an indication of their
degree of addiction [71]. The research protocol was reviewed and approved by the SUNY
Cortland Institutional Animal Care and Use Committee, and conformed to the NIH Guide
for the use of Laboratory Animals.

In addition to the softened water from the automatic watering system, a 14-oz drinking
bottle containing an ascending series of ethanol concentrations was placed on their home
cages 24 hrs per day (continuous access). This fade-in series started with 2% ethanol for the
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first 4 days, followed by 4% for the next 4 days, and then 6% for the remainder of this phase
of the experiment. Bottles were weighed to the nearest 0.1 g, at the same time daily. When
consumption of the 6% ethanol leveled off (no greater than a 20% change in the group mean
across 3 days) the 6% ethanol was removed and then presented on the next and subsequent
days for only 1 hr (limited access), at the same time daily, until consumption again reached
the stability criterion of no greater than a 20% change in the group mean across 3 days.
Water from the automatic system remained available. The ethanol bottles were weighed
prior to and following each 1-hr limited-access session.

On the day following the limited access to ethanol sessions all the groups were placed on a
23-hr water deprivation schedule. We measured their water intake, as above, during daily 1-
hr limited-access sessions for the next 5 days to determine if ethanol intake was related to
inherent differences in water intake among the groups. Ethanol was not available during
those days. Body weights were measured weekly during the continuous access to ethanol,
and every two days during the limited access to ethanol and water deprivation phases of the
procedure.

Statistics
All the data were analyzed using t-tests or univariate ANOVAs. Statistica for Windows,
version 6.0 [75] was used for the statistical calculations. Significant ANOVA effects were
followed up by the Tukey HSD Multiple Comparisons test, using procedures outlined by
Maxwell and Delaney [35]. The alpha level was set at 0.05 for all statistical tests. All data
are presented as means ± the standard error of the mean (SEM). Rosenthal et al. [57] stated
that data should be analyzed in a way that provides the most interpretable interactions,
which then allows making the most meaningful follow-up comparisons. Therefore, in both
experiments the data were treated as from four separate groups, and the ANOVAs followed
up by mainly same-sex (planned) comparisons [3;57].

Results
Each rats daily intake of ethanol during all the sessions was computed in grams per kilogram
of body weight (g/kg).

Fade-in series—The average daily amounts of ethanol consumed by each animal during
the fade-in series were calculated. Figure 1 presents the groups' means and SEMs across the
four days of continuous access to the 2% solution (left panel), across the four days of
continuous access to the 4% solution (middle panel), and those across the 12 days of
continuous access to the 6% solution that it took for all the groups to reach the criterion
(right panel). Both SHR groups consumed relatively more than the corresponding SD
comparison groups; and the ethanol intake of all the groups was lower with the 2% than the
4% and 6% solutions.

A two-way mixed ANOVA was computed using each rat's mean across the three ethanol
concentrations, for each group. The main effects of groups, F(3, 36) = 7.44, and
concentration, F(2, 72) = 50.61, were significant. These main effects were qualified by a
significant interaction, F(6, 72) = 2.42. Tukey HSD comparisons of the ethanol intake by the
groups within and across concentrations were used to clarify the interaction. They indicated
that there were no significant differences among the groups during the period with the 2%
solution; and no sex differences within-strain at each solution. However, the male and
female SHR groups consumed more ethanol during the four days with the 4% solution than
both of the SD comparison groups; and ethanol intake by SHR females (SHR-F), but not the
SHR males (SHR-M) was greater than that by SD males (SD-M) and SD females (SD-F)
during the period with the 6% solution.
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The post-hoc comparisons for each group across solutions showed that the amounts of
ethanol consumed by SHR–M were greater with the 4% than the 2% and 6% solutions. The
SHR-F consumed less of the 2% than the 4% and 6% solutions. The SD-F consumed less
2% than 4%; but intake by the SD-M did not differ across solution concentrations.

Limited access to 6% ethanol—Inspection of the data indicated that the 1-hr daily
amounts consumed by all the groups stabilized on day 7. The group means and SEMs during
the six days just after intake had stabilized are shown in Figure 2. In contrast with the fade-
in data, the SHR–F consumed relatively more ethanol during the limited-access phase than
the control females and both male groups. A one-way ANOVA computed with each animal's
6-day mean produced a significant treatment effect, F(3, 36) = 22.43. The HSD comparisons
confirmed that the mean ethanol intake of SHR-F (collapsed across days) was higher than
that of the other three groups, which did not differ from each other.

Limited access to water—The amounts of water consumed daily by each animal
(adjusted for body weight) during the 5-days of limited access to water were calculated and
a one-way ANOVA was computed with each rat's mean over those five days. The result was
significant, F(3, 36) = 5.70. The post-hoc comparisons revealed a pattern (see Figure 3) that
is different from the limited access to ethanol data.

To check on the possible effects of differences in 1-hr water intake among the groups we
computed an ANCOVA with the limited access to ethanol data from all groups, using their
1-hr access to water data as the covariate (r = 0.6, p < 0.05). The results remained
significant, F(3, 35) = 14.04, p = 0.000004; and the post-hoc comparisons confirmed that the
mean 6% ethanol intake of SHR-F was higher than of the other three groups, which did not
differ.

Experiment 2
Although cigarettes deliver more than 4000 chemicals that separately or together may affect
human health, nicotine has been identified as the addictive component and it is the central
drug associated with abnormalities in fetal brain development [16;19]. Nicotine has been
reported to induce abnormalities in cell proliferation and cell differentiation in mice and rats
[40]. Abnormalities in cell proliferation and differentiation have been shown to lead to
regionally specific abnormalities in cell number and macromolecular content [40;66].

Nicotine also exerts its effects on various neurotransmitter systems. In fact, the
dopaminergic and noradrenergic systems have been found to be hypoactive and
hyporesponsive to exogenous stimulation after prenatal exposure to nicotine, at PND 30
[41;63;64]. Slotkin et al. [65] also found abnormalities in cell development of rats exposed
in utero. Muneoka et al. [38] found reduced levels of dopaminergic innervation in the
neocortex of offspring of dams exposed to nicotine from gestational days (G) 7-20. Other
research has shown that prenatal exposure to nicotine can lead to reductions in DA in the
ventral tegmental area and striatum of 14 day old rats [53], and prenatal nicotine treatment
was also shown to produce a significant reduction in nicotine-induced release of
norepinephrine [63].

Several investigators have shown that exposure to nicotine affects alcohol consumption by
rats. Potthoff et al. [50] reported increased ethanol intake in female albino rats implanted
with a device that slowly released nicotine. Blomqvist et al. [8] found that subchronic
nicotine treatment increased the intake of 6% ethanol by medium-preferring adult male
Wistar rats (the total fluid intake of those animals was 25-65% ethanol during previous
screening tests for ethanol preference). Prior subcutaneous (SC) injections of nicotine have
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also been shown to increase subsequent ethanol consumption [69]; and enhance lever
pressing for drops of 12% ethanol [29].

In the second experiment we examined the ethanol consumption by adolescent male and
female SD rats that were exposed to nicotine only during gestation. In a review of associated
brain actions Pogun [48] acknowledged the bases for expected sex differences in the effects
of nicotine exposure on behavior. Acheson et al. [1] found that transdermal nicotine
treatment increased alcohol consumption in men, but decreases occurred with women. Both
Smith, Horan et al. [69] and Lê et al. [29] ran male rats. Potthoff et al. [50] used females. In
light of their findings, those of Muneoka et al. [38], Richardson and Tizabi [53], and Ribary
and Lichtensteiger [52] showing that prenatal exposure to nicotine reduces dopaminergic
activity, and the connection to the development of addiction by Sari et al. [62], we expected
the nicotine-exposed male and female rats to drink more of the ethanol solutions than their
unexposed counterparts. And, based on the results of Experiment 1 with SHRs, and
considering the sex differences in brain mechanisms reviewed by Pogun [48], we expected
the effects of prenatal nicotine exposure to interact with the sex of the animals.

Method
The 20 male and 20 female SD rats whose ethanol consumption we measured were the
offspring of dams that were either exposed to nicotine during gestation (SD-Nicotine, n =
10), or to a matched vehicle control (SD-Control, n = 10). The exposure manipulations for
all the dams took place at SUNY Upstate Medical University. The timed pregnant SD
females, obtained from Charles River Laboratories, Wilmington, MA, arrived on G5.
Nicotine administration (nicotine hydrogen tartrate salt) was via an osmotic pump (Azlet:
2ML2) set to deliver 5.0 mg/kg/day (yields plasma nicotine levels equivalent to 2 packs of
cigarettes daily) from G6 to delivery. The SD-control group received vehicle alone. All
animals had continuous access to standard lab chow and water. Pumps were installed on the
morning of G6 using aseptic procedures. To insert the pump, a 2-mm incision was made on
the shaved back of an anesthetized dam (Fluothane). Sterile forceps were inserted into the
wound and used to make a 6-mm pocket into which the pump was placed. The incision was
closed with wound clips. Females were returned to a heated cage and monitored until
recovery.

Birth was expected on G21. Within 12 hours of birth all experimental animals were
surrogate fostered to non-experimental (females not exposed to nicotine) dams. One female
and one male pup randomly selected from each litter was sent to SUNY Cortland at PND 25,
thereby forming four groups of 10 pups (N = 40). Starting on PND 30 we used the same
procedure [77] as described in Experiment 1 above (fade-in series involving continuous
access, followed by 1-hr, limited access, to ethanol and then to water). The research protocol
was reviewed and approved by the Committee for the Humane Use of Animals at SUNY
Upstate Medical University and the SUNY Cortland Institutional Animal Care and Use
Committee. It conformed to the NIH Guide for the use of Laboratory Animals.

Results
Body weights of the dams—The mean initial body weight of the SD-Nicotine females
upon arrival was 214.5 ± 7.21 g; and for the SD-Control females that mean was 216.0 ± 8.16
g. The difference was not significant, t(19) < 1. The mean body weights 3 days prior to
delivery was 310 ± 9.91 g and 361 ± 7.10 g for the SD-Nicotine and SD-Control dams,
respectively. The difference was significant, t(19) = - 4.18. Thus, the mean amounts of
weight gained was 95.5 ± 8.62 g for the SD-Nicotine females and 145.0 ± 7.92 g for the SD-
Control females. That difference was also significant, t(19) = - 4.23.
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Litter size—The mean litter size of the SD-Nicotine dams was 12.7 pups; and that of the
SD-Control dams was 11 pups. An independent groups t-test showed that the apparent
difference was not significant.

Body weights of the pups—The mean body weight at the beginning of the fade-in
procedure (PND 30) of the Nicotine males (NIC-M) was 99.8 ± 2.96 g, the Control males
(CON-M) was 105.5 ± 2.13 g, the Nicotine females (NIC-F) was 72.3 ± 1.85 g, and the
Control females (CON-F) was 70.9 ± 1.87 g. An ANOVA computed using each pup's body
weight was significant, F(3, 36) = 69.4. The post-hoc comparisons showed that both male
groups weighed more that both female groups; the apparent same-sex differences were not
significant.

Fade-in series—Figure 4 depicts the average amounts of ethanol consumed by each group
(g/kg) across the four days of continuous access to the 2% solution (left panel), the four days
to the 4% solution (middle panel), and the 12 days to the 6% solution that it took for all the
groups to reach the criterion (right panel). The NIC-F consumed relatively more than both
male groups; and the ethanol intake of all the groups was lower with the 2% than the 4% and
6% solutions.

A two-way mixed ANOVA was computed using each rat's mean across the three ethanol
concentrations for each group, as described above. Only the main effects of groups, F(3, 36)
= 4.93, and concentrations, F(2, 72) = 59.5, were significant. The post-hoc comparisons
collapsed across concentrations confirmed that NIC-F consumed more ethanol than both the
NIC-M and CON-M, but not the CON-F. The Multiple Comparisons test also established
that the mean amounts consumed, collapsed across groups, were less with the 2% than both
the 4% and 6% concentrations. Intake of the latter two did not differ.

Limited access to 6% ethanol—The group means and SEMs during days 6 to 11, after
intake had stabilized (on day 6), are represented in Figure 5. As during the fade-in series,
NIC-F consumed more ethanol (g/kg) than both NIC-M and CON-M, but not CON-F. The
ANOVA computed with each animal's 6-day mean was significant, F(3, 36) = 5.80. The
post-hoc comparisons substantiated that the mean ethanol intake by NIC-F was higher than
that of the two male groups; but not CON-F. Mean consumption by NIC-M, CON-M and
CON-F were not different.

Limited access to water—The amounts of water consumed daily by each animal
(adjusted for body weight) during the 5-days of limited access to water were calculated. The
ANOVA computed using each rat's mean over those five days was significant, F(3, 36) =
9.81. The post-hoc comparisons indicated that both NIC-F and CON-F consumed more
water that NIC-M and CON-M; and that there were no significant same-sex differences in
water intake (see Figure 6).

Because both female groups consumed more water during the limited access to water phase
than both male groups, one could argue that the difference in ethanol consumption between
NIC-M and NIC-F was due to sex differences in thirst. Therefore, as above, we computed an
ANCOVA with the groups' 1hr access to water data as the covariate (r = 0.49, p < 0.05). It
showed that the result was no longer significant, F(3, 35) = 2.16, p = 0.11.

Discussion
The hypothesis tested in Experiment 1 that SHRs would consume more ethanol than SDs
was supported. This strain difference was evident during the fade-in series (continuous
access). The male and female SHR groups consumed more ethanol than both of the SD
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comparison groups during the four days with the 2% and 4% concentrations of ethanol.
However, ethanol intake by SHR females, but not SHR males, was greater than that by SD
males and females during the fade-in series with the 6% solution.

These results partially agree with those of Da Silva et al. [10]. They found that females,
regardless of strain, consumed more 4% ethanol (v/v) than males. Vendruscolo et al. [79]
found similar sex differences in the voluntary consumption of 10% ethanol (v/v) by SHRs
under continuous access conditions. We did not find a main effect of sex. However, besides
concentration differences, the fact that we used adolescent (PND 30 at start) animals, Da
Silva et al. used adults (about PND 90 at start), and Vendruscolo et al. began 20 days of
measuring ethanol consumption at about PND 70, needs to be considered [73].

The present results also are consistent with those reported by Soeters et al. [71]. Using the
same limited access procedure [77] they found no difference in ethanol consumption by
male SHRs compared to male Wistar-Kyoto rats. They did not study females.

The strain differences observed during the limited-access phase are especially interesting.
When the female SHRs had access to the 6% ethanol solution for only 1 hr a day, they
consumed significantly more than all of the other groups. That difference in SHR groups
occurred following withdrawal (deprivation) from ethanol prior to the limited-access phase.
Ethanol deprivation can modify the pattern of consumption by each sex [28], which may
reflect differences in craving. Further investigation is needed to explain why a similar sex
difference in consumption following ethanol withdrawal did not occur with the SD groups.
Both organizational and activational influences of hormones could be involved [79]. Perhaps
an as yet unidentified interactive effect of estrogen on the SHRs' altered dopaminergic
activity may explain this strain difference.

Published accounts of SHR brain-behavior relationships [60;61;82] have been based almost
exclusively on males [also see 79]. Further studies are needed to elucidate possible genetic
modifications in the dopaminergic activity of SHR females; and if their estrogen activity
may be affected. Therefore an explanation of the new and perhaps most important finding
from Experiment 1 that a sex difference in ethanol intake by SHRs occurred following
ethanol withdrawal would be speculation based on incomplete and sometimes contradictory
expositions of alterations in their mesolimbic DA system. Ethanol intake changes the
sensitivity of DA receptors [31] in the nucleus accumbens and striatum. Chronically high
levels of estrogens decrease mesolimbic DA [15], and alcohol consumption increases
mesolimbic DA levels [14]. Blanchard and associates [6;7] found that ethanol at low to
moderate doses (the 6% ethanol solution is considered to be a moderate dose), produced
significantly greater increases in extracellular DA in the nucleus accumbens of female, than
male rats. Thus, a reasonable interpretation of our limited-access data may be that because
the SHRs have a genetic mutation involving the modulation of brain DA [12;59;60;82],
ethanol-induced DA release may make ethanol intake relatively more attractive for SHR
females, especially following ethanol deprivation. Alternatively, ethanol deprivation may
produce a more negative emotional state in SHR females that may be alleviated by ethanol.

The results of Experiment 2 partially supported the hypothesis that the effects of exposure to
nicotine during gestation on voluntary ethanol consumption would depend upon the sex of
the rat. The exposure increased consumption by females, but not males. During the fade-in
series NIC-F drank more than both NIC-M and CON-M. The apparent difference between
NIC-F and CON-F was not significant.

Although the original ANOVA computed with data from the limited-access to 6% ethanol
showed that NIC-F drank more than both NIC-M and CON-M; the result of the ensuing
ANCOVA with water consumption as the covariate was not significant. Consequently we
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cannot assert a specific effect of gestational nicotine exposure on subsequent ethanol
consumption, but only a general effect of nicotine on drinking behavior. And we cannot be
certain that we are not committing a Type II error by discarding the effects of nicotine on
ethanol consumption during limited access—we just cannot distinguish between these
effects and those on general fluid consumption under 23-hr deprivation conditions.

The present findings during the continuous access phase (fade-in series) are consistent with
those of Potthoff et al. [50]. They reported that continuous administration of nicotine
produced elevated consumption of 10% ethanol by female rats. However the present results
do not agree with Blomqvist et al. [8], Smith, Horan et al. [69], and Lê et al. [29] because
only our nicotine-exposed female offspring showed a relative increase in ethanol ingestion.
Perhaps age, ethanol concentration, nicotine dose and exposure-time differences are
involved. Nicotine exposure in the present study was 5.0 mg/kg/day delivered to the dams
from G6 to delivery. The fade-in ethanol series for the offspring began on PND 30. In
contrast, Blomqvist et al. [8] started daily 1.0 mg/kg SC injections 10 days prior to
measuring the effect on the intake 6% ethanol by their adult (100-day old) male Wistar rats.
Smith, Horan et al. [69] administered 1.0 mg/kg injections to their 250-g (approximately
PND 57) male Wistar rats 30 min prior to giving them 1-hr access to 5%, then 8%, then 10%
ethanol over a 20-day period. And Lê et al. [29] gave different groups of nicotine-treated
male Long-Evans rats either 0.2, 0.4, or 0.8 mg/kg prior to daily operant self-administration
of 12% ethanol sessions starting at about PND 70. In contrast, Smith, Kelly et al. [68] found
no effect on consumption of 2%, 5%, 8%, and 10% ethanol solutions by either SD males or
females implanted SC on PND 35 with 15- or 25-mg, 21-day time-release nicotine pellets,
compared to placebo-implanted controls. Their presentation of the series of ethanol solutions
began on PND 53. Further investigations are needed to elucidate the effects of all these
variables. Inconsistent developmental exposure times to both nicotine and ethanol may be
responsible for the discrepant findings in the literature.

Although we did not monitor the dams' food intake, the fact that the initial body weights of
the groups were equal, and that the SD-Control dams gained more weight during gestation
than the SD-Nicotine dams, suggests that the nicotine exposure may have reduced food
intake. That result is consistent with reports of nicotine-induced anorexia [e.g. 36] and
malnutrition during gestation. However, there was no difference in the pups' weight between
groups at PND 30, the start of the ethanol procedure. This suggests that plausible reduced
food intake by the SD-Nicotine females may not have adversely affected the nicotine-
exposed pups' early development. It is also possible that a weight deficit in those offspring at
birth could have been alleviated by the start of the behavioral procedure [30].

Previous investigations of the effect of gestational exposure to nicotine on the pups' body
weights have varied with dose [44;45], sex of the offspring [46;47], and whether the pups
were raise by their biological mothers or unexposed foster dams [see 30;44;45]. For example
Paulson et al. [45] exposed pregnant SD rats to two different doses of Smokeless Tobacco
via oral gavage. The offspring were then fostered to unexposed dams. They found a
reduction in the body weights of pups exposed in utero to the higher dose, equivalent to 12
mg/kg/day, compared to the unexposed pups, until PND 29. However, the corresponding
weight deficit in the pups exposed to the lower dose, equivalent to 3.99 mg/kg/day, and
closest to ours (5.0 mg/kg/day), was observed only up to PND 8. In their subsequent study
[44], with the pups raised by their biological mothers, these authors observed the opposite
effect in pups exposed to the 3.99 mg/kg/day during gestation; i.e. higher weights starting on
PND 6 and persisting through PND 30 and 42, compared to unexposed controls. For a table
summarizing recent findings see [30].
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In the present study all pups were fostered to dams that were not exposed to nicotine. This
procedure avoided the possible confounding effects of further exposure during lactation by
possibly malnourished dams, that may affect the quality of the milk and maternal care. Thus
the present experimental animals were only exposed in utero.

We also did not find that exposing gravid rats to nicotine resulted in reduced litter sizes,
compared to controls. Previous observations of the effects of nicotine exposure during
gestation on litter sizes have been inconsistent. For example Witschi et al., [83] found a 25%
reduction in average litter size following exposure to sidestream smoke during the first half
of pregnancy that produced relatively low doses of nicotine (authors estimated that plasma
levels reached about 25% of those observed following exposure to 1.75 mg/kg/day). More
recently Mahlière et al. [34] reported that groups that received a nicotine pellet
subcutaneously, delivering a dose rate corresponding to 6 mg/kg/day (closer to the present
study) throughout gestation, had relatively reduced litter sizes. However, the present results
are consistent with the more frequent reports that rodent litter size was not affected by
prenatal exposure to nicotine [20;30;56;see 85]; or by exposure to cigarette smoke, [9]. For
instance Xiao et al. [85] used a procedure similar to ours (implanted minipumps delivering a
nicotine dose equivalent to 6 mg/kg/day from G4 to delivery), and observed that litter sizes
were not affected. The reasons for the inconsistency in litter size effects are not readily
apparent.

Several authors have provided explanations of the underlying neurobiological mechanisms
which may account for the observed increase in alcohol consumption resulting from
exposure to nicotine. Acheson et al. [1], Funk et al. [23], Lê et al. [29], Pogun [48], and
Söderpalm et al. [70], and others stated that the reinforcing effects of alcohol are enhanced
by nicotine. Funk et al. presented evidence that (a) both drugs operate through the
mesolimbic DA system, and both stimulate DA release in the nucleus accumbens, (b) a
cross-tolerance between them has been demonstrated in animal models and humans, (c)
nicotinic receptors are involved in the rewarding effects of alcohol, and (d) there may be a
genetic basis for their interaction. Olausson et al. [43] concluded that nicotine-induced
increases in ethanol intake may be due to a decrease in inhibitory control. Söderpalm et al.
[70] showed that blockade of nicotinic acetylcholine receptors (nAChR) in the ventral
tegmental area with mecamylamine, a nicotinic antagonist, reduced ethanol consumption.
However, in addition to the central effects, nicotine-induced increases in ethanol
consumption may also be due to intermittent blockade of these receptors in the autonomic
nervous system [18].

The review of sex differences in the effects of nicotine by Pogun [48] may help explain the
increased ethanol consumption by exposed females, compared to exposed males, observed
during the continuous access phase in the present study. She stated that systemic nicotine
treatment produces a higher increase in extracellular DA in the nucleus accumbens with
female, than with male rats. Analyses of rats' urine have shown that there are sex differences
in nicotine metabolism, half life, and availability. Although female rodents have a higher
nAChR density than males; chronic nicotine exposure produces a up-regulation of these
receptors in males, but not females. Pogun also indicated that progesterone and the estrogens
have effects on both dopaminergic and nicotinic cholinergic systems that may influence the
behavioral effects of nicotine.

In conclusion, the present findings provide evidence of sex differences in the voluntary
consumption of ethanol following ethanol withdrawal, as a reflection of addictive behavior
in SHRs; as well as sex differences in consumption of continuously available ethanol by
adolescent SDs following gestational exposure to nicotine. These data demonstrate that
deprivation conditions, such as employed in the limited-access procedure, need to be
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considered when generalizing the results of animal studies of addictive behavior. Because
the observed effects were greater in females rather than males, they may shed light on
possible contributing factors (other than social) to the increased rates of alcoholism among
women.
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Figure 1.
The mean amounts (± SEMs) of 2% ethanol (left panel), 4% ethanol (middle panel), and 6%
ethanol (right panel), adjusted for body weights, consumed by the spontaneously
hypertensive male (SHR-M) and female (SHR-F), and Sprague-Dawley male (SD-M) and
female (SD-F) rats during the continuous-access to ethanol (fade-in procedure) in
Experiment 1. *indicates significant difference from SD groups at same ethanol
concentration. # indicates significant difference within the same group at different ethanol
concentrations.
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Figure 2.
The mean amounts of 6% ethanol (± SEMs), adjusted for body weights, consumed by the
spontaneously hypertensive male (SHR-M) and female (SHR-F), and Sprague-Dawley male
(SD-M) and female (SD-F) rats during the 1-hr access to ethanol procedure in Experiment 1.
*indicates significant difference from all other groups.
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Figure 3.
The mean amounts of water (± SEMs), adjusted for body weights, consumed by the
spontaneously hypertensive male (SHR-M) and female (SHR-F), and Sprague-Dawley male
(SD-M) and female (SD-F) rats during the 1-hr access to water control procedure in
Experiment 1. *indicates significant difference from SHR-F.
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Figure 4.
The mean amounts (± SEMs) of 2% ethanol (left panel), 4% ethanol (middle panel), and 6%
ethanol (right panel), adjusted for body weights, consumed by the Nicotine-exposed male
(NIC-M) and female (NIC-F), and vehicle control male (CON-M) and female (CON-F)
groups during the continuous-access to ethanol (fade-in procedure) in Experiment 2.
*indicates significant difference from both male groups.
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Figure 5.
The mean amounts of 6% ethanol (± SEMs), adjusted for body weights, consumed by the
Nicotine-exposed male (NIC-M) and female (NIC-F), and vehicle control male (CON-M)
and female (CON-F) groups during the 1-hr access to ethanol procedure in Experiment 2.
*indicates significant difference from both male groups. However, a subsequent ANCOVA
with water consumption as the covariate showed that it was no longer significant.
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Figure 6.
The mean amounts of water (± SEMs), adjusted for body weights, consumed by the
Nicotine-exposed male (NIC-M) and female (NIC-F), and vehicle control male (CON-M)
and female (CON-F) groups during the 1-hr access to water control procedure in Experiment
2. *indicates significant difference from both male groups.
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