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Abstract

Background: Tobacco use is prevalent in individuals who are routinely exposed to stress. However, little is known about how
nicotine affects responses to trauma. We examined in rats how nicotine exposure affects fear conditioning, a procedure often
used to study stress-related psychiatric illness.

Methods: We examined 2 methods of nicotine exposure: self-administration, modeling voluntary use, and experimenter-
programmed subcutaneous administration, modeling medicinal administration (nicotine patch). For self-administered nicotine,
rats trained to self-administer nicotine i.v. were fear conditioned (via light cue preceding foot-shock) either immediately
after a 12-hour self-administration session or 12 hours later during a period with somatic signs of nicotine withdrawal. For
experimenter-delivered nicotine, rats were conditioned after 1-21 days of nicotine delivered by programmable (12 hours on)
subcutaneous mini-pumps. Tests to evaluate acoustic startle responses to the conditioning environment (context-potentiated
startle) and in the presence or absence of the light cue (fear-potentiated startle) occurred after a 10-day period.

Results: Rats fear conditioned immediately after nicotine self-administration showed reduced responses to the shock-
associated context, whereas those trained during nicotine withdrawal showed exaggerated responses. Experimenter-
programmed nicotine produced effects qualitatively similar to those seen with self-administered nicotine.

Conclusions: Self-administration or experimenter-programmed delivery of nicotine immediately before exposure to aversive
events can reduce conditioned fear responses. In contrast, exposure to aversive events during nicotine withdrawal exacerbates
fear responses. These studies raise the possibility of developing safe and effective methods to deliver nicotine or related drugs to
mitigate the effects of stress while also highlighting the importance of preventing withdrawal in nicotine-dependent individuals.
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Introduction

Stress disorders involve genetic and environmental factors
(Knoll and Carlezon, 2010; Ressler et al., 2011; Gelernter et al.,
2019). Use of tobacco products is particularly high during times
of stress, consistent with reports that they have calming ef-
fects (Spielberger, 1986; Benowitz, 2010) and strengthening the
theory that the anxiolytic effects of tobacco products and their

primary psychoactive constituent, nicotine, may contribute to
the development and maintenance of tobacco use (Weinberger
et al., 2010). Nicotine also has psychomotor stimulant effects
that enhance alertness and cognitive performance in humans
(Spielberger, 1986, Newhouse et al., 2004; Semenova et al., 2007;
Heishman et al.,, 2010) and laboratory animals (Raybuck and
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Significance Statement

In human tobacco users, use of nicotine-containing products such as cigarettes and chewing tobacco is prevalent during times of
stress. However, little is known about how nicotine affects responses to stress or traumatic experiences. Nicotine has anti-anxiety
effects that might reduce the impact of stress, but it also enhances alertness and attention that might strengthen stress-related
memories. We examined in rats how nicotine exposure affects fear conditioning, a procedure used to study stress-related psy-
chiatric illness. We found that rats fear conditioned immediately after nicotine self-administration showed reduced responses
to environments previously associated with aversive events, whereas those trained during nicotine withdrawal showed exagger-
ated responses. Nicotine delivered via a programmed subcutaneous minipump produced effects similar to those seen with self-
administered nicotine. These studies raise the possibility of developing safe and effective methods to deliver nicotine or related
drugs to mitigate the effects of stress while demonstrating the importance of preventing withdrawal.

Gould, 2010). These combined effects—reduced anxiety that pro-
vides motivation to use tobacco and increased cognitive func-
tion that accompanies tobacco use—may have long-lasting
and potentially unintended consequences. Tobacco use before,
during, or after a stressful event may affect the perception of
stress or the encoding, consolidation, and retrieval of stress-
related memories. If the anxiolytic effects of nicotine prevail, to-
bacco use might have beneficial effects by reducing the impact
of stress. If the cognitive-enhancing effects of nicotine prevail,
tobacco use might increase the impact of stress, promoting per-
sistent conditions such as post-traumatic stress disorder (PTSD).
The effects of nicotine may also involve factors such as whether
users are dependent and are under the influence of the drug or
in withdrawal during stress.

Little is known about relationships between tobacco use and
vulnerability to develop stress disorders. Tobacco use is prevalent
in people who have already developed PTSD (Thorndike et al.,
2006; Fu et al., 2007), and smokers with PTSD are more likely to
smoke when experiencing stress (Beckham et al., 2008). Nicotine
has complex effects in people with PTSD, a hallmark sign of
which is an exaggerated startle reflex (Bremner et al., 1996).
Although smokers with PTSD report that smoking relieves their
symptoms, objective measurements indicate that smoking po-
tentiates their already-exaggerated startle responses (Calhoun
et al,, 2011). These findings suggest that despite a tobacco user’s
perceptions that nicotine has calming effects, continued use can
exacerbate and perpetuate the symptoms of PTSD.

Nicotine is difficult to study in laboratory animals.
Experimenter-delivered nicotine often produces aversion re-
sponses in rodents (Henningfield and Goldberg, 1983; Fudala
and Iwamoto, 1987; Jackson et al., 2009; Risinger and Oakes,
2009). Indeed, passive delivery of even highly rewarding drugs
(e.g., cocaine) can cause vastly different physiological responses
than those seen with voluntary self-administration (Galici et al.,
2000; Chen et al., 2008). Aversive effects can make it difficult
to examine how a drug affects the perception of traumatic or
fear-inducing stimuli. Furthermore, to model tobacco use as it
occurs in humans, it is crucial to use self-administration pro-
cedures that are sufficient to produce nicotine dependence, a
state where discontinuation of the drug produces physical signs
of withdrawal.

Fear-potentiated startle (FPS) is an acoustic startle-based
procedure (Shi and Davis, 2001; Meloni et al., 2006; Ressler et al.,
2011) frequently used in preclinical studies of PTSD. It has nu-
merous advantages for studies of factors that contribute to
stress-related behavioral adaptations, including the presence of
an “index trauma” as a triggering mechanism, development of
persistent fearful memories, and expression of hypervigilance
(exaggerated startle responsiveness). Startle is also a transla-
tionally relevant endpoint that can be used in humans (Pitman

et al., 1999), enabling the design of complementary preclinical
and clinical studies. Exaggerated startle responses and deficits
in extinction of fearful memories are hallmark features of PTSD
(Morgan et al., 1995; Grillon et al., 2003; Parsons and Ressler,
2013) that are readily studied in rats. The FPS procedure has ex-
cellent predictive validity in identifying anxiolytic drugs that re-
duce fear and anxiety in people and is ideal to study processes
involved in recovery from stress, such as extinction learning
(Davis, 1986, 1993; Milad et al., 2006; Quirk et al., 2010). In add-
ition to exaggerated startle responses, another sign of PTSD
is inability to forget stressful memories or the cues that sym-
bolize them (American Psychiatric Association, 2013). People
with PTSD have deficits in extinction learning, a process that
involves new learning that weakens the expression of old mem-
ories (Myers et al., 2011). In the case of FPS, extinction training
involves repeatedly exposing the rats to a cue (e.g., a light) that
once predicted shock without delivering shock, which gradually
decreases startle reactivity.

The present studies were designed to determine how nico-
tine exposure affects fear conditioning in male rats. We first
examined i.v. self-administration (IVSA) of nicotine, modeling
voluntary use. On finding evidence that nicotine may have med-
ically useful (protective) effects, we examined experimenter-
programmed subcutaneous (s.c.) administration, modeling
medicinal administration via methods such as a nicotine patch.

METHODS

Rats

Male Long-Evans rats (300-350 g; Charles River Laboratories,
Charlotte, NC) were singly housed following either catheteriza-
tion or minipump implantation and maintained on a 12-hour-
light/-dark cycle (lights on 7:00 am) with ad libitum access to
food and water except during testing. Procedures were approved
by the McLean Hospital Institutional Care and Use Committee
and consistent with the 1996 National Institutes of Health Guide
for the Care and Use of Laboratory Animals.

Drugs

(-)-Nicotine hydrogen tartrate was obtained from Sigma-Aldrich
(St. Louis, MO) and dissolved in sterile 0.9 % saline solution. The
pH was adjusted to 7.0 with 0.1 N sodium hydroxide. Doses are
expressed as free base.

Experiment 1

Experiment 1 examined nicotine IVSA effects on fear condi-
tioning endpoints. Rats stably self-administering nicotine in



12-hour sessions were fear conditioned immediately after the
self-administration session during which they qualified for in-
clusion (below) and were tested after a 10-day period without
additional nicotine access. This design is intended to model
conditions in humans where trauma is experienced while under
the influence of nicotine and followed by a period where tobacco
products are not available or used.

IVSA

IVSA procedures were conducted as described (Thomsen and
Caine, 2005). Rats were allowed to recover for at least 7 days,
during which a prophylactic dose of cefazolin (17 mg/kg, i.v.)
dissolved in saline containing heparin (3 USP U/0.1 mL) was
delivered once daily to prevent infection and promote cath-
eter patency. Thereafter, catheters were flushed daily with
sterile physiological saline containing heparin (3 USP U/0.1 mL).
Catheter patency was confirmed daily; rats with nonfunctional
catheters were either implanted with a second catheter in the
opposite jugular or terminated from the study.

Rats were allowed to self-administer nicotine (0.03 mg/kg/
injection) in 12-hour (overnight) sessions in 2-lever standard
operant conditioning chambers for a minimum of 14 sessions
until IVSA had stabilized. Nicotine availability was signaled by il-
lumination of a yellow LED light above the active lever, and each
injection was accompanied by lever retraction and a 20-second
timeout period. The criterion for inclusion was an IVSA >0.7 mg/
kg/session for 4 of 5 consecutive sessions. Rats in the nicotine
IVSA condition had counterparts that self-administered saline
in an equivalent number of sessions; in cases where the coun-
terpart was lost, rats were retained regardless as long as they
had been through 14 self-administration sessions. This experi-
ment yielded 15 rats that stably self-administered nicotine and
18 rats assigned to the saline self-administration condition.

Nicotine Withdrawal Signs

Nicotine dependence was operationally defined as a significant
increase in the number of any of the well-validated somatic
signs of nicotine withdrawal, including body shakes/tremor, eye
blinks, gasps, writhes/stretches, teeth chattering/chewing, and
ptosis (Kenny and Markou, 2001). Twelve hours after the final
IVSA session, these signs were measured during a 10-minute
observation period by an individual blinded to the treatment
conditions.

Fear Conditioning

Fear conditioning training coincided with the end of a 12-hour
IVSA session to minimize nicotine withdrawal. Training com-
prised 2 elements: collection of baseline data and fear condi-
tioning itself. The baseline element of the session comprises
exposure to ten 100-dB white noise bursts over a 5-minute
period. Baseline data were used to (1) assign (match) rats to
groups with equivalent startle baselines, (2) evaluate treatment-
associated changes in startle responsivity that might be caused
by sedative or activating drug effects, and (3) serve as the basis
(denominator) for context-potentiated startle (CPS) calcula-
tions (Shi and Davis, 2001). This element was identical for all
rats (n=33). The fear conditioning element followed immedi-
ately and comprised 10 parings of a light cue (4 seconds) that
co-terminated with a 0.5-second, 0.6-mA foot-shock over a
25-minute period, as described (Meloni et al., 2006). During this
time, shock reactivity data were collected. To enable determin-
ation of whether self-administered nicotine affected sensitivity
to acoustic startle, rats were further subdivided into nicotine-
shock (n=7), nicotine-no shock (n=8), saline-shock (n=9), and
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saline-no shock (n=9) groups. Testing began 10 days later fol-
lowing a period without additional nicotine exposure. Test
sessions included 2 elements: evaluation of CPS and FPS. For
CPS, rats again received ten 100-dB white noise bursts over a
S5-minute period. FPS was then quantified by comparing startle
responses with a 100-dB white noise burst in the presence (10
trials) or absence of the light cue (10 trials). To evaluate extinc-
tion of these conditioned responses, rats receive a total of 3 test
sessions conducted at 48-hour intervals. CPS (Shi and Davis,
2001) is expressed as a percent change from a pre-fear condi-
tioning baseline and is calculated by dividing the difference
between startle responses to the white noise bursts pre- and
post-fear conditioning by the pre-fear conditioning baseline
(%CPS=|[(startle at test-startle before fear conditioning)/startle
before fear conditioning] x100); FPS is expressed as a percent
change from baseline and is calculated by comparing with the
difference in startle amplitude elicited in the presence or ab-
sence of the light (%FPS=[(startle in presence of light-startle in
dark)/startle in dark] x 100).

Experiment 2

Experiment 2 examined the effects of nicotine withdrawal
followed by sustained nicotine unavailability on fear condi-
tioning endpoints. Rats stably self-administering nicotine in
12-hour sessions were fear conditioned 12 hours after the
self-administration session during which they qualified for in-
clusion, during nicotine withdrawal, and tested after a 10-day
period without additional access to nicotine. This design is
intended to model conditions in humans where trauma is ex-
perienced during nicotine withdrawal and followed by a period
when tobacco products are not available or not used. Previous
data in rats demonstrate that the somatic and motivational
signs of nicotine withdrawal are negligible after 10 days (Kenny
and Markou, 2001).

IVSA

IVSA procedures were conducted as in Experiment 1. This ex-
periment yielded 14 rats that stably self-administered nicotine
and 15 rats assigned to the saline self-administration condition.

Nicotine Withdrawal Signs
Nicotine withdrawal signs were measured 12 hours after the
final IVSA session immediately before fear conditioning.

Fear Conditioning

Fear conditioning procedures were conducted as in Experiment
1, except they occurred 12 hours after the end of a 12-hour IVSA
session (coinciding with nicotine withdrawal). Rats were subdiv-
ided into nicotine-shock (n=7), nicotine-no shock (n=7), saline-
shock (n=8), and saline-no shock (n=7) groups; comparisons
between nicotine-no shock and saline-no shock were intended
to provide insight on whether rats that had self-administered
nicotine were still in withdrawal during CPS and FPS testing.
Testing began 10 days later following a period without add-
itional nicotine exposure.

Experiment 3

Experiment 3 examined the effects of acute nicotine withdrawal
followed by sustained nicotine availability on fear conditioning
endpoints. Unlike Experiment 2, rats were allowed to continue
to self-administer nicotine during the 10-day period following
fear conditioning and between the test sessions. This design is
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intended to model conditions in humans where trauma is ex-
perienced during nicotine withdrawal and followed by a period
when tobacco products are used.

IVSA

IVSA procedures were conducted as described in Experiment
1, and nicotine withdrawal was quantified as in Experiment
2. This experiment yielded 17 rats that stably self-administered
nicotine and 17 rats assigned to the saline self-administration
condition.

Nicotine Withdrawal Signs

As in Experiment 2, nicotine withdrawal signs were measured
12 hours after the final IVSA session immediately before fear
conditioning.

Fear Conditioning

Fear conditioning procedures were conducted as in Experiment
2. Rats were further subdivided into nicotine-shock (n=8),
nicotine-no shock (n=9), saline-shock (n=9), and saline-no
shock (n=8) groups. Testing began 10 days later following a
period of continued (normal) nicotine availability.

Experiment 4

Experiment 4 examined the effects of experimenter-delivered
nicotine on fear conditioning endpoints. The design was com-
plementary to Experiment 1, but involving passive delivery of
nicotine in 12-hours-on/-off periods, using programmable infu-
sion mini-pumps. This design is intended to model conditions
in humans where nicotine could be used prophylactically, such
as in cases where trauma can be anticipated, by a safer delivery
method (e.g., nicotine patch). The doses of nicotine and duration
of the regimens were intended to approximate the parameters
observed in the IVSA studies.

Programmable Mini-Pumps

Each rat was implanted with a s.c. programmable iPRECIO
minipump (Model SMP-200; Alzet, CA) for administration
of nicotine or saline. Mini-pumps were programmed to de-
liver nicotine in 12-hours-on/-off periods at 0.083 mg/h (total
dose=1.0 mg/d; “high dose”) or 0.025 mg/h (total dose=0.3 mg/d;
“low dose”) or an equivalent volume of saline (control rats).
Prior to implantation, all pumps were pre-programmed and
filled with nicotine solution or saline under sterile conditions.
A single dose of the analgesic ketoprofen (5.0 mg/kg, s.c.) as well
as the antibiotic amikacin (10 mg/kg, s.c.) were administered im-
mediately prior to the surgery and for 2 days after surgery. On
induction of isoflurane anesthesia, a small incision was made
between the scapulae, and the minipump was placed in a sub-
cutaneous pocket created behind the incision. The mini-pump
was connected to an approximately 2-inch length of catheter
tubing anchored and secured by sutures into a space below the
incision. The wound was closed with silk sutures. Rats were al-
lowed to recover for 7 days before any subsequent procedures
began. Thereafter, rats were assigned to treatment groups (see
below) and received scheduled replenishment of their mini-
pumps. The mini-pumps were programmed such that the fear
conditioning occurred 21 days after the final day of the sur-
gical recovery period; that is, rats in the 21-day groups received
treatment for the entire 21 days leading up to fear conditioning,
whereas rats in the 10-day and 1-day groups received treatment
only on the final 10 days and 1 day, respectively, and received sa-
line on all other days. To ensure that the rats experienced similar

light isoflurane (2%) anesthesia and minipump refill experience,
mini-pumps were refilled with either nicotine or saline 3 times
(days 1, 11, and 20 of the 21-day treatment regimen). Fear condi-
tioning training coincided with the end of a 12 hour-on period to
avoid nicotine withdrawal.

Fear Conditioning

Rats were divided into 9 conditions that differed with respect
to treatment (nicotine and/or dose) and treatment duration (1,
10, or 21 days), yielding the following group assignments: 1-day/
saline (n=19), 1-day/low (n=12), 1-day/high (n=13), 10-day/sa-
line (n=18), 10-day/low (n=14), 10-day/high (n=13), 21-day/
saline (n=17), 21-day/low (n=13), or 21-day/high (n=15). No
shock (control) groups were not used because no effects were
seen in Experiments 1-3. Testing was conducted as described in
Experiment 1.

Data Analyses

Prism 8 (GraphPad Software, San Diego, CA) and SPSS 24 (IBM,
Armonk, NY) were used to perform Student’s t tests or ANOVAs
with repeated measures. Significant effects were further ana-
lyzed using Bonferroni tests, which adjust P values to control for
multiple comparisons.

RESULTS

IVSA: Experiments 1-3

For each rat, we analyzed the self-administration session during
which they fulfilled criteria for stability and inclusion in the
study. Rats self-administering nicotine (n=46) obtained more
infusions than rats self-administering saline (n=50): a 2-way
ANOVA with time as the repeated factor revealed a significant
drug x time interaction (F[11,1034]=10.77, P<.0001). Post hoc
(Bonferroni’s multiple comparisons) tests revealed that nico-
tine rats received significantly more infusions than saline rats
during hours 1-3 (P<.0001), 4 (P=.0006), 5 (P=.0002), 6 (P=.0002),
10 (P=.0123), and 12 (P=.0345) (Fig. 1A). Averaged across all times,
rats self-administering nicotine obtained more infusions than
rats self-administering saline (t[94]=7.508, P<.0001) (Fig. 1B).
Rats required 21.5+1.8 days (mean + SEM) to meet criteria for
stable nicotine IVSA and received a total of 1.28+0.05 mg/kg/
session, which corresponds well with the range of doses known
to have rewarding effects in rats (Bauco and Wise, 1994; Kenny
et al.,, 2009); these data served as the basis for Experiment
4. When assessed for withdrawal signs during a 10-minute
session at the time corresponding to their next 12-hour IVSA
session (i.e., approximately 12 hours after their last session),
post hoc tests indicated that rats self-administering nicotine
had statistically significant higher numbers of shakes/tremors
(t[94]=3.41, P=.00134) (Fig. 1C), a sign of nicotine dependence.
Although there were nominal increases in other indices, none
reached significance. Rats were then distributed into matched
groups among Experiments 1-3; there were no substantive
differences in nicotine IVSA or withdrawal scores among the
experimental groups.

Fear Conditioning: Baselines for Experiments 1-3

Fear conditioning was conducted either immediately after IVSA
sessions (Experiment 1) or at what would be the time of the next
IVSA session, during withdrawal (Experiments 2-3). Initial ana-
lyses examined treatment-related differences in sensitivity to
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Figure 1. (A) Intravenous self-administration (IVSA) of nicotine in 12-hour sessions. Data reflect the mean + SEMs for the 4 days preceding fear conditioning. (B)
Average infusions per session collapsed across the entire session during the final 4 IVSA sessions. (C) Nicotine withdrawal signs 12 hours after the last 12-hour self-

administration session. *P<.05, *P<.01, **P<.001, Bonferroni’s tests.

the fear conditioning training stimuli. For rats in Experiment
1—before subdivision into shock and no shock groups—there
were no differences in cage displacement in response to the
acoustic startle stimuli (white noise bursts) between rats that
had self-administered nicotine or saline (Fig. 2A). Similarly, for
Experiments 2-3, there were no differences between rats that
had self-administered nicotine or saline 12 hours earlier (Fig. 2B).
These data suggest that neither self-administered nicotine nor
withdrawal from self-administered nicotine affect acoustic
startle. In addition, neither nicotine nor nicotine withdrawal af-
fected shock reactivity. For Experiment 1, a 2-way ANOVA (drug x
shock) on data collected during fear conditioning revealed a sig-
nificant main effect of shock (F[1,29]=514.1, P<.0001), but there
were no effects of nicotine on shock-induced cage displacement
nor a drug x shock interaction, suggesting that self-administered
nicotine did not alter sensitivity to the foot-shock (Fig. 2C).
Similarly, for Experiments 2-3, a 2-way ANOVA (drug x shock)
on data collected during fear conditioning revealed a significant
main effect of shock (F[1,59]=652.8, P<.0001), but there were no
effects of nicotine withdrawal on shock-induced cage displace-
ment nor a drug x shock interaction, suggesting that withdrawal
did not alter sensitivity to the foot-shock (Fig. 2D). These data
rule out the possibility that effects of nicotine or nicotine with-
drawal on fear conditioning are related to altered motor cap-
acities or responsiveness to the acoustic startle stimulus or
foot-shock. Rats in the nicotine withdrawal condition were then
distributed into matched groups among the various conditions
for Experiments 2-3; there were no substantive differences in
these measures between the experimental groups.

Experiment 1: CPS and FPS

Following a 10-day period without nicotine, rats received 3 test
sessions separated by 48 hours to examine CPS and FPS. To de-
termine if nicotine IVSA alters responsiveness to the trauma
(shock)-associated context, we first examined CPS, a metric
that compares startle reactivity to the startle stimuli before
fear conditioning with that seen after fear conditioning (prior
to the presentation of the first light+startle stimulus) during
the test sessions. A 3-way (drugxshock x test) ANOVA with re-
peated measures on test session revealed a main effect of drug
(F[1,29]=4.39, P=.045) and a significant test x shock interaction
(F[2,58]=11.59, P<.0001) (Fig. 3A). Post hoc tests revealed that
rats that had self-administered nicotine immediately before

fear conditioning exhibited significantly less CPS than rats that
had self-administered saline before fear conditioning during
Test 1 (P=.018), although they did not differ on Tests 2 or 3. For
FPS, a 3-way (drugxshockxtest) ANOVA with repeated meas-
ures on test session revealed a significant main effect of shock
(F[1,29]=13.73, P=.009), indicating that rats that received fear
conditioning with foot-shock had higher %FPS than those that
did not receive foot-shock, as expected, but no other main ef-
fects or interactions (Fig. 3B). These data suggest that nicotine
self-administration immediately preceding fear conditioning
reduces reactivity to the shock-associated context, reflected by
CPS, without affecting learning and memory of the fear condi-
tioning, reflected by FPS.

Experiment 2: CPS and FPS

The design of Experiment 2 was similar to that of Experiment
1 except that rats were in nicotine withdrawal during fear con-
ditioning. Following the 10-day period of no additional access
to nicotine, we first examined CPS. A 3-way (drugx shock x test)
ANOVA with repeated measures on test session revealed sig-
nificant main effects of shock (F[1,25]=10.57, P=.0033) and test
(F[2,50]=4.967, P=.0108) on context-potentiated startle (Fig. 4A).
No other main effects or interactions were observed. Post hoc
tests revealed no differences in CPS between nicotine with-
drawal and saline rats at Test 1. However, saline rats that re-
ceived fear conditioning showed reductions in CPS from Test 1
to Test 2 (P=.0032) and from Test 1 to Test 3 (P=.0306), indicating
between-session extinction. This reduction was not observed in
the nicotine withdrawal rats. For FPS, a 3-way (drug x shock x test)
ANOVA with repeated measures on test session revealed a sig-
nificant main effect of shock (F[1,25]=8.60, P=.0071), indicating
that rats that received fear conditioning with foot-shock had
higher %FPS than those that did not receive foot-shock but no
other main effects or interactions (Fig. 4B). These data suggest
that nicotine withdrawal immediately preceding fear condi-
tioning disrupts extinction to the shock-associated context, re-
flected by CPS, without affecting learning and memory of the
fear conditioning, reflected by FPS.

Experiment 3: CPS and FPS

Experiment 3 was similar to Experiment 2 except that rats had
normal access to nicotine during the 10-day period between fear
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Figure 2. Effect of i.v. self-administration (IVSA) treatment on responsiveness to the acoustic startle stimulus and foot-shock. Data reflect mean (+SEM) platform dis-
placement in arbitrary startle units. Neither nicotine (A) nor nicotine withdrawal (B) affected responsiveness to the acoustic startle stimulus (100-dB white noise burst)

in rats before group assignment into shock or no shock conditions. Likewise, neither nicotine (C) nor nicotine withdrawal (D) affected responsiveness to foot-shock
(0.5 seconds at 0.6 mA).
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Figure 3. Startle responsiveness during testing in rats that received fear conditioning immediately after i.v. self-administration (IVSA) sessions when access to nicotine
was unavailable during the 10 days between training and testing. (A) Context-potentiated startle (CPS) was reduced in rats fear conditioned immediately following the
final nicotine IVSA session compared with saline controls during Test 1, but there were no differences Test 2 or Test 3. As expected, no-shock controls did not exhibit
contextual fear at any time point. (B) Fear-potentiated startle (FPS) did not differ between rats fear conditioned immediately following the final nicotine IVSA session
and saline controls. *P<.05, Bonferroni’s tests.



Context-Potentiated Startle

*

4001

|
*k

300{ —

200+

100+

% change

04

-100

Test 1 Test 2 Test 3

Robble etal. | 475

Fear-Potentiated Startle
I Saline Shock
B Withdrawal Shock
B3 Saline No Shock
B3 Withdrawal No Shock
Test 1 Test 2 Test 3

Figure 4. Startle responsiveness during testing in rats that received fear conditioning 12 hours after i.v. self-administration (IVSA) sessions, during nicotine withdrawal,
when access to nicotine was unavailable during the 10 days between training and testing. (A) There were no group differences in CPS during Test 1, but rats trained
during nicotine withdrawal had persistently higher CPS during Test 2 and Test 3. As expected, no-shock controls did not exhibit contextual fear at any time point. (B)
Fear-potentiated startle (FPS) did not differ between nicotine withdrawal rats and saline controls. *P<.05, *P<.01, Bonferroni’s tests.
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Figure 5. Startle responsiveness during testing in rats that received fear conditioning 12 hours after i.v. self-administration (IVSA) sessions, during nicotine withdrawal,
when access to nicotine was available during the 10 days between training and testing. (A) There were no group differences in CPS during Test 1, but responsiveness
in saline-treated rats diminished between Test 1 and Test 3, whereas it remained persistently high in nicotine withdrawal rats. As expected, no-shock controls did not
exhibit contextual fear at any time point. (B) Fear-potentiated startle (FPS) did not differ between nicotine withdrawal rats and saline controls. *P<.05, Bonferroni’s tests.

conditioning and testing. For CPS, a 3-way (drugxshock x test)
ANOVA with repeated measures on test session revealed sig-
nificant main effects of shock (F[1,30]=14.63, P=.0006) and test
(F[2,50]=4.69, P=.0127) (Fig. 5A). No other main effects or inter-
actions were observed. As in Experiment 2, post hoc tests re-
vealed no differences in CPS between nicotine withdrawal and
saline rats at Test 1. However, saline rats that received fear
conditioning showed significant reductions in CPS from Test 1
to Test 3 (P=.0138), indicating between-session extinction. For
FPS, a 3-way (drugxshock xtest) ANOVA with repeated meas-
ures on test session revealed significant main effects of shock
(F[1,30]=5.83, P=.022), again indicating that rats that received
fear conditioning with foot-shock had higher FPS than those that
did not receive foot-shock, as expected, but no other main ef-
fects or interactions were observed (Fig. 5B). These data are con-
sistent with the findings in Experiment 2 showing that nicotine
withdrawal immediately preceding fear conditioning disrupts
extinction to the shock-associated context without affecting
learning and memory of the fear conditioning and further in-
dicate that this is not affected by continued access to nicotine
during the period between fear conditioning and testing.

Experiment 4

Experiment 4 was designed to determine if the CPS-reducing ef-
fects of self-administered nicotine (Experiment 1) could be re-
capitulated by experimenter-programmed administration. Rats

were fear conditioned immediately following the termination of
a 12 hours-on/12 hours-off exposure regimen to a low (0.3 mg/
kg/d) dose of nicotine, a high (1.0 mg/kg/d) dose of nicotine, or
saline for 1, 10, or 21 days. Initial analyses examined treatment-
related differences in sensitivity to the training stimuli used for
fear conditioning. A 2-way (dose x duration) ANOVA revealed a
significant interaction (F[4,125]=2.46, P=.049). Post hoc tests re-
vealed no group differences within each of the exposure dur-
ations (i.e., within the 1-, 10-, and 21-day exposures) and that
the only differences were between groups in different treatment
durations: specifically, low-dose nicotine in the 10-day condi-
tion was different from saline and the high-dose nicotine in the
21-day condition (P=.0428 and P=.0238, respectively) (Fig. 6A-C).
A parallel 2-way ANOVA revealed no effects on cage displace-
ment in response to the acoustic startle, nor was there an inter-
action between variables (Fig. 6EF). These data suggest that
experimenter-programmed nicotine did not cause systematic
alterations in sensitivity to the acoustic startle or foot-shock.
Following a 10-day period without additional nicotine ex-
posure (as in Experiment 1), rats received 3 test sessions sep-
arated by 48 hours to examine CPS and FPS. For CPS, a 3-way
(dose xduration xtest) ANOVA with repeated measures on
test session revealed a significant dosexduration interaction
(F[2,375]=8.25, P<.0001) but no other interactions. Because
there was no significant effect of test, data were collapsed
across sessions for subsequent analyses. A 2-way (dose x dur-
ation) ANOVA revealed a significant interaction (F[4,125]=4.21,
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Figure 6. Effect of programmed s.c. treatment with nicotine at various doses and durations (1, 10, and 21 days) on responsiveness to the acoustic startle stimulus and
foot-shock. There were no group differences in responsiveness to the acoustic startle stimulus (A-C) or foot-shock (D-F).
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Figure 7. Startle responsiveness during testing in rats that received fear conditioning immediately following programmed s.c. treatment with nicotine when access to
nicotine was unavailable during the 10 days between training and testing. (A-C) CPS was reduced in rats that received 10 days of programmed nicotine exposure but
not 1 day or 21 days of exposure. (D-F) FPS was not affected by programmed nicotine exposure at any dose or duration. *P<.05, Bonferroni’s tests.

P=.0038), and post hoc tests revealed significant differences in stimulant effects of the drug—this effect did not reach statis-
CPS between saline and both low (P=.047) and high (P=.0038) tical significance. No other between-group differences were
doses of nicotine in the 10-day exposure condition (Fig. 7A-C). observed. For FPS, a 3-way (dose xduration x test) ANOVA with
While there was a nominal increase in CPS in the high-dose repeated measures on test session revealed a significant main
nicotine group after 1 day of exposure—possibly reflecting acute effect of dose (F[2,375]=3.00, P=.05) but no effect of duration



or test; nor were there significant interactions. Because there
was no significant effect of test, we used a similar approach as
with the CPS data and collapsed across sessions for subsequent
analyses. A 2-way (dose x duration) ANOVA did not reveal main
effects of dose or duration on FPS, nor was there a significant
interaction (Fig. 7D-F). This pattern of data—nicotine-induced
reductions in responsivity to the shock-related context without
changes in learning and memory—broadly resembles that seen
in Experiment 1, suggesting that experimenter-programmed ad-
ministration of nicotine for a moderate duration produces the
same types of effects as nicotine IVSA.

Discussion

Nicotine exposure preceding aversive events has complex be-
havioral effects in male rats. Some effects can be conceptual-
ized as being beneficial (stress-reducing), whereas others can
be conceptualized as detrimental (stress-exacerbating). Factors
including the nicotine dose, duration of treatment, and time
since last nicotine exposure have major influences on outcomes,
whereas whether the drug is self-administered or experimenter
delivered and the route of administration (i.v. or s.c.) seem less
critical.

We first examined the effects of iv. nicotine self-
administration in amounts sufficient to produce dependence,
as indicated by stable drug intake and expression of classic
nicotine withdrawal signs (shakes and tremors) 12 hours after
the last exposure to nicotine. As expected, we found that con-
trol (saline-treated) rats showed elevated startle responses on
reexposure to the shock-associated context, defined as CPS, re-
flecting a characteristic sign of fear conditioning (Shi and Davis,
2001). Increases in startle are thought to reflect hypervigilance,
a diagnostic criteria for PTSD (American Psychiatric Association,
2013). In people with fear and anxiety disorders, hypervigilance
is persistent and disruptive to normal behavior rather than re-
flecting heightened cognitive function or enhanced perform-
ance. In contrast, we discovered that rats fear conditioned
immediately after nicotine self-administration showed reduced
CPS, suggesting anxiolytic effects. Rats that were instead fear
conditioned during nicotine withdrawal showed exaggerated
CPS, suggesting anxiogenic effects. The anxiogenic effects of
nicotine withdrawal at the time of fear conditioning persisted
when nicotine self-administration was continued following fear
conditioning, suggesting that nicotine withdrawal status at the
time trauma is experienced is critical. In experiments designed
to extend the finding that nicotine IVSA produces outcomes in
fear conditioning tests that could be conceptualized as bene-
ficial, we examined the effects of experimenter-programmed
nicotine, discovering that nicotine delivered via subcutaneous
minipump produced anxiolytic-like effects on CPS that were
qualitatively similar to self-administered nicotine. None of the
nicotine exposure regimens affected FPS, suggesting effects
specific to the context in which the aversive learning event was
experienced rather than broad effects on learning and memory
processes. Likewise, none of the effects can be attributed to nico-
tine or nicotine withdrawal-induced alterations in motor cap-
acities or sensitivity to shock, which would have been identified
in the acoustic startle and shock reactivity tests. These results
suggest that, under the conditions examined, nicotine’s anxio-
lytic effects prevail over its cognitive-enhancing effects. These
studies raise the possibility of developing safe and effective
methods to deliver nicotine or related drugs to mitigate stress
effects, while also highlighting the importance of preventing
withdrawal in nicotine-dependent individuals.
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These studies were designed to approximate conditions rele-
vant to humans. Humans who smoke or chew tobacco tend to
do so on a daily basis, with periods where nicotine use is likely
(during wakefulness) and unlikely (during sleep). Accordingly, we
utilized long (12 hours) access to nicotine in the IVSA studies
and programmed the mini-pumps to deliver the nicotine on a 12
hours-on/12-hours off schedule. Nicotine abstinence in humans
who are dependent causes signs of withdrawal, so we designed
the studies to examine whether there would be behavioral dif-
ferences if the trauma had been encountered shortly after nico-
tine exposure or during withdrawal. Some types of trauma result
in reduced nicotine availability for extended periods—for ex-
ample, during hospitalization—so we examined parallel condi-
tions where nicotine access was either available or discontinued
during the period between the fear conditioning and the testing.
We used a 10-day period because previous work indicates that
the physical and motivational aspects of nicotine withdrawal are
resolved within this period (Kenny and Markou, 2001), making
it unlikely that nicotine withdrawal at the time of testing af-
fected CPS or FPS. Indeed, while withdrawal was not explicitly
measured following the 10-day period between fear conditioning
and testing, no physical signs were observed before the tests. In
humans, nicotine intake via tobacco products is linked to de-
creased fitness and increased risk of diseases such as cancer.
As such, we used SC mini-pumps to model a safer route of de-
livery (transdermal patch). The doses of nicotine and durations
of exposure used for the programmed nicotine delivery studies
were derived from the IVSA studies (which showed how long it
took rats to fulfill stability criteria and how much nicotine they
self-administered each day on meeting that criteria) according to
the principle that minimizing nicotine doses and exposure dur-
ations would be desirable when exploring its potential benefits.

An important premise for this work is the fact that nicotine
can enhance alertness and cognitive performance across spe-
cies (Spielberger, 1986; Newhouse et al., 2004; Semenova et al.,
2007; Heishman et al., 2010; Raybuck and Gould, 2010). However,
the effects of nicotine on learning and memory are complex and
can vary due to a number of factors including dose, administra-
tion route, treatment duration, age at exposure, biological sex,
and the specific task examined (Kenney and Gould, 2008; Mateos
et al,, 2011). For our studies, we selected fear conditioning be-
causeitis a translationally relevant endpoint (Pitman et al., 1999)
often used in PTSD research. Indeed, we showed that different
doses and durations of nicotine exposure can produce funda-
mentally different outcomes. Rats that received 1 day of nicotine
by exposure via minipump had, if anything, elevated responses
to the fear conditioned environment, raising the possibility
that a period of nicotine exposure is needed before beneficial
(anxiolytic-like) effects emerge. Similarly, the therapeutic-like
effects seen after 10 days of minipump exposure were not seen
after 21 days, suggesting that there is an optimal duration of
nicotine treatment and effects may be lost after longer periods.
Possible explanations for differences between 21 days of IVSA
and 21 days of programmed nicotine delivery include differ-
ences in the moment-to-moment patterns in nicotine intake
and blood levels between these routes. There are dynamic inter-
actions between various types of neuroplasticity, including tol-
erance and sensitization, which differ according to drug dose,
patterns of exposure (intermittent vs continuous), and exposure
duration (Stewart and Badiani, 1993).

Although we intended to model the human condition, there
are obvious caveats. While IVSA in rats models voluntary drug
self-administration seen in humans, there are major differences
between this route and smoking or chewing tobacco. Likewise,
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programmed delivery via s.c. minipump differs from delivery via
transdermal patch. While there are cases where transdermal de-
livery of a drug creates adherence issues, the nicotine patch is
widely and safely used for smoking cessation. There is a large
number of additional permutations that could be examined in the
future. Our studies were performed in nicotine-naive rats; con-
sidering that nicotine effects can change with repeated exposure
(Bauco and Wise, 1994; Tapper et al., 2004), the results may be con-
siderably different in individuals previously exposed to nicotine.
Delivery of nicotine by transdermal patch is likely safer than by
smoking or chewing tobacco, but more work is needed to deter-
mine if outcomes could be further improved by altering exposure
patterns or durations. It may be possible to utilize other drugs that
share nicotine’s pharmacological actions but have fewer side ef-
fects or superior pharmacokinetic/pharmacodynamic profiles.
The present studies set the stage for additional work to optimize
drug delivery parameters and identify mechanisms.

Many factors that influenced our experimental design derive
from the fact that the research was originally conceptualized to ad-
dress issues relevant to the military, a population in which tobacco
use is prevalent—and historically condoned—and for which stress
exposure can often be predicted in advance (Grier et al., 2010; Hoge,
2004). While the demographics of soldiers serving in combat were
predominantly male when we started this work, the prevalence of
women in this role is increasing (Patten and Parker, 2011). It will be
important to determine in future work if the findings with nico-
tine discovered here are broadly applicable to females, which show
differences in sensitivity to other self-administered substances
(Becker and Chartoff, 2019), in light of gender differences in the
prevalence of stress-related illness (Ressler et al., 2011; Kimerling
et al., 2018).

In addition to military relevance, these findings might also be
applicable to civilian populations. While everyday stress can be
unpredictable, there is often some lead-time preceding exposure
to some of the most severe, debilitating, and costly forms of stress.
Prophylactic treatments for stress could be useful for civilian first-
responders or individuals assigned to assist in recovery or inves-
tigation efforts after accidents, natural disasters, or terrorist acts
(Van’t Veer and Carlezon, 2013). Our findings suggest that passive
nicotine delivery might reduce pathological responses that occur
in contexts that have broad similarities with those in which a
trauma was experienced. Although there are always risks asso-
ciated with using addictive substances for medicinal benefit,
it is well established that the nicotine patch and other nicotine
replacement therapies have very low abuse liability (Stead et al.,
2012). In fact, transdermal nicotine causes only mild subjective ef-
fects that are typically described as aversive, consistent with low
abuse liability (Barr et al., 2008; Ashare et al., 2010). Additionally, the
potential benefits of using nicotine to mitigate the persistent and
debilitating effects of traumatic stress should be balanced with
long-term risks of exposure, including putative transgenerational
effects (Goldberg et al., 2019). Regardless of the medical possi-
bilities for enhancing resilience and/or reducing new cases of
stress-related illness, a critical finding is that nicotine withdrawal
can exacerbate behavioral signs of stress susceptibility. Thus, if
making nicotine available either for voluntary or medicinal use,
it is essential that it always be available in sufficient quantities to
avoid withdrawal.
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