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Abstract

Recent studies with adolescent rodents offer valuable information regarding the neurochemical and behavioral effects of adolescent

nicotine exposure. One hundred twenty-one male and 125 female adolescent (35 days of age) C57BL/6J mice were tested for voluntary

nicotine consumption by providing 24-h access to both saccharin-only (SAC) and one of six nicotine-containing solutions [10, 25, 50, 75,

100, 200 ug (-)-freebase nicotine/ml in 2% SAC] in the home cage for 7 days. Although males and females drank similar volumes (ml) of

nicotine, the female mice consumed more nicotine adjusted for body weight (mg/kg) and as a percentage of total fluid intake than did the

male mice. In contrast, there was no sex difference in overall serum cotinine levels (adjusted for liver weight). For all mice, nicotine

consumption and serum cotinine levels increased in a dose-dependent manner, and the volume of nicotine intake (ml), percent nicotine

intake, and nicotine dosage (mg/kg) on the last day of the experiment were positively correlated with cotinine levels. Cotinine levels were

inversely related to body weight only for females. Sex differences in nicotine consumption, but not in cotinine levels, suggest sex differences

in pharmacokinetic processes that may contribute to oral nicotine consumption behavior during periadolescence.
D 2004 Elsevier Inc. All rights reserved.
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1. Introduction quitting smoking in adulthood is decreased substantially
Cigarette smoking still is the single largest preventable

cause of death and illness in the United States (Centers for

Disease Control [CDC], 2003a). Nearly 90% of adult smok-

ers initiate cigarette smoking before the age of 20 (i.e.,

adolescence; Gilpin et al., 1999; United States Department

of Health and Human Services [USDHHS], 1994), and recent

reports suggest that cigarette smoking rates did not change

among middle-school children between 2000 and 2002

despite an increase in prevention efforts (CDC, 2003b;

Chassin et al., 2003). Taken together, these data suggest that

adolescent development may be a critical period during

which the majority of cigarette smokers begin to smoke

(Gilpin et al., 1999; USDHHS, 1994). The likelihood of
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when smoking initiation begins in adolescence. In fact,

adolescents who start smoking today will smoke for as long

as 20–30 years, on average, which means that they are more

likely to experience the adverse health consequences of

smoking than are those individuals who start to smoke later

in life (Pierce and Gilpin, 1996). Despite these statistics, little

is known about the progression from adolescent experimen-

tation with cigarettes into smoking addiction.

Spear (2000) and Laviola et al. (1999) suggest that there

are dramatic developmental changes in the brain associated

with adolescence that may predispose an individual to ex-

periment with alcohol, illicit drugs, and tobacco, the primary

addictive ingredient of which is nicotine (USDHHS, 1988).

Animal models of nicotine exposure developed with adult

rodents may be used to understand why adolescents smoke

cigarettes (Smith, 2003). Indeed, recent rodent models of

adolescent nicotine exposure provide mounting biobehavio-

ral support for this ‘‘critical period’’ hypothesis (Abreu-
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Villaca et al., 2003; Adriani et al., 2002; Klein, 2001; Laviola

et al., 2003; Miao et al., 1998; Trauth et al., 2000a, 2001).

These adolescent rodent models include several rat (e.g.,

Wistar, Sprague–Dawley, Brown Norway, Wistar Kyoto)

and mouse (e.g., CD-1, C57BL/6, NMRI) strains (e.g.,

Adriani et al., 2002; Faraday et al., 2001, 2003; Gäddnäs et

al., 2001; Kelley and Middaugh, 1999; Klein, 2001; Klein et

al., 2003; Levin et al., 2003; Lopez et al., 2001; Pekonen et

al., 1993; Todte et al., 2001; Trauth et al., 2000a,b), with ages

spanning preweaning, periadolescence (around postnatal age

30 days; Spear and Brake, 1983), and postadolescence

(around postnatal age 60 days; e.g., Adriani et al., 2003;

Hatchell and Collins, 1980; Klein et al., 2003; Petersen et al.,

1984; Robinson et al., 1996). These models also incorporate

various nicotine administration methods previously used

with adults including osmotic minipump and continuous

infusion methods (e.g., Bhat et al., 1994; Faraday et al.,

2001; Klein, 2001; Trauth et al., 2000a), repeated injections

(e.g., Hatchell and Collins, 1980; Miao et al., 1998), oral

consumption (e.g., Adriani et al., 2002; Flynn et al., 1989;

Gäddnäs et al., 2001; Klein et al., 2003; Pekonen et al., 1993;

Todte et al., 2001), and, most recently, intravenous self-

administration in rats (Levin et al., 2003). These studies offer

important data for understanding the biobehavioral effects of

nicotine exposure in adolescence. For example, recent find-

ings suggest that adolescent male rats exposed to nicotine are

at risk for increased opioid (Wistar; Klein, 2001) and nicotine

consumption in adulthood (Sprague–Dawley; Adriani et al.,

2003). There also are reports of dramatic, neurobiological

effects of adolescent nicotine exposure in rats, which include

immediate and long-term changes in the central nervous

system dopaminergic and catecholaminergic functioning

(Trauth et al., 2001), and long-lasting cellular and neuronal

damage in the midbrain, hippocampus, and cerebral cortex

(Abreu-Villaca et al., 2003). As this field of adolescent

nicotine research continues to develop, however, new studies

are needed to test the validity and parameters of adult models

adapted for use with adolescent animals, particularly because

the biological and behavioral characteristics of adolescence

appear to be quite different than those observed in adulthood

(e.g., Laviola et al., 2003).

With regard to nicotine consumption models, there is a

growing interest in adapting the oral nicotine consumption

method for use with adolescent rodents to examine nicotine’s

biobehavioral effects given the ease of administration, op-

portunity for continuous nicotine exposure, and production

of acceptable levels of nicotine bioavailability through this

administration route (Le Houezec et al., 1989). The mouse is

an important model for examining the development of

nicotine consumption in periadolescence. Adult mouse mod-

els of nicotine exposure have been used effectively to

demonstrate nicotine’s effects in reward-relevant regions of

the brain (e.g., Collins et al., 1989; Mansvelder et al., 2002;

Marks and Collins, 1982; Pauly et al., 1996), as well as the

behavioral effects of nicotine (e.g., Hatchell and Collins,

1977, 1980). Adult and adolescent mice will readily con-
sume nicotine in drinking water (e.g., Klein et al., 2003;

Meliska et al., 1995; Robinson et al., 1996; Rowell et al.,

1983; Sparks and Pauly, 1999), in amounts that yield serum

nicotine, serum cotinine (nicotine’s primary active metabo-

lite), and brain tissue distribution levels comparable with the

human smoker. In light of the recent mapping of the mouse

genome, mouse models provide a unique opportunity to

reveal genetic contributions to drug abuse. The importance

of outlining the parameters of voluntary nicotine consump-

tion in adolescent mice is highlighted by reports that genetic

variability accounts for the biobehavioral differences in

responses to nicotine across mouse strains (Hatchell and

Collins, 1977; Smolen et al., 1994; Meliska et al., 1995), as

well as in sex differences in response to nicotine (Hatchell

and Collins, 1980; Rosecrans, 1972). For example, the

alcohol-preferring mouse strain, C57BL/6, also prefers nic-

otine, relative to mice that demonstrate a low preference for

alcohol (DBA/2; Meliska et al., 1995). C57BL/6 mice also

prefer amphetamine more than DBA/2 mice do, suggesting

that genetic factors may contribute to the use of a wide range

of psychoactive drugs including nicotine. The handful of

studies that have tested voluntary nicotine consumption in

periadolescent mice (e.g., Adriani et al., 2002; Klein et al.,

2003; Robinson et al., 1996) suggest that this method can be

valuable for understanding adolescent nicotine intake behav-

ior, and that additional studies are needed to clarify this

paradigm in male and female mice. The present experiment

was designed to examine potential sex differences in nicotine

consumption based on earlier reports of differential sensitiv-

ity to nicotine in periadolescent male and female rodents

(e.g., Faraday et al., 2001; Hatchell and Collins, 1980). In

addition, we sought to determine the parameters of oral

nicotine consumption by testing voluntary nicotine intake

in periadolescent C57BL/6 mice across six different nicotine

concentrations.
2. Methods

2.1. Animals

One hundred twenty-one male and 125 female periado-

lescent C57BL/6J mice (Jackson Laboratory, Bar Harbor,

ME) were individually housed under standard housing con-

ditions to allow for accurate measurement of liquid and food

intake. Mice were 32 days old and weighed approximately

15.81F 0.10 g (standard error of the mean) at the beginning

of the experiment (males: 16.80F 0.15 g; females: 15.79F
0.10 g). This age is defined as early adolescence by Spear

(2000), Spear and Brake (1983), and Laviola et al. (2003),

and is analogous to the human developmental stage of early

adolescence, a period associated with the onset of puberty

and behavioral transition (Spear and Brake, 1983; reviewed

by Laviola et al., 2003).

To allow time for data collection, with minimal disrup-

tion of animals in the housing room, mice were tested in
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four separate cohorts (at least 60 mice per cohort); each

cohort consisted of at least 10 animals from each nicotine

treatment group that included at least 5 males and 5 females.

Mice were maintained on a 12-h light–dark cycle [lights on

at 0900 h (three cohorts) or 0700 h (one cohort)], in a

climate-controlled room with a temperature of 21F 2 jC
and 60% relative humidity. Animals had continuous access

to food (Lab Rodent Diet 5001, PMI Nutrition International,

Brentwood, MO) throughout the experiment. During base-

line, mice had continuous access to tap water; during

testing, mice had continuous access to two bottles, one with

tap water that contained 2% saccharin and another that

contained 2% saccharin solution with (-)-nicotine freebase

(see below). Mice were periadolescent (35–42 days of age;

Adriani et al., 1998; Klein et al., 2003; Laviola et al., 2001,

2003; Spear, 2000) during the nicotine testing phase of the

experiment, a developmental period that includes the onset

of puberty and a few days afterwards (Spear and Brake,

1983; reviewed by Laviola et al., 2003). The Pennsylvania

State University Institutional Animal Care and Use Com-

mittee reviewed and approved all animal use procedures,

and principles of laboratory animal care (National Research

Council, 1985) were followed.

2.2. Drugs

(-)-Nicotine freebase and saccharin sodium hydrate were

purchased from Sigma (St. Louis, MO). Freebase nicotine

(NIC) was provided to the mice in one of six concentrations:

10 ug/ml (20 males; 23 females), 25 ug/ml (20 males; 21

females), 50 ug/ml (20 males; 20 females), 75 ug/ml (20

males; 20 females), 100 ug/ml (21 males; 20 females), or 200

ug/ml (20 males; 21 females) dissolved in a 2% saccharin

solution to mask the taste of the nicotine (Klein et al., 2003;

Sparks and Pauly, 1999). The control solution was a 2%

saccharin solution (SAC; Sparks and Pauly, 1999) that did not

contain nicotine. Tap water was used as the water source for

all treatment groups. These NIC and SAC concentrations

were selected based on previous research, which indicates

that adult and adolescent C57BL/6 mice will consume

freebase nicotine across these concentrations (Klein et al.,

2003; Meliska et al., 1995; Pekonen et al., 1993; Robinson et

al., 1996; Sparks and Pauly, 1999) and that oral consumption

of nicotine will yield acceptable levels of nicotine bioavail-

ability (Le Houezec et al., 1989). The NIC and SAC solutions

were prepared frequently (every 2–3 days), based on pub-

lished reports, which determined that there is no appreciable

nicotine loss in solution within this time frame (Pekonen et

al., 1993; Rowell et al., 1983).

2.3. Experimental procedure

2.3.1. Baseline (3 days)

Following arrival, the mice in each cohort were left

undisturbed for 5 days to allow for acclimation to the animal

facility prior to the start of the experiment. Next, 32-day-old
mice were weighed, and food and water measurements were

taken daily for three consecutive days; measurements were

taken immediately after the lights were turned on in the

housing room. Food consumption, body weight, and water

consumption on the last day of the 3-day baseline period

were used to assign the mice to one of the six nicotine-

treatment groups to ensure that treatment groups did not

differ significantly in any of these dependent measures, prior

to the start of voluntary nicotine-consumption testing.

2.3.2. Voluntary nicotine consumption testing (7 days)

Following the last baseline day, periadolescent mice (35

days old) were given 24-h access to SAC and to one of the

six NIC concentrations described above, using published

methods with mice and rats (e.g., Klein et al., 2003; Meliska

et al., 1995; Robinson et al., 1996; Rowell et al., 1983;

Smith and Roberts, 1995; Todte et al., 2001). Prior reports

demonstrate that C57BL/6 adult and periadolescent mice

will consume nicotine in concentrations ranging from 50 to

200 ug/ml, and that these concentrations yield detectable

serum levels of cotinine, the primary metabolite of nicotine

(Klein et al., 2003; Meliska et al., 1995; Robinson et al.,

1996; Sparks and Pauly, 1999). This large range of nicotine

concentrations was selected to delineate a dose-response

curve for voluntary oral nicotine consumption, and included

several higher nicotine concentrations that mice will self-

administer without acute toxic side-effects of nicotine (e.g.,

difficulty breathing, death). Mice had access to the two

solutions for 24 h/day for 7 days; the bottles were switched

between the sides daily to prevent conditioned place pref-

erence to either side of the cage (Klein, 2001; Shaham et al.,

1992; Todte et al., 2001). Body weight, food consumption,

and fluid intake were measured daily.

At the end of the experiment, mice were sacrificed by

cervical dislocation at the beginning of the light cycle, and

serum was collected and frozen at � 80 jC for later cotinine

assessment. Livers also were removed, weighed, and frozen

on dry ice immediately following sacrifice. The order of

sacrifice each morning was counterbalanced across sex,

nicotine-treatment group, and experimental cohort. This

sacrifice time was selected because it is the beginning of

the light portion of the light cycle, and mice consume most

of their fluid during the dark portion of the cycle (e.g.,

Kotlus and Blizard, 1998; Pietilä et al., 1995). Because

nicotine has a rapid half-life in C57BL/6 mice (around 6

min) and cotinine has a longer half-life (about 20 min;

Petersen et al., 1984; USDHHS, 1988) than does nicotine,

cotinine was selected as a more stable index of nicotine

intake and should reflect recent nicotine consumption in

periadolescent mice.

2.3.3. Serum cotinine assessment

Serum cotinine levels were measured to validate nicotine

exposure through oral consumption (e.g., Klein et al., 2003;

Trauth et al., 2000a). Cotinine was determined by enzyme

immunosorbant assay (EIA; Orasure Technology, Bethle-
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hem, PA) by Salimetrics (State College, PA). Samples from

each mouse were tested in duplicate in a single assay batch.

The values used in the data analyses are the averages of

duplicate tests. The assay had a lower limit of sensitivity of

3 ng/ml, with an average inter- and intraassay covariance of

less than 10% and 5%, respectively.

2.4. Treatment of data

One female mouse in the 10 ug/ml nicotine-treatment

group died during the nicotine testing phase as a result of a

maxillofacial occlusion, which frequently occurs among

developing C57BL/6J mice (M. Potter, personal communi-

cation); the data from this mouse are excluded from the

nicotine testing phase analyses. Whole blood samples from

two other mice (one male in 100 ug/ml nicotine-treatment

group and one female in 10 ug/ml nicotine-treatment group)

were provided to the animal facility for sentinel monitoring

at the end of the experiment. The blood samples were not

available for cotinine examination and, therefore, are not

included in the cotinine analyses. Because of sex differences

in liver weight (reported below) and the potential impact on

rate of nicotine metabolism, serum cotinine levels were

adjusted for liver weight to make comparisons between

males and females. Natural logarithmic transformations

were applied to the liver weight-adjusted cotinine data

because they were not normally distributed; this transfor-

mation resulted in a normal distribution of the data. Thus, all

reported analyses are based on log-transformed values, and

raw cotinine values adjusted for liver weight (F S.E.M.)

were used to graph data for clarity.

To make nicotine consumption comparisons between

males and females, nicotine consumption was adjusted for

body weight (mg nicotine/kg body weight) for each animal

on each choice day. Nicotine consumption amounts also

were calculated as the volume of nicotine intake (ml) and as

a percentage of total fluid intake (%) on each nicotine-

consumption test day.

2.5. Statistical analyses

A 2 (Sex)� 6 (Nicotine-Treatment Group) between-

subjects design was used to examine the effects of sex

and nicotine treatment on (a) body weight changes during

periadolescence, (b) total fluid intake (NIC and SAC

consumption combined), (c) voluntary nicotine consump-

tion amounts (mg/kg), (d) voluntary nicotine volume intake

(% total fluid intake and ml nicotine intake), and (e) serum

cotinine levels. The mice arrived at the animal facility and

were tested in four separate cohorts (at least 60 mice per

cohort) to allow time for data collection with minimal

disruption of animals in the housing room. Therefore, all

statistical analyses included cohort as a covariate to control

for potential cohort differences in body weight, food

consumption, fluid intake, and serum cotinine levels. Spe-

cifically, cohort was dummy coded into three new variables
that were entered into separate analysis of covariance

(ANCOVA) models. Separate repeated-measures, 2-way

ANCOVAs, with sex (two levels) and nicotine treatment

(six levels) as the independent measures, time as the

within-subject variable, and cohort as the covariate, were

conducted to examine group differences in body weight,

food consumption, and fluid intake during the baseline and

nicotine testing phases of the experiment. When appropri-

ate, statistical interactions were examined using separate

one-way ANCOVAs, Tukey’s honestly significant differ-

ence (HSD), and Bonferroni post hoc analyses (a=.05). All
significance tests were two-tailed and evaluated at a=.05.
ANCOVA estimated marginal means adjusted for the

cohort covariate (F S.E.M.) are reported in the results

section, tables, and figures, unless otherwise noted.
3. Results

3.1. Baseline body weight, food consumption, and water

intake

There were no significant nicotine group differences in

body weight, food consumption, or water intake on the last

day of the baseline period, prior to nicotine-treatment group

randomization (i.e., 10, 25, 50, 75, 100, or 200 Ag nicotine/

ml treatment group). However, males weighed more

[17.9F 0.1 vs. 15.6F 0.1 g, respectively; F(1,232) =

220.8, P < .0001], ate more food [4.3F 0.1 vs. 4.1F 0.1

g, respectively; F(1,231) = 6.98, P < .01], and drank more

water [7.1F 0.1 vs. 6.5F 0.1 ml, respectively; F(1,230) =

39.16, P < .0001] than did the female mice. There were no

significant Sex�Nicotine-Treatment Group interactions for

these three dependent variables on the last baseline day prior

to the start of nicotine consumption testing. Repeated-

measures ANCOVA indicated that male mice gained weight

more rapidly than did the female mice [Time� Sex inter-

action: F(2,462) = 19.02, P < .0001] across the 3-day base-

line period, but the rate of food or water intake did not differ

between males and females. Importantly, body-weight gain

and food or water intake did not differ among the mice later

assigned to the six nicotine-treatment groups across this

time period. There also were no statistically significant

Time� Sex�Nicotine-Treatment Group interactions during

this 3-day period, thus ensuring that mice were appropri-

ately assigned to one of the six nicotine-treatment groups

prior to the start of the nicotine consumption phase of the

experiment.

3.2. Nicotine consumption testing

3.2.1. Body weight

All animals gained weight across the 7-day voluntary

nicotine testing period [time effect: F(6,1380) = 92.79, P <

.0001], and males gained more weight than did the

females [Time� Sex interaction: F(6,1380) = 50.36, P <



Fig. 1. Mean voluntary nicotine volume intake (ml) averaged across the

7-day test period by male (n) and female (5) periadolescent mice in

each of the six nicotine treatment groups (F S.E.M.).
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.0001]. Males also weighed more than did the females during

this test period [18.5F 0.1 vs. 15.8F 0.1 g, respectively;

F(1,230) = 434.25, P < .0001]. Separate one-way ANCOVAs

confirmed this sex difference on each day of nicotine testing

[Fs(1,230)>251.85, Ps < .0001]. With respect to nicotine

treatment, groups did not differ in mean body weight during

this time period.

3.2.2. Food consumption

Consistent with the body weight data, food consumption

increased over the 7-day testing period [time effect:

F(6,1350) = 10.85, P < .0001]. Males ate more food than

did the females [3.93F 0.02 vs. 3.70F 0.02 g, respectively;

F(1,225) = 65.59, P < .0001], but there was no statistically

significant Time� Sex interaction, which suggests that food

consumption increased similarly for males and females

during this time period. With respect to nicotine treatment,

groups did not differ in food consumption amounts.

3.2.3. Total fluid intake (NIC and SAC consumption

combined)

Total fluid intake increased across the 7-day voluntary

nicotine testing period for all mice [time effect: F(6,1356) =

31.34, P < .0001] such that overall fluid intake followed a

U-shaped curve across the 7-day testing period, a finding

consistent with Rowell et al. (1983). Specifically, total fluid

intake was highest on Days 1 (9.2F 0.1 ml) and 4–7

(range: 9.0–9.7F 0.1 ml) of nicotine access, and lowest

on Days 2 and 3 (8.6F 0.1 ml and 8.7F 0.1 ml, respec-

tively) of nicotine consumption testing (Days 2 and 3 are

significantly different from all other days; Bonferroni post

hoc). Males consumed more fluid than did the females

during this test period [9.6F 0.1 vs. 8.8F 0.1 ml, respec-

tively; F(1,226) = 54.50, P < .0001]. With respect to nicotine

treatment, groups did not differ in total fluid intake during

testing. Importantly, there were no Time�Nicotine-Treat-

ment Group, Time� Sex, or Time�Group� Sex interac-

tions. Thus, underlying group differences in overall fluid

intake did not influence the nicotine consumption findings.

3.2.4. Voluntary nicotine volume consumption (ml)

The volume of nicotine intake (ml) was examined to

determine group differences in nicotine consumption. Con-

sistent with overall fluid intake, there was a main effect for

time [time effect: F(6,1362) = 8.61, P < .0001] such that

nicotine consumption (ml) among mice followed a U-

shaped curve across the 7-day testing period. Specifically,

the volume of nicotine consumption was highest on the 1st

(3.5F 0.1 ml), 6th (3.6F 0.1 ml), and 7th (3.6F 0.1 ml)

days of nicotine access, and lowest on the 2nd (3.0F 0.1

ml) and 3rd (2.9F 0.1 ml) days of nicotine consumption

testing (Days 2 and 3 significantly different from Days 1, 6,

and 7; Bonferroni post hoc). This 2-day dip in nicotine

intake and overall fluid consumption is consistent with other

reports (e.g., Rowell et al., 1983) and may be the result of a

nicotine-stimulated antidiuretic hormone release (e.g.,
USDHHS, 1988), which leads to a retention of fluid and a

decrease in urine output. Because small rodents are very

sensitive to changes in fluid balance, they will adjust their

fluid intake to compensate for reduced urine output (Gädd-

näs et al., 2001). It is probable that the rapid growth of

adolescent mice during this time period resulted in a quick

recovery of fluid intake to maintain growth.

There also was a main effect for the nicotine-treatment

group [F(5,227) = 7.09, P < .0001; see Fig. 1]. Specifically,

mice in the 10 and 25 ug/ml NIC groups also drank more

nicotine than did the mice in the 100 ug/ml NIC group, and

mice in the four lowest nicotine concentration groups (i.e.,

10, 25, 50 and 75 ug/ml groups) drank significantly more

nicotine (ml) than did the mice in the highest nicotine

concentration groups (Bonferroni post hoc). There was no

statistically significant Time�Nicotine-Treatment Group

interaction, which suggests that this group difference was

consistent across the 7-day test period. Male and female

mice voluntarily consumed similar amounts of nicotine

(ml); there were no other statistically significant group or

time interactions.

3.2.5. Voluntary nicotine intake as percent total fluid

consumption (%)

Nicotine intake also was evaluated by calculating the

amount of nicotine consumed as a percentage of total fluid

intake on each test day (%). Consistent with the volume of

nicotine intake data, there was a main effect for nicotine-

treatment group [F(5,226) = 4.94, P < .0001; see Fig. 2].

The mice in the two lowest nicotine concentration groups

(i.e., 10, 25) and in the 75 ug/ml groups drank significantly

more nicotine as a percentage of total fluid intake (%) than

did the mice in the highest nicotine-concentration group



Fig. 2. Mean nicotine consumption as a percentage of total fluid intake (%)

averaged across the 7-day test period by male (n) and female (5)

periadolescent mice in each of the six nicotine treatment groups (F S.E.M.).

Fig. 3. Voluntary nicotine consumption as a percentage of total fluid intake

(%) across the 7-day test period by male (n) and female (5) periadolescent

mice (F S.E.M.).

Fig. 4. Voluntary nicotine consumption adjusted for body weight (mg/kg)

across the 7-day test period by male (n) and female (5) periadolescent

mice (F S.E.M.).
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(i.e., 200 ug/ml; Bonferroni post hoc). There was no

Nicotine-Treatment Group� Sex interaction.

In contrast to the nicotine volume consumption data,

however, there was a Sex�Time interaction [F(6,1356)

= 2.76, P=.01] and two-way ANCOVAs were conducted

separately for each test day, with sex and group as the

independent variables, to examine this interaction. Female

mice consumed more nicotine as a percentage of total

fluid intake than did the males on Test Days 4–7 (see

Fig. 3).

This sex difference was statistically significant on Days

4 [39.2F 1.8% vs. 33.7F 1.8%, respectively; F(1,230) =

4.76, P < .05], 5 [38.3F 1.7% vs. 33.7F 1.7%, respectively;

F(1,230) = 3.87, P=.05], and 7 [39.2F 1.6% vs. 34.3F
1.6%, respectively; F(1,229) = 4.81, P < .05] of testing,

and approached statistical significance on Day 6 of

testing [39.7F 1.6% vs. 36.0F 1.6%, respectively;

F(1,230) = 2.56, P=.10]. There were no other statistically

significant interactions for this dependent measure.

3.2.6. Nicotine dosage (mg/kg)

Tomake adjustments for body weight differences between

the male and female mice, nicotine intake on each test day

was adjusted for body weight on the corresponding test day to

derive a consumed nicotine dosage (mg/kg) per mouse. This

body weight adjustment resulted in a main effect for sex,

where females consumed significantly more nicotine (mg/kg)

than did the male mice, regardless of nicotine-treatment

group [14.7F 0.5 vs. 12.2F 0.5 mg/kg, respectively; sex

effect: F(1,5) = 12.68, P < .0001; see Fig. 4 and Table 1].

Repeated-measures ANCOVA also indicated a marginal

Sex�Time interaction [F(6,1362) = 2.05, P=.056]. Two-

way ANCOVAs were conducted separately for each test
day, with sex and group as the independent variables, to

examine this interaction and for consistency with the nico-

tine fluid consumption analyses reported above. Regardless

of nicotine-treatment group, female mice consumed more

nicotine on a milligram per kilogram basis than did the male

mice starting on the 3rd test day, continuing through the end

of the experiment [see Fig. 4; Day 3: F(1,229) = 7.15,

P < .01; Days 4–7: Fs(1,230)>5.33, Ps < .05].

Consistent with the percent nicotine consumption results,

there also was a main effect for nicotine-treatment group

[F(1,5) = 148.86, P < .0001; see Table 1 and Fig. 5]. Nico-

tine dosage consumption (mg/kg) differed significantly

across the nicotine-treatment groups in the expected direc-

tion (10 ug/ml: 2.15F 0.8 mg/kg; 25 ug/ml: 5.53F 0.8 mg/

kg; 50 ug/ml: 10.18F 0.8 mg/kg; 75 ug/ml: 15.35F 0.8

mg/kg; 100 ug/ml: 16.9F 0.8 mg/kg; 200 ug/ml: 30.6F 0.8

mg/kg; Bonferroni post hoc) with two caveats: (1) Mice in



Table 1

Adjusted nicotine consumption dosage (mg/kg) for male and female periadolescent mice across 7-day voluntary nicotine consumption testing (F S.E.M.)

Nicotine treatment Voluntary nicotine dosage consumption (mg/kg)

group
Day 1 Day 2 Day 3 * Day 4 * Day 5 * Day 6 * Day 7 *

10 ug/ml 2.3F 1.0a,b,c 2.1F1.1a,b,c 1.8F 1.1a,b,c 2.0F 1.2a,b,c 2.2F 1.2a,b,c 2.3F 1.3a,b,c 2.2F 1.1a,b,c

Male (n= 20) 2.4F 1.5 2.0F 1.6 2.0F 1.6 2.1F1.7 2.3F 1.7 2.0F 1.9 2.0F 1.6

Female (n= 22) 2.2F 1.4 2.1F1.5 1.7F 1.5 2.0F 1.6 2.1F1.7 2.7F 1.8 2.4F 1.5

25 ug/ml 6.2F 1.1a,b,c 4.8F 1.1a,b,c 5.2F 1.1b,c 5.0F 1.2a,b,c 5.9F 1.2b,c 5.4F 1.3a,b,c 6.2F 1.1b,c

Male (n= 19) 6.3F 1.5 4.8F 1.6 5.7F 1.6 4.9F 1.7 6.1F1.8 5.1F1.9 6.1F1.6

Female (n= 21) 6.0F 1.4 4.9F 1.6 4.7F 1.5 5.1F1.6 5.7F 1.7 5.7F 1.8 6.3F 1.5

50 ug/ml 11.8F 1.1c,d,e 10.1F1.1c,d,e 8.6F 1.1b,c,d 10.2F 1.2c,d,e 9.2F 1.2b,c,d 11.0F 1.3b,c,d,e 10.4F 1.1b,c,d

Male (n= 20) 12.1F1.5 9.0F 1.6 7.3F 1.6 8.0F 1.7 7.7F 1.7 9.0F 1.9 8.0F 1.6

Female (n= 19) 11.4F 1.5 11.1F1.6 9.9F 1.6 12.3F 1.7 10.8F 1.8 * * 12.9F 1.9 12.9F 1.6

75 ug/ml 15.7F 1.0d,e 14.1F1.1d,e 14.0F 1.1a,d,e 15.3F 1.2d,e 15.8F 1.2a,d,e 17.3F 1.3a,d,e 15.3F 1.1a,d,e

Male (n= 20) 15.1F1.5 14.1F1.6 13.2F 1.6 14.1F1.7 14.3F 1.7 15.7F 1.9 13.9F 1.6

Female (n= 20) 16.3F 1.5 14.2F 1.6 14.8F 1.6 16.5F 1.7 17.3F 1.7 18.9F 1.9 16.6F 1.6

100 ug/ml 18.5F 1.0a,d,e 16.2F 1.1a,d,e 14.0F 1.11a,d,e 17.2F 1.2a,d,e 16.6F 1.2a,d,e 18.6F 1.3a,d,e 17.5F 1.1a,d,e

Male (n= 21) 16.9F 1.4 16.5F 1.6 12.1F1.5 15.6F 1.6 12.5F 1.7 18.1F1.8 14.7F 1.5

Female (n= 20) 20.0F 1.5 16.0F 1.6 16.0F 1.6 18.7F 1.7 20.7F 1.7 * * 19.0F 1.9 20.3F 1.6

200 ug/ml 33.3F 1.0a,b,c,d,e 28.4F 1.1a,b,c,d,e 24.8F 1.11a,b,c,d,e 29.0F 1.2a,b,c,d,e 30.8F 1.2a,b,c,d,e 34.2F 1.3a,b,c,d,e 33.7F 1.1a,b,c,d,e

Male (n= 20) 30.5F 1.5 26.9F 1.6 21.5F 1.6 26.3F 1.7 26.2F 1.7 31.2F 1.9 30.1F1.6

Female (n= 20) 36.1F1.5 30.0F 1.6 28.2F 1.6 31.6F 1.7 35.3F 1.7 37.3F 1.9 37.2F 1.6

a Bonferroni post hoc tests: differs from 50 ug/ml.
b Bonferroni post hoc tests: differs from 75 ug/ml.
c Bonferroni post hoc tests: differs from 100 ug/ml.
d Bonferroni post hoc tests: differs from 10 ug/ml.
e Bonferroni post hoc tests: differs from 25 ug/ml.

* Overall main effect for sex: Females>Males; P< .05.

** Within-group main effect for sex: Females>Males, P < .05.
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the 75 and 100 ug/ml treatment groups consumed similar

nicotine dosage amounts (mg/kg), and (2) nicotine con-

sumption by mice in the 10 and 25 ug/ml nicotine-treatment

groups was marginally different (P=.06).
Fig. 5. Mean voluntary nicotine consumption adjusted for body weight (mg/

kg) averaged across the 7-day test period by male (n) and female (5)

periadolescent mice in each of the six nicotine concentrations (F S.E.M.).
This main effect for nicotine-treatment group persisted

over time [Nicotine-Treatment Group�Time interaction:

F(30,1362) = 2.07, P=.001; see Table 2]. Two-way ANCO-

VAs were conducted separately for each test day, with sex

and group as the independent variables, to examine this

interaction. The main effects for sex were reported above.

Analyses revealed that nicotine dosage consumption (mg/

kg) differed significantly across the nicotine-treatment

groups, on each test day and in the expected directions

[Days 1–3: Fs(1,229)>56.29, Ps < .0001; Days 4–7:

Fs(1,230)>66.35, Ps < .0001; see Table 2]. There also was

a significant Sex�Nicotine-Treatment Group interaction on
Table 2

Mean serum cotinine levels adjusted for liver weight (ng/ml/g) among male

and female mice following 7-day voluntary oral nicotine consumption

(F S.E.M.)

Nicotine treatment group Serum cotinine levels

(ng/ml/g)

10 ug/ml (n= 41) 15.15F 9.35y,z,§

25 ug/ml (n= 41) 30.13F 6.54 * ,§

50 ug/ml (n= 39) 50.07F 14.50 *

75 ug/ml (n= 39) 62.57F 7.83 * ,y

100 ug/ml (n= 39) 81.49F 14.38 * ,y

200 ug/ml (n= 41) 108.90F 23.41 * ,y

* Significantly different from 10 ug/ml group (Bonferroni post hoc).
y Significantly different from 25 ug/ml group (Bonferroni post hoc).
z Significantly different from 50 ug/ml group (Bonferroni post hoc).
§ Significantly different from 75, 100, and 200 ug/ml group

(Bonferroni post hoc).



L.C. Klein et al. / Pharmacology, Biochemistry and Behavior 78 (2004) 13–2520
the 5th test day [F(5,230) = 2.37, P < .05]. One-way ANCO-

VAs were conducted separately by nicotine-treatment group,

with sex as the independent variable, to examine this

interaction on Day 5 of testing. Results revealed that

females in the 50 and 100 ug/ml nicotine-treatment groups

consumed significantly more nicotine (mg/kg) than did the

male mice in the respective treatment groups [Fs(1,35)>

6.28, Ps < .05] on the 5th day of voluntary nicotine-con-

sumption testing (see Table 2).

3.3. Serum cotinine levels and liver weight

Livers were collected and weighed immediately follow-

ing sacrifice, and cotinine was measured in serum collected

on the last day of nicotine consumption testing. Male mice

had larger livers than did females [1.66F 0.01 g vs.

1.42F 0.01 g, respectively; F(1,225) = 352.48, P <.0001],

but nicotine treatment did not alter liver weights and there

was no Sex�Nicotine-Treatment Group interaction. Be-

cause this sex difference in liver weight could affect nicotine

and cotinine pharmacokinetics, the serum cotinine levels

were adjusted for liver weight to make appropriate compar-

isons between males and females in subsequent analyses (R.

Tyndale, personal communication). The raw, unadjusted

data are presented in Fig. 6.

A two-way ANCOVA, with sex and nicotine-treatment

group as the independent variables and cohort as a cova-

riate, was conducted on log-transformed, liver weight-ad-

justed serum cotinine levels. Consistent with nicotine

consumption results, the nicotine-treatment groups differed

from one another in that serum cotinine levels increased as

nicotine concentration increased [nicotine-treatment group
Fig. 6. Serum levels of cotinine adjusted for liver weight (ng/ml/g)

displayed by male (n) and female (5) periadolescent mice on the last day

of the experiment following 7 days of voluntary consumption of one of the

six nicotine solutions (F S.E.M.).
effect: F(5,225) = 17.34, P < .0001; see Table 2]. The sex

difference in nicotine consumption (mg/kg) was not con-

firmed by cotinine analysis; females and males displayed

similar cotinine levels [3.20F 0.12 vs. 2.86F 0.13 ng/ml/g,

respectively; F(1,225) = 3.76, n.s.].

In contrast, there was an unexpected statistically sig-

nificant Sex�Nicotine-Treatment Group interaction

[F(5,225) = 2.50, P < .05; see Fig. 6]. One-way ANCOVAs,

conducted separately by nicotine-treatment group, with sex

as the independent variable, revealed that females displayed

higher cotinine levels (adjusted for liver weight) than did the

males only in the 50 ug/ml nicotine-treatment group [3.86F
0.33 vs. 2.23F 0.33 ng/ml/g, respectively; F(1,34) = 12.21,

P=.001; see Fig. 6]. There were no sex differences in serum

cotinine levels among mice in any of the other nicotine-

treatment groups.

3.4. Serum cotinine levels, nicotine consumption, and body

weight

Separate correlation coefficients were calculated to ex-

amine the relationship between (1) serum cotinine levels and

nicotine consumption, and (2) serum cotinine levels and

body weight on the last day of the experiment. Partial

correlations were used to control for cohort in the analyses.

Nicotine consumption (ml), percent nicotine intake (%), and

nicotine dosage (mg/kg) on the last day of the 7-day test

period were selected for assessment because of the temporal

proximity of consumption with cotinine assessment. As

expected, liver weight was positively correlated with body

weight on the last day of the experiment (n = 235; r =.91,

P < .0001). Therefore, log-transformed cotinine levels (ng/

ml), unadjusted for liver weight, were used to examine the

relationship between cotinine and nicotine dosage (mg/kg)

because body weight is part of the dosage calculation.

Importantly, cotinine levels were positively correlated with

average milliliters of nicotine intake (n = 235; r =.35, P <

.0001), percent nicotine intake (n = 234; r =.39, P < .0001),

and nicotine dosage (n = 237; r =.62, P < .0001), confirming

nicotine administration through the oral administration

route.

Next, cotinine levels, unadjusted for liver weight, were

used to examine the relationship between nicotine exposure

and body weight on the last day of nicotine testing. Overall,

cotinine levels and body weight were not related (n = 238,

r =� .09, P=.19). However, because of sex differences in

body weight, correlations were conducted separately for

males and females. Again, there was no correlation between

cotinine (ng/ml) and body weight among male mice

(n = 115; r =.03, P=.80). In contrast, cotinine levels were

negatively correlated with body weight among female mice

(n = 118; r =� .18, P=.05), a finding consistent with previ-

ous reports of adult rats exposed to nicotine. This effect is

particularly evident with bland food availability and females

as in the current experiment (e.g., Grunberg, 1982; Grun-

berg et al., 1986).
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4. Discussion

The present experiment examined voluntary nicotine

consumption by male and female periadolescent mice across

six different nicotine concentrations. Consistent with adult

studies of male mice, results suggest that both male and

female periadolescent C57BL/6J mice will voluntarily con-

sume nicotine across a wide range of nicotine concentra-

tions (Robinson et al., 1996), and that this consumption

results in a measurable increase in serum cotinine levels.

With regard to adolescent versus adult voluntary nicotine

intake, the available data suggest that adolescent C57BL/6

mice may be vulnerable to increased nicotine consumption

at higher nicotine concentrations. Specifically, Robinson et

al. (1996) report nicotine consumption amounts by C57BL/

6 male mice provided access to base nicotine in concen-

trations similar to the present study and in 0.2% SAC

(Robinson et al., 1996). Although the saccharin concentra-

tion provided to adolescent mice was higher than that

provided to adult mice (2% vs. 0.2%, respectively), a

comparison of our data with that of Robinson et al. (1996)

indicates that adolescent and adult mice provided with

access to 25 ug/ml of nicotine consumed similar amounts

of nicotine (6.2 mg/kg vs. approximately 4.5 mg/kg, re-

spectively). Then, as nicotine concentration increased, nic-

otine consumption by the adolescent male and female mice

exceeded that of the adult male mice in a nonlinear fashion,

such that at the highest concentration (200 ug/ml), adoles-

cent mice consumed three times as much nicotine as did the

adult mice (33.7 mg/kg vs. approximately 11 mg/kg, re-

spectively). These data also are consistent with a report by

Meliska et al. (1995). Our adolescent male and female mice

consumed 2 to 10 times more base nicotine (depending on

nicotine concentration) than did the adult male and female

C57BL/6 mice that were provided access to L-nicotine

hemisulfate concentrations ranging from 1 to 100 ug/ml

(dissolved in tap water; Meliska et al., 1995). Only at the

lowest nicotine concentration (10 ug/ml) did adolescent

mice consume similar amounts of nicotine (2.2 mg/kg/

day) compared with the maximum amount of nicotine

consumed by the adult mice (3.0 mg/kg/day; Meliska et

al., 1995). Comparisons with this second study should be

approached with caution, however, because nicotine salt

dissolved in tap water was used in the Meliska et al. (1995)

study, making it more bitter than the base nicotine dissolved

in saccharin that was used in the present study. Future

studies that include male and female adolescent and adult

mice are needed to make more accurate comparisons of

potential age-related differences in voluntary nicotine-con-

sumption behavior. Studies that follow nicotine consump-

tion by mice from adolescence into adulthood also would

provide invaluable data on the transition from the initiation

of nicotine consumption to the maintenance of the behavior.

Taken together, the nicotine consumption and cotinine data

from the present report suggest that the voluntary oral

nicotine consumption model is a valid method for examin-
ing the effects of nicotine consumption in periadolescent

C57BL/6J mice.

The finding that adolescent female mice consume more

nicotine, adjusted for body weight (mg/kg) and as a per-

centage of total fluid intake than do the male mice, is

consistent with studies of adult rats and illicit drugs (e.g.,

morphine, heroin, fentanyl, cocaine; Alexander et al., 1978;

Campbell et al., 2002; Klein et al., 1997; Lynch and Carroll,

1999), particularly the finding that this sex difference

emerges within a few days of drug access (e.g., Klein et

al., 1997). These consumption data also parallel sex differ-

ences in oral nicotine consumption in adult mice (Meliska et

al., 1995), intravenous self-administration in rats (Donny et

al., 2000), and newer reports of differential biological and

behavioral sensitivity to nicotine in male and female ado-

lescent rats (e.g., Faraday et al., 2001; Klein, 2001; Trauth et

al., 2000a).

This sex difference in nicotine consumption suggests that

female periadolescent mice may be more or less sensitive to

the biobehavioral effects of nicotine. The single behavioral

outcome measurement of voluntary nicotine intake in the

present study makes it difficult to determine where males

and females fall on the dose-response curve with respect to

one another. The serum cotinine data may provide some

insight into the direction of this effect. Specifically, despite

the overwhelming sex difference in nicotine consumption,

there was no observable sex difference in serum cotinine

levels. These cotinine data indicate that female mice may

metabolize nicotine more quickly or eliminate cotinine

more slowly than do the male mice, which would result

in increased nicotine consumption by female mice to

maintain steady plasma nicotine levels. This sex difference

in nicotine pharmacokinetics was suggested earlier by

Hatchell and Collins (1980), who reported that postadoles-

cent (postnatal day 56) female C57BL/6 mice eliminate

nicotine faster than do male mice, but they display similar

brain nicotine levels. Interestingly, Hatchell and Collins

(1980) also reported that C57BL/6 female mice were less

behaviorally sensitive (as indexed by locomotion behavior)

to injected nicotine than were male mice, a finding consis-

tent with other studies of locomotor responses in adolescent

rats infused with nicotine (osmotic minipump; e.g., Faraday

et al., 2001). Whether sex differences in nicotine pharma-

codynamics contributed to the present findings cannot be

determined, and we were unable to find published reports of

sex differences in pharmacodynamic effects of nicotine in

adolescent mice, suggesting that this is an important area of

future research investigations. It is possible that the phar-

macodynamic profile is not different between males and

females, and that sex differences in nicotine pharmacoki-

netics accounted for the observed differences in nicotine

consumption. Taken together, the cotinine and nicotine

consumption data indicate that females may display de-

creased sensitivity to nicotine’s biobehavioral effects as a

result of differential nicotine metabolism compared with

males.
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The present findings appear to be the first report of

voluntary nicotine intake by periadolescent mice across

varying nicotine concentrations and the resultant cotinine

levels. Importantly, they suggest that studies of nicotine

elimination pharmacokinetics in adolescent animals are

needed to develop an understanding of sex differences in

nicotine consumption and subsequent pharmacodynamic

actions of nicotine. Additional studies also are needed to

determine whether these self-administered nicotine amounts

are rewarding and whether they are similarly rewarding for

both sexes. For example, providing mice oral access to

multiple concentrations of nicotine simultaneously (e.g., 3-

and 4-bottle choice tests) would allow the determination of

sex differences in the reinforcing efficacy of nicotine.

Intravenous nicotine self-administration studies also could

be used for this purpose, although it might be difficult to

establish stable intravenous self-administration in adolescent

mice within the short developmental window of adoles-

cence. Changes in oral nicotine consumption following the

administration of centrally acting nicotinic cholinergic re-

ceptor antagonists, and the observation of concomitant

withdrawal behaviors, also could provide insight into sex

differences in the rewarding effects of nicotine.

The nicotine preference data might shed light on the

question of whether mice in the present study consumed

nicotine for its rewarding properties. It was an initial

concern that average nicotine intake did not surpass 50%

in any of the six nicotine-treatment groups, a finding that

would suggest nicotine avoidance for adult animals. One

potential explanation for this result is that the 7-day test

window is too short for nicotine preference behavior to

emerge. Although a recent study in our laboratory suggests

that periadolescent male C57BL/6J mice develop a prefer-

ence for a 50 ug/ml nicotine solution within a 7-day test

period, this behavior only was observed in mice following

prenatal nicotine exposure (Klein et al., 2003). Compared

with male mice exposed to nicotine during prenatal devel-

opment, male and female mice not exposed to nicotine

during prenatal development did not display nicotine pref-

erence, a finding consistent with the present results. These

mice also consumed significantly less nicotine (mg/kg) than

did the male mice following prenatal nicotine exposure.

Interestingly, an earlier study of voluntary oral nicotine

consumption in male Sprague–Dawley rats reported that

the preference behavior emerged only after an initial 8 days

of testing, across a wide range of nicotine concentrations

(Flynn et al., 1989). These data also are consistent with a

report by Adriani et al. (2002) that middle adolescent

(postnatal days 37–47) outbred male CD-1 mice do not

develop a preference for nicotine during a 12-day test

period. Taken together, these findings suggest that addition-

al studies are needed that extend the 7-day voluntary test

period and that include female animals to gain a better

understanding of the development of nicotine-preference

behavior during adolescence in males and females. Several

concentrations of nicotine also need to be made available to
animals in light of earlier reports with humans that nicotine

intake by females via cigarette smoking may be particularly

dependent on nicotine levels (e.g., Silverstein et al., 1980,

1982).

To examine the preference data more closely, we evalu-

ated preference behavior on an individual level and deter-

mined whether any mice displayed preference for the

nicotine solution. We found that 18% of mice in the present

experiment (n = 44) displayed preference for the nicotine

solution, with a significant proportion of these mice coming

from the four lowest concentration groups [m 2(5) = 12.80,

P < .05; 10 ug/ml (8 mice), 25 ug/ml (11 mice), 50 ug/ml (7

mice), and 75 ug/ml (12 mice) nicotine-treatment groups vs.

100 ug/ml (4 mice) and 200 ug/ml (2 mice) nicotine-

treatment groups]. More specifically, nearly 25% of the total

mice in the lower four nicotine concentration groups dis-

played nicotine preference, whereas only 7% of the total

mice in the highest two groups displayed nicotine preference.

Among the mice that displayed preference for the nicotine

solution, this behavior was evident on Day 1, regardless of

nicotine-treatment group, and remained stable across the 7-

day test period. Similarly, the rest of the mice displayed

avoidance on the 1st day of testing (i.e., less than 40% total

fluid consumption; Tordoff and Bachmanov, 2003), and this

behavior also remained stable across the 7-day test period.

These data suggest that a small percentage of periadolescent

mice rapidly develop and maintain nicotine preference

across a short period of nicotine access, and that the

concentration of nicotine affects the percentage of animals

that will develop this preference. Further studies that include

additional nicotine concentrations and longer test periods are

needed to determine the effect of nicotine concentration on

the development of nicotine preference during adolescence.

These studies also should include adult animals to evaluate

age-related differences in preference development. Because

mice in the current study were genetically identical (i.e.,

inbred), it is surprising that they displayed such distinct

variability in the development of preference behavior and

nicotine consumption, suggesting important environmental

contributions (e.g., nicotine concentration) to voluntary

nicotine intake. Additional rodent studies that include inbred

strain panels of mice are needed to separate environmental

and genetic factors that contribute to the development of

voluntary nicotine consumption during adolescence. Per-

haps, more importantly, selective breeding studies with mice

that develop high nicotine preference during the initial days

of nicotine access would provide valuable insight into the

genetic and environmental contributors to individual differ-

ences in the vulnerability to consume nicotine during ado-

lescence. Taken a step further, these analyses highlight the

importance of examining drug consumption behavior at both

the group and individual levels.

One factor that may have influenced nicotine consump-

tion by periadolescent mice is the use of saccharin to mask

the freebase nicotine. Earlier studies with mice have shown

that the addition of even a small amount of saccharin (e.g., 2
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uM) to a nicotine solution can increase total fluid intake

(e.g., Rowell et al., 1983). However, Robinson et al. (1996)

have shown that 0.2% saccharin does not significantly

enhance the dosage of freebase nicotine consumed by adult

male C57BL/6J mice, at concentrations similar with those

used in the present experiment. Indeed, the present exper-

iment used a saccharin concentration 10 times higher than

that used by Robinson et al. (1996), a difference that could

have a significant impact on the amount of nicotine con-

sumed by the adolescent mice. While saccharin could have

affected fluid intake in the present experiment, it is impor-

tant to note that there were no nicotine group differences in

total fluid intake, which suggests that group differences in

nicotine consumption were driven by nicotine concentration

and not by saccharin. As with the preference data, there

were individual differences in nicotine consumption, which

suggest important environmental and genetic contributions

to this behavior. Inbred mouse strains differ in saccharin

preference, and a genetic basis for differences in sweet

solution preferences has been suggested for several years

(e.g., Belknap et al., 1992; Capeless and Whitney, 1995;

Lush, 1989). Additional studies that include adolescent and

adult mice of different inbred mouse strains and are pro-

vided access to ascending concentrations of nicotine and

saccharin are needed to determine the impact of sweetened

solutions on voluntary oral nicotine consumption.

With respect to body weight, there was no effect of

nicotine consumption on body weight gains in the present

study; that is, repeated-measures within-subject analyses did

not reveal a body weight effect of nicotine concentration

group over the 7-day treatment period. These data are in

contrast to many reports on the inverse relationship between

nicotine and body weight gain in adult rats and humans (e.g.,

Grunberg, 1982; Grunberg et al., 1986, 1988), and in ado-

lescent rats (Klein, 2001). Interestingly, Faraday et al. (2001)

found this nicotine–body weight relationship among adoles-

cent male, but not female, rats, suggesting that age and sex are

important variables that contribute to this relationship.

A separate, more critical point to consider is that the

nicotine–body weight relationship may not occur in rodents

that consume nicotine in drinking water. In addition to the

present data, several other oral nicotine consumption studies

with male and/or female mice (e.g., CD-1, C57BL/6, NMRI,

Swiss-Webster) fail to find this inverse relationship (Adriani

et al., 2002; Kelley and Middaugh, 1999; Pekonen et al.,

1993; Rowell et al., 1983; Sparks and Pauly, 1999), as do

studies with adult male rats (Flynn et al., 1989; Liu et al.,

2003). These studies, across a wide range of nicotine con-

centrations and self-administered dosages, suggest that an

oral nicotine consumption paradigm in mice may not pro-

duce (1) the body weight changes observed in earlier animal

studies using different administration methods or (2) requi-

site nicotine levels associated with this body weight effect.

One conclusion from these data is that the body weight effect

of nicotine in mice operates on a mechanism that is different

from that of adult rats and humans. With regard to the
adolescent human literature, these data with mice appear to

be consistent with new reports that adolescent smoking

actually may be associated with increased body mass index

(Cooper et al., 2003; Klesges et al., 1998a), and that there is a

minimal effect of cigarette smoking on body weight in young

adults (Klesges et al., 1998b).

Although the within-subjects analyses did not suggest a

nicotine–body weight relationship, individual cotinine levels

were inversely correlated with body weight amounts at the

end of the experiment among females, but not among males.

That is, when serum cotinine levels, a pharmacologically

relevant proxy for nicotine self-administration, were allowed

to vary on an individual basis, the body weight–nicotine

exposure relationship was revealed. Thus, the nicotine-treat-

ment group analyses masked the more pronounced contribu-

tion of individual voluntary nicotine intake—regardless of

concentration of the consumed nicotine—to body weight.

Consistent with the cotinine and nicotine preference data,

these correlational analyses highlight the importance of

examining individual contributions to observed behavioral

effects. Additional studies are needed that include other

inbred mouse strains to deconstruct the individual variability

in nicotine’s effects and, subsequently, Genetic�Environ-

mental influences on the biobehavioral actions of nicotine in

adolescence.
5. Summary

The present findings suggest important sex differences in

nicotine self-administration, nicotine pharmacokinetics, and

the effects of nicotine on body weight in adolescent C57BL/

6J mice across six nicotine concentrations, using a voluntary

oral nicotine consumption paradigm. To the extent that this

model predicts nicotine consumption by adolescent humans,

it could be used to understand why adolescent humans begin

to smoke, and how smoking might increase the propensity

to consume other addictive drugs (Klein, 2001). Mouse

models of drug addiction provide a unique and important

opportunity to advance our understanding of genetic and

environmental influences on the development of nicotine

addiction. The extension of this voluntary nicotine intake

model into other mouse strains, additional developmental

stages (e.g., post adolescence, young adulthood, late adult-

hood), and longer periods of nicotine access will yield

exciting and new insights into smoking behavior by ado-

lescents and, perhaps, innovative treatments for nicotine

dependence.
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