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Spontaneous Nicotine Withdrawal Potentiates the Effects
of Stress in Rats

Sietse Jonkman'>*, Victoria B Risbrough'?*, Mark A Geyer'? and Athina Markou*"'
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Anxiety is a common symptom of nicotine withdrawal in humans, and may predict an inability to abstain from cigarette smoking. It is not
clear if self-reports of anxiety during abstinence reflect increased baseline anxiety and/or increased responses to exogenous stressors.
We hypothesized that nicotine withdrawal selectively exacerbates reactivity to aversive stimuli in rodents. Here, we investigated the
effect of withdrawal from chronic nicotine administration (3.16 mg/kg per day base, delivered via subcutaneous osmotic minipumps) in
the light-enhanced startle (LES) test in Wistar rats. In this procedure, baseline startle responding in the dark is compared to startle
responding when the chamber is brightly lit. Bright illumination is aversive for rats and potentiates the startle response. Hence, this
procedure allows comparisons of withdrawal effects on startle reactivity between relatively neutral and stressful contexts. We found that
spontaneous nicotine withdrawal (24h post-pump removal) did not influence baseline startle responding, but produced a selective
increase in LES. Precipitated nicotine withdrawal through injections of one of two nicotinic acetylcholine receptor (nAChR) antagonists,
dihydro-f-erythroidine hydrobromide (DHPE: O, 1.5, 3, or 6 mg/kg) or mecamylamine (O, |, 2, or 4mg/kg), did not influence baseline
startle responding or LES. These results suggest that spontaneous nicotine withdrawal selectively potentiates responses to anxiogenic
stimuli, but does not by itself produce a strong anxiogenic effect. These findings support the hypothesis that nicotine withdrawal

exacerbates stress responding, and indicate LES may be a useful model to examine withdrawal effects on anxiety.
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INTRODUCTION

Anxiety is one of the symptoms that the Diagnostic and
Statistical Manual of Mental Disorders of the American
Psychiatric Association lists for the nicotine withdrawal
syndrome in humans (American Psychiatric Association,
1994). Self-report studies have generally indicated increased
anxiety after cessation of cigarette smoking (Hughes et al,
1991; Zvolensky et al, 2005). Further, increased anxiety
during withdrawal has been found to predict an inability to
abstain from tobacco smoking (Pomerleau et al, 2005),
highlighting the importance of understanding the neuro-
psychological basis of increased anxiety during cigarette
and nicotine withdrawal.

In behavioral rodent experiments, anxiety often is assessed
in tests that are based on the conflicting drives to explore
novel, potentially rewarding stimuli and environments, and
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avoid potentially threatening conditions. Using such tests, it
has been shown that withdrawal from chronic nicotine
administration leads to anxiogenic-like effects in the light-
dark box and elevated plus maze tests in DBA/2] and
C57BL/6] mice (Costall et al, 1989; Jonkman et al, 2005;
Damaj et al, 2003) and the elevated plus maze and social
interaction test in rats (Irvine et al, 2001; Pandey et al, 2001;
Cheeta et al, 2001). Thus, nicotine withdrawal is associated
with an anxiogenic-like effect in exploration-based tests
in rodents, at least in relatively high stress environments
(eg novelty, bright light, open spaces).

In addition to conflict-based models of anxiety, there is a
class of anxiety tests that assesses passive reflex reactivity
and does not involve measures of exploratory behavior or a
conflict situation. These tests rely on the phenomenon that
the acoustic startle response is augmented during threat in
mammals (Brown et al, 1951; Davis, 1998). Startle reactivity
has been shown to be increased during presentation of
conditioned and unconditioned aversive stimuli, such as a
shock-paired cue light and foot shock (Davis et al, 1989;
Davis, 1989), and after presentation of more ethologically
threatening stimuli, such as bright illumination and
predator odor (Walker and Davis, 1997; Hebb et al, 2003).
With such startle-based tests, it has been shown that
defensive behavior can be dissociated phenomenologically
and anatomically into a fast onset, fast offset response
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system to specific threats, and a slow onset, slow offset
response system to potential and unpredictable threats
(Walker et al, 2003). The former system, referred to as the fear
system, is critically dependent on the integrity of the central
nucleus of the amygdala, and can be modeled with cue-
enhanced startle. The latter system, referred to as the anxiety
system, is critically dependent on the integrity of the bed
nucleus of the stria terminalis (BNST), and can be modeled
with light-enhanced startle (LES) and corticotropin-releasing
factor (CRF) administration (Walker and Davis, 1997; de
Jongh et al, 2003). Because startle reactivity is a cross-species
defensive behavior that has translational value for under-
standing the mechanisms of anxiety (Risbrough and Stein,
2006), this test could provide important information on how
nicotine withdrawal affects anxiety systems.

Several studies have examined the effect of nicotine
withdrawal on baseline startle amplitudes. Unfortunately,
the results of these studies have been inconsistent. It has
been reported that startle amplitudes were unchanged
during nicotine withdrawal in DBA/2] and C57BL/6] mice
(Semenova et al, 2003, Jonkman et al, 2005) and Sprague-
Dawley, Wistar, and Long-Evans rats (Acri et al, 1991,
1995), while increases in startle amplitude have been
reported in Long-Evans rats (Helton et al, 1993, 1997;
Rasmussen et al, 1996, 1997, 2000). Interestingly, however,
the studies that showed increases in startle amplitudes
during nicotine withdrawal tested subjects for startle
reactivity in ambient lighting conditions (Kurt Rasmussen,
personal communication), suggesting that perhaps the
presence of anxiogenic illumination may be a critical factor
in the effect of nicotine withdrawal on startle reactivity.
Importantly, the effects of nicotine withdrawal on baseline
startle reactivity cannot be ascribed to any specific psycho-
logical process such as anxiety because a wide variety of
manipulations, some of them putatively orthogonal to anxiety
mechanisms (eg strychnine-induced startle), may increase the
brainstem acoustic startle response (Koch, 1999).

In contrast, the LES test allows the investigation of the
effects of nicotine withdrawal on anxiety-related processes.
LES involves the measurement of a reactive response in a
stressful situation. In this procedure, startle responses are
measured in successive sessions during which the startle
chambers are either dark or brightly lit. The startle response
is potentiated by the aversive bright light in a slow onset, slow
offset manner, and this response is selectively reduced by
anxiolytic compounds (de Jongh et al, 2002; Walker and
Davis, 2002). Hence, the degree to which light enhances startle
reactivity is used as an operational measure of anxiety.

In the present study, we investigated the potential
anxiogenic effects of withdrawal from chronic nicotine
administration in the LES test in Wistar rats. We
hypothesized that both spontaneous and precipitated
nicotine withdrawal would specifically enhance the aversive
effect of light-potentiating startle reactivity in light, but not
dark, testing conditions.

METHODS
Animals

Male Wistar rats (Charles River, Raleigh, NC) were housed
in groups of two. Food and water were available ad libitum
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in the home cages. All rats were kept on a 12-h reverse light/
dark cycle (lights off from 0700 to 1900) in a colony room
with temperature and humidity remaining constant. On
testing days, animals were transferred from the animal
facility in transparent individual holding cages and placed
in a dark and quiet room for at least 60 min prior to the
beginning of testing.

Apparatus

Rats were placed in cylindrical Plexiglas chambers mounted
on a Plexiglas platform inside a ventilated, sound-attenua-
ted chamber (San Diego Instruments, San Diego, CA,
USA). A high-frequency loudspeaker was located directly
above the cylindrical Plexiglas chamber housing the rat.
Measurement of the startle response is described in detail
elsewhere (Mansbach et al, 1988). Briefly, the flinch
response of the animal was measured using a piezoelectric
unit mounted at the bottom of the platform, which sends a
digitized signal to the computer. Monthly calibration was
performed on the chambers to ensure the accuracy of the
sound levels and measurements. Each startle apparatus was
equipped with a compact fluorescent light bulb (Commer-
cial Electric, Model no. EDXO-23) inside the sound-
attenuating chamber that produced light intensities between
2700 and 36001x measured inside the Plexiglas cylinder
using a Minolta Auto meter IV F luxmeter.

Drugs

Nicotine hydrogen tartrate salt and mecamylamine hydro-
chloride were purchased from Sigma Chemical Co.
(St Louis, MO) and dihydro-f-erythroidine hydrobromide
(DHpPE) was purchased from Research Biochemicals (Na-
tick, MA). All drugs were dissolved in physiological saline
(0.9% sodium chloride). Nicotine was delivered subcuta-
neously (s.c.) through implantation of an osmotic mini-
pump, whereas mecamylamine and DHfE were injected
intraperitoneally (i.p.) in a volume of 1 ml/kg body weight.
Nicotine doses are reported as base, and nicotinic receptor
antagonist doses are reported as salt.

Surgeries

Osmotic minipumps (Alzet model 2ML4 28 day pumps,
Alza Corporation, Palo Alto, CA) filled with either saline or
nicotine hydrogen tartrate dissolved in saline were implanted
s.c. under isoflurane/oxygen (1-3% isoflurane) anesthesia. The
nicotine concentration was adjusted based on the body weight
of animals to deliver an average dose of 3.16 mg/kg per day
nicotine base (9 mg/kg per day nicotine tartrate).

Light-Enhanced Startle

The LES procedures were based on those of de Jongh et al
(2005). One LES measurement was based on four startle
tests (termed blocks), which were conducted in two separate
sessions of two blocks each. At the beginning of the startle
tests (block 1 of the session), the rats were placed in the
startle chamber and left undisturbed in the dark for 5 min.
Thereafter, the rats were presented with 30 startle stimuli,
10 each at 90, 95, and 105 dB, with an average interstimulus



interval of 30s, presented in a pseudorandom order and in
dark conditions. These 30 stimuli constituted the first
startle block. After the first block, the rats were removed
from the chamber and placed in their holding cage in an
adjacent dark and quiet room for 5min (spontaneous
withdrawal experiment) or 15 min (precipitated withdrawal
experiments). After this interval, rats were placed back into
the startle chambers for the second block of the session,
which was exactly the same as the first block, except that it
was presented either in the dark (dark —dark session) or
bright light (dark —light session) condition. Thus, one full
test of LES consisted of two separate test sessions, one
dark — dark to measure habituation of the startle reflex, and
one dark — light to measure the startle-enhancing effects of
the light. The rats were tested with at least 48h between
these two sessions for the precipitated withdrawal experi-
ments, or on the same day at least 6h apart for the
spontaneous withdrawal experiment. The order of sessions
(block 2 in either the dark or light condition) was
counterbalanced across animals within groups. That is, half
of the rats started the experiment with a dark—dark
session, and the other half began with a dark — light session.
For precipitated withdrawal experiments, nicotinic receptor
antagonists were injected immediately after the first block
because of concerns that injection before the first block may
have resulted in a reduced precipitated nicotine withdrawal
state by the time the critical second block of the session
started, due to dissipation of the drug. To this end, the
interval between block 1 and block 2 in precipitated
nicotine withdrawal experiments was extended to 15min
to allow distribution of the administered nicotinic acet-
ylcholine receptor (nAChR) antagonists in the central
nervous system before initiation of the second block.

Experimental Design

Prior to implantation of minipumps, all rats were given one
startle session in which the light was on in the second block.
Rats were then assigned to nicotine and saline pump
conditions so that they were counterbalanced for both
average peak startle value in the first block (baseline startle
in the dark) and percentage increase of startle value in the
second block (LES). The minipumps were implanted, and
the rats were left undisturbed for at least 7 days before the first
precipitated nicotine withdrawal test to allow nicotine
‘dependence’ to develop. Previous studies indicate that 6 days
of nicotine exposure is sufficient to allow the detection of
precipitated nicotine withdrawal effects on intracranial self-
stimulation thresholds upon administration of nAChR anta-
gonists (eg Bruijnzeel and Markou, 2004; Skjei and Markou,
2003). The minipumps were surgically removed 28 days after
implantation, and spontaneous nicotine/saline withdrawal was
assessed in the LES test 24 h after minipump removal.

The results reported here are derived from three
experiments that were conducted sequentially. Naive rats
were used in each of the three experiments. In the first
experiment, saline- (n=5) and nicotine-treated (n=>5)
rats were left undisturbed for 28 days until the pumps
were removed, and spontaneous nicotine withdrawal was
assessed 20-28 h later with one dark — dark and one dark —
light session conducted at least 6h apart.
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In the second experiment, a separate group of naive rats
was treated with saline (n=10) or nicotine (n=10) for 28
days and tested for DHfSE-precipitated nicotine withdrawal
in the LES test, while the rats were treated with nicotine or
saline via the subcutaneous osmotic minipumps that were
removed on day 28 of pump exposure after the completion
of DHfE testing. DHSE was injected immediately after the
first block of the session, and the rats were left undisturbed
for 15 min before the second block commenced. The effects
of DHfE on LES in saline- and nicotine-treated rats were
assessed using a within-subjects pseudorandom design, where
each rat received ip. injections of saline, 1.5, 3, and 6 mg/kg
DHpE with a washout period of at least 48 h between each
injection. This procedure resulted in a total of eight injections,
administered in four dark—dark and four dark—light
sessions, all conducted at least 48 h apart. The DHSE injections
were administered between days 7 and 24 of saline/nicotine
exposure. Previous work has indicated that these conditions
result in reliable precipitated nicotine withdrawal, as assessed
by elevations in intracranial self-stimulation thresholds
(Epping-Jordan et al, 1998; Skjei and Markou, 2003; Watkins
et al, 2000). The minipumps were removed 28 days after
implantation, and spontaneous nicotine withdrawal was
assessed 20-28h later with one dark—dark and one dark—
light session conducted at least 6h apart. Previous work has
indicated that such nicotine exposure results in reliable and
robust spontaneous nicotine withdrawal as assessed by both
elevations in intracranial self-stimulation thresholds and
somatic signs of withdrawal (Skjei and Markou, 2003).

In the third experiment, a separate set of naive rats was
treated with saline (n=12) or nicotine (n=10) for 28 days
and tested for mecamylamine-precipitated nicotine with-
drawal in the LES test, while the rats were treated with
nicotine or saline via the subcutaneous osmotic minipumps
that were removed on day 28 of pump exposure after the
completion of mecamylamine testing. Mecamylamine was
injected immediately after the first block of the session, and
the rats were left undisturbed for 15 min before the second
block commenced. The effects of mecamylamine on LES in
saline- and nicotine-treated rats were assessed using a
within-subjects pseudorandom design, where each rat
received i.p. injections of saline, 1, 2, and 4 mg/kg mecamy-
lamine with a washout period of at least 48h between each
injection. This procedure resulted in a total of eight injections,
administered in four dark—dark and four dark—light
sessions, all conducted at least 48 h apart. The mecamylamine
injections were administered between days 7 and 24 of saline/
nicotine exposure. The pumps were removed 28 days after
implantation, and spontaneous nicotine withdrawal was
assessed 20-28h later with one dark —dark and one dark—
light session conducted at least 6 h apart.

The spontaneous nicotine withdrawal data from these
three experiments were pooled. Rats that showed mild signs
of unhealed or open post-pump removal incisions before
spontaneous withdrawal testing were excluded from the
spontaneous withdrawal analyses, yielding a total of 25
saline-treated and 24 nicotine-treated rats.

Statistical Analyses

The effect of spontaneous nicotine withdrawal on baseline
startle values was analyzed with an analysis of variance

Neuropsychopharmacology

2133



Spontaneous nicotine withdrawal in rats
S Jonkman et al

2134

(ANOVA) with Nicotine (nicotine- or saline-containing
pump) as a between-subjects factor, and Session (Dark —
Dark or Dark — Light) and Block (first or second) as within-
subjects factors. Due to consistent interactions of pulse
intensity with the other factors, data for the three startle
pulse intensities were subsequently analyzed separately. To
assess the effect of spontaneous nicotine withdrawal on LES,
a difference score of the peak startle value was calculated for
each session (Dark— Dark and Dark— Light). This differ-
ence score was calculated by subtracting the startle value of
the first block from that of the second block. The difference
scores were analyzed with an ANOVA with Nicotine/Saline
as the between-subject factor and Session as the within-
subjects factor.

The effects of nicotinic receptor antagonist-precipitated
nicotine withdrawal on baseline startle values were assessed
by analyzing data from the second block only because the
nicotinic antagonists were injected after the first block,
before assessment in the second startle block. The data were
analyzed with an ANOVA with Nicotine/Saline treatment (ie
pump content) as the between-subjects factor, and Dose
(separate analyses for DHSE and mecamylamine experi-
ments) and Session as the within-subjects factors. Statisti-
cally significant interactions were further analyzed with
Tukey’s post hoc comparisons. The criterion for significance
was set at p<0.05.

RESULTS
Spontaneous Nicotine Withdrawal

Twenty-four hours after pump removal, baseline startle
levels were not altered (Nicotine/Saline: F; 4, <1, NS). There
was a significant Session x Block interaction (F, 4, =17.04,
p<0.001), indicating that startle was indeed significantly
potentiated during the light session across all groups.
However, there was also a significant Session x Block x
Pulse intensity interaction (F,q94=13.57, p<0.001).
Subsequent separate analyses of the three pulse intensity
startle values revealed that LES was only significant at the
highest startle intensity (105dB) across both treatment
groups (Session x Block: 90dB: F;,;=3.49, NS; 95dB:
F, 4, =3.97, NS; 105dB: F,,,=17.02, p<0.001; Table 1).
Thus, subsequent analyses of the effect of Nicotine/Saline

withdrawal on LES were conducted using only the 105dB
startle data. Analysis of the 105dB pulse data revealed no
significant effect of Nicotine/Saline withdrawal on baseline
startle values (F;4; <1, ns; Figure 1). However, Nicotine/
Saline treatment did interact with the light/dark condition
(Nicotine x Session x Block: F, 4; =6.06, p <0.025, Figure 1),
indicating that nicotine withdrawal significantly potentiated
LES. Hence, there was a light-potentiated startle effect in the
105 dB pulse data, and this effect was significantly increased
by nicotine withdrawal.

Analysis of the difference scores for the 105dB startle
values subsequently confirmed that there was a significant
overall effect of the light condition on startle reactivity,
which was significantly enhanced in the nicotine-with-
drawing group (Session: F;4;,=17.02, p<0.001; Ses-
sion x Nicotine: F;4;=6.06, p<0.025; Figure 2). Posthoc
analysis with Tukey’s test revealed that this interaction
reflected a significant increase in difference scores during
nicotine withdrawal in the Dark — Light (Nicotine/Saline:
F,4,=28.86, p<0.01), but not the Dark— Dark session
(Nicotine: F4;<1, NS). Thus, nicotine withdrawal selec-
tively increased startle during the light sessions.

There was no main effect of order of session presentation
(dark-dark vs dark-light) on LES, nor was there an
interaction of that factor with Nicotine/Saline (F; 45 =2.11,
NS). We did observe a main effect of rat cohort (data
were pooled from three different startle experiments) on
overall startle reactivity (F,3;=6.27, p<0.01), due to
the initial nicotine group from the first experiment
exhibiting lower baseline startle than the DHPE- or
mecamylamine-treated cohorts (p<0.05, Tukey’s test).
There was no interaction, however, of rat cohort with
Session, Phase, or Nicotine/Saline (data not shown),
supporting the combination of the spontaneous withdrawal
data from the three rat cohorts to examine the effects of
nicotine withdrawal on LES.

Precipitated Nicotine Withdrawal

DHPE. Startle values and difference scores were only
analyzed for the 105dB pulse data, because, as mentioned
above, the 90 and 95dB pulse intensities did not
consistently produce LES. The 105dB peak startle values
were neither affected by chronic nicotine administration

Table | Light-Enhanced Startle in Wistar Rats Across the Three Startle Pulse Intensities Used in the Present Studies

Pulse (dB) Condition Dark 1.1 Dark 1.2 Dark 2.1 Light 2.2
90 Saline 95.5 (£30.5) 1011 (£34.6) 804 (£204) 138.7 (£264)
Nicotine [15.6 (£20.2) 1200 (£27.6) 1265 (£24.3) 1673 (£264)
95 Saline 348.1 (£929) 352.1 (£64.3) 3040 (£61.2) 422.1 (£54.0)
Nicotine 3734 (1 64.1) 4669 (£92.1) 3940 (£514) 5705 (+£786)
105 Saline 1674.8 (£ 1457) 1842.7 (£ 168.5) 18045 (£ 151.9) 2195.8 (£ 169.3)
Nicotine 17703 (£ 165.6) 18983 (£ 161.2) 16235 (£ 142.7) 2636.0 (£ 165.1)

Rats were administered saline or 3.16 mg/kg per day of nicotine (base) and tested for LES 24 h after removal of the osmotic minipumps. The LES test consists of
one session with two consecutive startle blocks in the dark (Dark |.1 and Dark 1.2) and a second session with two consecutive startle blocks with a bright light turned
on in the second block (Dark 2.1 and Light 2.2). Mean peak startle responses (= SEM) are presented. There was a significant interaction between Session and Block,
reflecting LES, and this effect interacted with Pulse intensity. Subsequent analyses revealed that there was a significant LES effect in the 105 dB, but not the 90dB or
95 dB, pulse data. There was no effect of spontaneous nicotine withdrawal on baseline startle in any group. Group sizes were nicotine (n=24) and saline (n=25).
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Figure | Effects of spontaneous nicotine withdrawal on baseline peak

startle and LES in Wistar rats for 105dB startle pulse data. Data are
mean £ SEM peak startle response. Rats were administered saline or
3.16 mg/kg per day of nicotine (base) for 28 days, and tested in the LES
24 h after removal of the nicotine/saline-containing minipump. The LES test
consists of one session with two consecutive startle blocks in the dark
(Dark 1.1 and Dark 1.2) and a second session with two consecutive startle
blocks with a bright light tured on in the second block (Dark 2.1 and Light
2.2). There was no effect of nicotine withdrawal on baseline startle. There
was a significant LES effect on startle reactivity to the 105dB pulse, and
nicotine withdrawal significantly potentiated this LES effect. Asterisk
(*p<0.025) indicates a significant effect of nicotine withdrawal on LES.
Hash (#p<0.001) indicates a significant light-enhanced startle effect.
Group sizes were nicotine (n=24) and saline (n=25).
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Figure 2 Effect of spontaneous nicotine withdrawal on difference scores
of peak startle response to a 105dB stimulus between the dark and the
light session in Wistar rats. Rats were administered saline or 3.16 mg/kg per
day nicotine (base) for 28 days and tested 24h after removal of the
minipump. The difference scores were calculated by subtracting the
average peak startle response in the first block from that in the second
block for both sessions, yielding average Dark |.2-Dark |.1 (session |) and
Light 2.2-Dark 2.1 (session 2) difference scores ( + SEM). There was a main
effect of Session (reflecting LES) and an interaction between Nicotine/
Saline withdrawal and Session that was due to a specific increase in the
light—dark (but not dark—dark) difference scores by nicotine withdrawal.
Asterisks (¥¥p <0.01) indicate a significant increase in light—dark difference
scores associated with nicotine withdrawal. Hash (#p<0.001) indicates a
significant light-enhanced startle effect. Group sizes were nicotine (n=24)
and saline (n=25).

(F118<1, NS, Figure 3) nor DHpE injections (F;s,=1.23,
NS). Further, there was no interaction of the factors
Nicotine/Saline and DHJE dose (F354, <1, NS). There was
a significant effect of Session, reflecting LES (F; ;5 =40.95,
p<0.001), but this effect did not interact significantly with
chronic Nicotine/Saline administration (F; ;3=1.91, NS) or
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Figure 3 Effect of dihydro-f-erythroidine hydrobromide (DHpSE)-
precipitated nicotine withdrawal on peak startle reactivity to a 105dB
startle pulse in Wistar rats exposed through osmotic minipumps to saline
or 3.16 mg/kg per day nicotine (base). DHPE (within-subjects Latin square,
saline, 1.5, 3, and 6 mg/kg) was injected intraperitoneally immediately after
the first block of the session and the second block commenced |5 min
later. Subcutaneous minipumps delivering saline or nicotine were present
throughout the DHPBE experiment (see the ‘Methods’ section for details).
The startle values depicted are averages of the second (post-injection)
block (+SEM). DHBE did not affect baseline startle or LES differentially
between nicotine- and saline-treated rats. Group sizes were nicotine
(n=10) and saline (n=10).

DHPpE injections (F;s4 <1, NS). Further, there was no
three-way interaction between the factors Session, Nicotine/
Saline, and DHfE dose (F; 5, <1, NS). Finally, there was no
effect of order of testing (F;54<1, NS), and no interaction
of order of testing with Nicotine/Saline exposure or DHSE/
saline injections (F;s4<1, NS). Thus, DHJE-precipitated
nicotine withdrawal did not increase LES.

Mecamylamine. As previously stated, startle values and
difference scores were only analyzed for the 105dB pulse
data. The 105dB peak startle values were significantly
affected by mecamylamine injections (F; 5o = 3.01, p <0.05),
but this effect did not interact with Session (F;¢o=2.73,
NS), reflecting a general suppressive effect of mecamy-
lamine on startle. Startle reactivity was reduced during both
the dark and light blocks (Figure 4). The effect of
mecamylamine injections did not interact with chronic
Nicotine/Saline administration (F;gy<1, NS). There was a
significant effect of Session, reflecting LES (F;,o=28.66,
p<0.001), but this effect did not interact significantly with
chronic Nicotine/Saline administration and Mecamylamine
injections (Session x Nicotine x Dose: F; 4o =1.44, NS).
Finally, there was no effect of order of testing (F;¢o<1,
NS), and no interaction of order of testing with Nicotine/
Saline exposure and Mecamylamine/Saline injections
(F3,60=1.10, NS). Thus, mecamylamine-precipitated nico-
tine withdrawal did not increase LES. Mecamylamine had a
general suppressive effect on startle magnitudes that did not
interact with Nicotine/Saline treatment or LES.

DISCUSSION

The present results show that spontaneous nicotine with-
drawal significantly increases startle reactivity during light
stress, but has no effect on baseline startle responding
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Figure 4 Effect of mecamylamine-precipitated nicotine withdrawal on
peak startle reactivity to a 105dB startle pulse in Wistar rats exposed
through osmotic minipumps to saline or 3.16 mg/kg per day nicotine (base).
Mecamylamine (within-subjects Latin square, saline, |, 2, and 4 mg/kg) was
injected intraperitoneally immediately after the first block of a session, and
the second block commenced I5min later. Subcutaneous minipumps
delivering saline or nicotine were present throughtout the mecanylamine
experiment (see the ‘Methods' section for details). The startle values
depicted are averages of the second (post-injection) block (% SEM).
Mecamylamine did not affect baseline startle or LES differentially between
nicotine- and saline-treated rats. Mecamylamine induced a significant
decrease in startle values that was independent of session (Dark or Light)
and Nicotine/Saline withdrawal. Group sizes were nicotine (n=10) and
saline (n=12).

measured in dark conditions. This result suggests that
nicotine withdrawal does not induce anxiety levels similar
to those induced by the presence of aversive bright light or
intracerebroventricular administration of CRF (Walker
et al, 2003), conditions that increase baseline startle
responsivity. Instead, nicotine withdrawal appears to
selectively increase anxiety-like reactivity in an aversive
environment (ie brightly lit environment) in rats.

An important distinction of the presently used procedure
of light-potentiated startle compared to previously used
conflict tests is that the LES paradigm provides an internal
baseline (startle reactivity during the dark block) to
determine the specificity of the experimental manipulation
to anxiety-like responding. The present data indicate that
nicotine withdrawal affected anxiety responding only in the
presence of another stressor, which corresponds well to
smoking cessation findings in humans. Specifically, nico-
tine-withdrawing smokers report increased craving, nega-
tive affect symptoms, and somatic symptoms when
presented with stressful stimuli (Beckham et al, 1996).
Most importantly, low-state anxiety levels are poor pre-
dictors of craving and withdrawal in smokers, while high-
state anxiety levels are closely linked to these measures
(Pomerleau et al, 1990; Perkins and Grobe, 1992; for review
see al’Absi, 2006). These data support the notion that
behavioral and physiological signs of stress that show
exacerbation with nicotine withdrawal may provide pre-
dictive screens for smoking cessation treatments.

The finding that nicotine withdrawal does not increase
startle responsivity when assessed in the dark is in
agreement with reports of unchanged startle during
spontaneous nicotine withdrawal in DBA/2] and C57BL/6]
mice (Semenova et al, 2003; Jonkman et al, 2005), and
Sprague-Dawley, Wistar, and Long-Evans rats (Acri
et al, 1991, 1995), though increases have been reported in
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Long-Evans rats (Helton et al, 1993, 1997; Rasmussen et al,
1996, 1997, 2000). Interestingly, however, the studies that
reported increases in baseline startle reactivity were
conducted in transparent startle testing boxes that allowed
ample white room light to enter (Kurt Rasmussen, personal
communication). Thus, the conditions in the previously
published experiments that reported increases in startle
reactivity during spontaneous nicotine withdrawal are more
similar to our LES conditions, where we did observe
increases in startle amplitude, than our standard startle
testing in the dark where we did not observe increases
in startle during spontaneous nicotine withdrawal.
Consequently, the present set of results may have resolved
a long-standing discrepancy in the literature about in-
creases or lack of changes in startle reactivity during
nicotine withdrawal in rodents. Together with reports of
increases in anxiety-like behavior during nicotine with-
drawal in various conflict-based models of anxiety (Costall
et al, 1989; Jonkman et al, 2005; Damaj et al, 2003; Irvine
et al, 2001; Pandey et al, 2001; Cheeta et al, 2001), these
results indicate that nicotine withdrawal increases anxiety-
like behavior during stress (eg novelty, bright light). The
present results are one of the first demonstrations that
nicotine withdrawal increases anxiety-like reactivity in a
nonlocomotor-based measure.

The lack of effect of nAChR antagonists on LES was
surprising. It has been well documented that the adminis-
tration of these nicotinic receptor antagonists to nicotine-
treated animals precipitates a depression-like anhedonic
effect (ie elevations in intracranial self-stimulation thresh-
olds; Epping-Jordan et al, 1998; Watkins et al, 2000; Skjei
and Markou, 2003), and somatic signs of nicotine with-
drawal in the case of mecamylamine (Watkins et al, 2000;
Malin et al, 1992, 1994) and hyperalgesia (Damaj et al,
2003), similar to that observed during spontaneous nicotine
withdrawal. One possible explanation for these findings is
that the doses of mecamylamine and DHfSE administered
were not high enough to precipitate the increase in anxiety-
like reactivity seen in spontaneous withdrawal. However,
this explanation is unlikely. Both the depression-like and
somatic behavioral effects of spontaneous nicotine with-
drawal are precipitated in rats with mecamylamine or DHfSE
doses that are lower than the highest doses used in the
present study (Epping-Jordan et al, 1998; Watkins et al,
2000; Hildebrand et al, 1997; Malin et al, 1994). It is also
possible that antagonist precipitated withdrawal was not
observed because of the multiple repeated nAchR antago-
nist-precipitated withdrawals experienced and the shorter
exposure to nicotine than in the spontaneous withdrawal
experiment; these conditions may not have allowed for
neuroadaptive changes to nicotine exposure to occur that
may mediate the increased sensitivity of nicotine-exposed
animals to the stress of light. Another interpretation is that
the increase in anxiety-like behavior observed after
spontaneous withdrawal may be mediated by nicotine
acetylcholine receptor subtypes other than the 242 nAChR
subtype for which DHJE has the highest selectivity (Harvey
and Luetje, 1996), and f4-containing nicotinic receptors for
which mecamylamine shows some limited selectivity
(Chavez-Noriega et al, 1997; Papke et al, 2001; although it
should be emphasized that generally mecamylamine is
nonselective) such as the o7 homomeric nAChR subtype.



Alternatively, the increase in anxiety-like reactivity that
we observed may not have arisen immediately after
cessation of nicotine administration. Spontaneous and
precipitated nicotine withdrawal both induce reduced
activation of nAChRs, but they differ markedly in the time
course that elapses between the initial decrease in nAChR
activation and behavioral testing. In nicotinic receptor
antagonist-precipitated nicotine withdrawal, receptor
blockade is immediate. Due to drug metabolism, this
blockade may dissipate before downstream effects of such
antagonism take effect. Thus, the observed increases in
anxiety-like behavior only during spontaneous, but not
precipitated, nicotine withdrawal may be attributable to
downstream consequences of reduced nicotinic activation
that affect anxiety-like behavior. Indeed, it was recently
reported that the intracranial self-stimulation threshold
elevations observed during immediate precipitated with-
drawal were reversible by a CRF receptor antagonist, while
the same threshold elevations observed during later
spontaneous withdrawal were not reversible by the same
CRF receptor antagonist (Bruijnzeel et al, 2007). These
findings suggest that the induction of nicotine withdrawal
by blockade of nAChRs depends on CRF receptor activa-
tion, while the more prolonged spontaneous nicotine
withdrawal phase is sustained by downstream consequences
that are no longer immediately dependent on CRF receptor
activation.

Because the LES effect depends critically on the integrity
of the BNST (Walker and Davis, 1997), and given the
receptor antagonist-precipitated, but not spontaneous,
nicotine withdrawal dependence on CRF mechanisms
(Bruijnzeel et al, 2007), enhanced LES may be a downstream
consequence of CRF receptor activation. Interestingly,
increased norepinephrine release after CRF administration
is observed after substantial delays (Palamarchouk et al,
2002), and the administration of clonidine, which reduces
norepinephrine release by acting as an agonist at pre-
synaptic inhibitory o, receptor (Pudovkina et al, 2001) and
is used as an aid for smoking cessation (Frishman, 2007),
into the BNST abolishes the LES effect under baseline
conditions (ie no nicotine withdrawal; Schweimer et al,
2005). Therefore, we speculate that CRF may be released
during early nicotine withdrawal, which could lead to a
delayed norepinephrine effect, which may in turn potentiate
LES. These hypotheses deserve further study.

In summary, we show here that nicotine withdrawal
modulates the effectiveness of an anxiogenic stimulus,
without affecting baseline startle reactivity in Wistar rats.
These results suggest that smokers who plan to quit
smoking should minimize anxiogenic circumstances during
early withdrawal because the effects of these stressors may
be potentiated during nicotine withdrawal.
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