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BOOZE, R. M., M. A. WELCH, M. L. WOOD, K. A. BILLINGS, S. R. APPLE AND C. F. MACTUTUS. Behav-
ioral sensitization following repeated intravenous nicotine administration: Gender differences and gonadal hormones. PHAR-
MACOL BIOCHEM BEHAYV 64(4) 827-839, 1999.—Repeated intermittent administration of stimulants is well known to
produce behavioral sensitization in male animals. The present studies explored whether 1) behavioral sensitization occurred
with the IV route of administration, 2) sensitization was greater in females than in males, 3) sensitization was modulated by
gonadectomy, 4) intact adult female rats maintained normal estrous cytology patterns in response to repeated nicotine ad-
ministration, and 5) the pharmacokinetics of IV nicotine dosing. Adult male, female, castrated, and ovariectomized Sprague—
Dawley rats (n = 48) were surgically implanted with an intravenous access port. Animals received 50 pg/kg IV nicotine once/
day for 14 days. Immediately after the initial nicotine injection and the final day 14 nicotine injection, animals were placed in
IR photocell activity chambers for 60 min. Observational time sampling of behavior was also simultaneously performed by an
observer blind to treatment condition. An increase in behavioral activity of greater than 120% occurred across the 14-day
time course of IV nicotine injections. The magnitude of the increase, however, varied as a function of component of activity,
gender, and gonadectomy. The behavioral observation data further suggested that the females demonstrated an increased
sensitivity to repeated nicotine, as evidenced in a more rapid response, for example, grooming. These behavioral observations
were associated with peak arterial levels of nicotine (~25 ng/ml) no greater than the average venous levels of nicotine com-
monly maintained by cigarette smokers. Repeated IV nicotine, at a dose of 50 pg/kg, did not interfere with intact female vag-
inal cytology or body weight; the failure to detect such alterations were not due to inadequate statistical power. Moreover, no
nicotine-treated animals displayed persistent vaginal estrous or were acyclic. Collectively, these data suggest that the I'V nico-
tine model may be particularly useful in exploring the gender-dependent effects of nicotine. © 1999 Elsevier Science Inc.
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WOMEN tobacco smokers represent a major public health
problem. Lung cancer, as a consequence of tobacco use, has
surpassed breast cancer as the leading cause of cancer in US
women (32). For U.S. teenagers, girls are now more likely
than boys to have tried smoking a cigarette, and (overall) fe-
male teenagers are more likely than males to be smokers [for
review, see (70)]. Robust genetic differences in the responses
of different strains of mice to nicotine as reported by Collins

and colleagues (21), strongly suggest that we should also con-
sider the possibility of biologically based gender differences
in response to nicotine. Nevertheless, most of the clinical
treatment of tobacco smokers has focused on males, and the
basic sciences research effort with nicotine has almost exclu-
sively used male subjects.

Gender-dependent responses to nicotine have been little
studied in experimental animal models. Nevertheless, there
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are a few reports in the literature indicating that female rats
are differentially sensitive to the effects of nicotine. Nicotine
has been found to stimulate locomotion more in female rats,
relative to male rats (3). Rosecrans (61,62) also concluded
that female rats are more chemically and behaviorally sensi-
tive to nicotine, relative to males. In addition, numerous stud-
ies have found that nicotine affects body weight and eating
behavior in female rats (30,31,49). Nicotine has greater effects
in female rats, relative to males, in increased body weight fol-
lowing cessation of nicotine dosing (30,31). Thus, male and fe-
male rats have been found to be differentially sensitive to the
effects of nicotine, with females displaying increased sensitiv-
ity to nicotine.

One mechanism that might be relevant to gender differ-
ences in sensitivity to nicotine would be gender-dependent
differences in the pharmacokinetics and/or metabolism of nic-
otine. Male nonsmokers metabolize nicotine more quickly
than do female nonsmokers (5). A similar gender difference
has been reported for smokers (8). Injection of nicotine into
male and female rats resulted in significantly higher levels of
nicotine in the brains of female rats, relative to males (62).
The metabolism and pharmacokinetics of nicotine are influ-
enced by genetic (strain, gender) factors that can affect the in-
duction status of nicotine metabolizing enzymes [for review,
see (47)]. More recently, important sex differences were
found for the urinary nicotine metabolite profile between
male and female rats (64).

A primary goal for the development of an animal model of
drug abuse is to select a route of administration that closely
mimics the pharmacokinetics of the drug observed in humans.
For stimulant drugs commonly abused by humans via smok-
ing or IV injection, the often employed SC and PO routes of
drug administration in rats consistently fail to mimic the rap-
idly peaking pharmacokinetic profile observed in humans
(6,7,38,63). In marked contrast, the use of the IV route of ad-
ministration in a rat model removes the process of drug ab-
sorption and provides near instantaneous distribution of nico-
tine through the vasculature, as well as 100% bioavailability
of nicotine to the arterial side of the circulation.

Therefore, use of the IV route of nicotine administration
in rats would be preferable due to the similar kinetic profile
found in human studies with high arterial nicotine levels. De-
spite the fact that models for IV drug self-administration have
been employed for a number of years, the general applicabil-
ity of these models has been constrained by the use of chronic
indwelling catheters that are exteriorized and tethered (73).
A recent technical application is an SC implantable catheter
as a port for the routine and repeated IV administration of
drugs to group-housed rats (52). Using this implantable access
port, locomotor activity can be evaluated in freely moving
rats following IV drug injections [e.g., (71)].

Repeated intermittent administration of psychoactive
stimulants such as nicotine and cocaine produces profound
behavioral changes in humans as well as experimental animals
(23,43,59,75,25,58). The augmentation of behavioral response
following repeated nicotine administration (i.e., increased lo-
comotor activity, stereotypic behaviors) has been referred to
as “behavioral sensitization” or “reverse tolerance” (42). The
development and expression of behavioral sensitization ap-
pears dependent on the dose of nicotine, dosing regimen, and
possibly, gender. In particular, there have been a small num-
ber of reports indicating that female rats are differentially
sensitive to the effects of nicotine. Subsequent work in feed-
ing behavior (31) and cognition (45) has found that female
rats responded differentially to nicotine, relative to male rats.
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As the development of tolerance and/or sensitization has
been reported following the repeated subcutaneous adminis-
tration of nicotine to males [e.g., (46)], one purpose of the cur-
rent study was to demonstrate that behavioral tolerance [e.g.,
(57)], and perhaps sensitization, would be observed following
IV administration of nicotine.

One complicating factor in evaluating the effects of nico-
tine in female rats is the ability of repeating dosing with nico-
tine to interfere with the normal estrous cycle of the rat. Nico-
tine, when administered IP to female rats (8-10 mg/kg), has
been shown to inhibit the proestrus surge of prolactin as well
as the proestrus ovulatory surge of LH in the rat (11,12).
Thus, administration of IP nicotine may interfere with experi-
mental evaluations of intact female animals. The effect of nic-
otine administered via other routes on female rat estrous cy-
clicity is unknown.

Thus, in the current study we have explored 1) whether be-
havioral sensitization occurs with the IV route of administra-
tion, 2) whether sensitization is greater in females than in
males, 3) whether sensitization is modulated by gonadectomy,
4) whether intact adult female rats maintained normal estrous
cytology patterns in response to repeated nicotine administra-
tion, and 5) the pharmacokinetics of IV nicotine dosing. Col-
lectively, these results will indicate whether IV dosing may be
used to study the gender-dependent effects of nicotine in the
brain.

METHOD

Animals

Adult male (M), female (F), castrated (CAST), and ova-
riectomized (OVX) Sprague-Dawley rats (70 days old) were
obtained from Harlan Laboratories, Inc. (Indianapolis, IN).
Upon arrival at the animal care facilities, rats were placed in
quarantine for 7 days, then transferred to the colony. Animals
were pair housed throughout the experiment. Rodent food
(Pro-Lab Rat, Mouse Hamster Chow #3000) and water were
provided ad lib. The colony was maintained at 21 * 2°C, 50% =+
10% relative humidity and a 12L:12D cycle with lights on at
0700 h (EST). The animal protocol for this research was ap-
proved by the Institutional Animal Care and Use Committee
(IACUC) of the University of Kentucky.

Catheter Surgical Procedure

An Intracath IV catheter (22 ga, Becton/Dickinson Gen-
eral Medical Corp., Grand Prarie, TX) was used as an SC dor-
sally implanted port for chronic IV injections for both the be-
havioral and pharmacokinetic studies. Implantation of
catheters was performed as previously described (52). Briefly,
rats were anesthetized using a mixture of ketamine hydro-
chloride and xylazine by IP injection (7.5 mg ketamine/100 g
b.wt., 30 mg xylazine/100 g b.wt.). Skin incisions were made
on the dorsal surface of the rat, as well as on the ventral side
of the neck to expose the jugular vein. The catheter was then
inserted into the jugular vein and advanced toward the heart.
After validation of patency, the catheter was secured with a
suture. Then neck and back skin were sutured closed and tri-
ple antibiotic ointment was applied to both incision sites. The
surgical procedure for each rat was completed in ~20 min.

Rats were kept under periodic postoperative observation
and returned to the vivarium upon recovery from anesthesia.
The catheters were flushed daily with 0.2 ml of heparinized
(2.5%) saline, and the animals were observed for any signs of
discomfort or behavioral distress. Complete anesthesia, surgi-
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cal, recovery, and postoperative records were maintained for
each animal.

Experimental Design and Procedures—
Behavioral Sensitization

The ovariectomized and castrate adults were given a 2-week
recovery period to allow full depression of endogenous ste-
roid levels. Rats were then anesthetized and implanted with
the IV access port as described in our prior publications
(14,52,71). Beginning 2 days after surgery, vaginal smears
were taken on the rats to determine the stage of their estrous
cycle. Vaginal smears were taken on these rats every day, at
the same time (1000 h EST) thereafter throughout the experi-
ment. An individual blind to both animal treatment group
and cytology results of the previous day performed cytologi-
cal assessments (16,18). Evaluation of vaginal smears was
based upon the following cytological criteria for staging the
estrous cycle: the predominance of pronucleated epithelial
cells indicated proestrus, cornified epithelial cells indicated
estrus, and leukocytes indicated diestrus I and II. Acyclicity
and irregular cycling was defined by either persistent estrus,
absence of proestrus, failure to progress from proestrus to es-
trus, or prolonged diestrus.

After the rats came into estrus for the second time, I'V nic-
otine injections were initiated (50 pg/kg/ml). The nicotine in-
jections were given during the afternoon (1500-1700 h EST),
and were followed with a catheter flush of 0.2 ml of heparin-
ized (2.5%) saline. One squad of rats was studied for the de-
velopment of behavioral sensitization and potential disrup-
tion of estrous cyclicity, and the second squad of rats
provided for pharmacokinetic analysis of arterial plasma lev-
els of nicotine. The potential effects of IV nicotine on growth
were assessed in both squads by daily measurement of body
weights throughout the treatment period.

Animals in the first squad were habituated to the locomo-
tor activity chambers for two 60-min sessions, one/day. A
third activity test session was subsequently given and pro-
vided the measure of baseline activity, i.e., prior to any nico-
tine treatment. Activity monitors were 16-cm square, open-
field chambers (Flex-Field, San Diego Instruments, San Di-
ego, CA) that detected free movement of animals by infrared
photocell interruptions. Total activity as well as rearing, cen-
trally directed, and peripherally directed locomotor activity
were measured by assessing the number and type of photocell
interruptions within a 60-min period. Photocell interruptions
were collected in 10-min intervals. In addition to the auto-
mated monitoring, an observational time sampling procedure
was employed. An observer, blind to the treatment condition
of the animal, observed and recorded the animal’s behavior,
using a well-established protocol (26). Each rat was observed
for 10 s at six time periods (1, 5, 10, 15, 30, and 60 min). Dur-
ing each time-sampling period, behavior was recorded as
present/absent in the following categories: still, locomotion,
rearing, head up sniff, head down sniff, head bobbing, sway-
ing, biting, self-gnawing, licking, yawning, taffy pull, nonspe-
cific mouth movements, and jaw tremor. The animals’ loco-
motor activity response to nicotine was assessed on only two
occasions: immediately after the initial nicotine injection
(acute response) and immediately after the 14th injection.
This latter procedure is critically important to preclude the
repeated pairing of nicotine injection and the testing environ-
ment that otherwise confounds the neural expression of sensi-
tization with learning via classical conditioning. Testing oc-
curred between 1500-1700 h under dim light conditions, with

829

direct overhead lighting turned off (<10 I1x). Animals were
sacrificed after 14-18 days of injections on the day of estrus.

Drug Treatment

The nicotine treatment was always administered as a bolus
injection delivered in a volume of 1 ml/kg body weight (15 s),
and was followed by flushing (15 s) with 0.2 ml heparinized
(2.5%) saline (i.e., the approximate volume of the catheter).
The dose of nicotine bitartrate is calculated on the weight of
the base and dissolved in saline for an injection volume of 1
ml/kg. Preliminary data demonstrated that an acute IV nico-
tine dose of 5, 10, or 30-300 pg/kg in adult male rats was be-
haviorally active producing a graded depression of locomotor
activity of ~20, 40, and 75-80%.

Experimental Design and Procedures—Pharmacokinetics

Subsequent to the determination of behaviorally effective
nicotine doses, and demonstrating that behavioral sensitiza-
tion does occur with IV nicotine dosing over 14 days, we per-
formed a pharmacokinetic study. The use of a conscious
chronically catheterized model was chosen over an anesthe-
tized preparation, as many common laboratory anesthetic
agents may influence pharmacokinetic parameters as well as
cytochrome P450 activity (33,34,48,51). All animals were sur-
gically implanted with vascular catheters (as described
above). All animals also had an arterial catheter implanted.
Following at least 24 h recovery from surgery (33,34,39), the
animals were randomly assigned to one of two groups (ns =
12) that received a daily IV injection of either saline or 50 pg/
kg of nicotine for 13 days. On the 14th day, all animals re-
ceived 50 pg/kg nicotine IV, thus forming an acute single in-
jection group as well as a 14-day repeated injection group.
The estrous status of the female animals was controlled by
giving them up to four additional injections to allow blood
sampling on a day of diestrus. Arterial withdrawals (400 pl)
commenced immediately after injection and were withdrawn
periodically thereafter (0.5, 1, 1.5, 2, 5, 10, 30, 60, 90, and 120
min after the initiation of nicotine injection). Thus, the earli-
est collection point was 30 s after the start of injection. The
sampling intervals were chosen on the basis of previous re-
ports (1,53) and the expected elimination half-life, as scaled
from human data in the context of physiological time and
metabolic rate (15,50,55). All samples were obtained with dry
silanized syringes and transferred into dry silanized 1.5 ml mi-
crofuge tubes to prevent the absorption of nicotine, then cen-
trifuged (2040 X g for 5 min), transferred to dry silanized
tubes, and the plasma samples (200 wl) immediately frozen at
—80°C until analysis. All animals were euthanatized after ter-
mination of the experiment.

GC/MS Methodology

In conjunction with Dr. Neil Benowitz and his colleagues,
GC/MS analysis of the arterial plasma samples was performed
using their published methodology (40). Initial analyses de-
termined that HPLC did not have the sensitivity to detect the
nicotine levels present after IV dosing. Thus, we then sought
an initial comparison of the arterial plasma pharmacokinetics
of nicotine between male and female animals (ns = 4-6) ana-
lyzed using GC/MS techniques (40). In brief, the extracted
plasma samples were injected in a 0.2-pl volume onto a 30 m
X 0.25 mm i.d. X 0.25 pm (film thickness) HP-5 MS column
using helium as the carrier gas flowing at 1 ml/min (injection
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temperature of 250°C, GC oven programmed from 70 to
280°C at 20°C/min). The GC effluent was ionized by electron
bombardment at the standard 70 eV, and mass fragments sep-
arated by a quadropole filter and scanned from 70-360 mass
units (electron multiplier set at 2200 V). A linear standard
curve was generated based upon ion chromatograms for the
parent 162 m/e ion and area response determination.

Pharmacokinetic Calculations

Initial curve fitting to a two-compartment open model was
performed by derivative-free nonlinear regression with repli-
cates [“repeated runs;” (24)] for the complete set of animals
(Program AR, 13). This nonlinear regression analysis pro-
vided the parameters of T, and T;,s. Pharmacokinetic
model parameters of AUC (0-<) and AUMC (0-») were
subsequently determined with the PKAnalyst program (MS
Windows version of RSTRIP II, Micromath Inc, Salt Lake
City, UT). Standard noncompartmental pharmacokinetic for-
mulas were used to compute MRT (min), Vd,, (1/kg),and Cl,,
(ml/min/kg) (27).

Data Analysis

Body weight, estrous cycle, and behavioral data were ana-
lyzed using analysis of variance (ANOVA) techniques
(13,74), with test day, dependent measure, and/or time as re-
peated-measures factors. Violations of compound symmetry
assumptions were either corrected with the Greenhouse-
Geisser df correction factor (28) or precluded by the use of an
orthogonal decomposition of the repeated-measure factor of
interest (74). The distribution of peripheral (single photocell
interruption) and central (joint interruption of =2 photocells)
locomotor activity as well as rearing activity were also as-
sessed. The SOLO power analysis module of the BMDP Sta-
tistical Package (13) was used to compute power of the statis-
tical analysis to determine the sensitivity of the experiment to
detect the effects of nicotine on specific dependent measures.
Specific linear contrasts were also employed to evaluate spe-
cific comparisons of interest: 1) is there a gender difference in
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the normal activity profile or in response to acute or repeated
IV nicotine? 2) Does castration alter the normal male activity
profile or the response to IV nicotine? 3) Does ovariectomy
alter the normal female activity profile or the response to IV
nicotine? The data from the observational time sampling pro-
cedure was analyzed by nonparametric methods (65). An «
level of p < 0.05 was the significance level for rejection of the
null hypothesis.

RESULTS
Body Weight

Administration of 50 pg/kg/day IV nicotine over the 14-
day test period did not significantly affect body weight (sa-
line-treated controls vs. nicotine-treated animals) in the ani-
mals studied for the pharmacokinetic analysis of plasma nico-
tine (Table 1). Specifically, the data analysis failed to find a
significant effect of nicotine treatment or an interaction of
nicotine treatment by test day. Power analysis estimates for
detecting an effect of nicotine on growth, i.e., a significant in-
teraction of drug and time, based on the actual effect size seen
in our data, was in excess of 0.80 (0.92). In the animals exam-
ined for the development of behavioral sensitization and dis-
ruption of estrous cyclicity (Table 2, males, CAST, females,
OVX), in which all animals received nicotine injections, the
rate of increase in body weight was greater for the gonadecto-
mized, relative to the intact, rats. Specifically, there was a sig-
nificant effect of gonadectomy that interacted with growth
rate, F(13, 520) < 4.1, pgg < 0.012, with a significant linear
component, F(1, 40) < 6.3, pgg =< 0.016.

Vaginal Cytology

Estrous cycle length is shown in Table 3 as a function of
number of estrous cycles during the repeated IV injections
relative to control data from an experiment conducted 2
months previously in which female animals had received re-
peated daily IV saline. Two animals failed to cycle after sur-
gery and thus were removed from the analysis. All nicotine-

TABLE 1

EFFECTS ON IV NICOTINE ON ADULT BODY WEIGHT (MEAN * SEM IN GRAMS) OF
ANIMALS INJECTED FOR PLASMA PHARMACOKINETIC ANALYSIS

Males Females

Days Nicotine Saline Nicotine Saline

B 270.0 5.6 274.7 6.2 246.8 1.9 253.3 4.6
1 290.5 2.0 296.5 34 251.7 2.1 256.0 3.9
2 294.0 2.5 299.7 3.1 253.5 23 257.7 4.0
3 297.3 1.8 304.8 2.6 255.3 2.0 257.5 3.9
4 302.0 1.5 308.5 24 256.3 2.5 259.3 32
5 307.5 2.6 313.2 2.0 256.5 2.6 261.3 34
6 309.2 33 316.8 2.5 257.8 2.4 261.8 34
7 311.3 2.9 318.2 34 259.7 2.6 261.5 3.8
8 314.5 4.8 323.0 2.8 262.5 3.6 264.0 3.8
9 317.3 4.7 324.2 2.6 262.8 34 263.8 34
10 318.3 5.6 326.3 2.1 267.7 2.7 267.2 3.6
11 318.3 5.7 327.8 2.2 265.0 3.0 265.0 3.6
12 319.2 7.4 330.2 1.6 265.0 22 265.3 3.6
13 320.7 6.6 3293 2.6 263.3 35 266.2 4.0
14 324.3 7.1 332.8 2.5 266.3 32 267.8 4.2
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TABLE 2

EFFECTS ON IV NICOTINE ON ADULT BODY WEIGHT (MEAN *= SEM IN GRAMS) OF
ANIMALS STUDIED FOR BEHAVIORAL SENSITIZATION

Males Females

Days Normal Cast Normal OVX

B 357.4 31 367.0 4.3 240.5 1.7 260.3 2.8
1 356.8 35 376.8 33 249.3 33 2782 3.7
2 356.9 42 377.3 3.6 248.2 3.6 277.0 3.5
3 357.7 42 377.0 39 248.2 32 278.6 3.6
4 358.7 4.5 378.0 3.7 249.0 3.0 280.3 35
5 359.3 4.5 380.0 34 251.3 2.7 281.8 3.6
6 360.8 4.0 382.5 3.0 251.5 3.0 281.3 3.5
7 361.2 42 383.8 34 252.8 32 285.4 34
8 362.8 41 385.8 3.1 255.5 3.6 286.0 3.4
9 365.1 4.7 388.8 4.0 259.8 33 288.3 4.0
10 364.4 4.6 389.8 3.6 259.2 3.9 289.8 3.7
11 366.2 5.0 391.3 41 259.9 4.0 291.8 39
12 367.5 5.1 393.6 4.1 260.0 4.0 293.1 42
13 367.4 5.4 394.3 4.1 261.8 4.0 295.1 43
14 369.9 52 396.5 41 261.6 3.8 296.6 44

treated animals maintained the normal pattern of estrous cy-
clicity as determined by daily vaginal lavage; no nicotine-
treated animals displayed persistent vaginal estrous or were
acyclic. Of particular note, one of the two animals that failed
to cycle after surgery began to cycle regularly after several
days of nicotine treatment. Statistical analysis failed to find
any evidence of alterations in vaginal cytology despite over 14
days of IV treatment, F(1, 16) < 1.0; treatment X time, F(3,
48) < 1.0, pgg < 0.69).

Power analysis estimates (20) for a large effect size (0.6),
as would be expected based on the above-cited literature on
nicotine-induced disruption of LH (10-fold decrease) and
PRL (10-fold decrease) secretion (11,12) were in excess of
0.95 for the repeated-measures interaction term. For the ac-
tual effect sizes seen in our data, the power to detect the de-
velopment of drug-induced changes, i.e., a significant interac-
tion of drug and time, was in excess of 0.80 (0.86). Although
preliminary in the sense that we did not have a contempora-
neous saline control, the data nevertheless suggest that if [V
nicotine had a “true” effect on vaginal cytology, it should
have been detected.

Locomotor Activity

Analysis of the automated behavioral activity data indi-
cated significant main effects with females more active than
males [gender, F(1, 40) = 15.4, p < 0.001], activity increasing
as a function of nicotine injection [test day, F(2,80) = 75.5,
p =< 0.001], differences among the components of activity,
F(2, 80) = 1426.4, p < 0.001, and habituation of activity
across time, F(5,200) = 365.9, p < 0.001. Also noted were sig-
nificant interactions of gender with gonadectomy, F(1, 40) =
4.2, p < 0.048, gender with a dependent measure, F(2, 80) =
34.8, pgs =< 0.001, test day with gonadectomy, F(2, 80) = 3.9,
P = 0.024, marked by a quadratic test day component, F(1,
40) = 6.2, p < 0.017, test day (quadratic) with dependent
measure (linear) and gonadectomy, F(1, 40) = 8.0, p < 0.007,
and a dependent measure (linear) with gender and gonadec-
tomy, F(1, 40) = 4.6, p < 0.039. Given the complexity and
number of interactions observed as well as the planned com-

parisons sought, tests of simple effects were subsequently
conducted on each dependent measure for each of the three
test days (baseline, acute nicotine, repeated nicotine).

Baseline activity. For the habituated pretreatment baseline
(Fig. 1, 2, and 3, left panel), although the female rats were
generally more active than males, F(1, 40) = 7.1, p < 0.011,
this effect was qualified by an interaction of gender with a de-
pendent measure, F(2, 80) = 18.8, pgg < 0.001. The gender
difference varied (F = M) across the dependent measure for
the intact animals, F(2, 80) = 10.8, pgg < 0.001, and also var-
ied (F =, <, > M) for the gonadectomized animals, F(2, 80) =
8.4, pgg = 0.003. More specifically, a significant gender differ-
ence (F > M) was evident on the dependent measures of rear-
ing and peripheral directed activity, F(1, 40) = 4.1, p < 0.049,
F(1,40) = 14.7, p < 0.001, but not on central directed activity.
The gender effect on rearing (F > M) was present in the in-
tact animals, F(1, 40) = 5.5, p < 0.024, but gonadectomy re-
duced this effect. Similarly, the gender effect on peripheral di-
rected activity (F > M) was present in the intact animals, F(1,
40) = 10.7, p < 0.002, but was markedly reduced in the gona-
dectomized animals, however, the gender effect remained
present, F(1,40) = 4.5, p < 0.041. For centrally directed activ-
ity the significant main effect was of gonadectomy, F(1, 40) =
6.1, p < 0.018, with a pronounced effect on castration, F(1,
40) = 9.5, p < 0.004, but not of ovariectomy, F(1,40) < 1.0. In
sum, the profile of habituated baseline activity revealed gen-
der differences (F >M) on two of the three dependent mea-
sures, with gonadectomy reducing the expression of this gen-
der difference in both cases.

Acute effects of nicotine. The acute response to 50 pg/kg
nicotine, delivered as an IV bolus, is illustrated in the center
panel of Fig. 1, 2, and 2. There was an overall significant main
effect of gender with the female rats generally more active
than males, F(1,40) = 7.5, p < 0.009, as well as an interaction
of gender with a dependent measure, F(2, 80) = 11.1, pgg <
0.001. Again, the gender difference (F > M) varied across the
dependent measure for the intact animals, F(2, 80) = 7.9,
Poc = 0.003, as well as for the gonadectomized animals, F(2,
80) = 3.7, pgg =< 0.047. More specifically, a significant gender
difference (F > M) was evident on the dependent measure of
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FIG. 1. Rearing behavior during a 60-min session, as a function of gender and gonadectomy, is
shown under baseline conditions, following an acute IV injection of nicotine, and following the
14th IV injection of nicotine. All animals were previously habituated to the test environment for

two prior sessions.

peripherally directed activity, F(1, 40) = 11.6, p < 0.002, but
not on rearing or centrally directed activity. The gender effect
on peripherally directed activity (F > M by 39%) was present
in the intact animals, F(1, 40) = 9.1, p < 0.004, but was not
markedly reduced in the gonadectomized animals such that
the gender effect was not statistically significant. For centrally
directed activity, although there was no significant gender ef-
fect present, ovariectomy reduced this component of activity
relative to the intact females, F(1, 40) = 4.3, p < 0.046. In
sum, the profile of activity following acute nicotine injection
revealed a gender difference (F > M) on only the peripher-
ally directed component of activity, with gonadectomy reduc-
ing the expression of this gender difference.

Explicit comparison of the activity profile following acute
nicotine injection, relative to the baseline profile, indicated
no main effect of nicotine treatment, but that nicotine treat-
ment interacted with gonadectomy, F(1, 40) = 8.1, pgg <
0.007, and that nicotine treatment also interacted with a de-
pendent measure and gonadectomy, F(2, 80) = 4.0, pgg <

0.035. Specifically, acute nicotine treatment produced an
overall depression (18%) of rearing, F(1, 40) = 8.6, p < 0.006,
that did not interact with gender or gonadectomy. Although
nicotine had no overall significant effect on centrally or pe-
ripherally directed activity, both of these components of ac-
tivity were altered as a function of gonadectomy, F(1, 40) =
9.8, p < 0.003; F(1, 40) = 5.1, p < 0.03, respectively. Nicotine
primarily stimulated centrally directed activity of the intact
animals by 25%, while depressing the centrally directed activ-
ity of the gonadectomized animals by 13%. Nicotine primarily
depressed the peripherally directed activity of the gonadecto-
mized animals by 11%, while stimulating peripherally di-
rected activity of the intact animals by 6%.

An analysis of covariance was subsequently employed to
evaluate the activity profile following acute nicotine injection
independent of baseline behavioral differences. After remov-
ing the variance attributable to baseline differences, F(1, 39) =
6.1, p =< 0.018, the behavioral response to acute nicotine was
not significantly different between male and female rats, F(1,
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FIG. 2. Central directed locomotor activity during a 60-min session, as a function of gender and
gonadectomy, is shown under baseline conditions, following an acute IV injection of nicotine, and
following the 14th injection of nicotine (50 pg/kg, 1/day for 14 days). Animals were placed in the
chamber immediately after the bolus IV injection. The repeated nicotine injections were explicitly
unpaired with the test chambers, i.e., nicotine injections on days 2-13 were conducted in the colony.
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FIG. 3. Peripheral directed locomotor activity during a 60-min session, as a function of gender and
gonadectomy, is shown under baseline conditions, following an acute IV injection of nicotine, and
following the 14th IV injection of nicotine (50 pg/kg, 1/day for 14 days). Animals were placed in the
chamber immediately after the bolus IV injection. The repeated nicotine injections were explicitly
unpaired with the test chambers, i.e., nicotine injections on days 2-13 were conducted in the colony.

39) = 2.4, p < 0.095, but was reduced in gonadectomized rela-
tive to intact rats, F(1,39) = 4.5, p < 0.041. This effect of gon-
adectomy was attributable to a significant effect of ovariec-
tomy, F(1, 39) = 4.3, p < 0.045, but not of castration, F(1, 39)
< 1.0.

Repeated effects of nicotine. The response to 14 repeated
IV bolus injections of 50 wg/kg nicotine, delivered 1/day, is
shown in the right panels of Figs. 1, 2, and 3. There was an
overall significant main effect of gender, with the female rats
generally more active than males, F(1, 40) = 11.5, p < 0.002,
as well as an interaction of gender with a dependent measure,
F(2, 80) = 242, psg < 0.001; the gender difference (F > M)
varied across the dependent measure for the intact animals,
F(2, 80) = 16.9, pgg < 0.001, as well as for the gonadecto-
mized animals, F(2, 80) = 8.6, pgg < 0.001. More specifically,
a significant gender difference (F > M) was evident on the de-
pendent measure of peripherally directed activity, F(1, 40) =
26.1, p =< 0.001, but not on rearing or centrally directed activ-
ity. The gender effect on peripherally directed activity (F > M
by 42%) was present in the intact animals, F(1, 40) = 21.9,p <
0.001, and although reduced in the gonadectomized animals,
F(1,40) = 3.2, p < 0.079, a gender effect (F > M by 18%) re-
mained present, F(1, 40) = 6.0, p < 0.019. In sum, the profile
of activity following repeated nicotine injection revealed a
gender difference on only the peripherally-directed compo-
nent of activity, with gonadectomy reducing the expression of
this gender difference.

Explicit comparison of the activity profile following re-
peated nicotine injection, relative to that following acute nic-
otine injection, indicated a main effect of nicotine with robust
behavioral sensitization across the 14 days of treatment, F(1,
40) = 114.6, p < 0.001, and that the various measures of activ-
ity were differentially sensitive to nicotine sensitization, F(2,
80) = 31.7, pgg < 0.001, rearing 222%1, central directed
160% 1, peripheral directed, 135% 1. A main effect of gender
with female rats generally more active than males was also
present, F(1, 40) = 13.8, p < 0.001, with this gender effect
pronounced in the intact, F(1, 40) = 14.5, p < 0.001, but not
present in the gonadectomized rats. However, the failure to
find an interaction of gender with nicotine treatment sug-
gested that there was no gender difference in the expression
of sensitization. That the overall gender difference in activity

(F > M) may be modulated by gonadal hormones was sug-
gested by an interaction of gender and gonadectomy that ap-
proached statistical significance, F(1, 40) = 3.7, p < 0.062. Al-
though the three-way interaction with nicotine was not
significant, the gender by gonadectomy interaction was sug-
gested in the behavioral response to repeated nicotine treat-
ment, F(1, 40) = 3.9, p < 0.055, but not acute nicotine treat-
ment. Of the various activity components, only peripheral
directed activity displayed and maintained a significant gen-
der effect, F(1, 40) = 29.1, p < 0.001, and the suggestion of an
interaction with gonadectomy animals, F(1, 40) = 3.3, p <
0.079; however, there was again no three-way interaction with
nicotine treatment.

An analysis of covariance was subsequently employed to
evaluate the activity profile following repeated nicotine injec-
tion independent of the acute response to nicotine. After re-
moving the variance attributable to the acute response to nic-
otine, F(1, 39) = 5.5, p < 0.024, the behavioral response to
repeated nicotine was significantly greater in female relative
to male rats, F(1, 39) = 5.5, p < 0.024. Although the gender
by gonadectomy interaction was not statistically significant,
the gender difference (F > M) was found in the intact, F(1,
39) = 6.9, p < 0.012, but not in the gonadectomized, rats, F(1,
39) < 1.0. Further, this gender difference in the intact rats
varied as a function of dependent measure, F(1, 39) = 10.6,
p < 0.001, and was localized primarily to peripheral directed
activity, F(1,39) = 15.2, p < 0.001.

Observational Time Sampling of Behavior

To examine more specific components of this sensitized
behavior, the data from the observational time sampling tech-
nique were examined. Figures 4 (D1 vs. D14 total response)
and 5 (within-day time course) illustrates two of the behaviors
that displayed the behavioral sensitization response via visual
observation, rearing, and grooming. There were no significant
alterations in either behavior within the test session as a func-
tion of gender/gonadectomy in the animals’ acute response to
nicotine (left panels of Fig. 5). However, the rearing response
on day 14 demonstrated significant sensitization relative to
day 1[Fig. 4, top panel, x*(1) = 8.8, p < 0.003] and also dis-
played significant variation within the test session, x*(6) =
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FIG. 4. The total rearing and grooming response to acute (left bars)
and repeated (right bars) IV nicotine dosing (50 wg/kg 1/day for 1 or
14 days) is illustrated for the observational time sampling of behavior
as a function of gender and gonadectomy nicotine. Behavioral sensiti-
zation was clearly noted after the 14th nicotine injection in both the
male and female rats, and there was a significantly greater increase in
the nicotine-treated females.

31.9, p =< 0.001. Gender modulated the rearing response to re-
peated nicotine, x*(6) = 13.2, p < 0.003, with females display-
ing a greater response throughout the test session. The
grooming response on day 14 also displayed significant sensi-
tization relative to day 1 [130%1, x3(1) = 14.8, p < 0.001], as
well as significant modulation by gender/gonadectomy, x*(1) =
4.5, p < 0.034; the intact males displayed the least grooming
(Fig. 4, bottom panel). Significant variation as a function of
gender/gonadectomy was also noted in grooming within the
day 14 test session, x*(6) = 28.7, p < 0.001; the greater and
more rapid response of the females relative to the intact
males was readily apparent. Locomotion (data not shown)
also displayed a significantly greater response as a function of
gender with females displaying a greater response across the
test session, x%(6) = 38.8, p < 0.001.

Nicotine Pharmacokinetics

As is evident in Fig. 6, the IV administration of nicotine
with carotid artery sampling initiated immediately after ter-
mination of drug injection, produced a pronounced but tran-
sient increase in plasma concentrations (~25 ng/ml). The
peak arterial concentrations of nicotine were obtained in all
animals within 2 min after the start of the 30-s bolus injection.
The disappearance of nicotine from plasma was biexponen-
tial, with distribution and elimination half-life (mean = stan-
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dard error) of 5 and 50 min, respectively. As derivative-free
nonlinear regression found no significant lack of fit for an
analysis based on replicates, F(6, 89) < 1.0, the curve fitting
and noncompartmental analysis were accordingly determined
across the entire set of animals. The trapezoidal AUC (T
Tyy) represented 85% of the AUC (Ty—) and, thus, sug-
gested that both our sampling intervals were appropriate, and
extrapolation to infinity did not compromise our calculations.
The pharmacokinetic parameters for the bolus IV injection of
nicotine are shown in Table 4.

DISCUSSION

The present study found, first, that rats display clear be-
havioral sensitization to repeated (50 pg/kg, 14 days X 1/day)
IV nicotine administration. Rats treated with nicotine dis-
played a robust increase in their behavioral response from
day 1 to day 14, despite experiencing transient peak arterial
levels of nicotine no greater than the average venous level of
nicotine maintained by cigarette smokers (see pharmacoki-
netics below). Second, the magnitude of behavioral sensitiza-
tion observed varies as a function of the component of activ-
ity measured, gender of the animal, gonadectomy, and
whether a gross (automated) or fine grained (observational)
analysis of behavior was conducted. Third, repeated IV nico-
tine administration does not disrupt body weight gain of male
and female rats, nor the estrous cycle of the female rats. All
nicotine-treated animals displayed normal estrous cyclicity
over 14 days of IV nicotine treatment, as determine by daily
vaginal lavage. And finally, these data report that administra-
tion of IV nicotine produces a transient rapidly peaking phar-
macokinetic profile typical of drugs administered via the IV
route.

Activity and Behavioral Sensitization

In these studies we have replicated the widely reported
gender differences in locomotor activity. Specifically, female
rats have most often been reported to have increased general
locomotor activity, relative to males (4,17,22,60,69,72). In our
IR photocell chambers, females demonstrated greater rearing
activity than males. This sex difference was markedly reduced
by ovariectomizing the female animals, suggesting a role for
gonadal hormones, possibly estrogen, in mediating this be-
havior. Our automated locomotor activity chambers distin-
guish between central activity and activity localized to the pe-
riphery of the chamber. We have previously found that
central and peripheral activity is differentially responsive to
the effects of psychostimulants (71), and may represent differ-
ent neural processes. In terms of baseline behavior, the cen-
tral activity counts were not different between males and fe-
males, but castrated animals showed significantly higher
levels of central activity. Peripheral activity was higher in fe-
males, relative to males, with gonadectomy reducing the mag-
nitude of this effect. Thus, it appears that central and peripheral
measures of activity may also be sensitive to hormonal effects.

Acute (day 1) administration of nicotine produced no
overall depression in locomotor activity, but did selectively
depress rearing behavior. The effect of acute nicotine on cen-
trally and peripherally directed activity varied as a function of
gonadectomy, but not gender. Specifically, in the presence of
gonadal hormones acute nicotine stimulated locomotor activ-
ity, whereas in the absence of gonadal hormones nicotine de-
pressed activity. One factor that likely contributed to the gen-
eral lack of an initial depressant effect of nicotine, as often
found in other studies with male rats (19,66), is that all ani-
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FIG. 5. The time course of the rearing and grooming response to acute (left panels) and repeated (right panels) IV nico-
tine dosing (50 wg/kg 1/day for 14 days) is illustrated for the observational time sampling of behavior as a function of gen-
der and gonadectomy. nicotine. Gender modulated the rearing response to repeated nicotine with females displaying a
greater response throughout the test session. With respect to sensitization of grooming behavior, the greater and more
rapid response of the females relative to the intact males was readily apparent.

mals were well habituated to the test environment prior to re-
ceiving any nicotine.

With repeated administration of nicotine, the locomotor
activating effect of nicotine becomes progressively greater, a
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FIG. 6. The time vs. concentration curve for arterial plasma levels of
nicotine (n = 10). An approximately equal number of male and
female rats that had received either acute or repeated I'V nicotine (50
pg/kg) injection were included.

phenomenon that may be related to the sensitization to other
stimulants such as cocaine (41). Thus, after chronic exposure
to nicotine, further doses of nicotine produce a substantial in-
crease in locomotor activity (19,46,54). Our behavioral testing
on day 14 confirms this finding using our IV dosing model.
All groups of animals demonstrated a significant increase in
each of the three components of activity (rearing, centrally di-
rected, and peripherally directed) following 14 days of nico-
tine injection. Gonadectomy does play some role in the ex-
pression of behavioral sensitization, particularly in peripheral
activity. Castration increased activity relative to intact males
and ovariectomy decreased activity relative to intact females.
To examine specific components of this peripheral behavior,
we used an observational time-sampling technique. In this more
fine-grained analysis of behavior, we observed the importance
of gonadal hormones in nicotine sensitization. Castrates and
ovariectomized animals display more rearing initially and a de-
layed appearance of grooming behavior in response to repeated
nicotine. These differences in time course may result from hor-
monal modulation of brain “substrates” (2) or alternatively,
from hormonally mediated differences in nicotine pharmacoki-
netics (47,64). The failure of others to detect robust effects of
gender and gonadal hormones on nicotine induced changes in
behavioral activity (44) may be related to any number of differ-
ences, for example, route of administration (SC vs. IV), low sta-
tistical power (ns = 6 vs. ns = 10-12), and/or level of behavioral
analysis (automated photocells vs. behavioral observation).
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TABLE 3

EFFECTS OF IV NICOTINE ON ADULT FEMALE
ESTROUS CYCLICITY (MEAN * SEM) OF
ANIMALS MONITORED FOR THE DEVELOPMENT
OF BEHAVIORAL SENSITIZATION

Cycle Nicotine Saline

B 4.0 0 4.1 0.2
1 4.7 0.2 4.7 0.4
2 42 0.2 4.6 0.3
3 42 0.1 4.1 0.2

Estrous cycle length is shown as a function of number of es-
trous cycles during the repeated IV injections. There was no evi-
dence of estrous cycle disruption despite over 14 days of IV treat-
ment, F(1/16) < 1.0; treatment X time, F(3, 48) < 1.0, pgg < 0.69.
All nicotine-treated animals maintained the normal pattern of es-
trous cyclicity as determined by daily vaginal lavage. In particular,
no nicotine-treated animals displayed persistent vaginal estrus or
were acyclic.

Estrous cyclicity. Sprague-Dawley female rats continue to
cycle during repeated IV nicotine administration, as indicated
by normal vaginal cytology. Although a disruption of estrous
cytology may be observed at higher doses of SC nicotine, 14
daily injections of 50 pg/kg IV nicotine, one/day, did not in-
duce persistent estrus in any animals, prolong diestrus, nor in-
crease the length of the estrous cycle. Although preliminary
in the sense that we did not have a contemporaneous saline
control, the data nevertheless suggested that if IV nicotine
had a “true” effect on estrous cyclicity, it should have been
detected based on our power analyses. Moreover, the lack of
effect of IV nicotine on bodyweight suggests that loss of
bodyweight will not be a confounding factor in destabilizing
estrous cyclicity in intact female animals. However, our ob-
servation of intact vaginal cytology does not address the issue
of whether the female animals are, in fact, ovulating while be-
ing treated with nicotine. Further detailed studies using time
sampling of hormone levels are necessary to address whether
IV nicotine has more subtle, but nevertheless biologically sig-
nificant, effects on endocrine parameters in females.

Pharmacokinetics. The most advantageous route of ad-
ministration for animal models of nicotine abuse would be the
one that closely mimics the pharmacokinetics of nicotine ob-
served in humans. Cigarette smoking delivers nicotine in
doses that produce rapid increase in plasma nicotine concen-
tration. The levels of nicotine in the arterial circulation may
be 10-fold greater than levels in the venous blood (6,7,38).
The distinction between arterial and venous sampling is cru-
cial in that arterial levels reflect the peak levels delivered to
the brain following IV nicotine injection or cigarette smoking.
This rapid delivery of nicotine achieved via smoking appears
to enhance the addictive effects of nicotine (6,7,37). Nicotine
delivered through cigarette smoking has a distribution half-
life of 10-20 min in plasma, followed by an elimination half-
life of 2-3 h (9,10). In chronic smokers, nicotine plasma levels
reach a peak of ~40 ng/ml in the afternoons and decline to 5-
10 ng/ml overnight (10). Nicotine administered by other deliv-
ery systems (i.e., oral or dermal) also has an elimination half-
life of 2 h, and can mimic the average plasma nicotine levels,
but cannot achieve the rapid and large increase in arterial nic-
otine levels associated with cigarette smoking and addiction.
In addition, following oral administration of nicotine, about
70% of the absorbed nicotine is metabolized via first pass
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TABLE 4

PHARMACOKINETIC ANALYSIS
SUMMARY FOR IV NICOTINE

Parameter 50 pg/kg/ml
n 10
Body weight (g) 297.8 £ 6.8
Pseudo 72 0.99
T,/2c (min) 51+1.1
T,/2B (min) 497 £ 1.6
AUC (0-) 1096
AUMC (0-) 74411
MRT (min) 67.9
CL, (ml/min/kg) 45.6
Vd, (1/kg) 3.1

The lack of fit ANOVA based on
replicates failed to achieve statistical
significance, F(6, 89) < 1.0. All data
are means; estimates of variability are
SEM.

liver metabolism (68), further decreasing the nicotine levels
delivered to the brain.

The disappearance of nicotine from plasma was biexpo-
nential with distribution and elimination half-life (mean =
standard error) of 5 and 50 min, respectively. The Vd, was
large and consistent with the evidence for the widespread
presence of nicotine in many tissues and organs [e.g., 35,67)].
The rate of Cl,, is known to be dose dependent in the rate of
0.08 to 0.8 mg/kg (53); our observed value is similar to that
observed at the low end of this range (45.6 vs. 42.2 ml/min/kg).

A primary goal for the development of an animal model of
drug abuse is to select a route of administration that closely
mimics the pharmacokinetics of the drug observed in humans.
For stimulant drugs, such as nicotine, cocaine, and amphet-
amine, commonly abused by humans via smoking or IV injec-
tion, the often employed SC and PO routes of drug adminis-
tration in rats consistently fail to mimic the rapidly peaking
pharmacokinetic profile observed in humans. The bioavail-
ability of nicotine administered by any non-1V route is a com-
plex function of many factors that influence absorption and
distribution processes. In marked contrast, the IV route of ad-
ministration removes the process of absorption and provides
near instantaneous distribution of nicotine through the vascu-
lature. Although the rate of elimination as well as the rate of
administration remain as factors that may alter the plasma
nicotine pharmacokinetic profile, removing the influence of
the absorptive process via IV administration guarantees
100% bioavailability of nicotine to the arterial side of the cir-
culation. Accordingly, the use of an IV rodent model removes
any variability due to absorptive processes.

The IV model of nicotine in unanesthetized, freely moving
rats clearly produces a rapidly peaking pharmacokinetic pro-
file characteristic of that route of administration in humans
(6,7,36,63). Thus, the rat IV bolus injection model offers the
ability to reproduce characteristics of human tobacco use not
available via SC or PO rodent models. Furthermore, the peak
arterial plasma levels provide a clinically relevant exposure;
nicotine plasma levels of chronic smokers reach a peak of
~40 ng/ml in the afternoon, and decline to 5-10 ng/ml over-
night (8,10). The pharmacokinetic parameters values ob-
tained are also consistent with previously established values
in male rats with methods that have used the quantification of
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14C-labeled nicotine (1,53). Our initial data of comparable
peak arterial nicotine concentrations in the male and female
rat following an IV nicotine bolus suggest that differential
nicotine kinetics will not likely account for gender differences
in nicotine responsiveness. The use of IV dosing method elim-
inates certain pharmacokinetic factors that may influence be-
havioral sensitization. Therefore, the IV dosing method is
preferable to the IP dosing method in determining the neuro-
biological basis of behavioral sensitization.

SUMMARY

In summary, the major findings of this study are: 1) behav-
ioral sensitization occurs following IV dosing with nicotine at a
dose of 50 pg/kg/day, 2) females may display greater sensitiza-
tion than males (at least by this route of administration), and 3)
this dose level of nicotine dose not disrupt estrous cyclicity, as
indicated by evaluations of vaginal cytology. These findings are
significant because they demonstrate the availability of a low-
dose nicotine animal model that may be used to study the ef-
fects of nicotine in intact female animals. Additionally, using
time-sampling methods for assaying behavior, a role for andro-
gens was apparent in the nicotine response of male animals.
Thus, it will be possible to determine which gender-dependent
behaviors are modified by gonadectomy and identify gender-
dependent behaviors that are insensitive to loss of gonadal hor-
mones in adulthood. Specifically, we can critically evaluate
whether gonadectomized and hormone-replaced animals rep-
resent the full range of gender differences in behavioral re-
sponses to drugs. In the current study, the presence of gender
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differences in nicotine responsiveness that are not modulated
by ovariectomy suggest that not all gender differences in drug
sensitization are due to the direct effects of gonadal hormones.
Thus, the experimental strategy of studying ovariectomized fe-
males with hormone replacement in assessing gender differ-
ences in drug response must be approached with caution.

These possibilities will be more directly addressed in fur-
ther studies using hormone replacement strategies and perin-
atal modulation of brain development in this rodent model of
nicotine use. In humans, it appears that smokers display gen-
der-dependent responses to nicotine, in that men self-admin-
ister more of a nicotine nasal spray (56), whereas women may
have greater difficulty in smoking cessation (29). Determining
the involvement of gonadal hormones and brain adaptations
to nicotine responses may, therefore, be important in devel-
oping therapeutically effective cessation strategies.
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