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1997.—The present experiment examined effects of prenatal nicotine exposure (6 mg/kg/day via osmotic minipump) through-
out gestation on prepulse inhibition of the acoustic startle response (PPI) and on the density of nicotinic acetylcholine recep-
tors (nAchRs) in the brains of 5-week-old Sprague–Dawley rats. A total of 117 male and 103 female offspring were used. Pre-
natal nicotine reduced subsequent percent PPI to a 98 dB stimulus in female but not in male offspring. There was an inverse
correlation between the percent of PPI and nAchR density in the cortex of male rats and the striatum of female rats. © 1997
Elsevier Science Inc.
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CIGARETTE smoking by mothers during pregnancy is asso-
ciated with cognitive and behavioral deficits in developing off-
spring. Children of mothers who smoked during pregnancy
have impaired vigilance performance (14) and are at greater
risk of attention deficits (8,19) than are the children of non-
smoking mothers. Animal studies suggest that some of the ef-
fects of smoking during pregnancy may result from prenatal
exposure to nicotine. Sorenson et al. (27) reported that female
rats that had been exposed to nicotine prenatally had im-
paired radial-arm maze performance when compared with fe-
male rats exposed to saline prenatally. Yanai et al. (35) re-
ported similar effects of prenatal nicotine to impair radial-arm
maze performance, and also to impair Morris water maze per-
formance, in male, as well as in female mice. These data sug-
gest that prenatal exposure to nicotine can impair motor per-
formance, memory, and attention as reflected by impaired
maze performance. More importantly, these data suggest that
prenatal exposure to nicotine may be responsible for some of
the deficits in attention and vigilance observed in children of
mothers who smoked during pregnancy. The mechanisms by

which nicotine may exert these effects, however, have not
been identified.

Prepulse inhibition of the acoustic startle response (PPI)
provides a sensitive measure of time-dependent sensory-motor
gating deficits (5,6,29) and has been interpreted as reflecting
processes that underlie attention (1,2). One purpose of the
present experiment was to examine effects of prenatal nico-
tine exposure on PPI in young rats.

Additionally, it has been reported that prenatal exposure
to nicotine increases the number of central nAchRs in brain
(26). Yet, little is known regarding the relationship between
these receptor changes and behavioral effects of prenatal ex-
posure to nicotine. The second purpose of the present experi-
ment, therefore, was to examine the relationship between PPI
and nAchR densities in discrete regions of the brain following
prenatal exposure to saline or prenatal exposure to nicotine.
Based on published reports (26,27,35), it was hypothesized
that prenatal exposure to nicotine would result in an in-
creased density of nAchRs in discrete brain regions and
would have effects to reduce PPI. Because sex differences ex-
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ist with respect to nicotine sensitivity (11,21,28), male and fe-
male subjects both were included in the present experiment.

 

METHOD

 

Prenatal Drug Treatment

 

Nicotine dihydrochloride (6 mg/kg/day nicotine base) or
saline was administered to 24 pregnant Sprague–Dawley dams
by osmotic minipump (Alzet model 2002). Pumps were im-
planted in the intrascapular space (SC) on gestational day 4 to
provide nicotine or saline solution at a constant infusion rate
of 0.5 

 

m

 

l/h for the remainder of the 22-day gestation period.
Methoxyflurane (Metophane), administered by inhalation, was
used to anesthetize the dams during the implantation surgery.
Incisions (roughly 1.25 cm) were closed with 9 mm stainless
steel wound clips (Becton Dickinson). Physiologic saline was
used to prepare the nicotine solutions from nicotine dihydro-
chloride and also was used as the control solution. The dosage
of nicotine used presently has been reported to produce be-
havioral (23) and biochemical (23,24) effects in prenatally ex-
posed rats.

 

Subjects and Housing

 

The subjects were 117 male and 103 female Sprague–Dawley
rat pups born to 24 pregnant dams. These pups were weaned
18 days after birth and were group housed with same-sex litter
mates (two to six pups in a cage) in 35.6 

 

3

 

 15.2 

 

3

 

 20.3 cm
cages with absorbent Pine-Dri, wood-chip bedding. The sub-
jects were maintained under a 12-h light/dark cycle (lights on
at 1900 h) at approximately 23

 

8

 

C and 50% relative humidity.
Water and a standard laboratory chow (Agway Prolab 3000)
were available continuously. The average weight of male sub-
jects at the time of testing was 142 g (range 

 

5

 

 96–189 g). The
average weight of female subjects at the time of testing was
129 g (range 

 

5

 

 95–172 g). Subjects were roughly 35 days old at
the time of testing.

 

Startle and Prepulse Testing

 

Prepulse inhibition (PPI) was tested using a four-station
acoustic startle system (Coulbourn Instruments, Allentown,
PA) based on published reports (1–3). Specifically, animals
were enclosed in 8 

 

3

 

 8 

 

3

 

 16 cm open air cages that restrict lo-
comotion but do not restrain the animal. Cages were placed
on one of four platforms in a sound-attenuating test chamber.
Background noise within the sound-attenuating startle cham-
ber was produced by a ventilating fan and was measured at 56
dB SPL (sound pressure level). Startle-eliciting acoustic stim-
uli consisted of 20-ms noise bursts of 98 dB SPL, 112 dB SPL,
or 122 dB SPL. Prepulse stimuli consisted of a 20-ms, 1 KHz
pure tone of 68 dB SPL (12 dB above background). The onset
of the prepulse stimuli preceded the onset of the startle-eliciting
stimuli by 100 ms. Trials with no stimuli and trials with prepulse
alone were also presented. Each subject’s movement in re-
sponse to each stimulus was measured as voltage change by a
strain gauge and was converted to grams of body weight change
following analog to digital conversion. Responses were recorded
by an interfaced microcomputer as the maximum response oc-
curring within 200 ms of the onset of the startle-eliciting stim-
uli. A single test session included eight presentations of each
stimulus intensity both with and without prepulse. The order
of presentation was randomized within blocks to ensure that
each stimulus type was presented within seven trials of its last
presentation and that none of the stimuli occurred more than
once in sequence. Intertrial intervals ranged randomly from

10–30 s. It should be noted that some rats emit ultrasounds
when startled by an acoustic stimulus (17). Although these ul-
trasounds are unrelated to the acoustic startle response within
subjects, it is possible that ultrasonic vocalizations may affect
the acoustic startle response if several animals are tested si-
multaneously in the same apparatus. To minimize the impact
of these effects, both drug groups were represented in every
group of four animals run concurrently.

 

Procedure

 

Orientation to the PPI testing procedure was begun on
postnatal day 30, an age when nAchRs in the brain have
reached adults levels (25). This orientation consisted of a sin-
gle test session designed to acclimate subjects to the acoustic
startle apparatus. This acclimation procedure has been used
to minimize the effect that the stress of a novel environment
may have on prepulse inhibition during testing (2,3). Testing
of prepulse inhibition began on postnatal day 35 and consisted
of a second test session as outlined in the preceding section on
startle and prepulse testing. Orientation sessions and test ses-
sions for each animal were separated by at least 4 days to min-
imize effects of habituation on PPI (31). Testing was balanced
such that nicotine pretreated subjects and saline pretreated
subjects were equally represented in the chamber during each
test session.

Startle amplitudes were determined for each animal by
subtracting the response to the no-stimulus control trials from
the average peak response recorded during each of the other
trial types. The amount of PPI was determined by subtracting
the response to the prepulse trials from the response to the
trials in which the same stimulus was presented without
prepulse. The amount of prepulse inhibition was divided by
the response amplitude from trials using similar stimuli with-
out prepulse to determine the percentage of the response in-
hibited (percent PPI). The purpose of converting these data
to percentages is to minimize the effect that initial startle re-
sponses have on the measurement of subsequent PPI effects.
This data handling procedure is consistent with published re-
ports examining effects of drugs on PPI (1,2).

Subjects were selected for biochemical analysis on the ba-
sis of the average percent PPI. Specifically, percent PPI for
each subject was averaged across stimuli to obtain a compos-
ite percent PPI score. Subjects with average percent PPI in
the highest 25% of all scores were classified as having high
PPI, whereas subjects in the lowest 25% of all scores were
classified as having low PPI. Using these criteria, male sub-
jects were classified as having high PPI if the prepulse inhib-
ited the startle response by more than 35% (

 

n

 

 

 

5

 

 17) and were
classified as having low PPI if the prepulse inhibited the star-
tle response by less than 11% (

 

n

 

 

 

5

 

 18). Female subjects were
classified as high in PPI if the prepulse inhibited the startle re-
sponse by more than 35% (

 

n

 

 

 

5

 

 17) and were classified as hav-
ing low PPI if the prepulse inhibited the startle response by
less than 9% (

 

n

 

 

 

5

 

 17). A third group of subjects having nei-
ther high nor low PPI and representing a range of locomotor
activity [see (32)] also was included in the biochemical analy-
sis. This third group was comprised of 39 males and 24 females.
Application of this classification criteria ensured a sufficient
sample size to allow statistical analysis of biochemical data.

 

Tissue Collection

 

Twenty-four hours after the last acoustic startle test, pups
were sacrificed by decapitation. The brains were rapidly fro-
zen in powdered dry ice. The brains were stored at 

 

2

 

80

 

8

 

C for
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several weeks before being dissected on an ice-cold plate un-
der a magnifying lens. Cerebral cortex (left hemisphere), stri-
atum, hippocampus, thalamus, and colliculi (superior and in-
ferior) were separated and stored frozen at 

 

2

 

80

 

8

 

C until assay.
These brain regions were selected for assay on the basis of
their established role in cognitive, behavioral, or sensory and
motor functions, and on the abundance of their nAchRs
(7,20,34).

 

Nicotinic Receptor Binding Assay

 

nAchR binding was assessed based on the procedures of
Pabreza et al. (20). Tissue was homogenized in ice-cold 50
mM Tris-HCl buffer (pH 7.0 at room temperature) and then
centrifuged at 38,000 

 

3

 

 

 

g

 

 for 12 min at 4

 

8

 

C. The pellet was
washed twice by suspension in fresh buffer and centrifuged
again. Aliquots of homogenate equivalent to approximately
10–20 mg tissue were used in triplicate for total binding and in
duplicate for the nonspecific binding. For total binding, 4 nM
[

 

3

 

H]cytisine (39.6 Ci/nmol, NEN, Boston, MA) was incubated
in a final volume of 0.25 ml at 2

 

8

 

C for 75 min. Nonspecific

FIG. 1. Percent PPI in response to each of the three acoustic startle
stimulus intensities (mean 6 SEM). Among males, n 5 64 saline and
54 nicotine. Among females, n 5 47 saline and 56 nicotine. *Denotes
groups that differ from prenatal saline (p , 0.05).

 

binding was obtained in the presence of 100 

 

m

 

M (

 

2

 

)-nicotine
bitartrate. Membrane-bound [

 

3

 

H]cytisine was separated from
free ligand by filtration using Brandel GF/B filter paper and a
Brandel cell harvester. The binding affinity was determined
in cortical tissue, using six concentrations (0.25–8 nM) of
[

 

3

 

H]cytisine. Scatchard plots to calculate 

 

B

 

max

 

 and 

 

K

 

d

 

 were ob-
tained using nonlinear least-squares regression LIGAND
analysis (18). Protein concentration in the final homogenate
was determined by the Bradford method (4). The findings are
reported as nAchR binding, generally, but most likely reflect
the 

 

a

 

4

 

b

 

2 subtype of nAchR because cytisine has been shown
to be specific for this type of nAchR (9).

 

Treatment of Data and Statistical Analysis

 

Percent PPI data were analyzed for each stimulus intensity
using a two-way ANOVA with sex and prenatal exposure en-
tered as between-subjects factors. Because initial analyses re-
vealed significant interactions of prenatal treatment and sex,
effects of prenatal treatment on males and females were ex-
amined separately using one-way ANOVA.

Subjects with percent PPI in the top or bottom 25% of all
scores were further examined using chi-square analyses to de-
termine the relative proportion of nicotine-exposed subjects
and saline-exposed subjects that fell in the extreme tails of the
overall distribution. The purpose of this analysis was to deter-
mine whether prenatal exposure to nicotine increased the in-
cidence of low PPI or decreased the incidence of high PPI rel-
ative to saline.

Results of the nAchR binding assay were analyzed using
three-way ANOVA with prenatal treatment, sex, and PPI sta-
tus entered as between-subjects factors. Because initial analy-
ses revealed significant sex by PPI status interactions, effects
of prenatal treatment in males and females were examined
separately using two-way ANOVA.

Correlation analyses were performed to examine the rela-
tionships between nAchR changes in specific brain regions
and percent PPI. All statistical tests were two tailed and used
an alpha level of 0.05 or less to determine significant statistical
significance.

 

RESULTS

 

Figure 1a presents percent PPI using 98 dB stimulus. Two-
way ANOVA revealed a significant main effect of prenatal
drug treatment, 

 

F

 

(2, 215) 

 

5

 

 5.05, 

 

p

 

 

 

,

 

 0.05, and a significant
drug by sex interaction, 

 

F

 

(2, 215) 

 

5

 

 3.94, 

 

p

 

 

 

,

 

 0.05. Subse-
quent one-way analyses, examining effects of prenatal nicotine
on percent PPI in males and in females separately, revealed a
significant effect of prenatal drug treatment to reduce percent
PPI in females, 

 

F

 

(1, 101) 

 

5

 

 8.18, 

 

p

 

 

 

,

 

 0.05, but not in males.
There were no effects on prenatal nicotine on the startle am-
plitudes of either sex in the absence of the prepulse. Figure 1b
presents percent PPI using the 112 dB stimulus. There were
no statistically significant effects in either male or female sub-
jects considered separately. There were no effects on prenatal
nicotine on the startle amplitudes of either sex in the absence
of prepulse. Figure 1c presents percent PPI using the 122 dB
stimulus. Two-way ANOVA revealed a significant drug by
sex interaction, 

 

F

 

(2, 215) 

 

5

 

 3.92, 

 

p

 

 

 

,

 

 0.05. There were no ef-
fects of prenatal nicotine on the startle amplitudes of either
sex in the absence of the prepulse.

Female subjects that received nicotine prenatally were sig-
nificantly more likely to have low PPI, and significantly less
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FIG. 3. nAchR binding in striatum as a function of sex, PPI status,
and prenatal drug treatment (mean 6 SEM). Among males, n 5 7
saline-high PPI; 17 saline-intermediate PPI, 9 saline-low PPI, 8
nicotine-high PPI, 18 nicotine-intermediate PPI, and 7 nicotine-low PPI.
Among females, n 5 7 saline-high PPI; 11 saline-intermediate PPI, 7
saline-low PPI, 6 nicotine-high PPI, 10 nicotine-intermediate PPI, and
7 nicotine-low PPI. *Denotes groups that differ from the low PPI
group of the same drug treatment (p , 0.05).

FIG. 2. nAchR binding in cortex as a function of sex, PPI status, and
prenatal drug treatment (means 6 SEM). Among males, n 5 8 saline-
high PPI; 17 saline-intermediate PPI, 6 saline-low PPI, 8 nicotine-high
PPI, 19 nicotine-intermediate PPI, and 7 nicotine-low PPI. Among
females, n 5 7 saline-high PPI; 11 saline-intermediate PPI, 6 saline-
low PPI, 7 nicotine-high PPI, 12 nicotine-intermediate PPI, and 9
nicotine-low PPI. *Denotes groups that differ from the low PPI group
of the same drug treatment (p , 0.05).
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likely to have high PPI, than were female subjects that received
saline prenatally (

 

x

 

2

 

 

 

5

 

 5.1, 

 

p

 

 

 

,

 

 0.05). There was a similar trend
in male subjects that did not achieve statistical significance.

Figure 2 presents nAchR binding in cortex as a function
of sex, PPI status, and prenatal drug treatment. Three-way
ANOVA revealed a significant sex by PPI status interaction,

 

F

 

(2, 103) 

 

5

 

 6.21, 

 

p

 

 

 

,

 

 0.01. Subsequent two-way analyses, ex-
amining nAchR binding in the cortex of males (Fig. 2a) and
females (Fig. 2b) separately, revealed a significant effect of
PPI status in males, 

 

F

 

(2, 58) 

 

5

 

 6.03, 

 

p

 

 

 

,

 

 0.01, but no effects in
females. Specifically, male rats with low PPI had more nico-
tinic binding sites in cortex than did male rats with high PPI or
with intermediate PPI, regardless of prenatal drug condition.

Figure 3 presents nAchR binding in striatum as a function
of sex, PPI status, and prenatal drug treatment. Three-way
ANOVA revealed a significant drug treatment by PPI status
interaction, 

 

F

 

(2, 101) 

 

5

 

 5.121, 

 

p

 

 

 

,

 

 0.05. Subsequent two-way
analyses, examining nAchR binding in the striata of males
(Fig. 3a) and females (Fig. 3b) separately, indicated that this
significant interaction was a result of a drug treatment by PPI
status interaction among males, 

 

F

 

(2, 59) 

 

5

 

 4.158, 

 

p

 

 

 

,

 

 0.05, but
not among females. Among males that received nicotine pre-
natally, subjects with high levels of PPI had fewer nicotine
binding sites than did subjects with either low PPI or interme-
diate PPI (

 

p

 

 

 

,

 

 0.05).
There were no significant effects involving sex, PPI status,

or prenatal drug treatment on nAchR binding in hippocam-
pus, thalamus, or colliculi. Table 1 presents correlation coeffi-
cients to describe the relationships between nAchR binding
and PPI, for male and female pups. For males (Table 1 a),
there was a significant negative correlation between nAchR
density in the cortex, and percent PPI when the 98 dB stimu-
lus was used (

 

p

 

 

 

,

 

 0.01) but there were no significant effects
when the other two stimulus intensities were used. There also
was a significant negative correlation between nAchR density
in cortex and average percent PPI. For females (Table 1 b),
there was a significant negative correlation between nAchR
density in the striatum and percent PPI when the 98 dB stimu-
lus was used (

 

p

 

 

 

,

 

 0.05). There also was a significant negative
correlation between nAchR density in striatum and average

percent PPI. There were no effects of prenatal nicotine on
binding affinity (

 

K

 

d

 

 values ranged from 0.56 nM to 0.68 nM;

 

n

 

 

 

5

 

 9 subjects per group) and no relationship between bind-
ing affinity and PPI.

 

DISCUSSION

 

The present experiment examined effects of prenatal nico-
tine exposure on prepulse inhibition in 5-week-old male and
in female offspring. Changes in prepulse inhibition have been
interpreted as reflecting changes in sensory-motor gating
(5,6,29,30) and possibly attention (1,2). Results indicate signif-
icant effects of prenatal nicotine to reduce percent PPI in fe-
males to a 98 dB stimulus. It is possible that the effects of pre-
natal nicotine to impair PPI may reflect nicotine withdrawal
rather than a direct effect of nicotine administration on the
developing fetus. However, previous reports have indicated
that nicotine withdrawal can increase the amplitude of the
acoustic startle response measured in the absence of a prepulse
tone (12,13). Because there were no such effects revealed
presently, it seems more likely that the deleterious effects of
prenatal nicotine result from a deleterious effect of nicotine
on the developing fetus as suggested by previous reports
(16,26). The fact that the significant findings only occurred at
the lowest intensity suggests that even lower intensity stimuli
might be more sensitive to these prenatal nicotine effects.

Biochemical analysis revealed an inverse correlation be-
tween the percent of PPI and nAchR density in the cortex of
male rats, regardless of prenatal drug condition (see Table 1),
and an inverse relation between the amount of PPI and
nAchR density in the striatum of male rats that had received
nicotine (see Fig. 3a). Although females had nAchR densities
in the striatum that were negatively associated with percent
PPI (see Table 1), they had few biochemical changes associ-
ated with prenatal nicotine (see Figs. 2b and 3b). This biologic
sex difference is in contrast to the behavioral sex difference,
where impairments were manifest primarily in females. These
results suggest that prenatal nicotine exposure can impair PPI
without nAchR changes in females. In contrast, nAchR densi-
ties in the striatum of males varied with PPI in animals that

TABLE 1

 

CORRELATION COEFFICIENTS DESCRIBING THE RELATIONSHIP BETWEEN NICOTINIC RECEPTOR BINDING IN
SPECIFIC BRAIN REGIONS AND PERCENT PPI USING EACH STIMULUS INTENSITY

Hippocampus Colliculi Striatum Cortex Thalamus

dB Saline Nicotine Both Saline Nicotine Both Saline Nicotine Both Saline Nicotine Both Saline Nicotine Both

 

Table 1 a (Males)

98 0.20 0.13 0.17

 

2

 

0.17

 

2

 

0.22

 

2

 

0.21 0.00

 

2

 

0.26

 

2

 

0.17

 

2

 

0.56

 

†

 

2

 

0.24

 

2

 

0.38

 

†

 

2

 

0.02 0.11 0.04
112 0.16 0.20 0.19 0.20

 

2

 

0.04 20.13 0.02 20.22 20.13 0.08 20.13 20.23 0.15 20.02 20.06
122 0.24 0.10 0.15 20.04 20.09 20.07 0.09 20.24 20.13 20.10 20.02 20.01 20.05 20.02 20.01
AVG 0.29 0.19 0.24 20.02 20.17 20.13 0.05 20.33 20.20 20.41* 20.19 20.29* 20.06 20.06 20.01

Table 1 b (Females)

98 20.20 20.07 20.08 20.04 20.14 20.17 20.34 20.29 20.31† 20.08 20.16 20.12 20.05 20.26 0.03
112 20.06 0.03 0.05 0.11 0.03 0.00 20.42* 20.08 20.23 0.22 20.06 0.09 0.25 20.09 0.10
122 0.13 0.00 0.10 0.11 20.11 20.02 20.32 20.14 20.22 20.03 0.15 0.04 0.02 0.14 0.05
AVG 0.01 20.03 0.00 0.10 20.13 20.10 20.46* 20.26 20.34* 0.12 0.12 0.12 0.12 0.14 0.01

Data are presented for saline and nicotine subjects seperately, as well as for drug groups when collapsed. Data for males are presented in 
Table 1 a. Data for females are presented in Table 1 b.

*p , 0.05.
†p , 0.01.
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had received nicotine. These results suggest that a qualitative
difference may exist with respect to behavioral effects and be-
havioral 3 biochemical interactions of prenatal nicotine in
male and in female rats. This suggestion is supported by previ-
ous reports of sex differences in behavioral and neurochemi-
cal effects of prenatal nicotine administration observed using
different behavioral and biochemical assay procedures (10,15,
16,21,22). It is worthy to note that the present experiment did
not reveal general, nicotine-induced increases in the number
of nAchRs in brain as previously reported (26,33). There are
several possible explanations for this apparent discrepancy.
Slotkin et al. (26) reported greater effects of prenatal nicotine
administered by repeated acute injections than of the same
dosage of prenatal nicotine administered by osmotic minipump,
as in the present experiment. Second, and perhaps more nota-
bly, previous reports have not revealed nicotine-induced in-
creases in nAchRs measured more than 30 days after birth.
Because the present data were collected 35 days after birth,
the fact that the present experiment did not reveal general ef-

fects of prenatal nicotine administration on nAchRs is, in fact,
consistent with previous reports (26).

In summary, the present experiment examined effects of
prenatal nicotine exposure on prepulse inhibition of the acous-
tic startle response in young rats and on the density of nAchRs
in specific brain regions of young rats. Prenatal nicotine re-
duced subsequent percent PPI in female offspring but not in
male offspring.
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