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(3) 281–289, 1998.—In rats, effects of nico-
tine administration on sensory gating as indexed by prepulse inhibition (PPI) of the acoustic startle reflex (ASR) are unclear.
We have found that nicotine administration enhances ASR and PPI in Sprague–Dawley rats, but other investigators, using
Long–Evans rats, have reported no effects or enhancement of PPI only. Numerous methodological differences exist among
studies in addition to subject strain, however, making it unclear whether inconsistent behavioral responses are the result of
different experimental procedures or indicate a true strain difference. To investigate the role of strain in nicotine’s effects on
ASR and PPI, 192 male and female Long–Evans rats were administered 12 mg/kg/day nicotine via osmotic minipump for 14
days using identical methodologies employed in studies with Sprague–Dawley subjects. Effects of grouped vs. individual
housing on these responses also were examined. Nicotine administration impaired ASR and PPI in Long–Evans subjects.
These effects occurred in female rats regardless of housing condition, and interacted with housing in male rats. Results indi-
cate that sex and housing are important variables in nicotine’s effects. Results suggest that subject strain may be an important
variable in nicotine’s effects on sensory gating, and that responses of Sprague–Dawley vs. Long–Evans rats may represent a
true strain difference. © 1998 Elsevier Science Inc.
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ABOUT one-quarter of the U.S. population smokes ciga-
rettes despite the well-established deleterious health effects.
Several studies have suggested that biological factors contrib-
ute significantly to smoking behavior. For example, twin stud-
ies indicate a mean heritability estimate of 53% for tobacco
use (34). In addition, genetic factors contribute to smoking
initiation, age of onset, and number of cigarettes smoked per
day (20,29,31). Genotype may contribute to individual vari-
ability in smoking behavior via differential effects of nicotine,
the primary active and addictive pharmacologic agent in to-
bacco. The specific effects the individual experiences may in-
fluence the likelihood of initiation, maintenance, and cessa-
tion of tobacco use. For example, some smokers report that
smoking cigarettes enhances attentional processes (32,45,54,
55). Laboratory studies also suggest that nicotine may en-
hance the attentional processes of some individuals on simple
tasks (32,49,55). Exploration of genotypic differences in re-
sponse to nicotine in an animal model may illuminate individ-
ual differences in human smoking behavior.

The acoustic startle response (ASR) and prepulse inhibi-
tion (PPI) of the ASR constitute a behavioral paradigm that
may index basic cognitive processes, and has been used to
evaluate drug effects on these processes. The ASR is an un-
conditioned behavioral index of reactivity to external acoustic
stimuli (16) that has been reported to be sensitive to changes
in attentional processes in humans (6,7). When the startling
sound is preceded by a nonstartling stimulus (a prepulse), the
amplitude of the startle response is reduced (9,21). The inhibi-
tion of startle as the result of a prepulse—prepulse inhibition
(PPI)—is believed to index central processes related to infor-
mation processing and sensory gating (51), and possibly atten-
tion (1–5,25,42).

The ASR-PPI paradigm has been widely used to index the
effects of dopaminergic agonists such as apomorphine (17,53),

 

d

 

-amphetamine (19,35,52), and cocaine (30,51). In addition,
the effects of nicotine administration and cessation have been
studied using this procedure (1–5,15,33,42,43). The ASR-PPI
and nicotine literature, however, is contradictory. Nicotine
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administration has been reported to enhance startle ampli-
tude and enhance prepulse inhibition (1–5,42) and also to
have no effect on startle but enhance prepulse inhibition (15).
Nicotine cessation has been reported to have no effect on
startle and reduce prepulse inhibition (1,4), and also to en-
hance startle (33,43).

These inconsistent results might be explained by the strain
of subjects used or methodological differences among studies.
Experiments reporting enhancement of ASR and PPI during
nicotine administration used albino rats of the Sprague–Dawley
strain (1–5,42). Studies reporting no effect on startle and re-
duced PPI during nicotine cessation (1,4) also used Sprague–
Dawley subjects. In investigations reporting no effects of nico-
tine on startle and enhancement of PPI only during nicotine
administration (15), a nonalbino strain—Long–Evans hooded
rats—was used. Long–Evans subjects also were used in stud-
ies reporting enhancement of startle in nicotine cessation only
(33,43).

Important differences among studies in addition to subject
genotype also exist that prevent the attribution of differing re-
sults to strain. Two of the experiments reviewed above used
female Sprague–Dawley rats as subjects (5,42), whereas the
remaining studies used male subjects. Some investigators used
a chronic nicotine administration paradigm via an implanted
minipump (1–4,33,43). Others used acute nicotine injections
(5,15,42). The only studies that examined female rats also
used acute nicotine injections (5,42).

Further, the time of ASR and PPI testing during the circa-
dian cycle varied across studies. Some investigators tested re-
sponses during the active portion of the cycle (dark portion)
(1,2,4,5), whereas others tested responses during the resting
portion of the cycle (light portion) (3,15). Some studies do not
report time of testing (33,42,43). Time of testing is relevant
because startle amplitudes are more stable (18) and are
greater during the dark cycle (13). Specifically, startle ampli-
tudes increase by up to 100% during the dark portion of the
daily cycle over mean startle values measured during the light
portion (13). Because PPI is calculated, analyzed, and re-
ported as a portion or percentage of startle amplitude, time of
testing may affect findings with regard to this measure be-
cause it affects the responses from which PPI is derived.

Additional methodological differences among studies
complicate interpretation. For example, the form of nicotine
used varied across studies. Some experiments used nicotine
dihydrochloride (1–5,42), some used nicotine tartrate (33),
and some experiments employed nicotine ditartrate (15,42).
The differences in solubility among nicotine forms also re-
quire minipumps of different sizes for delivery of reported
dosages in studies using a chronic administration paradigm.
Specifically, the 200-

 

m

 

l capacity Alzet Model 2002 was used in
studies employing nicotine dihydrochloride, which also were
studies using Sprague–Dawley subjects, but the larger, 2-ml
Model 2ML2 minipump was used in studies employing nico-
tine tartrate and nicotine ditartrate—the studies using Long–
Evans rats as subjects.

It is not clear, then, to what extent the ASR and PPI differ-
ences reported constitute a strain difference and to what ex-
tent they are accounted for by methodological dissimilarities.
Work on other drugs indicates that strain of subject can affect
ASR and PPI responses to drugs. For example, apomorphine
has been found to disrupt PPI in rats of the Wistar strain but
not in Sprague–Dawley subjects (51), and the same drug had
no effect on Wistar subjects’ startle but increased Sprague–
Dawley subjects’ startle (44). With regard to nicotine, in mice,
depending on the strain of the subjects, nicotine enhanced,
decreased, or had no effect on startle responses (14,23,36,37).

The present experiment was designed to investigate
whether reported differences in nicotine’s effects on ASR and
PPI responses in rats were the result of genotype or of differ-
ing experimental procedures. This experiment, therefore,
used methods identical to those we have employed in studies
using Sprague–Dawley subjects [e.g., (1–4)], but used Long–
Evans rats as subjects. Additional variables of sex and differ-
ential housing were included to ensure that the study would
yield information even if results indicated that differences be-
tween Long–Evans and Sprague–Dawley responses to nico-
tine were due solely to methodological variations.

These particular variables were chosen because there are
human sex differences in effects of nicotine (22,28,40) and the
responses of female rats to chronic nicotine administration in
the ASR-PPI paradigm have not been examined. Therefore,
female as well as male Long–Evans rats were used. Second,
the effects of differential housing (grouped vs. individual hous-
ing) also were investigated. This environmental manipulation
was selected because it affects appetitive behaviors (e.g., feed-
ing) relevant to nicotine’s effects and other behaviors (e.g.,
drug self-administration) indicative of altered drug effects
(10–12). In addition, many smokers report smoking as well as
increased likelihood of relapse from smoking cessation only in
social groups or only when bored and alone (47,48). There-
fore, the extent to which nicotine’s behavioral effects are al-
tered by housing also may be relevant to individual differences
in smoking behavior. Therefore, the effects of this environ-
mental manipulation with and without nicotine administration
and cessation also were examined by having half of the sub-
jects in each cell live in grouped conditions during the drug ad-
ministration and cessation phases of the experiment.

 

METHOD

 

Subjects

 

Subjects were 96 male and 96 female Long–Evans rats
(Charles River Laboratories, Wilmington, MA). During the
baseline phase (predrug and prehousing manipulation) all an-
imals were individually housed in standard polypropylene
shoebox cages (42 

 

3

 

 20.5 

 

3

 

 20 cm) on hardwood chip bedding
(Pine-Dri). Throughout the study animals had continuous
access to rodent chow (Harlan Teklad 4% Mouse/Rat Diet
7001) and water. The housing room was maintained at 23

 

8

 

C at
50% relative humidity on a 12-h reverse light/dark cycle
(lights on at 1900 h). Startle and PPI testing were performed
during the dark (active) phase of the light cycle (between 0900
and 1600 h) following the procedures of several investigators
[e.g., (4,39,50,53)]. At the beginning of the experiment sub-
jects were 51–55 days old. Average male weight was 234 g,
and average female weight was 194 g. The experiment was
conducted as a 2 (male or female) 

 

3

 

 2 (0 or 12 mg/kg/day nic-
otine) 

 

3

 

 2 (individual or grouped housing) 

 

3

 

 2 (during nico-
tine administration or nicotine cessation) full factorial design.

 

Equipment

 

Acoustic startle reflex amplitudes and prepulse inhibition
were measured in a Coulbourn Instruments Acoustic Re-
sponse Test System (Coulbourn Instruments, Allentown, PA)
consisting of four weight-sensitive platforms inside a sound-
attenuated chamber. Platforms were arranged radially around
central speakers in the chamber’s floor and ceiling. Each sub-
ject was placed individually in a 8 

 

3

 

 8 

 

3

 

 16 cm open air cage
that rested on top of the weight-sensitive platform. The open
air cages were small enough to restrict extensive locomotion
but large enough to allow the subject to turn around and make
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other small movements. Subjects’ movements in response to
stimuli were measured as a voltage change by a strain gauge
inside each platform and were converted to grams of body
weight change following analog-to-digital conversion. Re-
sponses were recorded by an interfaced computer as the max-
imum response occurring within 200 ms of the onset of the
startle-eliciting stimulus.

Following placement of subjects in the chamber, a 3-min
adaptation period occurred in which no startle stimuli were
presented. Startle stimuli consisted of 112 or 122 dB SPL (un-
weighted scale; re: 0.0002 dynes/cm

 

2

 

) noise bursts of 20-ms du-
ration, sometimes preceded 100 ms by 68 dB 1 kHz pure tones
(prepulses). Decibel levels were verified by a Larson-Davis
Sound Pressure Machine Model 2800 (Provo, Utah). Each
stimulus had a 2-ms rise and decay time such that onset and
offset were abrupt, a primary criterion for startle. There were
six types of stimulus trials, and each trial type was presented
eight times. Trial types were presented in random order to
avoid order effects and habituation. Intertrial intervals ranged
randomly from 10–30 s. Trial types included: 1) 112 dB stimu-
lus, 2) 112 dB stimulus preceded by prepulse, 3) 122 dB stimu-
lus, 4) 122 dB stimulus preceded by prepulse, 5) prepulse
only, and 6) no stimulus. The testing period lasted approxi-
mately 15 min.

A ventilating fan provided an ambient noise level of 56 dB
throughout the testing period to mask effects of noises from
outside the sound-attenuating chamber. In addition, although
it has been reported that some rats emit ultrasonic vocaliza-
tions during startle testing (38), there is no evidence indicating
that vocalizations alter startle responses and this paradigm has
been used in many published studies of nicotine [e.g., (2–5)].
Nevertheless, the background noise of the ventilating fan also
served to minimize the possible influence of ultrasonic vocaliza-
tions should they occur. In addition, subjects were balanced
across treatment groups within each testing chamber and session
to control for the influence of possible vocalizations. Open-air
cages were washed with warm water and dried after each use.
Males and females were tested in separate test chambers.

 

Drug Administration and Surgical Procedure

 

Nicotine (12 mg/kg/day; expressed as nicotine base) or phys-
iologic saline was administered via Alzet osmotic minipumps
(Model 2002, Alza Corp., Palo Alto, CA). Physiological saline
also was used as vehicle for the nicotine solution. Nicotine so-
lution was made from nicotine dihydrochloride. This method
of administration avoids the repeated stress of daily injec-
tions. This dosage has resulted in significant changes in ASR
and PPI responses in other experiments (2–4).

Subjects were anesthetized using methoxyflurane (Meto-
fane™) and minipumps were implanted subcutaneously (SC)
between the shoulder blades according to procedures de-
scribed in detail elsewhere (2,4). The entire surgical proce-
dure including anesthesia took approximately 4 min per sub-
ject. Cessation phase subjects also underwent explant of
minipumps to insure drug cessation following the same anes-
thetic and surgical procedures.

 

Environmental Manipulation

 

During the baseline phase all subjects were individually
housed in standard shoebox cages. Individual housing was
maintained during the baseline period to ensure comparabil-
ity with other studies of nicotine’s effects (2–4,15,33,43). At
the beginning of the drug administration phase, subjects were
assigned to an individual housing or grouped housing condi-
tion in a manner that insured comparable body weights be-

tween conditions. Grouped housing was established based on
empirically determined procedures (10,11) to produce envi-
ronmental conditions that have been reported to alter behav-
ioral responses of rats. Specifically, 1 day after surgery ani-
mals in the individually housed condition were transferred to
clean standard shoebox cages. Grouped subjects were placed
in same-sex groups of six. For grouped subjects floor space
per animal was adjusted based on mean body weights to pro-
vide approximately 55% of U.S. Department of Health and
Human Services (USDHHS) recommended floor space per
animal. Grouped males (mean 

 

5

 

 292.8 g) were placed in stan-
dard shoebox cages (six subjects per cage). This cage size pro-
vided approximately 143.5 cm

 

2

 

 of floor space per male subject
(55% of USDHHS recommended floor space for weight
range 300–400 g). Grouped females (mean 

 

5

 

 210.4 g) also
were placed in standard shoebox cages (six subjects per cage),
and the amount of floor space was adjusted using a polypro-
pylene divider bolted to the cage top. The divider was placed
so that each female subject had approximately 102.9 cm

 

2

 

 of
floor space (55% of USDHHS recommended floor space for
weight range 200–300 g). Individually housed animals had
cages changed twice a week. Grouped subjects’ cages were
changed every other day and were checked twice daily to en-
sure that subjects had adequate food and water.

 

Procedure

 

The procedure included three phases: a predrug, prehous-
ing manipulation phase (baseline phase), a during drug ad-
ministration and housing manipulation phase (during drug
phase), and a drug cessation phase in which drug administra-
tion ceased but the housing manipulation continued (cessa-
tion phase). Decreased rates of body weight gain are well-es-
tablished effects of nicotine administration at this dosage in
rats in the dynamic growth phase [e.g., (24,54,56)]. Therefore,
subjects’ body weights were measured every third day through-
out the three phases as validation of drug administration.

 

Baseline phase.  

 

Subjects were gentled once each day for 3
days. All subjects (

 

n

 

 

 

5

 

 192) then underwent an acclimation
exposure to the startle procedure in which they were placed
inside the test chamber and exposed to the noise stimuli. Ac-
climation was done to minimize the contamination of startle
responses by possibly stressful effects of exposure to a novel
situation. Three days after the acclimation exposure, ASR
and PPI responses of all subjects were measured again. These
responses constituted the baseline values.

 

Drug administration phase.  

 

After the completion of base-
line measures, subjects were assigned within-sex to drug (0 or
12 mg/kg/day nicotine), housing (individual or grouped), and
phase (during nicotine administration or nicotine cessation)
groups in a manner that assured comparable, initial body
weights. This assignment resulted in 16 balanced groups of 12
subjects each (eight groups of males; eight groups of females).
Minipumps containing the appropriate solutions were im-
planted on during drug phase day 1. Twenty-four hours after
surgery, subjects were placed in their assigned housing condi-
tion (individual or grouped).

ASR and PPI were measured on during drug phase day 6
(after 5 days of saline or nicotine administration and 4 days of
individual or grouped housing) for all subjects (

 

n

 

 

 

5

 

 192).
ASR and PPI were measured again on during drug phase day
12 (after 11 days of saline or nicotine administration and 10
days of individual or grouped housing) for during phase sub-
jects (

 

n

 

 

 

5

 

 96). During phase subjects were sacrificed on dur-
ing drug phase day 13 and blood and brains were collected
and stored for other experiments.
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Cessation phase.  

 

Cessation phase subjects (

 

n

 

 

 

5

 

 96) had
minipumps explanted on during drug phase day 15. ASR and
PPI were measured for these subjects on the third day of nico-
tine or saline cessation (after 16 days of individual or grouped
housing). The different ASR and PPI measurement timing for
the during vs. cessation groups was necessary so that groups
had the same total number of testing exposures. Cessation
phase subjects were sacrificed on drug cessation phase day 5.
Blood and brains were collected and stored for other experi-
ments.

 

Data Analytic Strategy

Body weight. 

 

 Body weight data were analyzed by repeated-
measures analysis of covariance (ANCOVA) with average
baseline body weights as covariates. Separate analyses were
conducted for during phase males and females and cessation
phase males and females, with time as the within-subject factor,
and drug and housing condition as between-subjects factors for
all analyses. All tests were two-tailed with alpha 

 

<

 

0.05.

 

ASR and PPI 

 

Each animal’s responses were averaged within trial type.
Trials during which no stimuli were presented were used to
control for normal subject movements on the platform. Am-
plitudes to each trial type were derived by subtracting grams
(g) of platform displacement on the no-stimulus trials (i.e., the
body weight of each subject) from g of platform displacement
in response to specific stimuli. The remainder from this calcu-
lation represented the amount of platform displacement re-
lated to the stimulus (e.g., 112 dB, 112 dB with prepulse, 122
dB, 122 dB with prepulse, prepulse alone). Prepulse amounts
were calculated by subtracting amplitude to each stimulus
with a prepulse from amplitude to the same stimulus without
prepulse. The remainder was analyzed as a prepulse inhibi-
tion amount. Percent prepulse (%PPI) was calculated as
[(amplitude of trial without prepulse) 

 

2

 

 (amplitude of trial
with prepulse)/amplitude of trial without prepulse] 

 

3

 

 100.
The product was analyzed as %PPI. These calculations were
based on established procedures of several investigators (2,3,
5,51–53).

Day 6 and day 12 amplitude to each stimulus, prepulse in-
hibition amount, and prepulse inhibition percent were ana-
lyzed with analyses of covariance (ANCOVAs) using baseline
responses as covariates. The first ANCOVA was done as an
overall model with all factors included (sex, drug, housing,
and phase). Subsequent separate ANCOVAs were done on
males and females, on individually housed and grouped ani-
mals, and on during and cessation phase subjects. Additional
ANCOVAs were done within sex, housing condition, and
phase. All tests were two tailed, with alpha 

 

<

 

0.05.

 

RESULTS

 

Body Weight 

 

Figure 1 presents the body weight data. Nicotine-treated
subjects’ body weights increased less over time than did sa-
line-treated subjects’ body weights regardless of sex or phase
[during males, 

 

F

 

(4, 172) 

 

5

 

 37.274, 

 

p

 

 

 

,

 

 0.05, and females, 

 

F

 

(4,
172) 

 

5

 

 9.912, 

 

p

 

 

 

,

 

 0.05; cessation males, 

 

F

 

(5, 210) 

 

5

 

 17.488,

 

p

 

 

 

,

 

 0.05, and females, 

 

F

 

(5, 210) 

 

5

 

 24.782, 

 

p

 

 

 

,

 

 0.05]. Grouping
also decreased body weight gains over time for all subjects
[during males, 

 

F

 

(4, 172) 

 

5

 

 3.287, 

 

p

 

 

 

,

 

 0.05, and females, 

 

F

 

(4,
172) 

 

5

 

 2.989, 

 

p

 

 

 

,

 

 0.05; cessation males, 

 

F

 

(5, 210) 

 

5

 

 5.499, 

 

p

 

 

 

,

 

0.05, and females, 

 

F

 

(5, 215) 

 

5

 

 2.220, 

 

p

 

 

 

,

 

 0.05]. In addition,

nicotine reduced body weight gains for during phase females
more over time in the grouped condition than in the individu-
ally housed condition, 

 

F

 

(4, 172) 

 

5

 

 3.555, 

 

p

 

 

 

,

 

 0.05.

 

ASR and PPI in During Drug Phase 

Startle Amplitude to 112 dB.  

 

Table 1 presents these data.
Nicotine-treated animals startled less than did saline-treated
animals, 

 

F

 

(1, 176) 

 

5

 

 4.262, 

 

p

 

 

 

,

 

 0.05, on day 6. This pattern
was evident for females, 

 

F

 

(1, 87) 

 

5

 

 7.081, 

 

p

 

 

 

,

 

 0.05, for individ-
ually housed subjects regardless of sex, 

 

F

 

(1, 89) 

 

5

 

 5.118, 

 

p

 

 

 

,

 

0.05, and for female individually housed subjects, 

 

F

 

(1, 43) 

 

5

 

9.401, 

 

p

 

 

 

,

 

 0.05. On day 12 these effects were still evident in fe-
males but were reversed in males as indicated by a Sex 

 

3

 

Drug interaction, 

 

F

 

(1, 85) 

 

5

 

 3.688, 

 

p

 

 

 

5

 

 0.058, with nicotine
tending to decrease startle in females, but to increase startle
amplitude in males. This Drug 

 

3

 

 Sex interaction also oc-
curred in grouped subjects’ responses, 

 

F

 

(1, 42) 

 

5

 

 4.165, 

 

p

 

 

 

,

 

0.05. In addition, on day 12 grouped housing increased startle
amplitude, 

 

F

 

(1, 85) 

 

5

 

 6.599, 

 

p

 

 

 

,

 

 0.05, especially in female
subjects, 

 

F

 

(1, 42) 

 

5

 

 4.552, 

 

p

 

 

 

,

 

 0.05.

 

Startle amplitude to 122 dB.  

 

Table 1 presents these data.
Males startled more than did females on day 6, 

 

F

 

(1, 176) 

 

5

 

7.901, 

 

p

 

 

 

,

 

 0.05. On day 12 nicotine interacted with housing
condition such that nicotine tended to decrease startle in indi-
vidually housed subjects but increase startle in grouped sub-
jects, 

 

F

 

(1, 85) 

 

5

 

 3.664, 

 

p

 

 

 

5

 

 0.059. This interaction also was
clear in male responses, 

 

F

 

(1, 42) 

 

5

 

 5.173, 

 

p

 

 

 

, 0.05, and was re-
vealed as a trend for a main effect for drug in individually
housed males with nicotine tending to decrease startle, F(1,
21) 5 3.956, p 5 0.060.

 Amount of PPI to 112 dB with prepulse.  Figures 2 and 3
present these data. On day 6 a Drug 3 Housing interaction
revealed that nicotine decreased amount of inhibition in indi-
vidually housed subjects and slightly increased inhibition in
grouped subjects, F(1, 176) 5 4.355, p , 0.05. Among fe-
males, nicotine decreased PPI, regardless of housing condi-
tion, F(1, 87) 5 9.618, p , 0.05. Nicotine-induced PPI reduc-
tions also were evident in individually housed subjects’
responses, F(1, 89) 5 8.958, p , 0.05, especially in responses
of individually housed females, F(1, 43) 5 8.321, p , 0.05. PPI
reductions as a result of nicotine administration also were ap-
parent on day 12 for all subjects, F(1, 85) 5 3.950, p , 0.05,

FIG. 1. Body weights of males and females.
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for females alone, F(1, 42) 5 4.596, p , 0.05, and for individu-
ally housed females, F(1, 20) 5 4.372, p , 0.05.

Amount PPI to 122 dB with prepulse.  Table 1 presents these
data. On day 6 males exhibited greater PPI amounts than did
females, F(1, 176) 5 12.201, p , 0.05, in both individual, F(1,
89) 5 6.603, p , 0.05, and grouped housing, F(1, 86) 5 5.777,
p , 0.05. On day 12 a Drug 3 Housing interaction revealed
that nicotine administration decreased individually housed
subjects’ PPI amounts but increased grouped subjects’ PPI,
F(1, 85) 5 3.898, p 5 0.05. PPI reductions as a result of nico-
tine administration also were evident for individually housed
subjects, F(1, 42) 5 5.421, p , 0.05.

Percent PPI to 112 dB with prepulse.  Figures 2 and 3 present
these data. Nicotine administration reduced percent prepulse
inhibition on day 6, F(1, 176) 5 6.044, p , 0.05, and also inter-
acted with housing condition such that nicotine decreased
%PPI in individually housed subjects but not in grouped sub-
jects, F(1, 176) 5 5.437, p , 0.05. Nicotine-induced %PPI re-
duction was evident in female responses regardless of housing
condition, F(1, 87) 5 7.750, p , 0.05, in individually housed
subjects regardless of sex, F(1, 89) 5 8.904, p , 0.05, and in in-
dividually housed males, F(1, 45) 5 4.550, p , 0.05, and fe-
males, F(1, 43) 5 4.175, p , 0.05, with a trend for the same ef-
fect in grouped females, F(1, 43) 5 3.745, p 5 0.065. In
contrast, the interaction was evident in male responses, F(1,
88) 5 5.384, p , 0.05, with nicotine increasing %PPI in
grouped males but decreasing %PPI in individually housed
males. For grouped subjects nicotine administration increased
%PPI in males but decreased %PPI in females, F(1, 86) 5
4.081, p , 0.05. On day 12 nicotine-treated subjects exhibited
less %PPI than did saline-treated subjects, F(1, 85) 5 3.845,
p 5 0.05.

Percent PPI to 122 dB with prepulse.  Table 1 presents these
data. On day 6 males exhibited greater %PPI than females,
F(1, 176) 5 5.380, p , 0.05, especially in the individual hous-
ing condition, F(1, 89) 5 4.674, p , 0.05, and individually
housed subjects exhibited greater %PPI than grouped sub-
jects, F(1, 176) 5 4.515, p , 0.05.

ASR and PPI in Cessation Phase

Table 2 presents these data. There were no differences be-
tween groups in startle amplitude or prepulse amounts to the
112 dB stimulus.

Percent PPI to 112 dB w/prepulse.  A Sex 3 Housing inter-
action revealed that individually housed males exhibited more

TABLE 1
ASR AMPLITUDES, AMOUNT PPI, AND PERCENT PPI (MEANS 6 SEM)

Day 6 Day 12

Males Females Males Females

112db
Startle amplitude (g) Saline indiv. 60.89 6 7.39 80.60 6 8.38 66.98 6 13.90 67.40 6 9.77

Nicotine indiv. 60.10 6 9.39 57.62 6 6.04 57.69 6 10.43 63.55 6 13.97
Saline grouped 76.26 6 14.74 62.83 6 5.38 68.37 6 8.60 97.50 6 11.08
Nicotine grouped 79.38 6 11.67 60.40 6 9.23 86.72 6 13.89 82.65 6 15.21

122db
Startle amplitude (g) Saline indiv. 125.20 6 11.28 107.81 6 14.98 137.41 6 22.55 100.05 6 21.94

Nicotine indiv. 121.20 6 11.99 92.38 6 8.41 93.23 6 14.11 88.78 6 17.38
Saline grouped 138.23 6 20.79 90.95 6 8.25 124.86 6 19.11 124.93 6 26.82
Nicotine grouped 130.64 6 19.87 88.84 6 11.07 152.27 6 21.05 144.58 6 22.84

Amount PPI Saline indiv. 60.69 6 8.38 39.27 6 9.32 63.51 6 14.17 53.85 6 19.27
Nicotine indiv. 49.95 6 8.83 27.67 6 5.53 34.38 6 8.05 18.08 6 6.08
Saline grouped 45.98 6 9.56 26.70 6 6.25 53.54 6 12.62 51.80 6 24.89
Nicotine grouped 47.06 6 13.99 17.29 6 5.67 64.73 6 17.21 61.15 6 19.40

Percent PPI Saline indiv. 46.93 6 5.19 33.39 6 4.12 43.51 6 7.28 44.53 6 6.86
Nicotine indiv. 36.97 6 5.24 29.22 6 4.65 34.43 6 7.81 26.30 6 8.53
Saline grouped 35.99 6 6.56 25.98 6 6.29 41.54 6 7.57 29.24 6 7.19
Nicotine grouped 28.05 6 8.18 18.80 6 7.90 37.62 6 9.80 40.08 6 7.99

FIG. 2. Day 6 prepulse inhibition to 112 dB.
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%PPI than did grouped males, but grouped females exhibited
greater %PPI than did individually housed females, F(1, 87) 5
6.101, p , 0.05. The effects of grouping to decrease %PPI in
males, F(1, 21) 5 4.169, p 5 0.054, but increase %PPI in fe-
males, F(1, 43) 5 4.224, p , 0.05, also were clear as main ef-
fects when the sexes were analyzed separately.

Startle amplitude to 122 dB.  Males startled more than did
females, F(1, 87) 5 5.264, p , 0.05.

Amount PPI to 122 dB w/prepulse. Males exhibited greater
PPI than did females, F(1, 87) 5 7.642, p , 0.05, especially
among individually housed subjects, F(1, 43) 5 5.117, p , 0.05.

DISCUSSION

The purpose of the present experiment was to examine
nicotine’s effects on attention in Long–Evans rats as opera-
tionalized in the acoustic startle response (ASR) and prepulse
inhibition (PPI) of the ASR. In previous studies with Sprague–
Dawley subjects, nicotine enhanced ASR and PPI (2–5). This
enhancement has been interpreted as analogous to the atten-
tional enhancement demonstrated empirically in certain hu-
man subjects and reported by some human smokers when
they smoke cigarettes. Results from studies using Long–Evans
male rats as subjects vary. Two studies reported no effects of
nicotine administration on startle (33,43). One study reported
enhanced PPI as a result of nicotine administration (15). Mul-
tiple methodological differences among studies (e.g., route of
administration, form of nicotine used, time of testing during
the circadian cycle) precluded interpretation of behavioral
differences as simply the product of subject strain.

Whether strain differences in nicotine’s effects on atten-
tion existed, therefore, was not clear. In addition, because the

effects of chronic nicotine administration on ASR and PPI re-
sponses of female rats had not been explored, the present ex-
periment examined responses of female as well as male Long–
Evans rats. Further, environmental conditions such as grouped
housing can alter effects of drugs and may be relevant to indi-
vidual differences in smoking behavior. Therefore, this exper-
iment assessed the effects of this environmental manipulation
and its interaction with nicotine administration and cessation
on ASR and PPI responses of Long–Evans males and females.

Strain Differences

The most striking finding of this experiment was that nico-
tine administration decreased startle amplitude and impaired
PPI in Long–Evans subjects. These findings contrasted with
previously reported findings in Sprague–Dawley subjects con-
ducted with identical methodologies indicating that nicotine
enhanced startle and PPI (1–5). In addition, these findings
contrasted with data from Long–Evans subjects obtained dur-
ing the light portion of the circadian cycle when nicotine was
administered acutely (15) and with reports that chronic nico-
tine administration had no effect on startle in Long–Evans
subjects (33,43) . These findings suggest, therefore, that when
similar methodologies are employed across strains, a true strain
difference in nicotine’s attentional effects between Sprague–
Dawley and Long–Evans subjects may exist. These findings
also indicate that differences in experimental procedures may
obscure important strain differences in drug responses.

Sex Differences

Long–Evans males and females differed in their PPI re-
sponses to nicotine administration and to housing conditions
in several ways. For females nicotine administration generally
impaired PPI, regardless of housing condition. In contrast, for
males nicotine’s effects always depended on housing condi-
tion, with nicotine enhancing PPI in grouped subjects but im-
pairing PPI in individually housed subjects. Nicotine’s effects
in male and female subjects also followed different time
courses as indicated by the statistical detection of drug effects
in males or females alone. Specifically, nicotine-induced star-
tle reductions appeared robustly in females on day 6 (startle
amplitude to 112 dB) but did not appear in males until day 12
(startle amplitude to 122 dB). Housing effects showed the op-
posite pattern. Housing condition affected male responses on
day 6 (startle amplitude to 122 dB, %PPI to 112 dB), but were
not evident in females until day 12 (startle amplitude to 112
and 122 dB) and in cessation (%PPI to 112 dB). Taken to-
gether, these results are consistent with female rats having
greater sensitivity to nicotine’s behavioral effects than males.
That is, females were affected more quickly than males by nic-
otine administration, effects of housing condition on females
were minimal compared to effects of nicotine, and effects of
housing on females did not appear until day 12. In contrast,
males took longer to be affected by nicotine, drug effects al-
ways depended on housing, and housing effects appeared on
day 6, suggesting that for males the environmental manipula-
tion was a more powerful determinant of responses.

We also have found greater sensitivity among female rats
than among male rats to other effects of nicotine, including
changes in body weight (24,28), energy intake (8,24,27), and
energy expenditure (8,26). It is intriguing that although fe-
males appear more behaviorally and biologically sensitive to
nicotine, female humans and rats are less adept than males at
discriminating nicotine from placebo or adjusting nicotine in-

FIG. 3. Day 12 prepulse inhibition to 112 dB.
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take after preloads (40,46). The contrast between behavioral
sensitivity and interoceptive insensitivity warrants further study.

Apart from effects of nicotine, males and females also re-
sponded differently to the two stimuli (112 and 122dB). Males
responded in an increasing, linear fashion to acoustic stimuli,
with maximal responses occurring to the loudest stimulus.
Maximal responses for females, however, depended on envi-
ronmental conditions as well as on stimulus intensity. This sex
difference in Long–Evans subjects contrasts with reports that
Sprague–Dawley males and females do not differ in startle or
PPI behaviors (50).

Overall, the results replicated other investigators’ findings
that startle and prepulse inhibition are separately manipula-
ble by drugs (17,19,35,41,51–53). In addition, these results ex-
tend this literature by indicating that startle and PPI also are
separately affected by housing conditions.

Different behavioral responses by rats of different geno-
types, of each sex, and exposed to different environmental
conditions may mirror human individual differences in re-
ported effects of smoking. To the extent that this is so, the
conclusion that genotype, broadly construed to include sub-
ject’s sex, can alter responses to nicotine and to environmen-
tal conditions is supported. Replication of this apparent strain
difference by using both strains within the same study, how-
ever, is necessary to demonstrate the reliability of this finding.

Future studies, therefore, should include Sprague–Dawley
and Long–Evans males and females within the same experi-
ment. Like many drugs nicotine exerts biochemical, physio-
logical, and behavioral effects in an inverted-U-shaped dose–
response curve. Opposite behavioral effects as a result of the
same drug dosage, therefore, may indicate that one strain is

more sensitive to nicotine than the other strain. That is, one
strain’s inverted U-shaped dose–response curve may be
shifted to the left of the other strain’s curve. Decreased re-
sponses as a result of treatment with 12 mg/kg/day nicotine
suggest that Long–Evans subjects might be more sensitive to
nicotine’s effects than Sprague–Dawley subjects. For exam-
ple, 12 mg/kg/day nicotine may represent a dosage on the de-
scending limb of the Long–Evans dose–response curve but a
point on the ascending limb of the Sprague–Dawley curve.
Future studies, therefore, also should examine the effects of
additional nicotine dosages to determine dose–response curves
for Sprague–Dawley vs. Long–Evans subjects.

Animal models using rats of different strains and sexes
may be useful to investigate the role of biologically based in-
dividual differences in smoking behavior and in responses to
environmental conditions, including differences in vulnerabil-
ity to nicotine addiction and to situational determinants of
smoking. In addition, use of different rat strains may be rele-
vant to development of nicotine analogs intended for clinical
use as attention- or cognition-enhancing agents in humans.
The findings reported here suggest that effects of substances
acting via central nicotinic cholinergic receptors may depend
on the subject’s genotype, including sex.
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TABLE 2
ASR AMPLITUDES, AMOUNT PPI, AND PERCENT PPI CESSATION DAY 3 (MEANS 6 SEM)

Males Females

112dB
Startle amplitude Saline indiv. 91.69 6 12.36 83.72 6 18.74

Nicotine indiv. 101.11 6 23.06 84.07 6 14.55
Saline grouped 82.52 6 18.18 74.22 6 15.83
Nicotine grouped 104.33 6 11.85 87.70 6 12.74

Amount PPI Saline indiv. 40.14 6 8.78 30.15 6 11.94
Nicotine indiv. 36.75 6 7.69 25.52 6 8.52
Saline grouped 24.95 6 10.83 34.09 6 9.04
Nicotine grouped 50.03 6 11.67 43.61 6 11.08

Percent PPI Saline indiv. 44.67 6 6.43 24.18 6 10.86
Nicotine indiv. 52.36 6 13.46 16.38 6 13.90
Saline grouped 19.22 6 12.41 38.15 6 7.00
Nicotine grouped 47.05 6 9.54 45.08 6 7.37

122dB
Startle amplitude Saline indiv. 152.64 6 21.87 132.91 6 21.20

Nicotine indiv. 153.95 6 24.40 113.71 6 16.87
Saline grouped 135.41 6 20.18 102.30 6 19.46
Nicotine grouped 166.35 6 30.18 89.80 6 11.09

Amount PPI Saline indiv. 86.28 6 15.77 53.86 6 10.34
Nicotine indiv. 65.31 6 9.97 44.57 6 10.41
Saline grouped 60.70 6 15.13 43.80 6 8.02
Nicotine grouped 69.78 6 17.64 22.86 6 18.47

Percent PPI Saline indiv. 54.73 6 4.56 39.71 6 3.74
Nicotine indiv. 42.12 6 6.62 35.79 6 6.61
Saline grouped 40.67 6 10.23 44.70 6 4.39
Nicotine grouped 42.75 6 9.55 21.02 6 19.68
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