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ABSTRACT
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Cigarette smokers report that one reason for smoking is that
it helps them cope with stress.

There is little evidence

that nicotine reduces any of the physiological effects of
stress, and instead , nicotine and stress have an additive
effect on physiological indices of stress.

One way that

nicotine may enhance stress-coping in humans is through
changes in attention because nicotine enhances vigilance and
selective attention in smokers and nonsmokers.

Attention is

reflected in aspects of the acoustic startle response

(ASR),

which can be modulated by both stress and nicotine and
studied in animals.

These experiments used a chronic

nicotine administration paradigm and an acute stressor to
test for interactions of stress and nicotine on amplitude ,
pre - pulse inhibition (PPI), and habituation of the ASR during
nicotine administration and cessation in rats .

iii

ASR amplitude

is a measure of sensorimotor reactivity, and PPI is be l ieved
to refle ct processes of at tention involved in sensory gating
and selective attention.

In Experiment 1 , 12 mg/kg/day, 6

mg/kg/day nicotine , or saline was admini stered to rats for 11
days.

On day 11, rats were stressed by restraint,

observation of conspecifics' restraint , or were not stressed
for 15-20 minutes prior to startling.
each increased amplitude and PPI.

Nicotine and stress

Nicotine significantly

interacted with stress such that nicotine prevented the
changes in amplitude and PPI associated with stress or
nicotine alone.

In Experiment 2,

(nicotine cessation) ,

nicotine (12 mg/kg/day) or saline was administered for 11
days prior to explantation.

On Day 1 of drug cessation ,

subjects were stressed by restraint or were not stressed for
1 5- 20 minutes prior to startling .

Cessation effects were

generally in a direction opposite to effects of nicotine
administration , but results were not significant .

Median

split analysis of base l ine reactivity revealed that more
reactive animals were primarily responsible for all
significant effects related to drug administration or stress.
It was concluded that the inverted U-shaped dose-effe ct curve
of nicotine on eNS activation may be shifted to the left by
stress.

The findings of these experiments are consistent

with human smoke rs' reports o f stress-reducing effects of
cigarette smok ing.

IV

Interactions of Stress and Nicotine
on Amplitude, Pre-pulse Inhibition, and Habituation
of the Acoustic Startle Reflex

by

Jane B. Acri

Dissertation submitted to the Faculty of the
Department of Medical Psychology
Graduate Program of the Uniformed Services University
of the Health Sciences in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
1992

v

ACKNOWLEDGMENTS

I wish to thank all of the people who helped with
these experiments.

Kelly Brown, Sandra Jochum, and Stephanie

Nespor assisted with actually running the experiments and
were there through those late nights in LAM when the lights
were off and there were more pleasant places that they would
rather be .

I appreciate their willingness to help .

Extra

thanks to Stephanie for her expertise in the blood collection
and for seeing me t hrough the corticosterone assays .
Thanks t o the LRC ' s afternoon and evening computer
support staff for their patience and help through Powerpoint
new versions of Microsoft Word .

They know their programs

well and were always willing to share their knowledge.
I appreciate the help of my committee members, John
Sarvey , Chris - Ellyn Johanson, Jerry Singer and Neil Grunberg .
They improved the experiments and the write up with their
suggestions and guidance.

They are wonderful people , and

having them o n my committee made the process a very positive
learning experience .
Most of a l l, I want to thank my advisor, Neil
Grunberg.

I have benefited immeasurably from his commitment

to the success of his students and the time he devotes to
teaching.

I feel extremely fortunate to have been a part of

his laboratory these past few years, and I have l earned from
him tremendously .

Thank you , Neil, for being so generous

with your time , ideas , guidance , and criticism .

I don ' t

think there are words to express the extent of my gratitude .

VI

TABLE

Approva l
Copyrigh t

OF

CONTENTS

sheet ..... .. . . .... . . •..•. ... •. . .... . .•.. . •. ... . i
statement . ... . • .. • . . . .. . . . . . • ... . . . . . . . . . .. . . i i

Abstract ... . . ... . . . . .. .... .........•..•.....•..•...... i i i
Title page . . . . . . . . . . .•. . .... . . . . . . . •. .. . • . . . . . . • ... . .. .. v

Acknowledgments ...... • . . .. . • .... •• . •..• .. • . .•. . •. . ..... vi

Table of contents .... .. .• ..•.. .. . . . . . . . . . . . . . . . . . . . . . viii
List of tables . . . . . . . . . . • . . . . . • . . • . . . . . . . • . . . . . •.. . . . . . . x
Li st of figures . . . . . . • ..•. . • . . • . . • . . . . . . . . . . . . . . . . . . . . xii
Introduction . . . . . . . . . . . . • . .•.. . . ... •... .. .... .. . • . . . . . . . 1

Nicotine .......... ... . ..•. . .. . .

, , 0 • • • •• • • • 0 • • ••••• •

3

Stress .. . .. . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . 9
Stress and Nicotine .. . ..... • . . . . . . . . . . . . . . . . . . . . . . 13
Nicotine Withdrawal .. . . . • . . • . . . . . . . . . . . . . . . . . • . . . . 20
Acoustic Startle . .... . . .. .. . ..... . ..... . ..... .. ... 22
Nicotine and Start l e . ... .... .. . . . . . . . .. . .... . ..... 25
Pre - pulse Inhibition (PPI) of Startle .... • . . . ... .. 26
Ni cotine and PPI . ..... . . . . . . . .. ..... .... . • . . .• . ... 27
Stress and Start l e .... .. • . . . . . . . . . . . . . . . . . . . . • . . . . 28
Overview and Hypotheses .... . .. • .. •. . • ..•. .•..•.. • ... . .. 31
Overvie w .. ... ... .. . .. . .. • . . • . .. • • . . •. • • .. • . . . . .... 31
Hypotheses ... . . . .... . . . . . . .. . • . ... . • . . . . . • . . . . . . . . 33
Experiment 1 .. ... .... .. •..•.. • . . . . . • . . • . . . . . . 33
Experiment 2 ..... •..•.. . . . . . . . . . . . . . . . . . . . . . . 36
Experiment 1 .... . ..... .... . •.... . . . • . .. ..•. .• . . •. . ..... 39
Overview .. . .. . .. ... . . .. . . . . . . . . . . ..... . . . .. . •. . ... 39
Methods . . . . . . . . . . . . . . . . . . .... • .. •..• .. • ..•..•..... 40
Subjects and Housing . . . . . . . . . . . • . . .. . • . . .. ... 40
Drug Administration ..... .. . . . .. • . . • .. • .. . . ... 41
Stress . . . .. ... . . . . . . . . . . . . ... . . . . . . . . . • . .... . 41
Acoustic Start l e Reflex Test ing .. .... • .. .. ... 42
Stress Index .... . . .. . . .... . . . . . . . . . . . • . . . . . . . 44
Procedure . . . . . . . . • . . . . . . . • . . • . . • .. .. ... . • .... 45

vii

Statistical Ana l ysis .. . .. •. . •. . •. . .. . . • .. . .. . 46
Results ... .. . . .. . . . . .. . . . . . . .. . . . . . . .. . . .

0

••

Overview ... . . . . ... .. .... .. . . .. . • • . ...•

48

••••••

0

.

0

••••

48

Stress validation . . .... . ..•.. .. .. .... .. ..... . 50
Multivariate ana l yses . .. ... .. .... .. • .. • . . . . . . 50
Ampl i tude . . . . . . . . . . . .. ...• . . . .. • . .

0

••

0

0

••

••••

51

Pre-pu l se inhibition . . . . .... . • . .

•

0

•

0

0

•

•

0

•

•••••

0

•

Habituation . .. . .. ... . . . . . .. . ....•..

•

•

•

54

••

•

58

•

Confirmation of Hypotheses . .. ... • . .. . ... . .. . . 59
Discussion . ..... .. ... ..... . ... . .... • .. .. .• • ..

0

•

•••

60

Amplitude ...... . . . . . .. . . . . . . .•. .. .. .. .. .. .. .. 60
Pre-pulse inhibition . ... . .. . . . . . . . . . . . .•... .. 64
Ha bituat i on ... .. . ... ... ....• . .. ..•..•..

0

•

•••

65

Summary . .... .. .. .

•

•••••

66

Experiment 2 . .. . . . . . . .

0

•

0

•

0

••

0

•

•

••

••

•••••

••

0

•

•

•

•

•

•

••••

••

••

•

•

••

•••

•

•

•

••••

•

••

•

67

••

Overview ... ... . . . . . . . . . . .. . ... . . . . . . • . . . . . . . . .. . . . 67
Methods ..... .. . . . . . . . . ... . ..... . .. . ... . ..... .. ... . 68
Subjects and Housing .. . . . . . . . . • ... . .• .. .. . ... 68
Drug Administration . . . . . . . .

0

•••••

•

•

•

•

•••

••

••

•

68

Stress ... . .. . . .. . . . . . . . . . . . . . . . . . .. ... . . . . . . . . ... . 69
Acoustic Sta r t l e Ref l ex Testing ... . . • ..

0

••

•••

69

Stress I ndex . . .. . . . . . .. . . .. . . ... . .. . • .. . .. . . . 71
Procedure . . . . .. ... . . .. . . . ..... . . . ... . ...•. ... .. ... 72
St a tistical Ana l ysis . . .. • .. . . ... . • . . •.. . ... .. 7 4
Results . . . . . . . . . . . . . . . . . . .. ...• . . .. . • . . . . . • . .

0

••••

74

Overview ... . . . .. . . . . .. . . . .. • . .•. .•.. . . . •. . . .. 75
Stress val i dation . . . . . . . . ..

0

••

•

••

•

Multivariate analyses .... . .

0

••

•

••

o ••••

•

Amplitude . . . . . . . . . . . . . . . . . . . . . . . . . .

•

0

•

••••

••

•

••

•

76

•

0

••

•

••

77

•

0

•

•

•

77

•

•

Pre-pulse inhibition . . . . . .. . . . . . . . . . . . . • . . . . . 80
Habituation . . . . . . .. ..... . .. . ..... . . . ... •. .. .. 83
Confirmat ion of Hypotheses .. . . . ... . •. . • . . .. . . 84
Discussion .... .... .. . . ... .. . . . . .. ..•... . . .. . . 84
Amplitude .. . . . . . . . . . . . ... . .. .•. . •..•.... .. . .. 85
Pre-pulse inhibition .. . .. . • . . . . . •. .. . . .. . . . . . 87
Habituat i o n ... .. . ... .. . . . .. .. • .... .•. .• . . .... 88

Vi11

L

Summary .......•..•••. . .. • • •.... • •. •. .••. . .... 89

General Di scuss ion ..... . .. . . .•..• . .•.• •. .•.• •. . •. .• .... 90
Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • ..... • .. • .. • ... .... 99
Figures . ..... ... ..•....... . • .. .....•..•..•. . • ..•...... 114
Figure l egends ....•..•..•..•.......•..•..•..•..• . . .... 114
References .... .. ..•. .•.. • ..•....... • ..•.. • ..•..•...... 134

IX

LIST

Table 1.

Experiment 1 .

OF

TABLES

Design of experiment : Effects of
nicotine and stress during nicotine
administration

Table 2.

Experiment 1.

Timeline of events

Table 3.

Experiment 2.

Design of experiment: Effect s of
st ress during nicotine cess a tion

Table 4.

Experiment 2.

Timeline of events

Table 5.

Experiment 1.

Hypothesis 5 .

Predicted dose

response effects of nicotine with
restraint stress
Table 6.

Experiment 1 .

Hypothesis 5 .

Predicted dose

response effects of nicotine with
obse rvati o n stress
Table 7.

Experiment 1.

Weight loss during experiment 1

Table 8.

Experiment 1 .

Means and standard deviations of
acoustic startle amplitudes using 98
dB , 11 2 dB and 122 dB stimuli.

Table 9.

Experiment 1 .

Significant post hoc comparisons of
sta r t le amplitude using 1 12 dB
stimulus.

Table 10.

Experiment 1.

Significant post hoc comparisons of
sta rtl e amplitude using 122 dB
st imulus .

Table 11.

Experiment 1.

Significant post hoc comparisons of
response amplitudes (112 dB
stimulus) using median spli t
(high / l ow ) of baseline responses as
a variable in the analysis.

Table 12.

Experiment 1.

Means and standard deviations of
acoustic startle amplitudes using 98
dB,

112 dB, and 12 2 dB stimuli with

pre-pulses.

x

L

Table 13.

Experiment 1.

Significant post hoc comparisons of
startle amplitudes using 98 dB
stimulus with pre-pulse.

Table 14.

Experiment 1.

Significant post hoc comparisons of
trials using 122 dB stimulus with
pre - pulse .

Table 15.

Experiment 1 .

Means and standard deviations for
calculated amount of inhibition
using 98 dB, 112 dB , and 122 dB
stimuli with pre - pulses.

Table 16.

Experiment 1.

Significant post hoc comparisons of
amount of inhibition , 112 dB
stimulus with pre-pulse.

Table 17.

Experiment 1.

Means and standard deviations of
calculated percent of inhibition
using 98 dB, 112 dB , and 122 dB
stimuli.

Table 18.

Experiment 1.

Significant post hoc comparisons of
amount of PPI ,

(112 dB stimulus)

u si ng median split (high/low) of
baseline.
Table 19.

Experiment 2.

Means and standard deviations of
acoustic startle amplitudes using
98 , 112 , and 122 dB stimuli.

Table 20.

Experiment 2.

Means and standard deviations of
amplitude of pre-pulse trials using
98 , 112 , and 122 dB stimuli with
pre - pulses .

Table 21.

Experiment 2.

Means and standard deviations for
calculated amount of inhibition
using 98 , 112, and 122 dB stimuli
with pre-pulses.

Table 22.

Experiment 2.

Means and standard deviations for
calcu lated percent of inhibition
using 98 , 112, and 122 dB stimuli
with pre-pulses.

Xl

L

LI S T

Figure 1.

Experiment 1.

OF

FIGURES

Effects of stress on plasma

corticosterone concentration (mean s
and standard erro rs) .
Figure 2.

Experiment 1.

Startle amplitude using 112 dB
stimulus (means and standard

errors) .
Figure 3.

Experiment 1.

Startle amplitude using 122 dB

stimulus (means and standard
errors) .

Figure 4.

Experiment 1.

Startle amplitude using 112 dB

stimulus and median split of initial
reactivity (means and standard

errors) .
Figure 5.

Experiment 1.

Amplitude of pre-pulse trials using
98 dB stimulus with pre - pulse (means
and standard errors) .

Figure 6 .

Experiment 1.

Amount of inhibition using 98 dB

with pre - pulse (means and standard

errors) .
Figure 7. Experiment 1.

Amount of inhibition using 112 dB
with pre-pulse (means and standard
errors) .

Figure 8 . Experiment 1.

Amplitude of pre-pulse trials us i ng
122 dB with pre-pulse (means and
standard errors) .

Figure 9. Experiment 1.

Amount of inhibition using 112 dB
with pre - pulse following median
s plit of initial reactivity (means
and s tandard errors) .

Figure 10 . Experiment 2.

Effects of stress o n plasma
cortico sterone c o ncentration (mean s
and standard erro rs) .

XII

L

Figure 11. Experiment 2.

Startle amplitude using 112 dB
stimulus (means and standard
errors) .

Figure 12 . Experiment 2 .

Startle amplitude using 112 dB
stimulus following median split of
initia l r eactivity (means and
standard errors) .

Figure 13. Experiment 2 .

Amount of inhibition using 98 dB
with pre - pulse (means and standard
errors) .

Figure 14. Experiment 2.

Amplitude of pre-pulse trials using
112 dB with pre-pulse (mea n s and
standard errors) .

Figure 15. Experiment 2.

Amount of inhibition using 112 dB
with pre-pulse (means and standard
errors) .

Figure 16. Experiment 2.

Amount of inhibition using 122 dB
with pre - pulse (means and standard
errors) .

Figure 17. Experiment 2 .

Amp l itude of pre - pulse trials using
112 dB following median split of
initial reactivity (means and
standard e r rors) .

Figure 18. Experiment 2 .

Amount of inhibition using 112 with
pre-pu l se following median split of
initial reactivity (means and
standard errors) .

xiii

INTRODUCTION

" Certainly smoking is one of the diversional activities
which, to many people , has proved to be so much more usefu l
t h an complete rest after exposure to severe stress. "
Hans Selye (1973 )
Cigarette smo kin g is the most preventable
environmental factor contributing to illness and death in the
United States .

Smoking is associated with cancers,

cardiovascular diseases , bronchopulmonary diseases , and
digestive diseases

(USDHHS, 1989 ).

Despite these deleterious

health consequences , more than 50 million people in this
country alone smoke cigarettes or self- administer other
nicotine - containing products.
The question of why pe ople who are aware of the health
ris ks of smoking continue to smoke cigarettes does not have a
simple answer.

It is well established that nicotine, the

chief active psychopharmacologic agent in tobacco ,
addictive substance (USDHHS ,

is an

1988) and that people who give

it up undergo a wi thdrawal syndro me

(Hughes , Hatsukami ,

Picke ns , & Svikis , 1984 ; Hughes & Hatsukami,

1992 ; 1986), but

there is a great deal of variability i n the reported severity
of nicotine withdrawal .

One commonly described reason for

smoking that people report , and that may contribute to the
difficulty in quitting , is that smoking helps individuals
cope with stress

(Shiffman ,

1 985; Wills

&

Shiffman ,

1985) .

How nicotine might interact with stress to relieve
some of its negative effects or how it might help people cope
remains a mystery .

Biochemical interactions of stress and

nicotine have been exami n ed , but do not suggest that nicotine
reduces the biochemical response to stress (Morse ,

1989) .

Interactions of stress and some of the behavioral effects of

1
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nicotine that may enhance stress - coping responses may yield

more useful information.
Stress-coping responses (Lazarus, 1977; Moos &
Billings, 1982; Pearl in & Schooler, 1978) can be grouped into
categories involving cognitive and behavioral processes
(Wills & Shiffman, 1985).

Two of the mechanisms within the

classification of cognitive coping are efficacy enhancement
and distracti o n (Wills & Shiffman, 1985), both of which may
relate to attentional processes.
This dissertation examined interactions of stress and
nicotine on three related behaviors during nicotine
administration and withdrawal: sensorimotor reactivity or
startle amplitude, sensory gating or pre-pulse inhibition ,
and habituati o n of the acoustic startle response.

These

behaviors were selected because they are thought to refle ct
aspects of attention and effects of nicotine on attention
that may be key to the way nicotine interacts with stress and
coping.

By examining behaviors that are affected by both

stress (Leitner, 1989; Davis, 1989; Korn & Moyer,

1965) and

nicotine (Acri, Grunberg, & Morse , 1991 ; Acri, Morse, &
Grunberg , 1992), it may be possible to examine some of the
ways in whi ch nicotine blocks or ameliorates the effects of
stress.
The prese nt experiments assessed the effects of
nicotine and stress on attention, as reflected in startle
amplitude, pre -pulse inhibition, and habituation using t h e
acoustic startl e reflex in rats.

The first experiment

examined effects during nicotine administration for a period
of 11 days; the second experiment evaluated effe cts on the
first day of nicotine cessation following 12 days of
administrat io n .

It was hypothesized that nicotine would

counteract some the deleterious effects of stress on
attention as measured by amplitude (reactivity), pre-pulse
inhibit ion

(senso ry gating), and habituatio n during nicot ine

administra tion .

It also was hypothesized that nicotine

cessation woul d exacerbate effects of stress on attention as

L
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measured by these same startle behaviors , which may relate to

why episodes of stress are related to smoking relapse among
quitters (Shiffman , 1985).
This paper reviews literature relevant to the proposed
expe riments involving actions of nicotine, stress, acoustic
start le , and the known interactions amo ng them .

First

reviewed are relevant effects of nicotine, in c luding effects
on attention, f o llowed by a discussion of stress and alarm
substances .

Alarm substances released by stressed animals

may induce stress responses in non-stressed animals that are
exposed to them , and were included in this review because one

of the stressors used in these exper iments was exposure to
other animals that were being stressed by physical restraint.
Additionally , relevant papers on stress and ni coti ne are
examined ,

followed by an examination of the literature on

nicotine withd rawal as it relates to stress .

The literature

on the acoustic startle response is reviewed , including
amplitude , pre-pulse inhibition (PPI) , and habituation.
Finally , the effec t s of nicotine on startle and PPI are
examined ,

followed by the effects of stress on sta rtle and

PPI .
Following these reviews , an overview of the
experiments and specific hypotheses are provided.

The

Methods section details the methods and rationales for the
procedures used in the conduct and analysis of the
experiments.

Nicotine
Although there is a substantial litera ture regarding
the biochemical and physiological effects of nicotine, the
exact mechanisms underlying many of its effects and its
addictive properties remain unknown.

Nicotine, like other

drugs of addiction, enhances mesolimbic dopamine transmission
(Imperato, Mulas, & DiChiara, 1986 ; Clarke , FU, Jakubovic, &
Fibiger ,

1988; Mifsud, Hernandez , & Hoebel , 1989).

It

is

L
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also a cholinergic agonist that stimulates autonomic ganglia ,
sympathetic effectors , somatic neuromuscular junctions, and
results in cortical arousal (Taylor , 1985).

In addition ,

nicotine has a number of behavioral effects that may have
reinforcement value , such as muscle relaxation (Domino & von
Baumgarten, 1969 : USDHHS , 1988; Hall , 1982 ; Epstein , Dickson ,
McKenzie, & Russell, 1984), improved concentration (Wesnes &
Warb u rton 1978 : 1983: Wesnes 1987) , stress reduction (Gilbert

& Spielberger, 1987; Pomerleau , Turk, & Fertig , 1984) , and
body weight changes (Grunberg, 1988 ; 1990).
Effects of Nicotine 00 Attention

A number of researchers have reported enhancements in
cognitive functions related to attention following nicotine
administration (see Warburton & Walters, 1989 ; Warburton ,
1989 ; Wesnes & Warburton , 1983 ; for reviews) , but many of
these studies have been limited by the lack of appropriate
non-smoking contro l groups.

That is , many of the reports of

improvements in memory and attention have used smokers
smoking as compared to deprived smokers, and in such studies ,
nicotine effects are actually being compared to withdrawal
effects in addicted smokers.

However , there are severa l

studies that report cogn i tive enhancements in nonsmo kers
fol l o wing nicotine administration.
Wesnes and Warburton

(1984a) administered nicotine in

tablet form to 12 male non-smoking subjects using a
counterbalanced , within-subject design so that each subject
received 0 mg,

0.5 mg, 1.0 mg , and 1 . 5 mg during 4 sessions

following 3 training sessions.

Subjects were asked to detect

specific series or groupings of digits embedded in a v isual
display of 100 digits per minute.

Significant improvements

in digit detection were reported for subject s receiving 1.5
mg nicotine as compared to control sessions during the first
10 minutes following administration.

L
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Wesnes, Warburton , and Matz (1983) administered
nicotine in tablet form to 36 male and female subjects
including 12 smokers of more than 15 cigarettes per day, 12
smokers of less than 5 cigarettes per day, and 12 nonsmokers.

Subjects received 0 mg, 1 . 0 mg, and 2 . 0 mg nicotine

in a repeated measures , counterbalanced design .

The task

involved detection of 50 ms pauses in the continuous movement
of a clock hand.

Doses of nicoti ne were administered at 20 ,

40, and 60 minutes after the start of the session that lasted
for 80 minutes.

Each subject participated in three sessions

in order to receive all doses of nicotine.

Results showed a

significant main effect for nicotine resulting in greater
detection of pauses , regardless of smoking condition
(treatment group), and a significant interact i on with time as
all subjects showed decreased detection over time.

The

authors interpreted these results to suggest that nicotine
prevents decreases in stimulus sensitivity or decreases in
the ability to detect pauses that occu r over time in placebo
conditions for both smokers and non-smokers.
Wesnes and Warburton (1978) reported that nicotine
resulted in reductions in the Stroop effect, or distraction
produced by irrelevant color names while naming the colors of
ink in which words are printed.

When subjects are asked to

name aloud the ink colors , they take longer to complete the
list than they do if asked to simply name patches of color .
Performance was compared in six smokers (16-hours dep r ived)
and six non-smokers after receiving 0 mg , 1 mg, and 2 mg
nicotine in a cou nterbalanced, within-subject design.
Nicotine reduced the magnitude of the Stroop ef fect in both
smokers and non - smokers in a dose-response fashion .

These

results suggested that nicotine reduced distraction and
argued against the interpretation that nicotine improves
performance o nly by preventing withdrawal .
Many stud ies of nicotine's effects on performance
compared smokers smoking to a cont r ol group of smokers n ot
smoking .

Wesnes and Warbu rton (1984b) assessed the effects

L
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of cigarettes of varying nicotine yield on male smokers.
Using four nicotine yields and a no-smoking condition ,
subjects ' performance on a digit series detection task was
compared during five sessions in a counterbalanced design.
The authors reported that nico tine improved performance with
a dose - response effect, and preve n ted performance decrements
in both speed and accuracy that occurred over time. However ,
this experiment used smokers not smoking as a control group ,
so withdrawal effects provide an alternative interpretation
to a ni cot ine-induced performance enhancement.
Similarly , Andersson and Hockey (1977) compared
smokers smoking and smokers not smoking in a between - subjects
design.

The task involved memory for words presented on a

screen .

Subjects were instructed to write down the words in

the correct order after all eight words had been presented .
Words were presented in different corners of the screen , but
subjects were not instructed to attend to word placement
until a second series of eight words was presented .

Results

indicated n o differences in performance f or memory of word
order , but when subjects were asked about word l ocat ion,
smokers showed poorer performance in memory for this
irrelevant cue when it was not part of the instruct ion.
However , when asked t o attend to location of words ,
performance for wo rd order was poorer for smok ers.

These

results were interpreted to mean that smokers smoking show
more limited and focused information processing as compa r ed
to smokers not smoking, and a greater ability to block out
irrelevant information.

However, as in Wesnes and Warburton

(1984b), possible withdrawal effects in the comparison group
prevent unequivocal conclusions concern ing nicotine ' s
effects .
Spilich , June , and Renner (in press) compared smokers
smoking , smokers not smoking (1 hour deprived), and
nonsmokers in a series of tasks that were graded in
complexity .

Although these authors reported that smokers in

the smoking condit ion had enhanced performance o n simple
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visual attention -reaction time tasks and poorer performance
on more complex tasks involving short term memory , there are
confounding variables in this study .

There was no evidence

that abstaining subjects were truly deprived smokers after
one hour, and because each task wa s presented to a different
subset of subjects within each treatme nt group, it is not
clear that differe nce s in performance were not related to
differences in subsets of subjects.

Therefore , no meaningful

conclusions can be drawn from this study , although if taken
at f ace value ,

it suggests that smoking enhances simple

attentional task performance .
Several other approaches also have been used to
examine nicotine ' s effects on cognitive processes related to
attention.

Certain cortical evoked potential responses are

believed to reflect attentional processes.

Nicotine has been

reported to enhance specific auditory and visual co rtical
evoked responses that reflect attentional mechanisms in
smokers smoking as compared to smokers n ot smoking (Knott
1986) .
In another approach,

several r esearchers have

administered nicotine to patients suffering from dementia of
the Alzheimer's type

(OAT) and have reported improvements in

accuracy and speed of responding in rapid information
processing follo wing nicotine as compared to placebo
(Sahakian, Jones , Levy , Gray , & Warburton, 1990).

There were

equal numbers of smokers and nonsmokers in the nicotine and
placebo groups.

Decrease s in int ru sion errors in memory

tasks following nicotine as compared to placebo also have
been reported in nonsmoking patients with OAT (Newhouse ,
Sunderland, Tariot, Blumhardt , Weingartner , & Mellow , 1988)
These effects are believed to reflect nicotinic cho linergic
stimulation, which may underlie some or all of nicotine's
reported cognitive effe cts .
In summa ry, there is evidence that nic otine improves
performa nce in simple cognitive tasks that may relate t o
attention in nonsmokers as well as smokers.

Additionally,
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nicotine may enhance cortical evoked potentials related to
attention, and may improve cog nitive performance related to
attention in patients with dementia .

These effects may serve

to alter s ome of the cognitive , affective , or beha v ioral
compo nents of stress and coping responses that are reviewed
under the heading of " stress. "

I f so , then effects of

n i cotine on a t tentio nal processes may h elp to e xplain why
people smoke unde r stress.
Nicotine ' s Neuroendocrine Effects Related to St r ess

It has been hypothesized that one of the reasons that

stress and nicotine self- administration are related is
because they have similar neuroendocrine effects
Baum , 1985)

(Grunberg &

These neuroendocrine effects are summarized

below .
Nicotine has direct and indirect effects on several
neuroendocrine and endocrine s y stems (USDHHS , 1988)

In

addition to its primary ef f ect as a cholinergic agonist ,
nicot i ne affects endogenous opioids (Pomerleau & Pomerleau ,
1984 ; Seyler , Pomerleau , Fertig , Hu n t ,

& Parker , 1986),

indoleamines (Benwell & Balfour 1982a; Balfou r, Benwell ,
Graham , & Vale, 1986) , and has a range of other biochemical
effects (See USDHHS , 1988) .
Nicotine also activates the adrenal medulla and the
adrenal - pituitary axis .

Ni cot i ne can i ncrease peripheral

ep i nephrine and norepinephrine (Grunberg , Popp , Bowen ,
Nespor , Winders , & Eury , 1988 ), increase ACTH and cortisol
(Ne whouse, Sunde r la nd, Nara ng , Mellow, Fertig , La wlor ,

&

Murphy , 1990) , and alter levels of plasma prolactin (e.g .,
Sharp , Beyer , Levine , Morley , & McAllen , 1987).
These effects of nicotine on adrenal and pituitary
hormones that are also involved in stress underscore the
complexity of reported stress - nicotine interactions and
highlight the necessity of using mo r e complex and integrated
behaviors to evaluate stress - drug interactions .

L
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stress

Stress is a collective term for an area of study in
which environmental demands, internal demands , or both , tax
or exceed the adaptive resources of an individual , social
system, or t issue system (Monat & Lazarus , 1977).

St r ess

usually involves stimuli or events called stressors , stress
responses (physiological, psychological , and behavioral), and
mediating variables .

The body responds physiologically to increased demands
involved in stress by releasing adrenocorticotropin (ACTH )
from the anterior pituitary , glucocorticoids from the adrenal
cortex , epinephrine from the adrenal medulla , and
norepinephrine from the sympathetic nerves (Axelrod &
Reisine , 1984).

Variations of this physiological response

have been observed in animal stress paradigms involving
crowding , immobilization , swimming , and electric shock
(Axelrod & Reisine , 1984).

Other changes occur involving

psychological and behavioral as well as physiological
responses to stress that may be specific to the species , type
of stressor, appraisal of threat, resources , coping
mechanisms, and a host of other mediating variables (Cohen,
Horowitz , Lazarus , Moos , Robins , Rose , & Rutter, 1982 ;
Fisher , 1984).
The activation of the peripheral autonomic
catecholaminergic systems during stress have long been known
(Cannon , 1914).

It has only recently been reported that

cerebral catecholamine containing neurons also are affected ,
including norepinephrine (NE)
(OA)

(Glavin , 1985) and dopamine

(Dunn, 1988) .
In addition to physiological effects , exposure to

stressors often results in cognitive and behavioral coping
responses in humans (Wills

&

Shiffman, 1985).

According to

these authors , coping responses can be cognitive or
behavioral.

Cognitive responses include minimization ,

distraction , d o wnward s o cial comparisons , restructuring,
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efficacy enhancement , thoughts of consequences , will po wer ,
and acceptance.

Behavioral coping responses include

decision - making , problem-solvi ng , direct action, withdrawal,

assertiveness , social support , relaxation , and pleasure seeking . Substance use as a coping mechanism is usually
framed i n terms of e ffects on mood , a l though it also seems
like l y that in the case of smoking , other types of cognitive
enhancements are i mplicated.
If nicotine improves cognitive attentional processes ,
it could enhance aspects of both cognitive and be h avioral

coping by increasing efficacy i n thought , decision-making ,
and problem- solving which could be helpful in coping wi th

stress . This possibility is consistent with the archived
literature, but has not yet rece i ved direct empirical
examination of effects of nicot i ne , stress , and their
int eraction on attent i onal processes .
Stress and Alarm Substance
Stressed rats emit o d ors that can stimulate act ivity
in non - stressed rats (Mackay-S i m & Laing , 1981a) . This
phenomenon may be the r esult of pheromones , or more
specifically , alarm substances . Pheromones are external
chemical secretions having conspecific communication
functions . Whereas some of these physiologica l regulatory
functions are related to estrus synchrony in females , other
functions are communicative and are classified as sex
attractants , alarm substances , trail substances ,
territoriality , and indiv i dual recognition substances
(Gleason & Reynie r se , 1969) .
A study in which odors of urine from a stressed rat,
feces from a stressed rat , or the stressed rat itself were
present , compared running times in a maze with water r eward
and running times when the same stimuli from non-stressed
rats were available. Mackay-Sim and Laing (198 1b) reported
that running times were slower when odors from urine and the
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body of stressed rats were available, but not odors from
feces of stressed rats.

These authors concluded that

behavior-altering odors are released from the body surface
and urine, but not from the feces of stressed rats.
Other experiments have examined the effects of these
odors on other animals during free exploration.

Mackay-Sim

and Laing (1980) reported that animals spent progressively
less time on the side of a compartment odorized by rats

receiving progressively higher levels of stress.

Further,

subjects exposed to odors from stressed animals were
significantly more active than subjects exposed to odors from

non-stressed rats .

Odor donors had been either non - stressed,

exposed to one 2-sec , 2

rnA

shock , five 2 - sec , 2 rnA shocks or

five 2-sec , 2 mA shocks for 5 days.
Mackay- Sim and Laing (1981a) reported that activity
was increased in animals receiving odors from stressed rats
as compared to odors from non-stressed rats .

There were

greater latencies in time to enter a maze when it was
odorized by air passing over the body of a stressed rat, o r
the blood of a stressed animal .

It also was noted that

activity was stimulated by odors from rats receiving five 2sec shocks in 15 minutes , but activity was inhibited by odo rs
from rats receiving 35 minutes of intermittent shock.
Valenta and Rigby (1968) reported that rats trained to
discriminate odors from stressed rats and non-stressed rats
could reliably discriminate these odors .

Air samples were

taken fr o m cage s of undisturbed rats and rats that had just
received several 1

rnA

shocks to the flanks.

Wasserman and Jensen

(1969) reported that detection of

odors from stressed rats could disrupt the task performance
of non - stressed rats.

Experimental rats showed a " pseudo-

extinction " effect, or a decrease in running speed in a
continuously food - rewarded task after extinction trials of
another group on the same apparatus .

The apparatus floor was

covered with either clean paper, paper traversed by a single
reinfo rced subject, or paper traversed by a single subject
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undergoing experimental extinction.

Results indicated that

the odor trace of a rat undergoing experimental extinction
could significantly disrupt the performance of a subsequently
run animal that was previously reinforced.
Dunn (1988) reported that ,

in mice , exposure to stress

odors was sufficient to trigger the dopamine (OAl
of the stress response.

components

Mice that were placed in boxes where

other mice had received shock (20 x 1 sec at 0.2 rnA in 15
min) without cleaning the boxes in between, showed changes in
DOPAC:DA (DOPAC is a DA catabolite 3,4-d!hydroxypheny!acetic

acid) rati os , MHPG (3-methoxy , 4-hydroxyphenyleneglycol) :NE
ratios in prefrontal cortex, hypothalamus and brainstem ; and

plasma corticosterone similar to those observed in shocked
animals . When the boxes were cleaned with a water-ethanol
mix and were allowed to dry between animals, the full effect
did not occur, suggesting that the effect was mediated by
olfactory cues.
Behavioral responses similar to those observed
following stress occurred in rats when animals are forced to
swim in water in which another animal had been forced to
swim. Abel and Bilitzke (1990) studied the duration of
immobility when animals were forced to swim. In a forced
swim, animals at first swim energetically, but later become
immobile , making the minimum number of movements to keep
their heads above water. Prior foot shock and noise
decreases the duration of the immobility response . Swimming
in water in which another animal had been forced to swim also
decreased the duration of the immobility response. To
control for the possibility that a communicative signal or
substance was contained in urine and feces, urine and fece s
from animals receiving shocks were placed in water in which
animals were forced to swim. No decrease in immobility was
seen. Abel and Bilitzke (1990) concluded that decreases in
immobility occurred due to the presence of an alarm substance
that was released during forced swim that wa s not present in
urine and feces of otherwise stressed animals.

13
It is, therefore, likely that odors and distress calls
from stressed animals not only will be perceived by nearby
animals, but are capable of altering behavior and may ,
fact,

in

indu ce elements of the stress response itself .

Stress

and

Nicotine

It has been reported that chronic cigarette smokers
smoke more under stress, and smokers se lf-report that smoking
has a calming or relaxing effect

(Ro se , Ananda & Jarvik ,

1983; Wills & Shiffman , 1985 ; Shiffman , 1985; Barnes &
Fishlincki ,

1976; Ikard

& Meeker , 1983) .

&

Thomkins,

1973; Kleinke , Staneski,

It is not known whether people smoke more

unde r stress because smoking decreases the physiological,
behavioral, cognitive , or biochemical stress responses , or if
people smoke more under stress because stress alters the
biochemical availability o f nicotine and precipitates a
withdrawal response whi ch is in it se lf stressful.

It has

been argu ed that stress affects circulating levels of
nicotine through its effects on urinary pH (S chacht er, 1978;
Schachter, Kozlowski,

& Silverstein, 1977), and that stress

results in decreased blood levels of nicotine (Winders ,
1990).

These findings would lead to the hypothesis that

stress precipitates withdrawal effects, and that smoking
increases under stress in order to prevent withdrawal.

On

the other hand , there is no evidence that nicotine reduces
the neuroendocrine response to stress and, in fact , nicotine
increases levels of stress hormones following nicotine
administration (Morse , 1989).

Both nicotine and stress

independently increase blood leve ls of co r ticosterone and
catecholamines.

When nico tine wa s administered during

stress , levels of corticosterone and catec holami nes in
rabbits were higher than during either nicotine or stress
alone (Morse , 1989) .

This finding would suggest that

nicotine has no direct neuroendocrine effect i n ameliorating
the stress response .
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Similarly , Perkins , Epstein , Jennings , and Stiller
(1986) and MacDougall, Oembroski , Slaats, Herd , and Eliot
(1983) reported that cardiovascular effects of stress and
smoking in combination were greater than effects of either
stress or smoking alone in humans.

using a video game stress

task and aerosol nicotine administration in 12 young , male
smokers, Perkins and colleagues (1986)

reported that effects

of stress and nicotine were additive for heart rate , but less
than additive for systolic and diastolic blood pressure .
MacDougall and colleagues (1983) examined
cardiovascular reactivity in smokers smoking and smokers sham
smoking when exposed to stress.

The stressor involved

playing a series of difficult video games under challenging
instructional conditions .

Fifty-one smokers randomly

assigned to stress and smoking conditions were compared.
Subjects who smoked during stress showed approximately
doubled increases in systolic blood pressure , diastolic blood
pressure, and heart rate as compared to smokers not exposed
to stress or subjects exposed to stress while sham smoking.
Consistent with the view that nicotine exacerbates
stress responses, Balfour (1982) has reported that nicotine
impairs animals ' ability to adapt to repeated stress as
measured by corticosterone levels, and reverses the normally
positive relationship between hippocampal serotonin and
plasma corticosterone.

That is , saline- treated animals show

decreased plasma corticosterone with stress adaptation, and a
positive relationship between hippocampal serotonin and
plasma corticosterone after adaptation to stress .

In

contrast , animals chronically injected with nicotine and
exposed to stress show a negative correlation between
hippocampal serotonin and plasma corticosterone (Benwell &
Balfour, 1979, 1982b) .

These studies suggest that nicotine

does not reduce physiological aspects of the stress response.
However , there is evidence that nicotine may modulate
other aspects of the stress response.

Yamanaka , Muramatsu ,

and Kigoshi (1987) reported that long - term administration of
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nicotine induces down - regulation of cortical beta
adrenoceptors and attenuates the receptor alteration by
repeated stress.

In this study, nicotine (5 - 8 mg/kg/day) was

administered to rats in drinking water for 4 weeks , and
immobilization stress was applied daily for 2 hrs/day for the
last 5 days .
sites for

Both nicotine and stress decreased binding

3H- dihydroalprenolol (DHA), but in combination,

failed to further decrease binding sites .
Sharp and colleagues (1987) reported that single doses
of nicotine (0.75 - 3.0 mg/kg) significantly decrease the
elevations in plasma prolactin (PRL) due to restraint stress
administered 60 minutes later in rats.

Although single doses

of nicotine without stress elevate adrenocorticotropin (ACTH)
levels and have biphasic effects on plasma PRL in rats, this
stimulatory effect desensitizes.

Chronic nicotine

administration for 7 days also does not affect PRL responses
to restraint stress.

These results suggest that single doses

of nicotine reduce the PRL component of the stress response ,
but that chronic nicotine administration does not affect this
aspect of the stress response .
Kiritsy-Roy , Mousa, Appel, and Van Loon (1990)
reported that systemic or intraventricular administration of
nicotine produced dose-related increases in the concentration
of epinephrine in plasma.

Increases in norepinephrine

occurred only with systemic administration of nicotine.

Rats

showed tolerance to nicotine effects after a single
intraventricular injection, but required injections every 30
minutes in order to show tolerance to systemically
administered nicotine.

Rats that were tolerant to systemic

administration of nicotine were cross tolerant to stress with
regard to sympathoadrenal stimulation, but cross tolerance
was not detected in rats following intraventricular
administration .

These results suggest that nicotinic

receptors in the brain modulate the sympathetic outflow and
adapt readily to nicotine stimulation, but probably are not
involved in sympathoadrenal stress responses.
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Collins, Bhat, Pauly, and Marks

(1990)

reported that

chronic corticosterone (CCS) treatment resulted in decreases
in the number of brain nicotinic receptors measured by USI_
bungarotoxin binding in vivo.

Additionally, in vitro

addition of CCS inhibited binding to nicotinic receptors.

These authors propose that changes in numbers of receptors
and altered steroid interactions with nicotinic receptors are
involved in tolerance to nicotine , but they may also be

involved in the stress response .
Overstreet, Janowsky, Gillin, Shiromani, and Sutin
(1986) studied the effects of stress and cholinergic
antagonists on several rat strains.

The Finders Sensitive

Line (FSL) of rats, known to be more sensitive to cholinergic
agonists , was found to show greatest immobility in response
to forced swim.
et al.

These results,

in light of those of Collins

(1990) described above , are consistent with stress-

ameliorating effects of nicotine.
In summary, there is evidence that nicotine
administration may influence aspects of the stress response
under specific conditions, through complex interactions of
central nicotinic receptors and the secretory activity of the
hypothalamic - hypophyseal - adrenal axis .
Other explanations for increased smoking during stress
focus on affective and cognitive changes .

It has been

suggested that nicotine's effects on subjective experience of
stress are related to nicotine ' s effects to reduce negative
affect in deprived smokers

(Hughes, Hatsukami, Pickens,

Krahn, Malin, & Luknic, 1984; Shiffman, 1985).

Few examples

of mood elevation in response to nicotine in non-deprived
smokers have been found , so it may be that nicotine simply
averts dysphoric withdrawal effects.

Alternatively , smoking

may serve as a psychological tool (Ashton & Stepney , 1982) by
offering an alternate focus of attention or by changing
attentional processes such that smokers are less aware of
negative somatic experiences .

That is, smokers may have
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altered awareness of negative affect or negative somatic
experiences , as described in the following experiments .
Woodson , Buzzi , Nil, and Battig (1986)

reported that

smoking prevented increases in self- reported stress
reactivity to noise bursts in female smokers smoking as

compared to female smokers sham smoking .

Smokers also

experienced suppression of noise - induced tachycardia and
partial inhibition of noise-induced vasoconstriction .
Nesbitt (1973) and Silverstein (1982)

reported t h at

smoki ng increases pain tolerance for shock , again suggesting
an altered awareness of or attention to somatic experience.
Pomerleau and colleagues (1984) reported smoking-related
reductions in anxiety levels when smokers were exposed to
difficult anagrams or pain using the cold pressor test .
Smokers of nicotine-containing cigarettes reported reductions
in pain and anxiety as compared to smokers of cigarettes
containing no nicotine (Pomerleau , Turk & Fertig ,

1984).

In contrast , Hatch , Bierner, and Fisher (1983) did not
find nicotine-induced reductions in emotional behavior
(peripheral autonomic, electrocortical , self-report, and
observer ratings of overt motor behavior reflecting anxiety)
of subjects preparing for a speaking task.
smokers

(~20

cigare t tes/day for

~

All subjects were

one year) asked to either

smoke a high- or low - nicotine cigarette or no cigarette at
all while preparing for public speaki n g.

Groups did not

differ on any of the four dimensions of emotional behaviors
measured in this experiment, despite greater desire to smoke
during stress.
Similarly, Gilbert and Hagen (1980) reported no
difference in self- reported emotion between smokers given
high (1.3 mg) or low (0 . 2 mg) nicotine cigarettes and exposed
to emotionally arousing videotapes.

Subjects in the high

nicotine condition reduced self- reports of perceived muscular
tension and startle , but did not perceive increased heart
activity in spite of actual significant increases.

These

authors concluded that decreases in perceived muscle tension
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and failure to detect increased heart activity in the high
nicotine condition is consistent with an increased perceptual
threshold model of nicotine's affect - reducing properties.

In

other words, nicotine may raise the threshold of perception

of affective and somatic changes .
Other studies have been less clear cut in terms of

nicotine ' s stress reduction.

Jarvik , Caskey, Rose,

Herskovik, and Sadeghpour (1989) reported that smoking
reduced anticipatory anxiety in an anagram task, but smokers
and deprived smokers reported equal anxiety following noise

stress on an auditory vigilance task.
A possible explanation has been offered by Eysenck
(1973)

for some of the inconsistent effects of nicotine on

stress reduction .

Eysenck (1973) argued that discordant

effects can be accounted for when the effects of the
organism ' s initial state of arousal are taken into
consideration.

In this view , extraverts, who tend to smoke

more (Eysenck, 1965) are characterized by lower cortical and
autonomic arousal, whereas introverts are characterized by
higher cortical and autonomic arousal .

However, extraverts

prefer higher arousal and introverts prefer lower arousal
such that a low level of stimulation will have a positive
hedonic tone for introverts, and a negative hedonic tone for
extraverts.

Thus smoking , with its arousal effect on the

electroecephalogram (EEG)

(Arm i tage, Hall ,

&

Morrison , 1968),

will be reinforcing for extraverts or those preferring higher
levels of arousal .

However, at higher doses , nicotine may

have the opposite effect

(Armitage et al. , 1968) and may thus

be reinforcing to introverts or those preferring lower levels
of arousal .

Smoking could, therefore, be used during stress

to modulate arousal to a more desirable level.
Similarly, Nelsen (1978) proposed that nicotine
influences behavior via its modification of the activities
of, and the interactions between, certain neural systems
involved in arousal (cortical, limbic, and reticular
formation).

If reticular formation

(RF) and limbic systems
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are mutually inhibitory, possibly the over - arousal or
hyperstimulated state resulting from increased RF activation
could be counteracted by increased limbic activation .

Nelsen

proposed that chronic nicotine results in a predominance of
limbic - mediated arousal.

A study was conducted to test the

efficacy of nicotine as an antagonist of the behavioral
disruption resulting from RF stimulation (cortical arousal)

Nicotine significantly reduced the amount of "freezing" time
or behavioral disruption caused by RF stimulation in rats.
Nelsen also used a "cat stressor" with rats and found that
nicotine treatment afforded protection from the behaviorally
disruptive influence of the cat, and animals originally
categorized as more highly emotional were preferentially
protected by nicotine in terms of the relative disruption of
specific elements of behavior (freezing).

Nelsen

hypothesized that this effect is mediated by shifting the
hippocampus toward a less synchronized state as it is during
the spontaneous focusing of attention .

She concluded that

nicotine induces a behavioral state which is less susceptible
to disruption by intrusive environmental or emotional
challenges .
The studies described in this section suggest that
nicotine does not have a direct e ffe ct to reduce plasma
corticosterone or catecholamines during stress, and does not
reduce cardiovascular effects of stress .

However , nicotine

may modulate adrenocortical activity through changes in
central nicotine receptors and may modulate sympathetic
outflow, as plasma corticosterone may be involved in
mechanisms of nicotine tolerance .

There may, however, be

more direct and immediate effects of nicotine on cogniti v e
processes that allow an individual to be less aware of
somat ic sensation, to modulate arousal, and to induce a
behavioral state which is less susceptible to intrusions.
Through changes in attentional mechanisms , nicotine may
decrease perceptions of negative affective and somatic
experience; an effect that may be directly stress-reducing.
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Nicotine may alter attentional mechanisms to allo w for more
effective coping by decreasing the intrusiveness of stressful
stimuli .

Nicotine

withdrawa1

The tobacco withdrawal syndrome has been well
documented in humans and consists of symptoms of craving for
tobacco,

irritability, anxiety, difficulty concentrating,

restlessness , bradycardia, impatience, somatic complaints ,
insomnia ,

increased hunger, and increased eating (Hughes et

al . , 1984b; Hughes & Hatsukami, 1986; Hatsukami, Dahlgren,
Zimmerman, & Hughes, 1988; APA, 1987; West & Russell, 1988)
These symptoms peak between 1-3 days following smoking
cessation.

withdrawal symptoms from giving up cigarettes are

generally believed to be associated with relapse but there is
a known association in only about 45% of cases (Shiffman,
1985) .

This relationship has been found to be stronger for

female than for male smokers (Guilford, 1966).

There does,

however, seem to be some evidence that stress and negative
affect situations are related to relapse in general.
Studies linking stress and negative affect with
relapse appear in human clinical settings.

Shiffman (1982)

analyzed data on relapse crises of 183 ex-smokers calling a
relapse - counseling hotline.

Most relapse crises were

associated with negative affects, particularly anxiety ,
anger, or depression. Abrams, Monti , Pinto, Elder , Brown, and
Jacobus (1987)

studied coping skills in male and female

cigarette quitters and relapsers in four situational
contexts.

Successful quitters coped better than relapsers

with intrapersonal negative mood smoking specific-situations
(scenarios previously determined to be high risk situations
for smoking relapse because of the presence of stress,
tension, anger/frustration , boredom, loneliness, etc.)
Successful quitters also had lower anxiety scores.

Women

self - reported more stress and less confidence in their
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Groups did not

ability to cope with stress than did men .

differ in responses to general social competence and social
anxiety measures.

Livson and Leino ( 1 988) reported that

smokers generally describe different motivations for smoking,
with women smokers more likely to report smoking for pleasure
and reduction of negative affect.

These authors interpret

these findings as reflecting attempts to cope with stress.
Other reasons involve habit, addiction, stimulation, and

sensorimotor manipulation.
Animal studies also have examined withdrawal effects
in light of stress.

Morrison (1974) examined the effects of

nicotine and withdrawal on rats ' performance on ,signaled and
unsignaled avoidance trials.

Twenty - five pairs of rats were

trained on an unsignaled avoidance paradigm and nine pairs of
rats were trained on signaled shock avoidance trials.

One

rat from each pair received 0 . 4 mg nicotine/kg subcutaneously
The other rat from

immediately prior to each training trial .

each pair received an equal volume of saline .

Rats that had

received nicotine prior to training received fewer shocks
than saline treated animals on unsignaled avoidance trials.
However, when saline was substituted for nicotine
(withdrawal) , there was a significant deterioration in
performance for rats that had previously received nicotine ,
such that they received significantly more shocks than
animals previously treated with saline.

For signaled shock

avoidance, nicotine - treated rats took s i gnificantly fewer
shocks than did saline - treated rats, but there were no
significant differences between the two groups when saline
was substituted for nicotine (withdrawal).

Morrison (1974)

concluded that effects of nicotine withdrawal are determined
by stressfulness of the task, such that nicotine withdrawal
only disrupted performance when stress was involved in
unsignaled shock avoidance.
In tasks where there is no stressor , withdrawal
effects may not be seen.

Levin , Lee, Rose, Reyes, Ellison,

Jarvik , and Gritz (1990) assessed performance of rats in a
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radial - arm maze during and after chronic nicotine
administration.

Nineteen rats received either 0 mg or 3.4 mg

nicotine per day via subcutaneously implanted glass and
Silastic pellets .

Pellets were removed after three weeks.

Results indicated improved choice accuracy during and for two
weeks following nicotine administration.

The authors

interpreted these results to suggest that nicotine improved
performance on a spatial memory task both during
administration and for two weeks after nicotine cessation.
Overall, these results suggest that nicotine
withdrawal effects may be exacerbated by stress .

Effects of

nicotine cessation may not be detected unless a stressor is
involved in the behavioral paradigm used.

Therefore, it is

advantageous to use behavioral paradigms in which effects of
both drugs and stressors can be measured .

The acoustic

startle response meets these criteria and is related to the
proposed mechanism, attention.

Acoustic

Startle

The acoustic startle reflex (ASR) is a sensitive index
of reactivity to external stimulation (Davis, 1984).

It is a

relatively simple behavior that occurs naturally in mammals
and is affected by a variety of experimental treatments.

The

ASR consists of a series of rapid movements beginning at the
head causing contraction and extension of major muscle groups
in response to auditory stimuli with a rapid onset , or rise
time.

Responses are graded in amplitude in relation to

stimulus intensity, and may show pre - pulse inhibition ,
habituation, and sensitization.

These phenomena are related

to interstimulus interval, number of stimuli, and signal - to noise ratio.
The intrinsic neural pathway underlying the startle
response includes the ventral cochlear nucleus, the ventral
nucleus of the lateral lemniscus, the nucleus reticularis
pont is caudalis , and motor neurons in the facial motor

23
nucleus and spinal cord.

Startle responses can be elicited

electrically from each of these areas in the rat

(Davis,

1986) .

Although the primary or intrinsic neural pathway of
the startle reflex is contained within the brainstem , a
number of extrinsic neural structures are capable of

modulating the response . Lesions of the olfactory bulbs (van
Riezen , Schneider, & Wren , 1977), hippocampus (Coover &
Levine, 1972), septum (Gage, 1978), periaquaductal gray
(Blair , Liran, Cytryniak , Shizgal , & Amit, 1978), and median

raphe all increase startle , whereas lesions of the auditory
cortex and inferior colliculus decrease startle amplitude
(Davis,

1984).

Although the startle response is a basic , defensive
reflex , it is of interest because it can be modulated by
higher level processes such as attention (Anthony & Graham,
1983; Simons & Zelson , 1985; Anthony , 1990) and emotion
(Vrana & Lang , 1990; Bradley, Cuthbert & Lang, 1990), and it
provides an index of the influence of these variables on
sensorimotor reactivity.

Additionally, the phenomenon of

pre-pulse inhibition , which occurs when a weaker , nonstartle-eliciting stimulus precedes the startle-eliciting
stimulus by a specific interval , is thought to be a model of
sensory gating or an aspect of selective attention (Swerdlow ,
Braff, & Geyer , 1986; Swerdlow, Koob, Geyer , Mansbach, &
Braff, 1988; Peng, Mansbach, Braff, & Geyer ,

1990).

Habituation of the startle response , or decrements in
amplitude when stimuli are presented with a fixed
interstimulus interval, have been used as a model of
behavioral plasticity or a rudimentary form of learning
(Groves & Thompson , 1970; Thompson & Spencer, 1966).

It can

also be viewed as a decrement in reactivity related to
decreased attention.

The startle response, therefore,

provides measures of general reactivity, sensory gating, and
behavioral plasticity that might be influenced by behavioral
state and pharmacologic manipulation.
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Many studies have reported that startle amplitude can
be modified by administration of drugs that alter
neurochemical transmission and startle has been used as a
paradigm to determine sites and mechanisms of drug acti on.
With regard to drugs of add i ction , the amplitude of startle
is increased by acute doses of d - amphetamine (Kokkinidis &

Anisman 19 78 ; Davis, Svensson, & Aghajanian, 1975) .

Chronic

amphetamine treatment wi th 10 mg/kg i . p . injection for five

consecutive days increased startle amplitude compared to
saline controls, but this enhanced startle decreased each day
(Kokkinidis & Anisman , 1978) .

Further , there was no

amphetamine withdrawal effect on acoustic startle measured 24
hours after 10 days of amphetamine administrat i on
(Kokk i nidis, Zacharko , & Anisman, 1986).

A dose of 1 0 mg/kg

cocaine inje c ted i.p. increased s t artle (Harty & Davis,
1985), but coca i ne's effects on startle amplitude could be
blocked by pre - treatment wi th the DA antagonist , haloperidol
(Davis , 1985) .

These results are consistent with the

interpretation that DA is involved in startle modulation .
Pohorecky , Cagan , Brick , and Jaffe ( 1 976) reported that a
dose of 1 g/kg ethanol reduced startle amplitude , and
Mansbach , Gold , and Harris (1991) reported that naloxone
injection decreased startle amplitude in rats treated with
morphine as compared to naloxone injected rats treated with
placebo.
Habituation is a relatively transient form of
behavioral p lastici ty t hat occurs in most members of the
animal kingdom .

Drugs affecting the cholinergic system were

used by Overstreet

(1977) to determine if this neurochemical

system may specifically mediate habituation of the acoustic
startle response in rats.

The author re ported that acute

administrat ion of diisopropyl fluorophosphate

(DPF) , an

irreversible anticholinesterase agent , significantly reduced
the rate of habituation , but OPF was the only drug affecting
the cholinergic system that did so and its effects were
transient.

There was a tendency for physostigmine
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(cholinesterase inhibitor) and pilocarpine (muscarinic

agonist) to depress the startle amplitude and for atropine t o
increase it , but these drugs did not interfere with
habituation , suggesting that the cholinergic system may

modulate the startle response level, but does not generally
appear to playa role in habituation.

Drugs that raise

levels of acetylcholine (ACh) or mimic its actions lower the
response amplitude, whereas those that block the muscarinic
action of ACh increase the response level (Overstreet, 1977).
Warburton and Groves (1969) found that scopolamine, a
muscarinic cholinergic antagonist, increased the amplitude of

startle response , but did not alter the rate of habituation
in rats .

Pavlasek (1989)

reported that microinjection of

norepinephrine (NE) into the pontomedullary reticular
formation

(RF) resulted in increased startle amplitude.

These results suggest that NE may play a neuromodulatory role
with RF neurons to increase the amplitude of startle .

Davis ,

Cedarbaum, Aghajanian, and Gendelman (1977) reported that the
alpha-adrenergic agonist clonidine reduced startle amplitude
by increasing within-session habituation in rats.

This

effect was postulated to be mediated not by increases in NE,
but stimulation of epinephrine.
Acoustic startle amplitude and habituation, therefore,
are modifiable by neurotransmitter systems involved in both
stress and nicotine administration.

Nicotine

and

Startle

Collins and colleagues (1986, 1988) reported effects
of i.p. injection of nicotine on the amplitude of acoustic
startle in mice.

Collins, Evans, Miner, and Marks

(1986)

reported data for two strains of mice, and of these, C3H mice
showed significan t

increases in amplitude and the DBA strain

showed significant amplitude decreases.

Collins, Miner, and

Marks (1988) again reported differences according to strain,
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with C3H mice again showing increases and C57BL mice showing

no change.
Recently, Acri, Grunberg, and Morse (1991) reported
that chronic nicotine administration to rats at a dose of 12
mg/kg/day significantly increased the amplitude of the
acoustic startle reflex.

This effect was present after 1 day

of nicotine administration and rats showed no evidence of
tolerance to this effect over 10 days of chronic
administration.

Acri and colleagues (1991) concluded that

increases in startle amplitude reflect nicotine's actions to

enhance attention .
Helton, Tizzano, Modlin, and Rasmussen (1991)
administered either 0, 10, or 20 mg/kg/day nicotine for 12
days using osmotic minipumps.

Changes in startle amplitude

during nicotine administration were not reported , but startle
amplitude increased during days 1-5 of nicotine withdrawal in
rats.

These results are in contrast with Acri and colleagues

(1991), who reported that startle amplitudes returned to
baseline and were not different from saline responses during
nicotine withdrawal .
Gilbert and Hagan (1980) studied the effect of
nicotine on self-report of startle in humans in order to test
the hypotheses that nicotine reduced emotional reactions .
Smokers viewed videotapes of emotion - producing scenes
following smoking a high (1.3 mg) or low (0 . 2 mg) nicotine
cigarette.

Nicotine reduced self- report of muscular tension

and self - report of startle, but did not cause a perception of
increased heart rate despite its occurrence.

The actual

startle response , eyeblink, or other aspects of attention
were not measured in this experiment.

Pre-pulse

Inhibition

of

Startle

Pre-pulse inhibition (PPI) of the startle reflex,

like

startle amplitude, also may reflect attentional processes .
PPI occurs when a weak (non-startle-eliciting), pre - stimUlUS
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precedes the startle eliciting stimu lus by 20 -50 0 msec and
results in an attenuation of the amplitude of the startle
reflex.

This effect is believed to reflect an active

inhibitory process that develops independently of startle
itself (Parisi & Ison, 1979) and can be altered by lesions of
various brain structures (Leitner, Powers , Stitt ,
1981 ; Leitner & Cohen 1985; 1988).

& Hoffman ,

Deficits in pre-pulse

inhibition of the startle reflex occu r in schizophre nic

patients (Braff, Stone , Callaway , Geyer ,

Gli~k ,

& Bali,

1978) , and PPI has been offered as a model for the study of

specific time-dependent information processing and sensory
gating disturbances that have been identified in
schizophrenics

(Swerdlow et al., 1986).

This disruption has

been shown to occur in rats following apomorphine (dopamine
agonist)

stimulation of denervated dopamine receptors wit hin

the nucleus accumbens

(Swerdlow et al. , 1986) .

Disruption of

pre - pulse inhibition by apomorphine has been debated in the
literature , but has been identified specifically in Wistar
rats (Rigdon, 1990) and in Sprague - Dawley rats only under
conditions in which a l o w intensity pre-pulse is used or when
the signal -to -n oise ratio is decreased (Davis, Mansbach ,
Swerdlow, Campeau , Braff, & Geyer , 1990) .

Dopamine agoni sts

have generally been found to increase the amplitude of ASR
without affecti ng PPI

Nicotine

and

(Davis , 1988).

PPI

Nicotine also is known to affect dopamine transmissi o n
in the nucleus accumbens (Imperato et al., 1986; Clarke et
al . , 1988: Mifsud et al., 1989), but unlike ot her dopamine
agonists, preliminary studies have shown that acute
administrati on of nicotine enhances PPI (Acri , Mo rse ,
Grunberg ,

1 992) .

&

This effect also has been interp reted in

light of nicotine 's effects o n attentional processes,
although whether these effects are mediated by increased
mesolimbic dopamine or increased cholinergic transmission is
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unknown .

Nicotine's actions on memory and attention in

demented populations are believed to be mediated by
cholinergic mechanisms (Newhouse et al. , 1988; 1990) , which
may be responsible for startle amplitude and PPI effects as

well.
Stress

and

Start1e

The effects of stress on startle are not clear,
although a number of experiments have been done.

Leitner

(1989) found that cold and warm swim stressars, in which rats
were forced to swim for 3 . 5, minutes produced slight
decreases in startle amplitude with decreases in pre - pulse
inhibition.
baseline.

Co l d stress produced the l east PPI relative to
The author interpreted this finding in terms of a

reduction in sensitivity to environmental stimuli following
stress, mediated by deficits in attention .
Korn and Moyer (1965) reported that electric shock
increased startle amplitude tested immediately after the
shock , but that this effect declined relative to control if
rats were startled 24 hours after shock administration .

The

same effect occurred as a consequence of handling the animals
as compared to leaving them in home cages .
Tail-pinch was found by Sorenson and Swerdlow (1982)
to significantly depress the amplitude of the ASR .

This

reduction in startle amplitude during tail pinch was not
found in animals with bilateral nucleus accumbens lesions .
Results were interpreted in terms of the role of the
mesolimbic dopamine systems actions as filters to regulate
levels of reactivity.
Footshock has been found to significantly increase t he
amplitude of ASR when startle is tested 2-4 minutes after
shock, peaking at 10 minutes and dissipating over the
following 40 minutes

(Davis, 1989).

Stronger shocks resulted

in delayed onset of startle enhancement .
(1978)

Davis and Astrachan

reported that, in the potentiated startle paradigm in
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which shock is paired with light, the increase in startle
amplitude in the presence of a light was dependent upon the
intensity of the shock with which it was paired, with low and
high shock levels producing less potentiation of startle
amplitude than intermediate levels.

The authors concluded

that shock, like fear, may affect subsequent behavior in a
non - monotonic inverted U-shaped function.
Kokkinidis and MacNeil l

(1982) studied the effects of

isolation stress and inescapable shock on startle in
combination with amphetamine administration in mice.
Isolation and shock had no effect on ASR, whereas amphetamine
caused increases in amplitude of the ASR .

When isolation or

shock was administered in combination with amphetamine , both
isolation and shock increased the amplitude of ASR as
compared to amphetamine alone, no isolation, or no shock
conditions.

This result suggests that while a stressor may

have no effect in itself ,

it may potentiate amphetamine

effects of increasing ASR amplitude .
Effects of stress on ASR have been approached from
another direction in the study of habituation .

Stern (1971)

reported that rats sleep- deprived for five days and those
subjected to cold water immersion for one hour on five days
habituated to startle stimuli significantly faster than did
control rats that were not stressed or sleep- deprived .

Davis

and Zolovick (1972) reported that adrenalectomized rats were
compared with non-operated and sham operated rats to
determine if habituation to startle differed among these
groups.

Results showed no differences, suggesting that the

adrenal glands are not important in the habituation of
startle and that, therefore , habituation to startle is the
product of a different mechanism than that responsible for
habituation to stress.
Adrenalectomized mice have been reported to have
increased sensitivity to nicotine effects (Pau ly , Ullman ,
Collins, 1988) .

In this study, nicotine administered

intraperitoneally increased startle response in mice, and

&
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adrenalectomy further increased sensitivity to nicotine.
Adrenalectomy itself had no effect on startle , but effects on
response to nicotine could be reversed by administration of
co r ticosterone (CCS) or dexamethasone.
finding,

Related to this

Swerdlow, Geyer, Vale, and Koob (1986) reported that

intracerebroventricular administration of corticotropin
releasing factor

(CRF)

significant l y increased the amplitude

of the acoustic startle response.

CRF is an endogenous

neuropeptide that mobilizes the normal hypothalamo-pitituary-

adrenal axis response to stress.
Experiments described in this section suggest that

stress can both increase and decrease startle amplitude
depending upon both the stressor and elapsed time following
the stressor.

Davis (1989) has reported that shock initially

increases , and then decreases startle amplitudes over a
period of 30 minutes .

Changes in ASR amplitudes do not

appear to be mediated by stress - induced changes in CCS as
suggested by Pauly and colleagues (1988), but such changes
may interact with drugs to either increase drug effects as in
the case of amphetamine (Kokkinidis & MacNeill , 1982) or
decrease drug effects as in the case of nicotine
a1 . , 1988) .

(Pauly et

However , CRF , which is also involved in stress

responses , may have independent effects to increase startle
amplitude (Swerdlow et al ., 1986), but it is not known how
this hormone interacts with nicotine in a stressed animal.
Therefore, it is of interest to evaluate the interactions of
stress and nicotine on startle amplitude, PPI , and
habituation in the intact animal .

OVERVIEW AND HYPOTHESES

Overview
These experiments were designed to examine the
interactions of stress and nicotine o n amplitude, pre-pulse
inhibition ,

and habituation of the ASR in male Sprague - Dawley

rats during nicotine administration and cessation.

This

design tested the hypothesis that nicotine and stress
interact in their effects on aspects of startle behavior that
can be modulated by both nicotine and stress.

It was

hypothesized that the mechanisms through which nicotine
affects startle and stress-induced changes in startle
behavior are cognitive functions involving atten t ion , sensory
gating,

and habituation that are reflected in startle

behavior.

Although there is anecdotal evidence from human

smokers that smoking has a calming effect or in some way
amelio rate s the stress response, there is no previous
experimental evidence to support this reported phenomenon.
These experiments investigated effects of stress and
nicotine on startle behavior , including amplitude, PPI , and
habituation .

Experiment 1 examined effects of stress and

nicotine after 11 days of chronic nicotine administration,
and Experiment 2 examined effects of nicotine cessation and
stress following 12 days of chronic nicotine administration.
Subjects in Experiment 1 were 76 male Sprague - Dawley
rats.

Each rat received one of three doses of nicotine

(0,

6 , or 12 mg/kg/day) administered by osmotic minipump for 11
days.

Animals were tested for startle amplitude prior to

drug administration and several times during drug
administration.

Animals received one of three levels of

stress exposure on day 11 of drug administrati on (see Table
1).

Immediately prior to startle testing on day 11 of

nicotine administration , each animal received twenty minutes
of one of three levels of stress .
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(See Table 2 for
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timeline. )

Individuals from one group were restrained in a

finger-like restraining device for a period of 15 - 20 minutes .
Animals from the " observation-stress " condition remained in
home cages but were in the presence of restrained animals.
The no stress control group remained in home cages for the
same period of time .

Each animal was transported to the

startle chamber within five minutes after the termination of
stress, and was tested for startle amplitude , PPI , and
habituation for a period of 22 minutes.
tested simultaneously.

Four animals were

Within five minutes after the

termination of startle testing , each animal was sacrificed
for blood collection and later measurement of plasma
corticosterone to validate the effectiveness of the
stressors .
Subjects in Experiment 2 were 32 male Sprague - Dawley
rats .

Each rat received one of t wo doses of nicotine (0 or

12 mg/kg/day) administered by osmotic minipump.

Animals were

tested for startle amplitude prior to and during drug
administration.

Minipumps were e x p l anted on day 12 of drug

administration to insure nicot i ne cessation.

On day 1 of

nicotine cessation , anima l s received one of t wo levels of
stress (see Table 3) .

Immediately prior to startle testing

on day 1 of nicotine cessation , each animal received one of
t wo levels of stress .

(See Table 4 for timeline).

Animals

from the st r ess group were restrained in a finger - like
restraint device for a period of 15 - 20 minutes , and animals
from the stress control group remained in home cages in the
colony room .

Each animal was transported to the startle

chamber wi thin five minutes after the termination of stress ,
and was tested for startle amplitude, PPI , and habituation
fo r a period of 22 minutes.
simultaneously .

Four animals were tested

Within five minutes after the termination of

startle testing , each animal was sacrificed for blood
collection and later measurement of plasma corticosterone to
validate the effectiveness of the stressor.
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Hypothe s es

Experiment

1

Hypothesis 1 : It wa s hypothesized that nicotine
administration would increase startle amplitude in a positive
dose-depende nt fashion

(ASR amplitude : 12 mg/kg Die> 6 mg/kg

Die> saline) .

Rationale:

A previous study (Acri et al., 1991) found

significant increases in acoustic startle amplitude for
animal s receiving 12 mg /kg/day nicotine as compared to
animal s receiving 0 or 6 mg /kg/day nicotine during the period
of nicotine administration.
Hypothesis 2:

It wa s hypothesized that nicotine

admini stration would increase pre-pulse inhibition, with
greater i nhibition for higher nicotine d ose (P PI : 12 mg/kg
Die> 6 mg /kg Die> saline) .

Rationale:

A previous study using SC in jected

nicotine and female Sprague-Dawley rats f ound increases in
percent of pre - pulse inhibition at dose s of 0.001 and 0 .01
mg/kg nicotine (Acri , Morse, & Gru nberg , 1992).

Nicotine is

known to improve attentional performance in humans
Warburt o n, 1 978 ; 1984a; Wesnes et al. ,

(Wesnes &

1983 , ) and PPI is

sensitive to changes in sensory gating, believed to underlie
certain aspects of attention (Braff et al., 1978; Swerdl owet
al., 1986).
Hypothesis 3:

It wa s hypothesized that n icotine

administra tion would decrease habituation to startle measured
with in -sessions , in a dose-response fashi on (Habituation:
Saline > 6 mg/kg nic > 12 mg/kg nic) .
Rat iona le:

Nicotine is known to improve performan ce

on vigilan ce tasks in humans
1984ai Wesnes et al., 1 983) .

(We sn es & Warbu r ton , 1978 ;
Such tasks involve responses to

repetitive stimulus presentations and habituation to stimuli
would be incompatible wi th improved performance .
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Hypothesis 4:

It was hypothesized that stress would

increase sensorimotor reactivity through increased amplitude

of acoustic startle in a dose - response fashion (ASR
amplitude : Restraint> observation> n o stress).
Rationale:

Previous studies using stressors have

found increases in reactivity with increased stressor
intensity (Davis & Astrachan , 1978) , and humans suffering
from post - traumatic stress disorder have been reported to
have increased startle amplitudes (Butler , Braff , Rausch ,
Jenkins , Sprock , & Geyer , 1990).

Stressors used in this

exp eriment were not thought to be extreme enough to sho w
decreases in responsivity associated with an inverted Ut

but

instead were predicted to show only the rising arm of the U.
pilot studies in this lab (Acri & Grunberg, unpublished data)
had shown that 20-30 minutes of restraint stress increased
startle amplitudes measured immediately afterward .
Hypothesis 5:

It was hypothesize d that restra int

st r ess would interact with nicotine administration to produce
smaller increases in sensorimotor reactivity as measured by
startle amplitude than increases associated with either
nicotine or restraint alone (ASR amplitude : Nicotine ~ Stress
>

~icotine

+ Stress). See Table 5. Using restraint stress ,

this effect was predicted to sho w a inve r se dose-response
pattern with 12 mg/kg nicotine resulting in less increase
than 6 rng/kg (ASR amplitude : Restraint + 6 mg/kg Nicotine>
Restraint + 12 mg/kg Nicotine) .

See Table 6 .

The

observation stressor was hypothesized to result in lower
startle amplitudes than restraint (ASR amplitude: Restraint >
Alarm Sub) , and because the stress effect should be less than
restraint, this stressor was predicted to interact in a
positive dose - response patter n with nicotine , such that 12
mg/ kg nicotine resulted in greater amplitude increases than 6
mg/kg nicotine (ASR amplitude: Alarm Sub + 12 mg/kg Nicotine
> Alarm Sub + 6 mg/kg Nicotine) .
Rationale:

See Table 7 .

Although stress and nicotine both act

independently to increase startle reactivity when
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administered alone,

in combination , a lower dose of nicotine

may increase reactivity and attentional mechanisms, whereas a
higher one may decrease reactivity in an animal already
highly aroused by stress .

This is consistent with Eysenck's

(1973) explanation of nicotine's discordant effects.

A

higher dose of nicotine may be stress - reducing by preventing
a hyperarousal in highly stressed animals, but a lower dose
may increase reactivity in highl y stressed animals.

In

animals receiving lower levels of stress, both doses of
nicotine may increase reactivity above that of the stressor

alone.
Hypothesis 6:

Stress was hypothesized to decrease

pre-pulse inhibition by disrupting attentional mechanisms in
a dose response fashion

(PPI: No stress> observe>

restraint) .
Rationale:

Humans exposed to stressors show deficits

in pre-pulse inhibition .

Ornitz and Pynoos

(1989)

reported

that children with post-traumatic stress disorder also show
significant deficits in PPI and hypothesized that the
deficits might reflect cortically mediated attentional
dysfunction.

Leitner (1989)

reported decreases in PPI in

rats exposed to swim stress .
Hypothesis 7 :

Nicotine was hypothesized to interact

with stress to reduce the disruptive effect of stress on pre pulse inhibition (PPI : Nicotine + Stress> Stress) .
Rationale:

Nicotine will increase attentional and

selective attentional abilities that are disrupted by stress
through increases in cholinergic transmission (Newhouse et
al., 1990).
(Leitner,
1992) .

As described above , stress decreases PPI

1989) and nicotine increases PPI

(Acri et al.,

Changes in PPI may reflect the underlying attentiona l

mechanisms through which nicotine attenuates perceptions of
stress such that humans report that nicotine relieves stress
effects .
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Hypothesis 8:

It was predicted that stress would

increase habituation to stimuli (Habituation : Stress> No

stress) .
Rationale: Stern (1971) reported that rats that had
been stressed by either cold water immersion or sleep
deprivation habituated to startle stimu l i significantly

faster did than non - stressed control rats.
Hypothesis 9:

It was hypothesized that nicotine would

interact with stress to reduce within-session habituation
(Habituation : Stress> Nicotine + Stress ~ No stress) .
Rationale :

Nicotine improves performance on vigilance

tasks in humans (Wesnes et al. , 1983) , suggesting that
nicotine interferes with processes of habituation by
maintaini n g stimulus sensitivity.
Experiment 2

Hypothesis 10:

Nicotine withdrawal was hypothesized

to have no effect on sensorimotor reactivity during cessation
(ASR amplitude : Nicoti n e cessation
Rat ionale:

~

saline cessation).

Although Helton , Tizzano, Modlin, and

Rasmussen (1991) recently reported increased ASR amplitude
during the period of nicotine cessation, Acri and colleagues
(1991) reported return to baseline rather than a withdrawal
effect.

Both findings are generally consistent with theories

of opponent processes that would predict cessation effects in
a direction opposite to those of drug effects (Solomon ,
Himmelsbach , 1943; Koob
Hypothesis 11:

&

1977;

Bloom, 1988) .

It was hypothesized that pre-pulse

inhibition would be decreased during nicotine cessation as
compared to saline (PPI : Saline cessation> nicotine
cessation) .
Rationale :

Nicotine has been reported to increase PPI

during administration, so decreases in PPI during cessation
would be consistent with theories of opponent prOCesses or
rebound effects that are thought to apply at behavioral ,
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cellular , and molecular levels follo wing exposure to drugs
(Koob

&

Bloom,

1988) .

Additionally, nicotine withdrawal is

known to cause difficulty concentrating in humans

(Hughes et

al., 1984; APA, 1987) that may involve attentional
mechanisms.

Hypothesis 12 : Nicotine withdrawal was hypothesized to
increase habituation to startle measured within-sessions
(Habituation : Nicotine cessation> Sa l ine cessation) .
Rationale :

Nicotine withdrawal effects involve

rebound decreases in concentration and vigilance (Wesnes &
Warburton, 1984B ; Andersson & Hockey, 1977; Hughes et al . ,
1984, APA , 1987) .

This reduction in concentration and

vigilance may result in greater habituation because there is
less attention to stimuli .
Hypothesis 13:

It was hypothesized that stress would

interact with nicotine cessation to produce greater increases
in sensorimotor reactivity as measured by startle amplitude
than amplitude levels associated with either nicotine
cessation or stress .

This interaction was hypothesized to

result in an increase in ASR amplitude as compared to
baseline

(ASR amplitude: Nicotine cessation + Stress> Saline

cessation + Stress > Nicotine cessation
Rationale:

=

Saline cessation) .

Unlike nicotine ' s interaction with stress

that decreases reactivity during . administration, nicotine
cessation will potentiate the stress effect to increase
reactivity.

This hypothesis is consistent with opponent

processes theory that predicts effects opposite those of drug
administration

(Solomon, 1977, 1980; Hinunelsbach, 1943)

Hypothesis 14 :

It was hypothesized that stress would

decrease pre - pulse inhibition during nicotine cessation (PPI :
Saline cessation

=

Nicotine cessation > Saline cessation +

St re ss > Nicotine cessation + Stress) .
Rationale :

Humans exposed to stressors show deficits

in pre-pulse inhibition.

Ornitz and Pynoos

(1989)

reported

that children with post-traumatic stress disorder also show

significant deficits in PPI and hypothesized that the
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deficits might reflect cortically mediated attentional
dysfunction.

Leitner (1989) reported decreases in PPI in

rats exposed to swim stress .

Huma n s in nicotine withdrawal

are known to have difficulty concentrating (Hughes et al. ,
1984 ; APA , 1987) .

This effect may reflect within - systems

opponent processes as described by Koob and Bloom (1988)
i nvo l ving increased cholinergic transmission during nicotine
administration (Ne whouse et al . ,

Hypothesis 15 :

1990) .

Stress was hypothesized to increase

habituation during nicotine cessation (Habituation : Nicotine
cessation + Stress > Saline cessation + Stress > Nicotine

cessation

Saline cessation) .

Rationale: Stress and nicotine cessation are both
associated with decreased attention and concentration (Ornitz
& Pynoos , 1 989; Hughes et a1 . , 1984 ; APA , 1987) which should
r esult in lack of stimulus sensitivity or habituatio n .
Therefore, stress and cessation were hypothesized to result
i n greater habi t uation tha n either one a l one .
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EXPERIMENT 1

Overview
This experiment was designed to examine the
interactions of stress and nicotine on amplitude, pre - pulse
inhibition, and habituation of the ASR in male Sprague - Dawley
rats during nicotine administration .

This experiment tested

the hypothesis that nicotine and stress interact in their
effects on aspects of startle behavior that can be modulated
by both nicotine and stress .

It was hypothesized that the

mechanisms through which nicotine affects startle and stressinduced changes in startle behavior involve attention ,
sensory gating , and habituation that are reflected in startle
behavior .

Although there is anecdotal evidence from human

smokers that smoking has a calming effect or in some way
ameliorates the stress response , there is no convincing
experimental evidence to support this reported phenomenon .
This experiment investigated effects of stress and
nicotine on startle behavior, including amplitude, PPI , and
habituation.

The experiment examined effects of stress and

nicotine after 11 days of chronic nicotine administration.
Subjects were 76 male Sprague- Dawley rats .
received one of three doses of nicotine (0 ,

Each rat

6, or 12

mg/kg/day) administered by osmotic minipump for 11 days.
Animals were tested for startle amplitude prior to drug
administration and several times during drug administration.
Animals were exposed to one of three levels of stress on day
11 of drug administration (see Table 1) , immediately prior to
startle testing (see Table 2 for timeline) .

Individuals from

the restraint group were restrained in a finger - like
restraining device for a period of 15- 20 minutes.

Animals

from the observation-stress condition remained in home cages
but were in the presence of restrained animals.

The no

stress control group remained in home cages for the same

39

40
period of time.

Each animal was transported to the startle

chamber within five minutes after the termination of stress,
and was tested for startle amplitude, PPI, and habituation
for a period of 22 minutes.
simultaneously.

Four animals were tested

Within five minutes after the termination of

startle testing, each animal was sacrificed for blood

collection and later measurement of plasma corticosterone to
validate the effectiveness of the stressors .

Methods
Subjects and Housing

Subjects were 76 male Sprague-Dawley rats

obtained from the Charles River Laboratories.

(225 - 250g)

Animals were

individually housed in standard polypropylene cages

(35.56 e m

x 15 . 24 em x 20.32 em) with absorbent Pine - Dri bedding and
metal grill lids.

Animals were maintained in a room with a

12 hr light/dark cycle (dark 7 pm to 7 am)
72 degrees F and 50 % humidity .

at approximately

Standard pellet rat chow and

water were continuously available , and cages were changed
twice weekly.
An animal model was chosen for this experiment because
of ethical issues involved in administering nicotine on a
chronic basis to nonsmoking humans .

Rats were chosen as the

appropriate species for the current study because rats have
been used extensively in nicotine , stress , and startle
experiments and much related data are already available .
Sprague- Dawley rats were selected because they are neither
the most, nor the least responsive rat strain in previous
startle experiments

(Acri , Saah , & Grunberg , unpublished

data) and, therefore ,
generalizability .

were likely to provide the greatest

Ma l e rats were used because there was no a

priori evidence of gender differences in cognitive effects of
nicotine and the use of both male and females would have
doubled the s i ze and costs of the experiment .

4I

Drug administration

Nicotine or saline was administered using Alzet mini
osmotic pumps

(Model 2002, Alza Corp., CA).

Each minipump

was filled with a saline or nicotine solution made from
nicotine dihydrochloride administered at a rate of
approximately 0.5 J.L l/hr (Theeuwes & Yum ,

1977) .

Doses were

calculated based on body weight such that each animal
received a dose of either 12 mg/kg/day ,
mg/kg/day.

6 mg/kg/day, or 0

Minipumps were used to maintain a constant rate

of nicotine administration without the trauma of repeated
injections.

Pumps were implanted under sterile conditions
These drug dosages were

using methoxyflurane anesthesia .

selected based on previous studies in which behaviora l
effects in rats approximate those of humans (Grunberg , Bowen,
&

Morse, 1984) .

Stress
Animals were restrained in commercially available
finger-like restraint cages

(Centrap Cage , Fisher Scientific)

for a period of 15-20 minutes .

Upon the animal ' s entry into

the restraining cage, the " fingers " were tightened to
restrict the animals ' movements but were not tightened enough
to induce pinching or pain .

Restraint stress has been used

in previous studies and has been shown to produce elevations
in ACTH, beta-endorphin, and corticosterone (Flores et al.,
1990), increased plasma renin, prolactin levels, and
corticosterone (Paris, Lorens, Van de Kar, Urban , RichardsonMartin, & Bethea, 1987) as well as serotonin and NE in the
brain (Adell , Garcia-Marquez , Armario,
consistent with a stress response .

& Gelpi, 1988)

Restraint stress has been

reported to increase the amplitude of sensory evoked
potentials in rats (Casada & Dafny, 1990) and has increased
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the amplitude of ASR in a pilot study (Acri & Grunberg,
unpublished data) .
An equal number of animals were left in home cages but

were in close proximity to animals being restrained, such
that these animals were able to detect sounds and odors
emanating from the stressed animals from a distance of 8 - 24

This manipulation was thought to represent another,
Control 000 possibly less intense stressor (Dunn , 1988).
inches .

stressed animals remained in home cages in the colony room
during this time.
Acoustic Startle Reflex Testio 9

Acoustic startle reflex amplitudes, pre - pulse
inhibition , and habituation were measured in a Coulbourn
Instruments Acoustic Response Test System.

Each rat was

individually placed in a 8 x 8 x 16 cm open air cage that
restricted locomotion but did not immobilize or restrain the
movements of the animal , and was placed on one of four
platforms within a sound-attenuating chamber.

P l atforms were

arranged radially around central speakers in the floor and
ceiling of the chamber.

A ventilating fan provided an

ambient noise level of 50 dB SPL .

All stimulus intensity

levels are described in terms o f sound p r essure level or SPL
(re : 0 . 0002 dynes/cm 2 ) , meaning that an unweig h ted measurement
scale was used .

There was a 3 minute quiet adaptation period

following the placement of four animals within the chamber.
Startle stimuli consisted of 98 , 112 , or 122 dB SPL
noise bursts sometimes preceded 100 ms by 68 dB , 1 kHz pre pulses. These stimulus intensity l evels were verified with a
GenRad Type 1982 sound level meter with microphone placement
in the position of a subject ' s head.

There were si x types of

stimulus trials a n d t wo types of control trials .

There were

8 trials of a 98 dB noise burst , 8 trials of a 98 dB noise
burst preceded by a 1 kHz,
dB noise burst ,

68 dB pre - pulse , 8 trials of a 112

8 trials of a 112 noise bursts preceded by a
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1 kHz pre - pulse, 8 trials of a 122 dB noise burst, 8 trials
of a 122 noise burst preceded by a 68 dB 1 kHz pre - pulse,

4

pre - pulse alone control trials, and 4 no - stimulus control
trials.

There was a total of 56 of these trials, with each

stimulus trial type presented once every seven trials in a
block randomized fashion.

Each stimulus had a 2 ms rise - fall

time such that onset and offset were abrupt.

Sudden onset of

an intense stimulus is a primary criterion for elicitation of
startle .

Interstimulus intervals ranged from 10-39 seconds,

and were varied randomly.

Habituation also was measured

using 112 dB SPL noise bursts at a fixed interstimulus
interval of 10 seconds at the end of the session.

Ten

habituation trials were presented, bringing the total number
of trials to 66.

No-stimulus trials and pre-pulse alone

trials were presented as controls for random movement and to
insure that pre - pulses did not elicit startle responses .
Following presentation of each stimulus , movement on
each platform was measured for a period of 200 ms by coupling
through a sensor pin connected to a strain gauge .

Four

platforms were simultaneously measured by an interfaced
microcomputer that controlled both the stimulus presentation
schedule and measurement of responses .

Changes in voltage

underwent analog to digital conversion, and were fed into
calibration equations derived for each platform to equate
voltage to grams of weight.

Amplitudes were recorded as the

maximum response occurring within 200 ms following stimulus
presentation, and were calculated as grams of weight change .
Responses were averaged within trial types which were
presented in block - randomized order , as described above.
Each animal's response to each stimulus, therefore ,
represents an average of 8 stimulus presentations .

Pre-pulse

inhibition , measured as amount or percent, is the difference
in amplitude between trials involving a startle stimulus
alone and a startle stimulus preceded by a pre-pulse .

These

parameters have been used effectively in previous studies of
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nicotine

(Acri et al .,

1991 ; 1992) and strain (Acri , Saah ,

&

Grunberg , unpublished data) effects .
Rats were tested for startle behavior four at a time.
Stressed animals were not run prior to , or simultaneously
with, unst r essed animals to avoid the influence of a l arm
substances .

Each animal was tested during the beginning of

the activity cycle because there is evidence that startle
amplitudes are more stable at that time (Davis & Sollberg er,
1971) .
Stress Index
The stressfulness of the procedure was e v aluated by
measurement of plasma corticosterone (eeS)

in all groups.

Blood was collected within 5 minutes after the termination of
start le testing , and within 30 minutes after the termination

of stress .

Plasma corticosterone is an indicator of adrenal

cortical activity and increases following restraint stress
(Paris et al . ,

1 987 ; Flores et al ., 1990) as well as nicotine

administ r ation

(Morse ,

1989; Newhouse et a l .,

1990) .

Corticosterone has a longer half life than catecholamines and
is l ess sensitive to rapid environmental changes
al., 1 982).

(Saum et

It is , therefore, more likely to show effects of

prior stress during the previous hour ,

rather than the more

immediate effects of decapitation for blood collection .

Rats

were sacri fi ced by decapitation , and trunk blood was
collected in 14 ml polypropylene tubes containing 50

10,000 1U/ml heparin and centrifuged.

~l

of

The resulting plasma

was frozen in a - 70 degree C freezer for later corticosterone
assay .
Assays were performed on thawed plasma using 1251 _
labeled corticosterone and a specific anti - corticosterone
antiserum to determine the corticosterone concentrations in
specimens using the double antibody technique (Rattner ,
Gruenau ,

& Altland,

1979).

Reagents for this

radioimmunoassay were purchased from lCN Biomedicals , Costa
Mesa , CA .

L
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Procedure

For logistical reasons, start days in Experiment 1
were staggered over three days because of the number of
animals and the need to maintain constant time - at -day

effects. Experimental "days, " as described below, are
relative to start day for each animal and the sequence of
events within the experiments was the same for all animals
within the experiment.

Experimental treatment groups were

equally distributed over the three staggered groups.
Careful attention was given to time-ai-day consistency
in procedures.

All handling and surgical procedures occurred

in the last 4 hours of the animal's sleep cycle

(light) , and

all startling and stressing occurred in the last hour of the
sleep cycle (light) and the first 2 hours of the activity
cycle (dark)
Rats were gentled by handling daily during the
baseline period.

Each animal was weighed three times during

the baseline period, and baseline startle amplitudes were
obtained on days 2, 5, and 8 relative to start day.

Animals

were quasi-randomly assigned to drug groups according to
baseline startle amplitude.

Subjects from each drug group

were then further divided in a quasi - random fashion into
stress conditions, again with regard to baseline startle
amplitude .

The last of the three baseline startle testing

days was used for this purpose.

There were 9 groups (3 x 3)

within the nicotine administration study (8-9 animals per
group).

See Table 1 for experimental design.
Three days following baseline procedures, each animal

was anesthetized with methoxyflurane and a minipump
containing the appropriate drug solution was implanted
subcutaneously.

An incision of approximately 3 cm was made

between the shoulder blades and a pump was implanted under
the skin.

The incision was closed with 9 mm stainless steel

L
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wound cl ips.

Following surgery , each animal was returned to

the home cage.
Startle testing was performed on d rug administration
days 1, 4 , 7, and 11; that is, 1 , 4 , 7 , and 11 days after
implantation .

On day 11, stress wa s applied prior to startle

testing (see Table 2 for time line ).

Unstressed animals were

run first , to control for the effects of odors and a larm
substances , although cages thoroughly washed between animals
For the no- stress condition , four animals at a time we re
transferred to the startle treatment room , startled, and
following the end of the startle testing period , were
transferred to the necropsy room and decapitated within 5

minutes.

Trunk blood was collected for later assay.

Following startling all animals from the no-stress cont r ol
condition , stressed animals were run as follows .

Two animals

to be restrained and two to obse rve, or to be in the presence
of restrained animals , were taken to a treatment room in
whi c h two animals were placed in restrainers and two animals
were left in home cages , but were in close proximity to
restrained animals .

Observing rats could move freely within

their cages, and distances from restrained animals ranged
from 8 - 24 in c hes.

After 15-20 minutes of stress , animals

wer e transferred to startle cages and were placed in the
startle chamber within 5 minutes.

Following the startl e

testing period of 22 minutes , animals were decapitated with in
5 minutes and blood was collected for later assay.
Stati st ical Analy s is

An initial Multivariate Analy sis of Variance (MANOVA)
was performed on the nine dependent measures from day 11 of
drug administration. Dependent measures included startle
amplitude

(mean peak response - mean average no stimulus

response), amplitude of pre - pulse inhibition trials

(mean

peak response of PPI trials - mean average no stimulus
respo nse) , and amount of inhibition «(mean peak response -
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mean average no stimulus response) -

[mean peak response of

PPI trials - mean average no stimulus response]) . The MANOVA
included drug (saline, 6 mg/kg/day nicotine , or 12 mg/kg/day
nicotine) and stress

(no stress , observation, or restraint)

as between - subject factors,
or 122 dB) and type
subject facto r s.

and stimulus intensity (98,

112 ,

(with or without pre - pulse) as within -

Following this analysis , 3 x 3 factorial

ANOVAs were used to examine effects of n i cotine and stress on
each individual dependent measure.

Dependent measures

included startle amplitude , amplitude of PPI trials, and
amount of pre - pulse inhibition .
inhibition

Percent of pre - pulse

([mean peak response - mean average no stimulus

response)- {mean peak response of PPI trials - mean average
no stimulus response])/ {mean peak response - mean average no
stimulus response] was not included in the MANOVA , but was
analyzed by separate ANOVA because it was statistically
related to the other measures.
Habituation data were analyzed using repeated measures
ANOVA to determine within-session habituation .

This analysis

was a repeated measures analysis of changes in response to 10
habituation trials, using between-subject factors of drug and
stress .
Group size of 8 - 9 animals per group was based on
previous studies of this type in wh ich group size of eight
was sufficient to yield significant differences in response
to drug

(Acri et al. ,

1991).

A significance level of 0 . 05

was used for all statistical tests.
Post hoc t - tests were used to determine which groups
differed when significant differences were found on ANOVAs.
Fisher PLSD tests were used , where appropriate .
A post hoc analysis of nicotine effects was done for
measures using the 112 dB stimulus to determine if nicotine ' s
effects were dependent upon initial level of arousal .

That

is , this analysis was done to determine if more reactive
animals responded differently to stress, nicotine , or the
combination .

Consequently,

separate ANOVAs following median -

48
split of baseline startle amplitudes within the nicotine and
saline groups were run for the principle measures of
amplitude , pre - pulse inhibition , and habituation .
Data from the b i ochemica l assay of plasma
corticosterone concentration was analyzed by ANOVA (3 dose x
3 stress).

Post hoc t - tests were done to determine which

groups d iffere d.

Results

Overview
Some subjects were inadvertently deprived of water
during the experiment because animal caretakers in the
Laboratory Animal Medicine (LAM)

department overfilled water

bottles which created a vacuum such that water would not flow
through the tube to the rat in the cage below .

By visual

inspection, all animals had access to an abundance of food
and water , but 12 subjects from this experiment lost from 1 92 grams , depending upon the period of water deprivation .
The eight animals most severely affected by the problem lost
between 37 -

92 grams and were excluded from all analyses

because food or water deprivation increases the amplitude of
the acoustic startle response

(Melgren ,

1969 ; Meryman ,

1952),

so inclusion of these subjects in the analyses would confound
e xperimental results .

The four animals that lost between 1 -

10 grams were included in the analyses , because their weight
loss was considerably less and occurred over a shorter period
of time.

See Table 7 for data on weight loss .
All rats of this age and with continuous access to

food and water normally gain weight.

Animals treated with

nicotine gain less weight than saline- treated animals ,

but do

not typically lose weight as a result of nicotine
administration.

Fully half of the present cases of weight

loss began during the baseline period before any drug was
administered and ,

further , the most severe cases of weight
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loss occurred in saline-treated animals .

Therefore, it is

extremely unlikely that any cases of weight loss were the
result of experimental treatments.
All acoustic startle measures were derived by
subtraction of raw data of no- stimulus , or " catch" trials ,
from stimulus trials.

This process controls for differences

in random movement and activity.

Stimulus trials of the same

type were averaged for each animal.
analysis of variance
(saline,

An overall multivariate

(MANOVA) was conducted,

in which drug

6 mg/kg/day nicotine , or 12 mg/kg/day nicotine) and

stress (no stress, observation , or restraint) were between subject factors, and stimulus intensity (98 dB, 112 dB or 122
dB) and type

(with or without 68 dB 1 kHz pre - pulse) were

within-subject variables in an analysis of differences in
response amplitude , or grams of weight change .
data for stimuli of 98 dB,

Amplitude

112 dB, and 122 dB were then

analyzed in separate analyses of variance followed by posthoc tests when significant main effects or interactions were
found.
Pre - pulse inhibition data were reported in three ways.
First , as in the MANOVA, the amplitude of trials in which a
pre-pulse precedes the startle-eliciting stimulus was
reported.

Second, the amount of inhibition was derived by

subtraction of pre - pulse trial amplitudes from amplitudes of
trials using the same startle - eliciting stimulus without a
pre-pulse , or the amount of the response that was inhibited .
Third, the percent of inhibition was derived by dividing the
amount of inhibition by the amplitude of non pre - pulse trials
of the same stimulus to determine the percent of the response
that was inhibited .

(See Davis (1988] for a discussion of

methods for deriving pre-pulse inhibition . )
Habituation trials consisted of 10 presentations of
112 dB separated by a fixed inter - stimulus interval of 10
seconds.

These results were analyzed by a separate repeated

measures analysis of variance.
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All results were based on a two-tailed test of
significance.

The alpha level for all analyses was set at

0 . 05 .
As a post hoc analysis, results of all measures using
112 dB stimuli were further analyzed by dividing groups in
half according to initial reactivity (median split), to
determine whether initial level of reactivity was an
important determinant of stress and drug effects .
Stress validation

Plasma Corticosterone Levels
Exposure to stressful events results in a number of

neuroendocrine responses , and one of the most robust of these
responses in rats is the release of corticosterone from the
adrenal co rtex .

To determine the effectiveness of restraint

and the effects of being in the presence of can specifics that
are being restrained as stressors , plasma corticosterone

(eeS)

levels were measured 30 - 35 minutes following exposure

to these stressful events.

ces

Figure 1 presents the mean plasma

concentration for each stress condition, collapsing

across drug treatment conditions.

Restraint stress resulted

in CC$ levels significantly greater than both observat i on
(Fisher PLSD -

59 .4,

60.6, Q < 0.05).

~

< 0.05) and no stress (Fisher PLSD =

Obse rva tion stress also resu l ted in CCS

levels that were significantly greater (Fisher PLSD -

< 0.05) than non - stressed controls.
stress was significant (£ (2,59)

=

60.5 , Q

This main effect of
15.21 ,

treatment condition had no effect on

ees

Q

< 0 . 05] .

Drug

levels .

Multiyariate Analysis

The multivariate analysis of variance
conducted,

(MANOVA) was

in which drug (saline , 6 mg/kg/day nicotine, or 12

mg/kg/day ni coti ne) and stress (no stress, observation , or

L
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restraint) were between-subject factors , and stimulus
intensity (98 dB, 112 dB, or 122 dB) and type (with or
without 68 dB 1 kHz pre - pulse) were within - subject factors in

an analysis of dif f erences in response amplitude, or grams of
weight change.

This MANOVA was done to insure that

significant findings on any univariate analysis were not the

result of chance , due to the number of analyses conducted.
Both reactivity (amplitude) and gating (PPI) trials were
included in this analysis.

There was a significant main

effect of stimulus intensity [Hotellings
~

~

(2 , 58) = 1 12 . 67 ,

< 0.05 ] and post hoc analysis of t he effect of intensity by

planned contrasts indicated that responses to the three
stimulus intensities (98 dB vs. 1 12 dB , and 112 dB vs . 122
dB) were significantly different (£ (1 , 59) = 227.93,
0.05; £ (1,59) - 181.74,

~

~

<

< 0.05 ), with greater amplitude

responses to more intense stimuli as previously reported
(Acri et al., 1991).

There was also a significant intensity

by type interaction (H otel l ings £ ( 2,58 )

=

90.16,

~

< 0 . 05] ,

suggesting that the significant inhibition in response
amplitude usually seen when pre-pulses are used may have
differed across the stimu l us intensity levels used in the
experiment.

Additionally, there was a significant main

effect of stress (£ (2 , 59) = 4.37 ,

~

< 0.05) , and a

significant stress by intensity interaction (Hotellings
( 4,114) = 2 . 39 ,

~

< 0 . 05].

£

Un i variate tests were then

conducted to examine effects of stress and drug in relation
to specific hypotheses.
Reactiyity (Startle Amplitlldes)
Reactivity to external sti mulation is reflected in the
amplitude of the acoustic startle response .

Startle

amplitudes were measu r ed using 98 dB , 112 dB , and 122 dB
noise stimuli.

Using a stimulus level of 98 dB , there were

no significant differences by drug or stress condition.

An

overall mean amplitude of 10.68 grams of weight change was
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measured, indicating a very low leve l of respon se to this
stimulus .

Mean responses to this stimulus for each drug and

stress condition are presented in Table 8 .
Using a stimulus level of 112 dB , there was a
significant drug by stress interaction

[~

(4,59) -

2.89,

~

<

D. OS}, with saline- and 6 mg/kg/day nicotine - treate d animals

exhibiting progressively greater startle amplitudes following
observation and restraint stress respectively, as predicted.
Animals treated with 12 mg/kg/day nicotine had progressively
lower startle amplitudes with increasing stress, as predicted

(see Table 8 and Figure 2).

Without st re ss , animals treated

with 12 mg/kg nicotine were significantly more reactive than
animals treated with 6 mg/kg ni cotine, but neither group
differed significantly from saline .

In contrast, under

conditions of restraint stress , animals treated with 1 2 mg/kg
nicotine were significantly le ss reactive than animals
treated with 6 mg /kg nicot ine .

For the 6 mg/kg nicotine

dose , increased levels of stress resulted in amplitudes that
were significantly greater than those of unstressed animals
receiving 6 mg/kg/day ni cot ine.

S ign ificant post h oc

comparisons are listed in Table 9.

These results partially

confirm Hypothesis 5 , which predicted differential effects of
nicotine dose on reactivity , with the 12 mg/kg nicotine dose
resulting in smal l er amplitudes following restraint stress
than observation stress , and the 6 mg/kg n icotine dose
yielding a p os itive dose - response pattern with increased
stress.

Hypothesis 4 was confi rmed, in that increased stress

resulted in increased startle amplitude in saline-treated
anima l s , although the trend was not significant.

Hypothesis

1 , that predicted increased startle amplitude with nicotine ,
was partially confirmed in that a dose of 12 mg/kg/day
increased amplitude, but dose-response effects were not seen.
There were no significant main effects for nicotine o r
st r ess.
Using a stimulus level of 122 dB, there was a main
effect of stress [£ (2 , 59 ) - 4.28 ,

~<

0.05) wh ich
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significantly increased the amplitude of the acoustic startle

response for the observation stressor only. There were no
main effects or interactions with nicotine. However, as can
be seen in Figure 3, increasing doses of nicotine reduced the
amplitude of startle relative to saline for stressed animals
but not for unstressed animals , with identical trends for

both stressors. An inverted U-shaped amplitude function is
suggested, with the lesser , observation s tress resulting in
higher amplitudes than the more severe , restraint stressor ,
and 12 mg/kg/day nicotine producing lower amplitude responses
with stress than either saline or 6 mg/kg/day nicotine.
Means and significant post hoc comparisons are listed in
Tables 8 and 10, respectively.

These results are partially

consistent with predictions of Hypothesis 5, in that there
were inverse dose - effects of nicotine with increased stress.
A post hoc analysis in which each group was split
according to initial level o f reactivity during baseline was
conducted for the 112 dB stimulus amplitude trials.

To

clarify, the analysis was performed in o rder to examine the
differential effects of baseline reactivity , rather than to
remove the effects from the analysis.

Each treatment group

was divided into high and low reactors, according to baseline
amplitudes (M = 27 grams), and a 3- way ANOVA was conducted
(Stress x Drug x Reactivity).
initial reactivity was found

A significant main effect for
[~ (1,50) - 7.05 , ~ < 0.05] ,

with an additionally significant drug by stress interaction
{~ (4,50) = 3.11 , R < 0.05].
In Figure 4 these results are
presented without data for the 6 mg / kg / day nicotine groups
for simplicity, although animals treated with 6 mg/kg/day
nicotine were included in the analysis

(see Table 11 for all

significant post h o c comparis o ns) .
Results from the high reactors ( s ee Figure 4)
accentuate the differences found in earlier analyses
Figure 2) of amplitude results for this stimulus .

(see

Overall,

results of this analysis highlight the differential effects
of nicotine ac c ording to individual differences in baseline
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state of reactivity.

That is, highly reactive animals have

greater stimulus amplitudes in response to re strai nt stress
and to nicotine, but when both are administered, amplitude is
reduced over that of stress alone or ni cotine alone .

For the

l ess reactive animals, nicotine and stress administered

separately or together have little effect.
In summary , results obtained using the 112 dB stimulus
supported hypotheses that nicot ine wou ld counteract the
effects of restraint stress on reactivity as measured by the
amplitude of the acoustic startle response.

Post -hoc

analyses by median split of initial levels of reactivity
suggested that animals initially classified as highly
reactive are responsible for all significant effects o f
nicotine and st re ss , and that less responsive animals are
much les s affected by either nicotine treatment or stress
condition.
Sensory Gat i ng

(Pre -pulse I nhibition )

Sensory gating , or the screening out of irrelevant
stimuli , is a process related to selective attention.

Pre -

pulse inhibition of the startle reflex , o r the amplitude
reduction that occurs when a non-startling sound precedes the
sta rtle-eliciting stimulus is thought to reflect this
attentional process.

Pre-pulse inhibition wa s analyzed in

several ways in this experiment, using amplitudes of pre pulse trials, amount , and percent of inhibiti on as variables.
Each stimulus intensity was examined separately.
Using a 98 dB startle-eliciting stimulus preceded by a
1 kHz pre - pulse of 68 dB , amp litudes were measured as
presented in Table 12.

Startle amplitudes were so minimal

when using the 98 dB stimulus (with and without pre-pulses)
t hat it wa s not clear that pre-pulse inhibition had,

in fact,

occurred. However, comparison of trials with a nd without prepu l ses indicated significant amplitude reductions with pre pulses,

[£ (1 , 65) = 12.46 ,

~

< 0 . 05 ), indicating that pre-
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pulse inhibition did occur .

There were no significant main

effects of drug or stress, but there was a significant drug
by stress interaction [~ (4,59) = 3.57, P < 0.05].
See
Figure 5 for a clear and significant trend in which amplitude
of pre-pulse trials decreased for saline-treated animals with
increasing levels of stress.

This finding is contrary to

Hypothesis 6, which predicted less inhibition with increasing
stress rather than more.

That is, previous literature upon

which hypotheses were based suggested that stress reduces,
rather than increases PPI.
drug-treated animals.

There was no apparent trend for

Post hoc analyses indicated that

saline-treated restrained animals have significantly lower
amplitudes than saline - and 6-mg/kg/day nicotine - treated no
stress groups, saline and 12 mg/kg/day nicotine-treated
observer groups, and 6 mg/kg/day nicotine-treated restrained
animals.

Additionally, 6 mg/kg/day nicotine observing

animals had significantly lower amplitudes than saline no
stress and 6 mg/kg/day nicotine restrained animals (see Table
13 for a listing of these significant differences) .
The meaning of the above finding of decreased
amplitudes of pre - pulse trials for the saline - treated group
is not clear, because there were no significant treatment
group differences in amount or percent of inhibition using
the 98 dB stimulus.

However, there are trends for increasing

amount and percent of inhibition with increasing stress for
saline-treated rats, and the opposite trend of decreasing
amount and percent of inhibition with increasing stress for
the 12 mg/kg/day nicotine - treated rats . It would, therefore,
appear that nicotine does counteract the effects of stress on
PPI as predicted in Hypothesis 7, but the direction of
effects is the opposite of those predicted in Hypotheses 6
and 7 (see Figure 6 for illustration of these non significant
trends) .
Using a 112 dB startle-eliciting stimulus precede d by
a 1 kHz 68 dB pre-pulse , amplitudes were measured as shown in
Table 12.

These amplitudes are significantly lower than
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amplitudes for non pre - pulse trials, as expected [£ (1 , 65) =
60 . 95,

~

< 0.05] , indicating that significant pre-pulse

inhibition occurred.

(£ (2 , 59)

= 3 . 13 ,

~

There was a significant effect of drug

< 0.05] with no significant stress

effects or interactions .

Amplitudes for the 6 mg/kg/day

nicotine - treated group were always greater than the sa l ine
and 12 mg/kg/day nicotine groups , especially for the
obse r vation stressor .

This effect resu l ted in significant

post hoc comparisons with all other treatment groups
saline observe)

(except

for this measure. There do not appear to be

any trends with regard to stress or drug, and the meaning of

these findings is not clear.
In the analysis of amount of inhibition using the 112
dB stimulus with pre-pulse , there were no significant main
effects for drug or stress , but there was a significan t drug
x stress interaction [£

(4 , 59) = 3 . 55 ,

~

< 0.05] .

Figure 7

illustrates clear and significa nt trends for increased amount
of inhibition with increasing stress fo r the 6-mg/kg/day
nicotine-treated animals , and decreased amount of inhibition
with increasing stress for the 12 mg / kg / day nicotine-treated
animals .

A very sl i g h t

trend for increasing inhibition with

increased stress was evident for the saline- treated animals
(see Tables 15 and 16 for treatment group means and
significant post hoc compar i sons , respectively) .

These

results are similar to those reported for the 98 dB stimulus,
with effects of stress and nicotine opposite in direction of
effects p r edicted by Hypotheses 6 , but in accordance with
Hypothesis 7 , there is some indication that nicotine and
stress together result in attenuation of the effects of
either one alone.
Analysis of data for percent of i n hibition was not
s i gnificant for stress, drug , or interactions using the 1 12
dB stimulus with pre - pulse (see Table 17 for means).
However , there was a non-significant trend for increasing
percent of inhibition with increasing stress for the 6 mg/kg/day nicotine-treated group, consistent with findings of
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amount of inhibition.

No trends are evident for the saline

or 12 mg/kg/day nicotine groups.
Using the 122 dB startle stimu lus with a 68 dB 1 kHz

pre-pulse, there was significant amplitude reduction or prepulse inhibition [£ (1,65) = 160.12, ~ < 0.05] compared with
non pre-pulse trials. In these trials , the observi ng stressor
groups had higher amplitude responses than did the no stress
groups and animals receiving restraint stress. This finding
is consistent with amplitude trials in that it shows the same
inverted U shape . There was a significant effect of stress
u:: (2,59) - 3.88, I> < 0.05) with n o significant drug or
interaction effects (see Figure 8).

Post hoc comparisons

indicated that the stress observation groups were al l
s ign ificantly different from the 6 mg/kg/day no stress group,
in terms of the amplitude of the inhibited response to the
122 dB stimulus (see Tables 12 for means and 14 for
significant post hoc comparisons, respectively) .
For amount and percent of inhibition using the 122 dB
stimulus , there were no significant drug or stress effects,
and there were no significant interactions .

Means of

treatment groups are listed in Tables 15 and 17.

There are

no clear trends f or these data, other than a slightly
decreasing percent of inhibition for the 6 mg/kg/day
nicotine-treated group with increasing stress .
Additional analysis of pre-pulse inhibition using a
112 dB stimu l us intensity level with 1 kHz 68 dB pre-pulse
was also done using a median split of baseline response
amplitudes,

in order to determine if initial reactivity wa s

an important determinant of the effects of nicotine and
stress on pre -pulse inhibition .

To clarify , the analysis wa s

performed in order to examine the differential effects o f
baseline reactivity, rather tha n to remove the effects from
the analysis.

Following median split, there was a

significant main effect of initial reactivity (E (1,50) =
5 . 62 , R < 0.05] and a significant interaction of drug and
stress (E (4,50)

=

3 . 86 , R < 0.05] on amount of inhibition.
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Figure 9 has been simplified by showing only saline and 12
mg/ kg /day nicotine groups by median split , although the high
rea ctors from 6 mg/kg/day ni cotine-treated anima l s were very
similar to the sa line-treated animals , meaning tha t
inhibition in c reased wi th in c reasing l evels of stress.

Table

18 presents significant treatment group comparisons including
the 6 mg / kg / day nicotine - t reated animals. As in the p revious
analysis by median split , it is clear that the high react ors
are r esponsible f o r the g reatest diffe ren ces in t he effects
of nicotine and stress , with ni cot i ne -t rea te d h igh reactors
decreasing in a mount of pre-pulse inhibition wi th i n creasing
stre ss , and sali ne- t reated high reacto r s in c reas i ng in amount
of pre-pulse inhibition wi th increa s ing stress . Again , thes e
effects are opp osite of those predicted by Hypotheses 6
because st r ess appears to enhance , rather than decrease PPI ,
but as predicted in Hypothesis 7 , nicotine appears to
attenuat e the effects of stress on PPI , or alternatively,
s tres s attenuates the effects of nicotine on PPI in t h e high
reactors.
I n summary , there is evidence that both nicotine and
stress increase sensory gating as measured by pre-pulse
inhibi tion of the acoustic startle reflex.

Effects o f

nicotine are as predicted, but the effects o f st ress on PPI
a re in a direction oppos i te of those predicted by hypotheses.
There was , however, the predicted interactive effect such
that ni coti ne and stress in combination did not increase PPI,
but instead resembled no st r ess saline controls .
Habituati on
Habituation data were subject ed to a repeated-measures
analys i s o f variance wi th time as a within- subject factor and
stress and drug as between-subject factors.
There was a
significant effect of time {£ (9 , 531) = 2.49 , ~ < 0.05] ,
meaning that all groups habituated t o some ex t ent to the ten
habituation stimuli of 112 dB presented at a fix e d inter-

L

59
stimulus interval. However, there were no significant main
effects for drug or stress, and there were no significant
interactions .

These results do not confirm Hypotheses 8 and

9, because both stress and nicotine had no significant
effects on habituation .

Analysi s following median split by

initial amplitudes revealed no differences in habituation
between the high and low reactivity groups.

In summary, there were no effects of nicotine or
stress on habituation using the acoustic startle reflex.
This finding suggests that reflex habituation as measured in
this paradigm is not sensitive to the previously reported

effects of nicotine on vigilance , sustained attention, and
concentration.
Conf jrmation of Hypotheses

Hypothesis 1 .

The hypothesis that nicotine would increase

sensorimotor reactivity (startle amplitude)

in a positive

dose-response manner was not confirmed, although 1 2 mg/kg/day
nicotine did increase reactivity significantly as compared to

6 rng/kg/day.
Hypothesis 2.

A nic ot ine dose of 12 mg/kg/day significantly

increased PPI relative to 6 mg/kg/day, part ia l ly confirming
Hypothesis 2.
Hypothesis 3.

The hypothesis that ni cotine would increase

habituation was not confirmed.
Hypothes is 4 .

The hypothesis that stress would incre ase

startle amplitude in a dose-response fashion was confirmed by
a non-signifi cant trend.
Hypothesi s 5 .

The hypothesis that nicotine and stress would

interact to produce less increase in ASR amplitude than

60
either alone was confirmed by a significant statistical
interaction.
Hypothesis 6 .

The hypothesis that stress would decrease PPI

i n a dose-response fashio n was not confirmed , and there was a
non - significant trend for stress to increase PPI .
Hypothesis 7.

Stress and nicotine significantly interacted

such that nicotine blocked the effects of stress on PPI,

con f irming this hypothesis .
Hypothesis 8 .

Stress did not increase ASR habituation,

d i sconfirming this hypothesis.
Hypothesis 9.

Stress and nicotine did not interact to reduce

habituation, disconfirming this hypothesis.

Discussion
This e xperiment evaluated interactions of stress and
nicotine on reactivity (startle amplitude),

sensory gating

(pre-pulse inhibition) , and habituation of the acoustic
startle reflex , in order to determ ine if nicotine
counteracted any of the effects of stress on these variables .
This question was of interest because smokers report that
cigarette smoking has a calming effect and helps them cope
with stress, despite evidence that nicotine does no t
the physio l ogical indices of stress.

reduce

The acoustic startle

response can be modulated by both stress and nicotine, and
therefore was expected to be a good model to test this
interaction.
React ivi t~

(Startle ampl i tude )

Reactivity to external stimulation was measured as the
amplitude of the acoustic startle response.

As predicted,
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there were significant interactions of stress and nicotine on
the amplitude of the startle reflex using a stimulus level of
112 dB.

Animals receiving 12 mg/kg / day nicotine or restraint

stress were more reactive than controls , whereas animals
receiving both stress and nicotine were indistinguishable

from contro l s.

For the lower dose of nicotine , stress

effects on reactivity were enhanced.

Specifically, for

animals receiving either saline or the lower dose of
nicotine,

increasing levels of stress resulted in increases

in the amplitude of ASR.

In contrast, animals receiving the

higher dose decreased amplitude with increased stress.

The

higher dose of nicotine may prevent the increased amplitude
associated with stress, and may account for some of the
reported stress - reducing effects of nicotine and stress -

& Jarvik,
1983 ; wills & Shiffman, 1985; Shiffman, 1985; Barnes &
Fishlincki, 1976; Ikard & Thomkins, 1973 ; Kleinke, Staneski,
induced smoking in human smokers

&

Meeker,

(Rose, Ananda,

19B3).

Additionally, analysis by median split of baseline
levels of reactivity indicate that experimental differences
are attributable to the more reactive subjects in each
treatment condition .

That is, the high reactors in the

saline group reacted significantly more to restraint stress
than did the lo w reactors, and the high reactors in the
nicotine group reacted more to nicotine.

This analysis

suggests that high reactors in both groups are primarily
responsible for all of the differences measured, and is
consistent with findings of Nelsen
Eysenck ( 1 973) .

(197B) and theories of

Nelsen (1978) reported that rats were more

protected by nicotine from behavioral disruption in the
presence of a stressor when they had been originally
categorized as highly emotional .

In the present experiment,

animals were protected from stress - induced increases in
amplitude if they were initially more reactive and had been
administered 12 mg / kg/day nicotine.

Eysenck (1973) theorized

that nicotine has different effects in individuals according

L
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to their initial level of arousal .

In this view ,

individuals

with low levels of arousal will experience stimulant effects
of nicotine and individuals with high levels of arousal will
experience tranqui l ization.

In this experiment, it was only

the high reactors that were responsive to nicotine - induced
reduction in amplitude when animals were stressed .
The significance of this finding is two - fold.

First ,

it may help to explain why heavy smokers smoke more during

stress and report that it has a calming effect , despite
increases in sympathetic nervous system activity (Morse ,
1989; Kiritsy - ROy et al. , 1990).

These indi v iduals may be

similar to the more rea ctive animals in that they may rea ct
more to stress, and may prevent increased rea ctiv ity in the
presence of stress by smoking or increasing their nicotine
dose.

Second,

it lends support to Eysenck ' s

(1973) theory

that nicotine interacts with level of arousal to produce
different effects in different individuals depending upon
baseline arousal level .

That is, less rea ct ive individuals

may not experience a protective effect of nicotine because
they are less responsive to effects of both stress and
nicotine as compared t o high reactors.

In this experiment,

arousal was manipulated by the stressors that were appl i ed ,
and it also was inferred through the individual differences
in startle amplitude (reactivity) at baseline.

It appears

that both are important determinants of nicotine's effects on
reactivity.
It had been hypothesized that decreases in amplitude
would not be measured in the 12 mg/kg/day nicotine group
following observation stress .

However, if one considers the

inverted U-shaped function that generally describes nicotine
effects ,

it is evident from Figure 2 that the 12 mg/kg/day

group is at the apex of the inverted U in the no - st ress
condition , and i n creasing stress can only result in amplitude
decreases, for both observation stress and to a greater
degree, restraint .

In contrast , saline and 6 mg/kg/day

nicotine groups are on the rising arm of the inverted U in
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the no stress condition, and increasing levels of stress
bring these groups higher on the rising arm in terms of
amplitude. However, with increased stimulus intensity which
itself increases amplitude, a clearly inverted U-shaped

pattern is evident for all drug groups in Figure 3.

While

stress effects are significant for the observation stressor,
drug effects are masked by the higher intensity stimulus.
The pattern of these figures suggests that stress
shifts the dose effect curve of nicotine to the left, such
that 12 mg/kg/day nicotine produces increased amplitude
without stress, but that after exposure to stress, amplitude
is reduced.

In contrast,

stress increases amplitude for

saline and the 6 mg/kg/day nicotine dose except with a higher
stimulus intensity, where the inverted U pattern is evident
for both doses of nicotine.
Although the results of this experiment do not allow
the unequivocal conclusion that stress changes the doseresponse curve of nicotine or the converse,

that nicotine

changes the dose-response pattern of stress, the evidence
that these results are specific to nicotine rather than being
attributable to simple increases in arousal can be found in
two ways.

First, Davis and Astrachan (1978)

reported that in

the potentiated startle paradigm, the increase in startle
amplitude was dependent upon the intensity of the shock used
in training, with low and high shock levels producing less
increase in startle amplitude than intermediate levels.

The

authors concluded that shock, like fear, may affect behavior
in a non-monotonic inverted U-shaped function.

If restrained

animals are simply at the apex of the inverted U of stress
effects, then both doses of nicotine would have decreased the
amplitude of the reflex and not shown the differential
effects of Figure 2.
(1982)

Secondly, Kokkinidis and MacNeill

reported that in mice, while prior stress did not

increase amplitude,

it resulted in increased drug effects.

The dose effect pattern was positive, with greater increases
for higher doses of drug in their experiment.

In this
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experiment, using 112 dB stimulus, the observation stressor
did not significantly increase amplitude (as in Kokkinidis
and MacNeill, 1982), but amplitude was increased by this
stressor in combination with the 6 mg/kg/day dose of nicotine
more than for the 12 mg/kg/day dose .

The positive dose

effect curve reported by Kokkinidis and MacNeill (1982)

for

stress and amphetamine was not observed, probably because
nicotine ' s inverted U dose effect pattern differs from

amphetamine .

The present experiment thus suggests that

stress may intensify nicotine ' s effects, or shift the dose
response pattern to the left.

Because of nicotine's inverted

U shaped function, this decreases amplitude rather than
increasing it, as with amphetamine.

Most importantly ,

it is

consistent with the reports of human smokers that nicotine ' s
effects can be tranquilizing when under stress, at doses that
would be expected to be stimulating .
Sensory Gat i ng (Pre-pulse Inhib i tion)
Sensory gating , or the ability to screen out unwanted
stimuli ,

is indexed through the magn itude of pre - pulse

inhibition, with greater inhibition signifying better
screen i ng or selective attention.

As previously reported

(Acri et a l . , 1992) and as predicted, nicotine increased PPI
as compared to saline.

This effect is consistent with

reports that nicotine enhances selective attention and
concentration.

However , with stress , PPI increased for

saline-treated animals and 6 mg / kg/day nicotine , and
decreased for the higher dose of nicotine.

This finding is

contrary to reports of decreased PPI in humans (Ornitz &
Pynoos, 1 989) or in rats exposed to swim stress
1989) .

(Leitner,

Although these effects of nicotine were significant,

as was the drug by stress interaction , results were not as
predicted .
These findings are not consistent with those in the
literature whi c h have reported decreased PPI in humans
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(Ornitz & Pynoos, 1989) or in rats exposed to swim stress
(Leitner,

1989) .

They also are inconsistent with previously

reported findings wi th acute nicotine doses, in which the

lowest acute d oses of nicoti ne resulted in the greatest
increases in startle amplitude and PPI reported as percent
(Acri et al . ,

1992).

If indeed PPI reflects changes in attentional
mechanisms , it may be that the types of s tressors used
resulted in increased attention or poss ibly a hypervigilance
effect.

Nicotine did interact with stress but n ot in the

predicted direction, in that 12 mg/kg/day nicotine reduced

sensory gating as reflected in PPI of stressed rats.
Although the direction of effects of stress in the saline
gr oup were not as predicted in that stress increased PPI
instead of decreasing it, there were still significant
interactions of stress and nicotine on PPI that indi cate a
cancellation of effects wh en both are administered, such that
PPI in restrained, 12 mg / kg / day nicotine-treated animals wa s
indistinguishable from saline no stress controls.
As with the reactivity data , median split by initial
startle amplitudes revealed that high reactors in both the
saline and nicotine groups were chiefly responsible for the
differences in sensory gating with nicotine or stress, and
that initial level of reactivity is an important determinant
of the effects o f nicotine and stress (see Figure 9).

That

is, se n sory gating in low reactors was le ss affected by drug
treatment or stress treatment than was gating in high
reactors .

Further, under condit i ons of increased reactivity

or amplitude attributable to high stimulus intensity,
differences in treatment groups according to drug or stress
group were not evident .
Habityation
Habituation was measured using 10 trials consisting of
112 dB stimuli and a fixed interstimulus interval.

Decreases
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in reactivity o ver the ten stimulus presentation was
hypothesized to index changes in vigilance or sustained
attention .

Al though there was a significant effect of time,

indicating decreases in response amplitude consistent with
habituation, there were no differences according to drug or
stress, and no apparent trends .

Analys is by median split did

not result in significant differences, and Hypotheses 3, 8,
and 9 were not confirmed.

Results were incons istent with

Stern (1971) who reported that stress increased habituation
in rats , but were consistent with Overstreet (1977) who
postulated the cholinergic system wa s not involved in
habituation .

Results suggest that the present stress and

drug treatment conditions do not change habit uation or
stimulus sensitivity as measured in this paradigm.

Sllmmary

Results of this experiment suggest that nicotine does
counteract some of the effects o f stress that i n crease
reactivity (startle amplitude) and sensory gating (PPI)
Further , a close examination of the dose effect patterns of
both nicotine and stress suggest that stress may sh ift the
inverted U shaped func t ion describing effects of nicotine to
the left .

This interaction may be the mechanism through

which cigarette smokers experience a calming effect of
nicotine.

EXPERIMENT 2
Overview

This experiment was designed to examine the
interactions of st re ss and nicotine cessation on amplitude ,
pre- pulse inhibition, and habituation of the ASR in male
Sprague- Dawley rats .

This experiment tested the hypothesis

that nicotine and stress interact in their effects on aspects
of startle behavio r that can be modulated by both nicotine
and stress, and that nicotine cessation would exacerbate
effects of stress on startle .

It was hypothesized that the

mechanisms through which nicotine cessation affects startle
and stress - induced changes in startle behavior involve
attention , sensory gating , and habituation that are reflected
in startle behavior .

The experiment examined effects of

nicotine cessation and stress following 11 days of chronic
n i cotine administration .
Subjects we re 32 male Spragu e - Dawley rats .

Each rat

received one of two doses of nicotine (0 or 12 mg/kg/day)
administered by osmotic min ipump .

Animals we re tested for

startle amplitude prior to and during drug administration .
Minipumps were explanted on day 1 2 of drug administration to
insure nicotine cessation .

On day 1 of nicotine cessation ,

animals received one of two levels of stress (see Table 3)
immediately prior to startle testing (see Table 4 for
timeline) .

Animals from the stress g r oup were restrained in

a finger - like restraint device for a period of 15-2 0 minutes ,
and animals from the no stress control group remained in home
cages in the colony room .

Each animal was transported to the

startle chamber within five minutes after the termination of
stress, and was tested for startle amplitude , PPI , and
habituation for a period of 22 minutes.
tested simultaneously.

Four animals were

Within five minutes after the

termination of startle testing , each anima l was sacrificed
for blood collection and later measurement of plasma
cort i costerone to validate the effect iveness of the stresso r .
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Methods
Subjects and Housing
Subjects were 32 male Sprague-Dawley rats (225-250g)
obtained from the Charles River Laboratories.

Animals were

individually housed in standard polypropylene cages (35.56 em
x 15 . 24 em x 20 . 32 em) with absorbent Pine-Dri bedding and
metal grill lids.

Animals were maintained in a room with a

12 hr light/dark cycle (dark 7 pm to 7 am) at approximately
72 degrees F and 50% humidity.

Standard pellet rat chow and

water were continuously available, and cages were changed
twice weekl y.
An animal model was chosen for this experiment because
of ethical issues involved in administering nicotine on a

chronic basis to nonsmoking humans .

Rats were chosen as the

appropriate species for the current study because rats have
been used extensively in ni cotine , stress , and startle
experiments and much related data are already available.
Sprague - Dawley rats were selected because they are neither
the most, nor the least responsive rat strain in previous
startle experiments (Acri, Saah , & Grunberg , unpubliShed
data) and, therefore, were likely to provide the greatest
generalizability .

Male rats were used because there was no a

priori evidence of gender differences in cognitive effects of
nicotine and the use of both male and female s would have
doubled the size and costs of the experiment.
Drug administration
Nicotine or saline was administered using Alzet mini
osmotic pumps (Model 2002, Alza Corp . , CA).

Each minipump

was filled with a saline or nicotine solution made from
nicotine dihydrochloride administered at a r a te of
approximately 0 .5

~ l / hr

(Theeuwes & Yum , 1977).

Doses were

ca l culated based on body weight such that each animal
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received a dose of either 12 mg/kg/day or 0 mg/kg/day.
Minipumps were used to maintain a constant rate of nicotine
administration without the trauma of repeated injections.
Pumps were implanted (and explanted twelve days later) under
sterile conditions using methoxyflurane anesthesia .

These

drug dosages were selected based on previous studies in which
behavioral effects in rats approximate those of humans
(Grunberg et al. ,

1984).

St ress

Animals were restrained in commercially available
finger-like restraint cages (Cent rap Cage, Fisher Scientific)
for a period of 15-20 mi n utes.

Upon the animal ' s entry into

the restraining cage , the " fingers " were tightened to
restrict the animals ' movements but were not tightened enough
to induce pinching or pain .

Restraint stress has been used

in previous studies and has been s ho wn to produce elevations
in ACTH, beta-endorphin , and corticosterone (Flores et a l.,
1990) , inc r eased plasma renin , prolactin levels , and
corticosterone (Paris , Lorens , Van de Kar , Urban , Richardson Mortin , & Bethea , 1987) as well as serotonin and NE in the
brain (Adell , Garcia - Marquez , Armario , & Gelpi , 1988)
consistent with a stress response.

Restraint stress has been

reported t o increase the amplitude of sensory evoked
potentials i n rats

(Casada & Dafny , 1990) and has increased

the amplitude of ASR i n a p ilot study (Acri & Grunberg,
unpublished data) .

Control non - stressed animals remained in

home cages in the colony room during this time .
Acoustic Startle Reflex Testing
Acoustic startle reflex amp l itudes , p r e - pulse
i nhibition , and habituation were measured in a Coulbourn
Instruments Acoustic Response Test System .

Each rat was

individually placed in a 8 x 8 x 16 cm open air cage that
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restricted locomotion but did not immobilize or restrain the

movements of the animal, and was placed on one of four
platforms within a sound-attenuating chamber.

Platforms were

arranged radially around central speakers in the f l oor and
ceiling of the chamber.

A ventilating fan provided an

ambient noise level of 50 dB SPL.

All stimulus intensity

levels are de sc ribed in terms of sound pressure level or SPL
(re : 0 . 0002 dynes /cm2) , meaning that an unweighted measurement
scale was used.

There was a 3 minute quiet adaptation period

following the placement of four animals within the chamber.
Startle stimuli consisted of 98 , 112, or 122 dB SPL

noise bursts sometimes preceded 100 ms b y 68 dB , 1 kHz pre pulses. These stimulus intensity levels were verified with a
GenRad Type 1982 sound level meter with microphone placement
in the position of a subject ' s head.

There were six types of

stimulus trials and t wo types of control trials.
8 trials of a 98 dB no i se burst ,
burst preceded by a 1 kHz ,
dB noise burst ,

There were

8 trials of a 98 dB noise

68 dB pre - pu l se, 8 trials of a 112

8 trials of a 112 noise bursts preceded by a

1 kHz pre-pulse , 8 trials of a 122 dB noise burst , 8 trials
of a 122 noise burst preceded by a 68 dB 1 kHz pre - pulse , 4
pre - pulse alone control trials, and 4 no-stimulus control
trials.

There were a total of 56 of these trials, with each

sti mulus trial type presented once every seven trials in a
block randomized fashion .

Each stimulus had a 2 ms rise - fall

time such that onset a n d offset were abrupt .

Sudden onset of

an intense stimulus is a primary criterion for elicitation of
startle.

Interstimulus interval s ranged from 1 0 -39 seconds,

and were varied randomly.

Habituation also was measured

using 112 dB SPL noise bursts at a fixed interstimulus
interval of 10 seconds at the end of the session.

Ten

habituation trials were presented, bringing the total number
of trials to 66.

No-stimulus trials and pre - pulse alone

trials were presented as controls for random movement and to
insure that pre - pulses did not elicit startle responses.
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Following presentation of each stimulus , movement on
each platform was measured for a period of 200 ms by coupling

through a sensor pin connected to a st r ain gauge.

Four

platforms were simultaneously measured by an interfaced
mi crocomputer that control l ed both the stimulus presentation
schedule and measurement of responses.

Changes in voltage

underwent analog to digital conversion , and were fed into
calibration equations derived for each platform to equate
voltage to grams of weight.

Amplitudes were recorded as the

maximum response occurring within 200 ms fol l owi n g stimulus

presentation , and were calculated as grams of weight change .
Responses were averaged within trial types which were
presented in block - randomized order , as described above.
Each animal ' s response to each stimulus , therefore,
represents an average of 8 stimulus presentations .

Pre-pulse

inhibition, measured as amount or percent, is the difference
in amplitude bet ween trials involving a startle stimulus
alone and a startle stimulus preceded by a pre - pulse.

These

parameters have been used effectively in previous studies of
nicotine (Acri et al ., 1991; 1992) and strain (Acri, Saah, .&
Grunberg , unpublis h ed data) effects.
Rats were tested for startle behavior four at a time .
Stressed animals were not run prior to , or simultaneously
with, unstressed animals to avoid the influence of alarm
substances .

Each animal was tested during the beginning of

the activity cycle because there i s evidence that sta r tle
amplitudes are more stable at that time (Davis & Sallberger,
1971) .
Stress I ndex

The stressfulness of the procedure was evaluated by
measurement of plasma corticoste r one (CCS)

in all groups.

Bl ood was collected within 5 mi nu tes after the te r mination of
startle testing, and within 30 minutes after the terminat i on
of stress.

Plasma corticosterone is an indicator of adrenal
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cortical activity and increases following restraint stress
(Paris et al. ,

1987; Flores et al., 1990) as well as nicotine

administration (Morse ,

1989 ; Newhouse et al ., 1990) .

Corticosterone has a longer half life than catecholamines and
is less sensitive to rapid environmental changes (Baum et
al ., 1982).

It is, therefore , more likely to show effects of

prior stress during the previous hour, rather than the more
immediate effects of decapitation for blood collection.

Rats

were sacrificed by decapitation, and trunk blood was
collected in 14 rol polypropylene tubes containing 50
10,000 IU/m2 heparin and centrifuged.

~l

of

The resulting plasma

wa s frozen in a - 70 degree C freezer f or later corticosterone
assay .

Assays were performed on thawed plasma using 125I_

labeled corticosterone and a specific anti - corticosterone
antiserum to determine the corticosterone concentrations in
specimens using the double antibody technique (Rattner,
Gruenau , & Altland, 1979).

Reagents for this

radioimmunoassay were purchased from ICN Biomedicals, Costa
Mesa, CA .
Procedure
Experiment 2 was run after Experiment 1.
in Experiment 2 were run on the same day.
" days, "

All animals

Experimental

as described below , are relative to start day for

and t h e sequence of events within the e xperiment was the same
for all animals.

Careful attention was given to time - of-day

consistency in procedures .

All hand l ing and surgical

procedures occurred in the last 4 hours of the animal's sleep
cycle (light), and all startling and stressing occur r ed in
the last hour of the sleep cycle (light) and the first 2
hours of the activity cycle (dark).
Rats were gentled by handling daily during the
baseline period.

Each animal was weighed three times during

the baseline period, and baseline startle amplitudes we re
obtained on days 2 , 5 , and 8 relative to start day .

Animals
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were quasi-randomly assigned to drug groups according to
baseline startle amplitude.

Subjects from each drug group

were then further divided in a quasi - random fashion into
stress conditions, again with regard to baseline startle
amplitude.

The last of the three baseline startle testing

days was used for this purpose.
with 8 animals per group ,

There were 4 groups

for a total 32 animals.

(2 x 2)

See Table

3 for experimental design.
Three days following baseline procedures, each animal
was anesthetized with methoxyflurane and a minipump
containing the appropriate drug solution was implanted
subcutaneously.

An incision of approximately 3 em was made

between the shoulder blades and a pump was implanted under
the skin.

The incision was closed with 9 mm stainless steel

wound clips.

Following surgery , each animal was returned to

the home cage.
Startle testing was performed on drug administration
days 2, 5, and 8; that is,

2, 5, and 8 days after

implantation (see Table 4 for timeline) .

On day 12 , animals

were anesthetized and pumps were explanted to insure drug
cessation .

All surgical procedures were identical to those

described for implantation, except that pumps were removed.
Twenty-four hours later, or on day 1 of drug cessation,
animals were stressed , startled, and sacrificed.

Unstressed

anima l s were run first , to control for odors and alarm
substances .

For the no-stress condit ion , four animals at a

time were transferred to the startle treatment room,
startled, and following the end of the startle testing
period, were transferred to the necropsy room and decapitated
within 5 minutes .

Trunk blood was collected for later assay .

Following startling of all animals from the no- stress control
condition, stressed animals were run.

Four animals to be

restrained were taken to a treatment room and were placed in
restrainers for 15-20 minutes.

Animals were then transferred

to startle cages and were placed in the startle chamber
within 5 minutes.

Following the startle testing period of 22
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minutes, animals were transfered to the necropsy room and
decapitated within 5 minutes .

Trunk blood was collected for

later assay.
Statlst j ca l

Analysis

An initial Multivariate Analysis of Variance (MANOVAl
was performed on the nine dependent measures from day 1 of
drug cessation.
amplitude

Dependent measures included startle

(mean peak response - mean average no stimulus

response), amplitude of pre-pulse inhibition trials

(mean

peak response of PPI trials - mean average no stimulus
response), and amount of inhibition ([mean peak response mean average no st imu lus response) -

(mean peak response of

PPI trials - mean average no stimulus response).

The MANOVA

included drug (saline or 12 mg / kg /day nicotine) and stress
(no stress or restraint) as between-subject factors , and
stimulus intensity (98, 1 12 , or 122 dB) and type (with or
without pre-pulse) as within - subject factors .

Following this

analysis , 2 x 2 fact orial ANOVAs were used to examine effects
of ni cotine and stress on each
from cessation day 1 .

individual dependent measure

Dependent measures included startle

amplitude, amplitude of PPI trials , and amount of pre - pulse
inhibition.

Pe r cent of pre - pulse inhibition ([mean peak

response - mean average no stimulus response] -

[mean peak

response of PPI trials - mean average no stimulus response])/
(mean peak response - mean average no stimulus re sponse] wa s
not included in the MANOVA because it was statistically
related to the other measures, but was analyzed by separate
ANOVA.
Habituati on data were analyzed using repeated measures
ANOVA to determine within - session habituation.

This analysis

was a repeated measures anal ysis of changes in response to 10
habituation trials , using between- subject factors of drug
cessation and stress .
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Group size of 8 animals per group was based on
previous studies of this type in which this group size was
sufficient to yield significant differences in response to
drug (Acri et al. , 1991).

A significance level of 0.05 was

used for all statistical tests .
Post hoc t - tests were used to determine which groups
differed when significant differences were found on ANOVAs.
Fisher PLSD tests were used, where appropriate.
A post hoc analysis of nicotine effects was performed

for measures using the 112 dB stimulus to determine if
nicotine cessation effects were dependent upon initial level
of arousal. Separate ANOVAs following median - split of
baseline startle amplitudes within the nicotine and saline
cessation groups were run for the principle measures of
amplitude, pre - pulse inhibition, and habituation.

This

analysis was done to determine if more reactive animals
responded differently to stress, nicotine cessation, or the
combination .

Resu1ts
Overview

An overall multivariate analysis of variance (MANOVAl
was conducted, in which drug (saline or 12 mg/kg/day
nicotine) and stress (no stress or restraint) were betweensubject factors, and amplitude (98 dB, 112 dB or 122 dB) and
type (with or without 68 dB 1 kHz pre - pulse) were withinsubject variables in an analysis of differences in response
amplitude, or grams of weight change.

Amplitude data for

stimuli of 98 dB, 112 dB, and 122 dB were then analyzed in
separate analyses of variance followed by post hoc tests when
significant main effects or interactions were found.
Pre-pulse inhibition data were reported in three way s .
First, the amplitude of trials in which a pre-pulse precedes
the startle - eliciting stimulus was reported.

Second, the

76
amount of inhibition was derived by subtraction of pre-pulse
trial amplitudes from amplitudes of trials using the same
startle-eliciting stimulus without a pre-pulse, or the amount
of the response that was inhibited.

Third , the percent of

inhibition was derived by di v iding the amount of inhibition
by the ampl i tude of non pre-pulse trials of the same stimulus

to determine the percent of the response that was inhibited.
Habituation trials consisted of 1 0 presentations of
112 dB separated by a fixed inter-stimulus interval of 10

seconds.

These results were analyzed by repeated measures

analysis of variance .

All results were based on a t wo - tailed test of
significance .

The alpha level for al l analyses was set at

0.05.
Stress validation
Plasma Corticosterone Levels
To determine the effectiveness of restraint as a
stressor ,

plasma corticosterone (CCS)

levels were measured

30- 35 minutes following e x posure to restraint .

Figure 10

presents the mean plasma CCS concentration for each stress
and drug treatment - condition.

Restraint stress resu l ted in

CCS levels that were significantly higher for animals in the
stress condition than for those in the no stress condition .
This main effect for stress was significant [£ (1,28) =
21 .1 6,

~

< 0 . 05] .

There were no significant main effects for

drug condition, and there were no significant interactions
with stress and drug.

Post hoc tests reveal that both

saline- and nicotine - cessation groups that were stressed had
significantly higher levels of plasma corticosterone than
both saline- and nicotine - cessation groups that were not
stressed (Fisher PLSD = 153 . 83, P < 0.05) .
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Multivariate Analysis

The multivariate analysis of variance (MANOVA) was
conducted ,

in which drug (saline or 12 mg/kg/day nicotine)

and stress (no stress or restraint) were between-subject
f actors , and stimulus intensity (98 dB, 112, dB or 122 dB)
and type (with or without 68 dB 1 kHz pre-pulse) were within-

subject variables in an analysis of differences in response
amplitude , or grams of weight change. This analysis was done
to insure that significant findings on any univariate
analysis were not the result of chance , due to the number of
analyses conducted.

Both reactivity (amplitude) and gating

(PPI) trials were included in this analysis .
There wa s a significant main effect of stimulus
intensity [Hotellings £

(2 , 27) -

4 . 50,

~

< 0 . 05], and post

hoc analysis of the effect of intensity by planned contrasts
indicated that responses to the three stimulus intensities
(98 dB vs 112 dB, and 112 dB vs 122 dB) were significantly
different

[£ (1,28) = 125 . 64 ,

~

< 0 . 05; £ (1 ,2 8) = 110.09,

~

< 0.05J, with greater amplitude responses to more intense
stimuli as previously reported (Acri et al., 1991).
was also a main effect of trial type (Hotellings £
4.48,

~

There
(2,27) =

< 0.05J, with significant response inhibition for

trials in which the pre -pulse was present, as extensively
reported in the literature.

There was a significant drug by

s t ress by trial type interaction [£ (1,28) = 4 . 91,

~

< 0.05},

and a significant drug by stress by intensity by type
interaction [£ (2,56) = 3 . 51 ,

~

< 0.05}.

In order to examine

these differences, univariate tests were then conducted to
examine these significant interactions and effects of stress
and drug cessation in relation to hypotheses.
Reactivit y (Amplitude)

Reactivity to external stimulation is reflected in the
amplitude of the acoustic startle response.

Acoustic startle

78
amplitude was mea su red using 98 dB, 112 dB, and 122 dB noise
stimuli.

Using these stimuli, there were n o significant

differences by drug cessation o r stress cond ition for any of
the stimuli.

Table 19 presents responses of subjects from

the two drug and stress conditions to each of these s timuli.
Although there were no significant effects, c l oser
examination of responses to the 112 dB stimulus are
warranted.
In the previous experimen t , the 112 dB stimulus was
the most effect ive of the three stimulus inte n sities i n
eliciting reflex amp li tudes that were modulated by nicotine
and stress , and in reflecting the nicotine-stress interaction
during nicotine administration.

Although the effects are not

statistically significant during nicotine cessation, all
nicotine cessation effects for the 112 dB stimulus are in a
direction o p posite to those seen during nicotine
administration , and the same interactio n pattern observed
during nicotine administration is evident (see Figure 11) .
For no stress conditions, animals in the nicot ine cessation
condition have lower ampli tudes than saline controls , and
with restraint stress , the pattern reverses so that
re st r a ined animals in the nicotine cessation condition have
higher amplitude s than restrained saline cessation cont r ols.
The same trend is evident to a slightly lesser degree for the
122 dB stimu l us.

These trends are consistent with Hypothesi s

10 , which predicted that nicotine cessation would not affect
startle ampl itude.

However , it was predicted in Hypothesis

13 that st res s would increase sta rtle relative t o no stress ,
which it did not do for saline- o r ni cotine - cessation
animals.

It is not known why st ress did not increase startle

amplitude in this experiment.

An additi onal analysis of responses to the 112 dB
stimulus leve l follow ing a median split of baseline
amplitudes was done to determine i f individual differences in
baseline reactivi ty are an important determinant of nicotine
cessation and stress effects.

To clarify , this analysis was
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done in order to examine the differential effects of baseline
reactivity rather than to remove baseline effects.

Each

treatment group wa s divided into high and low reactors ,
according to baseline amplitudes (M = 30 grams) , and a 3 -way
ANOVA wa s conducted (stress x drug cessation x high/low
reactivity). In this analysis , there was a significant effect
of stress [£ (1 , 24) = 4 . 47 , ~ < 0.05] , a significant effect
of base l ine reactivity [£

(1 , 24) - 7.27 ,

~

< 0.05 ], and a

significant stress x reactivity interaction [£ (1 , 24) - 7.85,
~

< 0 . 05 ).

These results are presented in Figure 12, in

whi ch it is clear t hat stress reduces startle amplitude only
in the high reactors f o r both nicotine and saline cessation .
Differences are significant for the saline cessation high
reactors.

There is a trend for nicotine cessation to reduce

the amplitude of startle in nicotine cessation group as
compared to the sali ne cessation g r oup , but the trend is
evident only for the high reactors .
As in Experiment 1, the median split analysis
accentuates the differences among n icoti ne- and salinetreated animals, and indicates that it is the high reactors
in both categories that are responsib l e for these
differences.

Results again confirm Hypothesis 10, that

nicotine cessation would have no effect on startle amplitude
although there is a trend for reduced reactivity (amplitude) .
Hypothesis 13 , stating that stress would increa se reactivity
was not confirmed, in that stress clearly reduced amplitudes
in all drug cessation groups with a significant main effect ,
although there was much greater reduction in the high
reactors and a slight increase in the low reactors.
Interestingly , high reactors in the saline cessation group
decreased startle amplitude wit h stress , whereas high
reacto r s in the saline administration group in Experiment 1
increased amplitudes with stress . It is not known wh at
effects of saline cessation were responsible for differences
between saline administration and saline cessation .

Nicotine

cessat i on resulted in the same direction of effects for high
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reactors as did nicotine administration in Experiment 1, and
again,

it is not known why responses of animals in nicotine -

cessation would resemble those of animals during nicotine
administration.

Compare Figure 1 2 with F igure 4 from

Experiment 1.
In summary, there were no significant effects of
nicotine cessation or stress on reactivity or ampl it ude in
this experiment.

However , when analyzed with reference to

baseline reactivity,

stress reduced amplitude in both saline-

and nicotine - cessation groups that were high reactors.

These

results are contrary to expectations based on hypotheses and
literature, and an obvious interpretation is not evident.
Possible explanations are presented in the discussion
section .
Sensory Gat ing (Pre -p ulse Inhibition)
Sensory gat ing , or the screening out of irrelevant
stimuli,

is a process re lat ed to selective attention.

Pre -

pulse i nhibition of the startle reflex, or the amp l itude
reduction that occurs when a non-startling sound precedes the
start le-e l i citing stimulus , is thought to reflect this
attentional process as previously described.

MANOVA results

presented earlier indicated significant effects of trial
type,

indicating that significant pre-pulse inhibition

occu r red for all stimulus intensity l evels .

Pre-pulse

inhibition was analyzed i n several ways in this experiment,
using amplitudes of pre-pulse trials , amount, and percent of
inhibition as variable s .

Each stimulus intensity was

examined separately.
Using a 98 dB startle -e liciting stimulus preceded by a
1 kHz pre-pulse of 68 dB , amplitudes were measured as shown
in Table 20 .

There we r e no sign ifi cant differences in

amplitudes of pre - pulse trials for 98 dB , and no apparent
trends.

There also were no significant differences in amount

or percent of inhibition for this stimulus (Tables 21 and 22,
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respectively) .

One slight trend is a reduction in both

amount and percent of inhibition for animals in the nicotine
cessation condition as compared to saline, as predicted by
Hypothesis 11, but overall results obtained with this
stimulus suggest that either nicotine cessation and stress
have no effect on PPI, or that this stimulus level was not
optimal for detection of stress and cessation effects

(see

Figure 13) .

Using a 112 dB startle- eliciting stimulus preceded by
a 1 kHz 68 dB pre - pulse, amplitudes were measured as shown in
Table 20.
~

7.07,

~

There was a significant effect of stress [E (1,28)

< 0.05J, with stressed animals having consistently

lower amplitudes than non - stressed animals (see Figure 14).
Post hoc analyses indicated that the saline no stress group
differed significantly from the nicotine - cessation restrained
group (Fisher PLSD = 4.75,

~

< 0.05) .

There were no

significant effects of drug cessation or interactions ,
although the slight reduction in PPI for the nicotine
cessation animals was again evident in both stress
conditions .

For amount and percent of inhibition using the

112 dB stimulus with pre - pulse, there were no significant
main effects for drug or stress, and there were no
significant interactions.

Tables 21 and 22 include these

results. Slight reductions in amount and percent of
inhibition are seen in the no stress nicotine cessation
animals, and the pattern appears to reverse with restraint
stress (see Figure 15 for amount of inhibition).

As with the

98 dB stimulus , nicotine cessation appears to slightly reduce
PPI compared to saline cessation as predicted by Hypothesis
11, but results with restraint stress were not as predicted .
It is not known why nicotine cessation and restraint resulted
in more PPI than saline cessation and restraint.
Using the 122 dB startle stimulus with a 68 dB 1 kHz
pre - pulse, there were no significant main effects for stress
or drug cessation, and there were no interactions.
when analyzed as amount of inhibition, there was a

However,
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significant drug cessation x stress interaction {£ (1 , 28)
4 . 74 ,

~

< 0.051 .

Post hoc comparisons revealed that the

saline no stress and saline restrained groups differed
(Fisher PL$D -

4 8 . 8 , p < 0.05), with more PPI in the saline

no stress group .

These results are presented in Figure 16 ,

and means are included in Table 21.

These results are

consistent with predictions of Hypothesis 14 for the saline
animals ,

in that there was significantly less sensory gating

or PPI following stress.

However , it was predicted that

nicotine cessation wou ld intensify the stress effect by
further reducing PPI , but this did not happen.
s ignificant main effects of drug or stress .

There were no

When analyzed as

percent of inhibition, the same trends are seen wi thout
significant effects for drug, stress or interaction.

The

trend of decreased PPI for the nicotine no stress animals as
compared to saline was again consistent with Hypothesis 11.
These means are included in Table 22.
Results obtained using the 112 dB stimulu s with pre pulses also were analyzed following a median split of
baseline response amplitudes to determine if initial
reactiv ity is an important determinant of effects of drug
cessat ion and stress on sensory gating. For amplitude of
pre - pulse trials , there was a significant effect of stress [£
( 1, 24)

=

7.06 , D < 0 . 05] and these results are presented in

Figure 17 , in which it is clear that restraint decreased
amplitude of pre-pulse trials overall , and significantly for
the nicotine-cessation high reactors.

For amount of

inhibition , there was a significant effect of initial
reactivity (£ (1,24) = 9 . 07, D < 0.05) and a significant
stress x initial reactivity interaction [£ (1,24) - 6.82 , D <
0.05] .

These results are presented in Figure 18 , i n which

high reactors show more sensory gating or PPI without stress ,
but with restraint stress, PPI is reduced in high reactors
a nd increased slightly in low reactors .

With no stress, both

high and low reacto rs in the nicotine cessation groups show
less PPI than saline high reactors.

When analyzed as percent
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of inhibition, there was a significant effect of initial
reactivity [£ (1 , 24) = 7 . 71,

~

< 0.05], and the same pattern

as in amount of inhibition is present.

That is, high

reactors show decreased percent of PPI with stress, and low
reactors show increased percent of PPI with stress, slightly
more so for nicotine - cessation as compared to saline
cessation.

It is interesting to note that as compared to

Experiment 1, nicotine cessation high reactors show stress
effects in the same direction as nicotine-administration high
reactors in terms of amount of inhibition.

However, saline

cessation high reactors show opposite effects of stress on
amount of inhibition as compared to saline administration .
It is not known why animals in saline cessation would react
differently to restraint stress as compared to animals in the
saline administration group (cf. Figures 18 and 9) .
Habituation
Habituation data were subjected to a repeated-measures
analysis of variance with time as a within-subject factor and
both stress and drug as between-subject factors.

There were

no significant effects of time, although this measure
approached significance (£ (9,252)

=

1.86,

~

< 0 . 058],

meaning that all groups habituated somewhat to the ten
habituation trials of 112 dB presented at a fixed inter stimulus interval .

Results are inconsistent with predictions

of Hypothesis 15, in that there were no significant stress or
drug effects on habituation.
These data were also analyzed following median split
of baseline amplitudes, and there were no significant effects
of drug,

stress, initial reactivity, or time, and there were

no significant interactions.
In summary, there were no effects of nicotine
cessation or stress on habituation using the acoustic startle
reflex.

This finding suggests that reflex habituation as

measured in this paradigm is not sensitive to the previously
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reported effects of nicotine on vigilance,

sustained

attention , and concentration.
Coofirmatioo of Hypotheses

Hypothesis 10.

Nicotine cessation had no effect on startle

amplitude as predicted, confirming this hypothesis.

Hypothesis 11.

Nicotine cessation decreased pre - pulse

relative to saline , consistent with this hypothesis although
the trend was not significant.
Hypothesis 12.

Nicotine cessation did not increase

habituation relative to saline as predicted, disconfirming
this hypothesis.
Hypothesis 13.

Stress did not interact with nicotine

cessation to produce greater amplitude increases than
nicotine cessation or stress alone , so this hypothesis was
not confirmed.
Hypothesis 14.

Stress did not decrease PPI during nicotine

cessation except for a non-significant trend for the high
reactors , disconfirming this hypothesis .
Hypothesis 15 .

Stress did not increase PPI during nicotine

cessation , and this hypothesis was not confirmed .

Discussion
In Experiment 2 , measures of reactivity, gating, and
habituation were taken 24 hours after exp1antation of
minipumps containing 12 mg/kg/day nicotine or saline, and it
was reasonable to believe that this timing was appropriate to
obtain drug cessation effects.

Previous studies found no

significant withdrawal effect for nicotine at 1 , 2 , and 3
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days post explant

(Acri et al., 19 91) ; however ,

it was

hypothesized that exposure to stress would reveal cessation

effects that would not be obvious in the absence of stress ,
as in Morrison (1974).

Morrison (1974) u sed a s ignalled and

unsignalled shock avo idance tasks with rat s and reported that
nicotine wi t hdrawal only disrupted performance in the more

st re ssful , unsignalled shock avoida nce task as compared to
saline controls.
Reactivity (Ampl itude)

It wa s hypothesized that nicotine cessation effects
compa re d with saline cessation would be opposite in direction
to nicotine administration effects compared to saline

administration.

(All compari sons a r e in reference with the

sa lin e control group for the same experiment . )
administratio n of nicotine in Experiment

While

1 resulted i n

increased amplitude without stress and decreas ed amplitude
with stress ,

in contrast , nicoti ne cessation in Experiment 2

resulted in slightly l ower amplitude without stress , and
slightly increased amplitude with stress as predicted in
Hypothe s i s 1 3.

Taken at fa ce value, this finding could be

interpre ted as evidence of a cessation effect.

It is not

interpreted as a rebound or return to baseline, beca u se this
exp eri ment used a bet we en - rather than a within - subject
design.
As predicted, these effects were opposite in direction
to ni cot ine administration effects, consistent with opponent
process theories (Solomon , 1977 ; Himmelsbach , 194 3 ; Koob &
Bloom, 1988) .

That is , if nicotine enhanced amplitude during

administration, amplitude should dec r ease du r ing cessation .
Th is change in amplitude or reactivi ty may reflect some of
the same processes that make human smokers restless ,
irritable, anxious , or impatient in withdrawal (Hughes and
Hatsukami ,

1992; Hughes et al . , 1984b ; Hugh es & Hatsukami ,

L
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1986; Hatsukami et a1., 1 988; APA , 1987; West & Russell,
1988) .

From analysis of amplitude data in Experiment 2 by
median split to determine the influence of individual

differences in baseline reactivity on drug cessation and
stress, it was again evident, as in Experiment 1, that most
of the difference in amplitude between saline- and nicotinecessation groups could be accounted for by high reactors.
Low reactors varied little as to drug treatment or stress
condition, whereas high reactors in both drug cessation

conditions consistently were less reactive following
restraint.

There was slightly less amplitude reduction

following restraint in the nicotine-cessation condition.
Although a clear and significant nicotine cessation effect
was not measured with or without stress, in high or low
reactors , these results again highlight the importance of
individual differences in assessment of stress and drug
cessation effects.

Animals classified as high or low

reactors may be functioning at different points on the
inverted U shaped function for arousal .

High reactors may be

near the apex of the function and decrease amplitude with
stress, whereas low reactors may be on the rising arm of the
inverted U, and therefore increase in response to stress.
These differences in response to drug cessation are
roughly opposite of those seen during administration, and
highlight the importance of individual difference variables
in reactivity as a determinant of stress and drug effects.
This initial reactivity difference variable may provide a
partial explanation of the differences experienced by human
smokers when they quit.

That is, some smoke rs report few, or

mild withdrawal effects, whereas othe r s report a conglomerate
of seve re symptoms that include drowsiness,
difficulty concentrating, etc.

irritability,

(Hughes and Hats ukami, 1992;

Hughes et a1 . , 1984b; Hughes & Hatsukami, 1986; Hatsukami et
al.,

1988; APA,

1987 ; West

&

Russell , 1988).
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Sensory Gating (Pre - pulse Inhibition)
For an i mals in drug cessation , there were sign ificant
effects of stress that decreased pre - pu l se i n hibition or
sensory gating in sa l ine - cessation animals , and slightly
increased or d i d not change inhibition in nicotine-cessation
animals.

Without stress, nicotine cessation , as compared to

saline cessation, resulted in slightly decreased PPl , as
predicted by Hypothesis 11.

Ho wever , Hypothesis 14 predicted

that stress would decrease PPl for both drug cessation
cond i tions with nicot ine cessation e f fects greater than
saline-cessation effects , and this hypothesis was not

confirmed .

In contrast , PPl was slightly increased by stress

for animals in nicotine cessation , but it was decreased by
stress for animals in saline cessation.

The magnitude of the

effect was small, but the i nteraction was signif i cant for the
122 dB stimulus.
For the saline group , these effects of stress on
sensory gating are consistent with those reported in the
literature of decreased PPI in humans (Ornitz & Pynoos ,
or in r ats exposed to swim stress (Leitner , 1989).

1989)

However,

it was not predicted , and it is not c l ear why nicotine
cessation as compared to saline cessation would increase PPI
in stressed animals .

When analyzed follo wing median split,

it is evident that without stress , individua l differences in
baseline reactivity account for much of the difference in
drug cessation condit i ons with high reactors showing
significant d i fferences in the no s t ress condition.

However ,

wi th stress , all low reactors increase amount of PPI slightly
as compared to no stress , and all h igh reactors decrease
slightly as compared to no stress , and the interaction of
st r ess and baseline reactivity was significant.

So, on day 1

of drug cessation , individual differences in reactivity were
a more important determinant of stress effects than was
nicotine .
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Both high reactors in saline and nicotine cessation

had decreased PPI with stress .

High reactors in the nicotine

cessation group were affected by stress in a pattern similar
to animals during nicotine administration in Experiment 1 , as
in amplitude findings.

However, the high reactors in the

saline- cessation group responded to restraint stress in a
pattern that was opposite of the pattern during drug
administration in Experiment 1.

That is, amount of PPI or

sensory gating in the saline high reactors diminishes with
stress as predicted in this experiment, whereas in Experiment
1, PPI increased with increasing stress for saline - treated
anima l s.

The predicted rebound , or withdrawal effect that is

opposite in direction to that of drug adm i nistration did not
occur following stress for the nicotine-cessation animals ,
but was evident in the absence of stress .

It could be that a

cessation effect was masked rather than enhanced by the
intensity of the stressor.
Habituation
Habituation was measured using 10 trials consisting of
112 dB stimuli and a fixed interstimulus interval .

Decreases

in reactivity over the ten stimulus presentation was used to
index changes in vigilance or sustained attention.
there was a significant effect of time,

Although

indicating decreases

in response amplitude consistent with habituation, there were
no differences according to drug or stress, and no apparent
trends.

Analysis by median split did not result in

significant differences.

Hypotheses 12 and 15 were not

confirmed , and results suggest that the present stress and
drug cessation treatment conditions do not modulate
habituation as measured in this paradigm .

L
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Summary

Results of this experiment suggest that nicotine
cessation effects on startle behavior are subtle and may be

masked by intense stress.

Further , effects of stress in

saline-cessation animals were to decrease amplitude and
gating (PPI), wherea s effects of stress in saline
administration animals were to increase amplitude and gating .
Because all nicotine comparisons were to the appropriate
saline control group and because it wa s not anticipated that
saline cessation effects wou ld differ from saline

administration effects, results of Experiment 2 are
equivocal.

However,

it appears that ni cotine cessation

effects are in roughly the opposite direction as
administration effects.

L

GENERAL DISCOSSION
These experiments addressed the possibility of
interactions of stress and nicotine on aspects of the
acoustic startle reflex, namely reactivity (amplitude),
sensory gating (pre-pulse inhibition), and habituation that
may be relevant to the reported stress -reducing effects of
nicotine administration by cigarette smoking in humans .

Experiment 1 examined these effects during day 11 of nic otine
administration, and used three levels of drug (saline,

6

mg/kg/day nicotine, and 12 mg/kg/day nicotine) and three
levels of stress (no stress , observation of restraint, and
restraint stress).

Experiment 2 examined effects on day 1 o f

cessation following 11 days of administration, and used two
levels o f drug (saline and 12 mg/kg/day nicotine) and two
levels of stress (no stress and restraint) .
These studies co nfirmed that nicotine is capable of
counteracting stress effects on reactivity and sensory
gating, although the direction of stress effects on gating or
PPI were not as predicted .

Although a higher dose of

nicotine increases reactivity in non - stressed subjects , it
prevents increases in reactivity or amplitude associated with
stress , such that nicotine treated, stressed subjects
resemble saline controls .

Similarly , whil e nicotine enhances

sensor y gating in the absence of stress , it prevents
increases in gating associated with stress.

This effect may

be related to the stress reducing effects of nicotine
reported by human smokers .
Nicotine cessation effects as co mp ared to saline were
generally in the opposite directi on from those observed
during nicotine administration .

However , this effect may

have occurred not because of opponent processes of nicotine
administration, but may have been the result of comparis ons
of nicotine cessation with

saline cessation .

Unexpectedly,

animals in the saline cessation group reacted to stress in a
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manner opposite that of animals administered s aline , which
influenced all of the nicotine cessation vs . saline ce ssation
comparisons.

Why this effe c t occurred i s unknown.

It may

have bee n an unanticipated result of explant surgery and
anesthesia only 24 hours earlier, but these experimental
effects should have been identical in all drug treatment

conditions. If viewed withou t referen c e to saline , stressed
animal s in nicotine cessation were slightly less reactive as
compared with no stress, as they were during nicotine
administration.

However, stress slightly increased PPI for

animals in ni cotine cessation, as opposed to decreasing it ,
so it is not likely that the results can be interpreted as
lasting effects of drug.

Therefore , cessation effects of

ni cotine and stress are equivocal when using a betweensub ject design .
Dose - response effects of nicotine administration wi th
restraint stress were generally not observed, as predicted by
Hypothesis 5 .

The 6 mg/kg/day nicotine dose increased

amplitude and PPI , as compared to saline-treated subjects ,
rather than decreasing amplitude and PP I as in the
interaction pattern of the 12 mg/kg/day nicotine dose .

Tha t

is, stress and 6 mg / kg / day nicotine may have had an additive
effect to increase amplitude and PPI , wh e reas the 12
mg/kg/day dose did not

(see Figures 2 and 7).

The reasons

for the lack of dose-response effects may be related to the
fact that nicotine dose effects show an inverted U shaped
functi o n in terms o f eNS activation, with low doses resulting
in stimulation, and high d oses in depression (Armitage et
al. , 1968) .

Whereas the 12 mg/kg/day nicotine dose is

usually not high enough to result in depression of amplitude
or gating (PPI)

(see Figures 2 and 7, no stress condition) ,

manipulation o f st ress levels and concomitant sympathetic
activation may have shifted the nicotine dose -response curve
to the left , such that highly stressed animals re ce iving 12
mg/kg / day nicotine did not show the changes in amplitude or
gating that are associated with stress , whereas the subj ect s
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receiving either lower doses of nicotine or a lesser dose of
stress did show these effects.

This interaction , or shift,

may help account for differe n ces in stress - reducing effects
reported in the literature , in which smoking sometimes
reduces stress (woodson et al. , 1986 ; Nesbitt, 1973;
Silverstein , 1982) and sometimes has no effect (Hatch et al.,
1983; Gilbert

&

Hagen , 1980 ; Jarvik et al. , 1989).

Another factor that may have contributed to arousal
and further shifted t h e dose-response curves of both stress
and nicotine to the left is stimulus intensity.

In Figure 3,

it is evident with the 122 stimu lus intensity level , maximal
responses were observed in the saline observer group, whereas
increases in nicotine dose , or stress, or both resulted in
predictab l e decreases, until the 12 mg/kg/day nicotine
restrained animals showed amplitudes similar to the saline no
stress group .

In a previou s experiment, amplitudes measured

using a similar stimulus intensity level were reported to
show ceiling effects for the 12 mg/kg/day nicotine dose
without stress (Acri et al., 1991) ; however , if ceiling
effects were the only operational factor preventing increased
amplitude in this experiment, the clear , inverted U shape in
Figure 3 would show a p l ateau, rather than a descending
pattern with increased stress.

This pattern again suggests

that increased arousa l caused by stress or stimulus intensity
can shift the dose effect curve of nicotine to the left .
This experiment validated the usefulness of the
observation stressor as a stressful experience that was less
intense than restraint itself.

The observation stressor

occurred when a rat was in close proximity to a restrained
rat .

Restrained rats typically urinate , defecate , and

occasionally emit audible sounds .

Based on the literature,

it is presumed that some alarm substance is also emitted from
the restrained animal , but the channel of communication
whether visual, auditory, olfactory, or through some as yet
undetermined channel is not known.

The mechan i sm through

which this communication induces a stress response in the
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observing animal is also unknown.

However, corticosterone

levels confirmed that the observation stressor was indeed
stressful; the corticosterone levels for animals experiencing
the observation stressor were significantly higher than
levels of animals in the no stress condition, and were
significantly l ower t han in animals following 15-2 0 minutes
of restraint .

Additionally, use of this stressor permitted

illustration of dose - response effects of stress on startle ,
the les s intense stressor resulting in less increase in

amplitude (Figure 2) or PPI (Figure 7) .

Although

corticosterone increa ses were used to validate or index the

stressfulness of the observation manipulation as well as
restraint, it was not hypothesized the corticos ter one levels
mediate effects of stress on startle (Davis & zolovick,

1972) .
Additionally, there were n o significant effects of
drug administration or cessation on corticosterone levels in
either experiment.

It has been previously report ed that

nicotine administration and cessation both in crease
corticosterone (Morse, 1989; Newhouse et al . , 1990) but
nicotine-induced increases were not seen in this experiment.
It may also be noted that plasma CCS concentrations were
above 400 ng/ml which appears high; however, it should be
n oted that blood was collected 30-35 minutes after the stress
manipulation, and several hours into the activity cycle, at a
time when circadian variations in plasma CCS concentration in
the rat are elevated . It is like ly that the stressors induced
such marked effects that smaller differences attributable to
drug were not detected.

Alternatively , in may be that

effects of drug on corticosterone were not measured because ,
in con trast to Morse (1989) and Newhouse and colleagues
(1990), these experiments used a chronic rather than a cute
dose of nicotine.
One of the most interesting findings of these
experiments was the influence of individual differences in
reactivity on drug and stress effects.

That is , reactivity
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prior to drug administration or cessation was found to be an
impor tant determinan t of both drug and stress effects on
amplitude and PPI.

Low initial reactors had little response

to drug administration, stress or drug cessation.

In

contrast, high initial reactors appeared to be responsible
for all experimental differences reported in these
experiments. This finding suggests that for nicotine , very
different experimental effects may be derived from different
subject populations or from different subjects wi thin the
same p opu lation.

Further, this effect may account for some

of the disparate effects of stress and nicotine reported in
the literature , because not all subjects respond in simi lar
ways , and treatment effects may not be statist i cally
significant as a result of the magnitude of the variance.
Assuming that high responders are randomly distributed
through out treatment groups , these in itial difference s could
not be appropriately analyzed by analysis o f covariance, but
must be treated as separate variable.

Further, greater

amplitudes in initially high responders is not predicted by
the law of initial values (Wilder , 1967), which would predict
the l ess experimental reactivity in initially high responder s
rather than more.

However, the law of initial values has

been criticized (Jin, 1992; Myrtek & Foerster, 198 6) and may
not h old for all subjec ts and all resp onse syst ems (Stern &
Sison, 1990) .

Ji n (1992) argues the law of initial values

should be revised to say that the higher the initial value,
the greater the organism 's subsequent reactivity, although
reversed responses may occur when the initial value reaches
its upper limits .

In order to test the la w of initial values

with regard to nicotine, stress, and ASR, a repeated measure
design is necessary and should be considered in future
studies.
Effects of initial reactivity in this experiment are
interesting in light of other studies in which reac tivity has
been found to be correlated with drug self-administration.
The Maudsley high and low reactive strains of Sprague-Dawley

L
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rats are characterized by differences in their responses to
the open-field test.

The high reactors defecate more and are

less active than low reactors , but d o n ot differ in
corticosterone responses (Abel ,

1 991) .

However , the Maudsl ey

high reac tors are more likely to develop a preference for
ethanol than are the Maudsley low reactors (Adams , Shi hab i ,
Blizard, 1991).

&

Sta rtle amplitudes in these rats , however ,

have not have not been reported to differ , although the high
reactors have been f ound to habituate to startle stimuli
significantly faster than low reactors (Commissaris,
Harringt on , Baginski , & Altman, 1988).
and colleagues

Recent work by Piazza

(Piazza , Demin ier e, Maccari , Le Moal , Mormede

& Simon , 1991; Piazza , Demi niere, Maccari , Mormede, Le Moal &
Simon , 199 0 ; piazza , Deminiere , Le Moal , & Simon , 1989) als o
has reported that the locomotor response of drug - naive rats
to n ovel environments i s predictive of amphetamine se lf administration .

High responders to the novel environment

were those that had greater locomoto r activity as determined
by a median split, and these animals were more likely to
deve l op amphetamine self - administration (Piazza et al. ,
1989) . High re sponders also had enhanced corticosterone
responses to the novel environment at 1 20 minutes , but not at
30 minutes as in the present experiment (Piazza et al. ,
199 1).

High level s of initial reactivity is clearly an

important variable to conside r in future experiments.
These experiments also raise doubts concerning the
functions thought to be ref l ected in PPI, or possibly the
calculations used to measure it .

Davis (1988)

sugge sted that

amount of inhibition i s usually constant for any stimulus
intensity level , and that reductions in percent of inhibition
will be found for ma nipUlations that increases startle
amplitude.

Ho wever, the present findings indicate clear

di fferen ces in amount of inhibition following both nicotine
administration or st re ss ,

suggesting that amount of

inhibition can be modulated by manipulations ot her than
stimulus intensity.

Furthe r, nicotine ha s been reported to
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i n c r ease percent of inhibition at doses that also increase
startle ampl i tude relative to control

(Acri , et al . , 1992),

contrary to Davis ' prediction that drugs that increase
amplitude will decrease percent of inhibition.

Therefore ,

amount and percent of PP I can be modulated more than has
p r evi ous ly been reported .

Although it was expected that

n i cotine would increase PPI , it was not expected that through
both calculation methods there wou ld be corroborating data
that PPI is increased, rather than decreased , by stress.
If PPI reflects processes related to selective
attention and the screening out of un wanted stimuli , it is
not known why stress would increase this function , in
Experiment 1 , unless it represents a me chanism in whi ch
environmental stimuli are blocked out.

Alternatively ,

stress

could pro duce an extreme attentiveness , or a hypervigilance
effect.

Previous studies in which P P I was reported to

dec r ease after stress (Leitner,

1989 ; Ornitz & Pynoos ,

1989)

also reported greatly decreased ASR amplitudes such that
f loor effects may have been operating .

Ornitz and pynoos

( 1989) concluded that there may have been a behav i oral
"shutdown " in their subjects as a result of PTSD .

Theref ore ,

the results Experiment 1 in which clear increases in PPI
occurred following acute stress suggests that the stressful
events increase the attentional processes underlying PPI in
rats.
The strongest line of evidence suggesting that PPI
reflects processes of sensory gati n g has been derived from
studies of schizophrenic patients in whom PPI has been found
to be deficient

(Braff et al., 1978).

From these data ,

it

has been hypothesized that deficits in PPI reflect the more
widely reported cognitive , information processing , and
attenti onal deficits of schizophrenics
Dawson , 1984).
co l leagues

Ho wever, a major confound of Braff and

(1978) and other studies of ASR abnormalitie s in

schizophrenics
1992)

(Nuechterlein &

(Geyer & Braff 1982; Braff, Grillon, & Geyer,

is that the majority of schizophrenic subjects were

97
receiving psychotropic medication, such that effects of
schizophrenia and medication used to treat it were
confounded .

It may be that schizophrenics who are not

medicated might show increased amplitude and PPI , as do the
stressed subjects in these experiments.

Studies of ASR and

PPI have yet to be done in unmedicated schizophrenics , or in
those without a history of medication and , therefore,
conclusions concerning t h e function of PPI based on this
literature are not useful for interpreting the presen t

findings of increased PPI following stress.
Future studies should attempt to relate PPI to human
cog nitive function to better understand the mechanism through
which PP I occurs and also its functional significance.

Both

ASR and PPI are clea rl y related to attention, but what human
cognitive functions,

if any, that they subserve or reflect ,

must be better understood in order to draw meaningful
conclus i ons about their modulation by drugs or stress .

The

ASR paradigm in animals is of inte re st because it occurs in
both animals and humans in similar forms and is modulated by
a variety of experimental treatments; however , its u l timate
use f ulness must a wait

studies in whi ch PP I is blocked or

enhanced and con comitant behavioral/cognitive effects are
assessed to determine the functional relevance of PPI to the
behaving organism.
Future studies also should address the importance of
individual differences in reactivity, as measured by ASR
amplitude , as a marker of sensitivity to both nicotine and
stress effects.

These experiments suggest that only more

reactive individuals respond to nicotine and possibly other
drugs ; less reactive individuals experience little effect .
It seems likely that more reactive individua l s would,
therefore, be more sensitive to drug effects and more likely
to self- administer drugs to gain these effects.
Additionally, only highly reactive individuals will
experience drug and stress interactions or shifts in the
dose-effect curve of the drug .

If these individual
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differences were better understood in terms of their
endogenous mechanisms or genetic markers, prevention of drug
abuse in humans could be more effectively targeted to
individuals at greater ri sk.

Further, treatments for drug

cessation could include interventions that address the
symptoms and needs of highly reactive individuals with the
recognition that the y are fundamentally different in their
responses to stress and drug states than less reactive
individuals.

Future studies of the stress-reducing effects

of nicotine shoul d consider these individual differences , and
more complete dose - effect curves for both stress and nicotine
for each of these groups should be generated.
Although we have derived the dose-effect curve of
acute doses of nicotine on ASR and PPI (Acri et al . , 1992) ,
it would be useful to document the dose - effect curve of
nicotine on startle and PPI using several levels of stress
and different reactivity groups.

It may be that present day

smokers are more reactive individuals, and that stress reducing effects of nicoti ne in smokers are very different
from stress - reducing effects of nicotine in a laboratory
study in which nicotine is administered to possibly less
reactive non smokers .

It is likely that failure to consider

these individual difference may account f or some of the
disparate results in studies of nicotine ' s effects.
In conclusion , there were significant interactions of
stress and nicotine on reactivity and sensory gating (PPI) as
measured by acoustic startle reflex amplitudes.

Nicotine

p revent ed stress-indu ced changes in amplitude and PPI,
possibly because stress shifted the dose -response cu rve of
nicotine.

These findings may relate to the mechanisms

through which cigarette smokers experience relief from stress
through smoking .

TABLES

Table 1. Experiment 1. Methods: Design of Expe riment:
Effects of ni cotine and st re ss during nicotine
administration .

Dr u g

Conditi o n
Saline

6 mq/kq/d.a y
Ni c otine

1 2 mq/kq / d.ay
Nicotine

8

8

8

Obser v e

8

8 -9

8-9

Re s tra i nt

8-9

8

8- 9

Stres s
Co ndit io n

No

stres s

Table 2.

Experiment 1.

Gentling on
days 1·3.
Startle testing
on days 2,5,8

Baseline

2

5

Day 22
Stress manipulation,
startle,sacrifice

Day 11
Implant

Baseline

I

Timeline of events.

I

I

Startle testing on days 12, 15 and 18, Animals are stressed (1 of
3 levels of stress), startled and sacrilicacl on day 22.
(These days oorrespond to drug adm inistration days 1, 4,
7,andl1 .)

Drug Adminstration

8

10

12

15

99

18

22

23
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Table 3 . Experiment 2 . Methods : Design of Experiment .
Effects of stress during nicotine cessation .

Drug
Condition

12mq/kq/day

Saline

Nicotine
Stress
Condition

No

Stress

8

8

Restraint
Stress

8

8

Table 4.

Experiment 2.

Timeline of events.

Day 10

Baseline

Implant

days 1·3.
Startle testing
on days 2,6,8

Startle testing on days 12, 15, and 18. (These
days correspond to drug administration days 2 ,
5, and 8.)

Drug Administration

Baseline

5

Day 23
Stress manipulation,
startle, sacrifice.

I I

Gentling on

2

Day 22
Explant

8

10

12

Explant

15

18

Cessation

22

23
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Table 5. Experiment 1. Methods: Hypothesis 5. Predicted
dose response effects of nicotine with restraint stress.

Drug
Condition

Saline

6mq/kq/day
Nicotine

12mq/kq/day
Nicotine

Stress
Condition
No Stress

+

++

+++

Restraint
Stress

+++

++

+

Table 6. Experiment 1 . Methods: Hypothesis 5. Predicted
dose response effects of nicotine with observation stress

Drug
Condition
Saline

6mq/kq/day
Nicotine

12mq/kq/day
Nicotine

Stress
Condition

No

Stress

Observation
Stress

•

••

••
•••

• ••
****
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Table 7.

Weigh t loss duri ng Expe r iment 1.

An i mal
number

Grams of
weight
loss

Duration
( day s )

Dr ug
Condition

Inclus i o n
or
Exclusion

7

1

3

12 mg/kg

i n cluded

18

74

10

6 mg / kg

e x cluded

21

10

3

12 mg / kg

included

26

83

4

sa l i ne

e xc lude d

33

2

3

12 mg / kg

i ncluded

49

66

7

s a line

e x c l uded

50

54

7

s aline

e x cluded

51

37

4

sa l i ne

e x cluded

54

46

7

12 mg / kg

e x cluded

56

92

10

saline

e x c l uded

67

6

3

6 mg /kg

included

70

88

10

s a line

exc l uded

I

Restraint

Observe

No
stress

Stress

Dru

112 dB

12.22

sd-S.36

11.25

sd- 6.l4

n - 8

11.67

sd=5.09

n - 6

7.0

/k g

sd-35 . 02

n - 8

sd... 38.0S

n - 7

sd- 3 . 43

n - 9

sd- 4.78
n - 8

sd 2 !.92

n - 7

---

26.56

60.86
41.14

8.33

12.50

n - 9

sd- 14.49

n - 9

n - 8

n = 6

n - 7

sd- 89.S3

179.29

n - 6

135.09

sd- 19.27

n - 9

245.17

38.67

sd-IOl. 3

152. 17

n - 6

sd- 38.14

-

122 dB
Saline

n - 7

sd- 36.33

52.86

12

sd-13.82

52. 13

n - 8

n - 6

n - 7

n - 8

n - 6
32 . 33

sd- S.07

sd"'17.99

sd-7.21

/k

sd- 3.0 9

,

sd-2.81

Saline

24.0

~k

29.17

12

12.43

, mq/kg

1 0.13

I

10.67

Saline

98 dB

Stimulus
intensity

n - 8

sd-5 9.62

171. 38

n - 8

sd""46.29

238

n - 8

sd.. S7.02

127.75

6 m /k

/k

n - 9

sd-96.3

141

n - 9

sd- 1l4.0

206.33

n - 7

sd- I06.7

188.57

12

Table 8. Means and standard deviations of acoustic startle amplitudes using 98 dB , 112 dB,
and 122 dB stimuli.
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Significant post hoc comparsons of startle
Table 9.
amplitude using 112 dB stimulus.

Comparison Groups

Fisher PLSD; P < 0 . 05

12 mg no stress vs 6 mg no stress
Saline no stress vs 6 mg restraint

29 .98
29.19

12 mg restraint vs 6 mg restraint
6 mg no stress vs 6 mg restraint

26.27

6 mg no stress vs 6 mg observe

27 . 03

27.03

Signif i cant post hoc comparisons of startle
Table 10.
amplitude using 122 dB st i mulus .

Comparison Groups

Fisher PLSD; p < 0.05

12 mg restraint vs saline observe

97.11

12 mg restraint vs 6 mg observe

89.53

6 mg no stress v s saline observe

99.50

6 mg no stress vs 6 mg obse rve

92 .12
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Table 11.
Significant post hoc comparisons of response
amplitudes (112 dB stimulus) using median split (high/low) of
baseline responses as a variable in the analysis.

Fisher PLSp .

Comparisoo Groups

p

< 0 , 05

12 mg no stress (low) vs saline restraint (high)
12 mg no stress (high) vs saline no stress (low)

39.09

12 mg no stress (high) vs saline restraint (low)
12 mg no stress (high) vs 12 mg restraint (low)

44.32

12 mg no stress (high) vs 6 mg no stress (low)
12 mg no stress (high) vs 6 mg no stress (high)

44 . 32
44.32

Saline no stress (low) vs saline restraint

41. 79

(high)

46.72
44 . 32

Saline no stress (low) vs 6 mg restraint (low)
Saline no stress (low) vs 6 mg observe (high)

39.09

Saline restraint (low) vs saline restraint (high)

39.09

vs 6 mg restraint (low)
Saline restraint (low) vs 6 mg restraint (high)
Saline restraint (low) vs 6 mg observe (high)
Saline restraint (high) vs 12 mg restraint (high)
Saline restraint (high) vs 12 mg restraint (high)
Saline restraint (high) vs 6 mg no stress (low)
Saline restraint (high) vs 6 mg no stress (high)
Saline restriant (low) vs saline observe (low)
12 mg restraint (low) vs 6 mg restraint (low)
12 mg restraint (low) vs 6 mg restraint (high)
12 mg restraint (low) vs 6 mg observe (high)
6 mg no stress (low) vs 6 mg restraint (low)
6 mg no stress (low) vs 6 mg observe (high)
6 mg no stress (high) vs 6 mg restraint (low)
6 mg: DO stI:ess 'high } )lS 6 mg: cbseI:)lf: 'high }

36 . 19

Saline restraint

(low)

37.38

36.19
34.33
39.09
37.38
39.09
39.09
41.79

36.19
36.19
34 . 33
36.19
34.33
36.19
3~ . 33

Restraint

Observe

stress

No

Stress

0,"

/k

ad=-4.41

ad=1.73

7.89

10.50
sd-5.04
n - 8

5.0

sd- 1.73
n - 7

n - 9

sd-I. 69

n - 9

n - 8

n - 6

~d-3

. 19

9.22

7.13

9 . 17

n - 7

n • 8

n • 6

ad- 1.51

7.57

ad-4.71

10.25

sd- 3.l3

10.83

n - 7

ad- 3.83

sd-5.31
n • 9

n • 8

11 . 78

n - 9

ad- 3.78

12 . 44

n - 7

sd-4.47

12

12 m /k

sd- 4.71

12 . 75

n - 8

n - 6
10

sd-1 7.16

22.88

n • 8

ad- 6.92

16 . 25

6 m /k

ad- 4 . 34

15

n • 6

ad- 7.46

14.0

112 dB
12

Saline

6 m /k

Saline

I

98 dB

Stimulus
intensi t

n - 7

sd*48.09

93.43

n - 6

sd=-55.34

125 . 83

n - 6

sd-51.77

72.5

Saline

122 dB

n - 8

sd- 39.63

98.63

n - 8

sd- 48.01

109.13

n • 8

sd-27.29

52.63

6 III /k

n - 9

ad- 49.02

56 . 11

n • 9

sd-94.52

111.67

n • 7

sd-61. 28

82.71

12 III /k

Experiment 1 . Means and standard deviations of acoustic startle amplitudes using
dB
, and 122 dB stimuli with pre-pulses.
98 dB, 112

Table 12 .

~

o
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Table 13. Experiment 1 . Signficant post hoc comparisons of
startle amplitudes using 98 dB stimulus with pre - pulse.

Comparison Groups

Fisher PLSD i P < 0 . 05

Saline restraint vs 6 mg restraint

3 . 38

Saline restraint vs 12 mg observe

3 . 38

Saline restraint vs sali n e no stress

3 . 74

Saline no stress vs 6 mg observe

3.63

Saline restraint vs 6 mg no stress

3.48

Saline restraint vs saline observe

3.74

6 mg restraint vs 6 mg obse r ve

3.36

Table 14 . Experiment 1 .
Signficant post hoc comparisons of
trials using 122 dB stimulus with pre - pulse.

Comparison Groups

Fisher PLSD; p < 0 . 05

12 mg restraint vs saline observe

59 . 56

6 mg no stress vs saline observe

61. 03

6 mg no stress vs 6 mg observe

56.50

6 mg no stress vs 12 rng observe

54 . 91

Restraint

Observe

stress

No

Stre""

Dru

98 dB

l12 dB
/k

/k

sd-20 . 49

sd-30.39

sd-32.6?
n • 8

sd- 13.78

31.14

3d- 3?56

n • 7

3d-4.92

n - 9
0.44

3d-3.BI
n • 9

sd-S.38

n • 8
2.0
sd-4.87

n • 8

ad-6.S?

n - 6
2.0
3d- 3.0

n • 7

n • 6

26 . 22

29 .25

17.33

3.0

4. .13

2.5

l4.78

48.13

n •

9

sd- ll.44

n - 9

n • 8

n • 7

n - 8

n • 6

n • 7

n • 8

sct-36.72

40.86

12

n - 6

sd-12.67

7.75

,

sd-12.71

15.17

Saline

sda 6.12

4.86

/k

ad-2 .90

- 0.13

12

sd- 4.83

-0.17

Saline

6 m /k

.1

i ntensity

Stimulus

n - 7

sd""66.22

85 . 86

n • 6

sd-8S.98

119.33

n • 6

sd-54.9B

79 . 67

Saline

122 dB

n • 8

sd- 6S . S2

72.75

n - 8

3d-5 4 . 1?

128.88

n • 8

sd-31.S5

75.13

6 m /'k

/k

n • 9
-

sd- 60 .11

84.89

n - 9

sd-6 4..44

94.67

n • 7

3d-5 4 . 33

105.86

12

Table 15. Experiment 1 . Means and standard deviations for calculated amount of inhibition
using 112 dB , and 122 dB stimuli with pre - pulses.

~

o
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Table 16 .
Ex periment 1 . Significant post hoc comparisons of
amount of inhibition using 112 dB stimulus with pre-pu l se .

Comparison Groups

Fisher PLSD ; p < 0.05

12 mg no stress vs 12 mg restraint

25 . 52

12 mg no stress vs 6 mg no stress

26 . 20

6 mg restraint vs sal in e no stress

27 . 3 4

6 mg restraint vs 12 mg restraint

24 . 60

6 mg r estraint vs 6 mg no stress

25 . 32

6 mg restra i nt vs salin e observe

27 .3 4

Restraint

Observe

No
stress

Stress

Dru

J
1 12

/k

n = 8

n • 7

n • 9

8

n

n - 7
=

sd=20 .1

sd=60.7

ad'"'56.5

sd..,43.8

sd=42.0

44.3

72 .6

n • 8

n • 6

n • 9

-1 3.2

n - 8

n - 6

sd=39.3

sd-31.6

sd=33.1

6.8

sd=29 . 9

sd=47.9

n - 9

sd-30 . 6

48.3

n - 9

sd=33.3

56.1

45 . 7

45 . 6

18.8

21.7

26 . 9

6.5

n - 7

n • 8

n = 6

n - 7

n - 8

n • 6

sd""41.0

sd"'2 1. 6

sd-47.8

sd"31.0

sd=28.9

sd"'10.4

59.3

48.9

19.9

26.4

0.5

- 10.4

=

6

n = 7

sd=33.4

43.8

n

sd- 18.4

42.5

n • 6

sd-9.8

52 . 1

122 dB
1 6 mg/kg

Saline

/kg

112 dB
12

Saline

6 m /k

98 dB
Saline

intensi~

Stimulus

/k

n - 8

sd=33.8

34 .4

n = 8

sd-19 . 2

53.4

n • 8

sd-13.6

59.3

6

/k

n - 9

sd=16 . 1

59.8

n - 9

sd-2 4. 0

49 . 0

n - 7

sd-12.8

59.7

12

Table 17. Experiment 1. Means and standard deviations of calculated percent of inhibition
(amount of inhibition/amplitude of trial without pre-pulse) using 98 dB , 112 dB, and 122 dB
stimuli.
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Table 18.
Experiment 1.
Significant post hoc comparisons of
amount of PPI (112 dBH stimulus) using median split
(high/low) of baseline responses as a variable in the
analysis.

Fisher PLSD , p < O . OS

Comparison Groups

vs saline restraint (high)

37.29

vs saline no stress (low)

44.S7

12 mg no stress

(low)

12 mg no stress

(high)

12 mg no stress

(high) vs saline restraint

12 mg no stress

(high) vs 12 mg restraint

12 mg no stress

(high) vs 6 mg no stress (low)

42.29

12 mg no stress

(high) vs 6 mg no stress (high)

42.29

( low)
(low)

(high)

Saline no stress (low) vs saline restraint
Saline no stress (low) vs 6 mg restraint

(low)

Saline no stress (high) vs saline restraint

(high)

Saline restraint (low) vs saline restraint (high)

Saline restraint

(low) vs 6 mg restraint (low)

42.29
42.29

39 . 87
37.29
39 . 87
37.29
34.S7

Saline restraint (low) vs 6 mg restraint (high)

34 . S3

Saline restraint

37.29

(high)

vs 12 mg restraint (low)

Saline restraint (high) vs 12 mg restraint

(high)

Saline restraint

(high) vs 6 mg restraint

Saline restraint

(high) vs 6 mg no st r ess (high)

(low)

3S.66
37.29
37.29

Saline restriant (high) vs saline observe (low)

39.87

Saline restraint

39.87

(high) vs saline observe (high)

Saline restraint (high) vs 6 mg observe (low)

39.87

12 mg restraint

(low) vs 6 mg restraint (low)

34.S4

12 mg restraint

(low) vs 6 mg restraint

34.S3

6 mg no stress (low)

vs 6 mg restraint

6 mg no stress (high) vs 6 mg restraint

(high)

(low)
(low)

6 mg no stress (high) vs 6 mg observe (high)

Saline observe

(low) vs 6 mg restraint

(low)

34.S3
34.S3
34.S3
37 . 29

112
Table 19. Experiment 2 . Means and standard deviations of
acoustic startle amplitudes using 98 dB, 112 dB , and 122 dB
stimuli.

Stimulus
intensit

98 dB
Drug

1 22 dB

112 dB

Saline

12 rng/kg

Saline

12 mg/kq

Saline

12 mg/kg

10 . 25

8.0

50 . 13

36.38

197 . 88

185 . 88

sd- 4. S3

sd-O . 76

sd=40.41

sd=21.51

sd-71.30

sd=-SS.12

n - 8

n -

Stress
No
stress

n
Restraint

-

8

n

-

8

8

n -

8

n

-

8

10 . 25

9.25

23.38

33,13

130.38

168.88

sd- 4. 62

sd-3.Bl

sd=lO.60

sd=13 . 04

sd-S l.1 2

sd-S5.34

n

n - 8

n -

n - 8

n

~

8

8

-

8

n -

8

Table 20 . Exper ime nt 2 . Means and standard devi ati ons of
acoustic startle amplitudes using 98 dB , 112 dB , and 122 dB
stimuli wi th pre-pulses.

St imulu s
intensit

98 dB
Drug

11 2 dB

122 dB

Sa li ne

12 mg/kg

Saline

12 mg/kg

Saline

12 mq/kg

8.0

8.5

14.63

14 .13

75.5

87.5

sd-3 .07

sd-I .93

sd-S .9 3

sd- 4. 16

sd=6S.73

sd-6B.78

Stress

No
stress

n
Restrain t

-

8

n

-

8

n

-

8

n -

8

n

-

8

n

-

8

8.5

8.5

10.63

9.88

75 . 63

64.75

sd- 4.34

sd- 4 . 99

sd- 2.62

sd-4.22

sd-56 . 31

s d -2 6.35

n - 8

n -

n - 8

n

n

8

n -

8

-

8

• 8

I

1 13

Table 2 1 . Experiment 2. Means and standard deviations of
calculated amount of inhibition using 98 dB , 112 dB, and 122
dB stimuli with pre - pulses.

Stimulus

int ens it

98 dB

I Saline

Drug

122 dB

112 dB

1 12 mq/kg

I Saline

1 12 I!Iq/kq

I Saline

1 12 mq/kg

I

Stress
No
stress

2.25

-0.5

35.5

22.25

122.38

98 . 38

3d-Z . SS

3d-Z.O

sd-4Q.94

sd-19 . 34

ad-66 . 64

sd-34.99

n - B

n -

1. 75

0.75

12.75

23.25

54.75

104.13

ad"'3.73

sd-2.92

ad-lO.lO

sd-13.47

sd-37.46

sd-44.85

n
Restraint

-

n -

Table 22.

B

8

Experiment 2 .

n -

8

n

-

8

B

n

-

n -

B

8

n

-

n -

B

n -

8

n -

8

8

Means and standard deviations of

percent of inhibition using 98 dB , 112 dB, and 122 dB stimuli
with pre-pulses .

Stimulus

intensit

98 dB
Drug

I Saline

112 dB
12 mq/kq

I Saline

122 dB
12 mq/kg

Saline

48.0

46.7

63.5

58.6

sd=56.1

sd- 36.6

sd=23.9

sd-21.4

n - B

n -

1 12 mq/kg

Stress
No

16.7

7.0

stress
sd=24.2
n Restraint

8

3d- 26.S
n -

8

n -

8

n -

8

8

13.4

10.9

46.4

64.4

47.1

60.5

sd- 24.S

sd- 28.2

sd=29.9

sd-26

sd""29.7

sd-13.7

n - B

n - 8

n

-

B

n -

8

n -

8

n

-

8

I

FIGURES

Figure

Legends

For all figures, " no stress " refers to the control
group that remained in home cages prior to startle, " observe"
refers to the animals that were in the presence of other rats
that were being restrained, and "restraint" refers to animals
that were restrained for 15-20 minutes in restraint devices.
The following notation applies to Figures 2-3, 5- 8 ,
10 , and 14 - 16.

1

Denotes a significant difference from saline no
st r ess cont r ol (~< 0.05 )

2

Denotes a significant difference from 6 mg/kg/day
nicotine no stress condition (R < 0.05)

3

Denotes a signi f icant difference from 12 mg / kg / day
nicotine no stress (~< 0.05)

4

Denotes a significant difference from the saline
observation stress group (R < 0.05)

5

Denotes a significant difference from the 6 mg/kg/day
nicotine-treated observation stress group (~ <
O. 05)

6

Denotes a significant difference from the 12
mg/kg / day nicotine - treated observation stress group
(I> < 0.05)

7

Denotes a significant difference from the saline
restraint stress group (~ < 0.05)

8

Denotes a significant difference from the 6 mg/kg/day
nic otine -treated restraint stress group (R < 0.05)

9

Denotes a significant difference from the 12
mg/kg /day nicotine - treated restraint stress group
(I> < 0.05)

114
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The following notation applies to Figures 4,

9, 12,

and 17-18.
a

Denotes a significant difference from saline no
stress low reactors (~ < 0.05)

b

Denotes a significant difference from saline no
stress high reactors (~ < 0.05)

c

Denotes a significant diffe re nce from 12 mg/kg/day
nicot ine no stress high reactors (~< 0.05)

d

Denotes a significa nt difference fr om 12 mg/kg/day
nicotine no stress high reactors (~< 0.05 )

e

Denotes a significant difference from sali n e
obse rvation stress low reactors (~< 0 . 05)

f

Denotes a significant difference fr om saline
observation stress high reactors

(~<

0 . 05)

9

Denotes a significant difference from 12 mg/kg/day
nicotine observation stress low reactors (~< 0.05)

h

Denotes a significant difference from 12 mg/kg/day
nicotine observation stress high reactors (Q <

0 . 05)
i

Denotes a significant difference from saline
restraint stress low reactors (~< 0.05)

j

Denotes a significant difference from saline
restraint high reactors (~ < 0 . 05)

k

Denotes a significant difference from 12 mg/kg/day
nicotine restraint stress low reactors (~< 0.05)

1

Denotes a significant difference from 12 mg/kg/day
nicotine restraint stress high reactors (~< 0.05)
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Figure 1.
Experiment 1.
Effects of stress on pla sma corticosterone
conce n tration (means and standard errors) .
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Experiment 1. Startle amplit ude using 1 12 dB stimulus
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Figure 3.
Experiment 1 . Startle amp litude using 122 dB stimulus (means
and standard errors ) .
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Figure 4.
Experiment 1.
Startle amplitude using 112 dB stimulus and
median split of initial reactivity (mea n s and standard
errors) ·
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Experiment 1. Amplitude of pre - pulse trials using 98 dB
stimulus wi th pre - pulse (means and standard errors) .
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Experiment 1 . Amount of inhibition using 112 dB with prepul s e (means and standard errors) .
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Experiment 1. Amplitude o f pre - pulse trials using 122 dB wi th
pre - p ul se (means and standa r d errors) .
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Figure 9 .

Experiment 1 . Amount of inhibition usi n g 112 dB wit h pre pulse fo l lowing median s p lit of i ni tia l r e activity (mea n s and
stan d ard errors) .
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Figure 10 .
Experiment 2.
Effects of stress on plasma corticosterone concen t ration
(means and standard errors) .
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Experiment 2 .
Startle amplitude using 112 dB stimulus (means and standard
errors) .

127

.,

~

.

C>

100

c:

0 Saline low reactors
I<l Saline high reactors

.c

-"'
0

.c
C>
°iii

•

80

12 mgl1<;g nicotine low reactors

EI 12 mgA-:g nloot!n. high reactors

~

0

.

60
b

E

-.,
~

Cl

40
b

"tJ

::>

'"Q.E

'"

20

o -l------'----''-'C.L.
No St ress

Restraint
Stress

b Differs lrom saline no stress (high reactors) at p < 0.05

Figure 12 .
Experiment 2.
Sta rtle a mp litude using 112 dB stimulus
follo wing median split of initial reactivity (means and
standard errors) .
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Exper i ment 2 . Amount of inhibition using 98 dB wi th prepulse (mea ns and standa rd erro rs) .
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Expe ri ment 2 . Amplitude of pre-pulse trials using 11 2 dB
with pre-pulse (means a nd s tandard erro rs ) .
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Experiment 2.
Amount of i nhibition using 112 dB with prepulse (means and standard errors) .
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Expe r iment 2.
Amount of i nh i bit ion using 12 2 dB with prepulse (means and standard errors) .
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Experiment 2 . Amplitu de of pre-puls e tr i a ls usi ng 112 d B
follo wi n g median split o f ini t ial r eac t ivit y (means and
sta nda r d erro r s) .
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