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Chronic Nicotine Self-Administration Augments
Hypothalamic—Pituitary—Adrenal Responses to Mild

Acute Stress
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’Depar’cment of Pharmacology, University of Tennessee Health Science Center, Memphis, TN, USA

INTRODUCTION

The complex interplay between cigarette smoking and stress
has been intensively studied in the past decade. Psychoso-
cial stressors, such as childhood abuse, low socioeconomic
status, or other nonspecific stressors, have been consistently
associated with increased risk for smoking initiation
(Schepis and Rao, 2005). For example, a recent study
(Finkelstein et al, 2006) showed that adolescents who
experience higher baseline stress were more likely to
become smokers. However, it is a matter of controversy
whether smoking reduces or increases the response to
stressors. Smokers usually report reduced stress levels after
smoking (Coan, 1973; McArthur et al, 1958; Parrott, 1995);
and some adolescents use smoking as a mechanism to cope
with stressors (Koval et al, 2004). On the other hand,
smokers, particularly during adolescence, reported signifi-
cantly higher levels of perceived stress than nonsmokers
(Croghan et al, 2006; Finkelstein et al, 2006), and quitting
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We investigated the effect of chronic nicotine self-administration (SA) on hypothalamic—pituitary—adrenal (HPA) hormonal responses to
acute stressors. Adult male Sprague—Dawley rats were given access to nicotine (0.03 mg/kg) for 23 h per day for 20 days. On day | of
acquisition of nicotine SA, plasma levels of both adrenocorticotropin and corticosterone were significantly increased |5-30 min after the
first dose of nicotine. These hormonal changes were no longer significant on day 3, when adrenocorticotropin levels were <60 pg/ml
and corticosterone levels were < |10 ng/ml during the hour after the first dose of nicotine. Chronic nicotine SA (20 days) significantly
augmented (2—3-fold) both hormonal responses to mild foot shock stress (0.6 mA, 0.5 s per shock, 5 shocks per 5 min), but did not affect
hormonal responses to moderate shock (1.2 mA, 0.5 s per shock, 5 shocks per 5min), lipopolysaccharide or immobilization. Similar data
were obtained in Lewis rats. These results provide further support for the concept that chronic nicotine SA is a stressor. In alignment
with the effects of other stressors, nicotine activated the HPA axis on the first day of SA, but desensitization occurred with repeated
exposure. Furthermore, chronic nicotine SA selectively cross-sensitized the HPA response to a novel stressor. These observations
suggest that nicotine may selectively increase the HPA response to stressors in human smokers.
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smoking leads to reduced stress (Carey et al, 1993; Chassin
et al, 2002; Cohen and Lichtenstein, 1990).

In animal studies, many laboratories, including ours, have
reported that nicotine, the main psychoactive component of
cigarettes, is a potent stimulus for the secretion of stress-
responsive hormones, such as adrenocorticotropic hormone
(ACTH) (Cam and Bassett, 1983b; Conte-Devolx et al, 1981;
Matta et al, 1987), prolactin (Andersson et al, 1983; Sharp
and Beyer, 1986), and corticosterone (CORT) (Balfour et al,
1975; Cam and Bassett, 1983a). We further demonstrated
that nicotine indirectly induces ACTH secretion from the
anterior pituitary by directly activating noradrenergic areas
of the nucleus tractus solitarius (Matta et al, 1998; Zhao
et al, 2007).

Complex bi-directional interactions between nicotine and
stressors have been reported (Caggiula et al, 1998). Nicotine
appears to affect stress responsiveness and stressors may
modulate the intake of nicotine. These effects depend on the
dose, duration, and route of nicotine administration, and on
the modality of the stressor. The mode of nicotine delivery
(eg forced vs self-administered) is another determinant of
its endocrine and neurotransmitter effects (Donny et al,
2000). All these interactions are further complicated by
rapid desensitization to the stimulatory effects of nicotine
on stress hormone secretion (Sharp and Beyer, 1986).
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Many previous animal studies of the hypothalamic-
pituitary-adrenal (HPA) axis utilized higher dosages of
nicotine than those obtained by humans inhaling tobacco
smoke (Faraday et al, 2003, 2005). High-intensity stressors,
rarely experienced by smokers, also were commonly
administered (Faraday et al, 2005; Stier et al, 2004).
However, the effects of long-term nicotine self-administra-
tion (SA) on HPA responses to mild stressors, an
experimental approach most germane to human smokers,
has not been studied. We hypothesized that the long-term
nicotine SA would enhance the HPA response to mild
stressors. We evaluated this postulate in an established
model of chronic nicotine SA with access to the drug for
23h/day, using a dosage of nicotine (ie mg/kg (body
weight)/day) similar to the amount of daily nicotine intake
by moderate smokers (Valentine et al, 1997). Since stress
responsiveness is known to vary between rat strains, we
evaluated Sprague-Dawley (SD) rats comprehensively and
then made selective comparisons to Lewis rats. The inbred
Lewis strain has atypical HPA responsiveness (Kosten and
Ambrosio, 2002), and is vulnerable to the SA of nicotine and
other abused substances (Brower et al, 2002).

In the current studies, self-administered nicotine initially
stimulated the HPA axis in both strains; however, this was
no longer evident by the third day of nicotine SA. We found
that chronic (20 days) nicotine SA selectively amplified
the HPA response to mild, but not moderate foot shock
stress. Nicotine SA did not modify the HPA responses to
immobilization stress or i.v. lipopolysaccharide (LPS).

MATERIALS AND METHODS
Nicotine SA

Adult male SD or Lewis rats (300-350 g, Harlan, Madison,
WI) were given 7 days to recover from shipping and
acclimated to a reversed 12:12h light/dark cycle. Standard
rat chow and water were provided ad libitum throughout
the experiment. Nicotine solutions (pH =7.2; calculated as
free base) were freshly prepared for each cohort of animals
in order to deliver 0.03 mg/kg (body weight)/i.v. dose. SA
was performed according to our previously published
protocol with some modifications (Brower et al, 2002;
Valentine et al, 1997). Briefly, rats received jugular and
femoral cannulae and were then housed individually in
operant chambers (Coulbourn Instruments, Allentown, PA).
Each operant chamber was placed inside a sound-attenuat-
ing environmental enclosure, where it resided for the
duration of the experiment. Each operant chamber con-
tained two horizontal levers positioned 6cm above the
floor. A green cue light located 1 cm above each lever was
illuminated only when nicotine was available. Lever presses
were recorded and syringe pumps were controlled by
computers and interfaces located in an adjacent room, using
L2T2 or Graphic State software (Coulbourn Instruments).
Rats were given 3-5 days to recover from the surgery,
during which time rats received daily antibiotic injections
(Baytril, 7.6 mg/kg (body weight) in 0.1 ml, i.v.) and hourly
computer-driven aliquots (50 ul) of heparin-containing
(200 1U/ml) saline.

Rats were given access to nicotine SA 23h/day for 20
days. They learned to self-administer nicotine without prior
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training, priming or food deprivation. One lever in the
operant chamber was randomly designated as the active
lever. On SA days, pressing the active lever elicited a
computer-driven iv. injection of nicotine (0.03 mg/kg+
200 U heparin in 50 pl) or vehicle (200 U heparin in saline)
delivered over 0.81 s through the jugular catheter. Pressing
the alternate (inactive) lever had no programmed conse-
quence. To avoid over-dosing, each injection was followed
by a 7s period during which the green cue light was
extinguished and lever pressing was recorded, but nicotine
was not injected.

The final hour of the lights-on cycle (0900-1000) was
reserved for housekeeping tasks, such as refreshing the
nicotine solution, performing animal husbandry, resetting
the computer program, and downloading data. During this
interval, the doors of the environmental enclosures were
opened and green cue lights were turned off. Levers were
not retracted, and lever press activity was not recorded nor
rewarded during this period. The patency of each jugular
line was checked every 2-3 days. Rats with closed lines were
excluded from data analysis. All procedures conformed to
NIH (National Institute of Health) guidelines and were
approved by the Institutional Animal Care and Use
Committee at The University of Tennessee Health Science
Center.

ACTH and CORT Responses to Self-Administered
Nicotine

A separate cohort of rats was used in this experimental
protocol and in all those described in the subsequent
sections on stress. Both SD (n=14 for nicotine SA and
n =10 for vehicle SA) and Lewis rats (n =5 for nicotine and
vehicle SA) were used. On the first and third day of
acquisition of nicotine SA, a femoral vein blood sample
(0.2ml) was withdrawn immediately after the first self-
administered dose of nicotine or vehicle. Four more
samples (0.2ml) were obtained at 15, 30, 45, and 60 min,
and an equivalent volume of saline containing 200U
heparin was injected after each blood sampling. We were
not able to obtain blood samples from two nicotine SA SD
rats on day 1.

Electric Foot Shock Stress

On the test day (nicotine SA day 20), rats were allowed to
continue routine nicotine SA, and the first femoral venous
blood sample was obtained 60 min after the first active lever
press for nicotine. Then five random mild (0.6 mA, 0.5 s per
shock) or moderate (1.2 mA, 0.5 s per shock) electric shocks
were delivered in 5 min through a floor grid (Model H13-16,
Coulbourn Instruments). A total of 24 SD rats were used
(n=6 for each combination of shock intensity and SA
treatment). We were not able to obtain blood samples from
1-2 rats in some groups. In addition, 18 Lewis rats (n=9
for each SA treatment group) were tested using the mild
foot shock procedure. Lever press behavior was virtually
unaffected by foot shock stress, most likely due to the low
intensity of the shock delivered. For example, the number of
active lever presses were 4.6 +0.7 and 5.0 + 1.6 for the hour
before and after moderate foot shock, respectively.



Endotoxin Stress

A single i.v. dose of LPS (L-4005; Sigma, St Louis, MI) 0.5 or
50.0 ug/kg (body weight) (in 0.3ml saline) was adminis-
tered. On the test day (nicotine SA day 20), rats were
allowed routine access to nicotine. Baseline femoral venous
blood sampling, performed 60 min after the first active lever
press, was followed by the injection of LPS delivered in
0.3ml saline through the femoral catheter. Control rats
received the same volume of pyrogen-free saline. A total of
28 SD rats were used (n =7 for each combination of shock
intensity and SA treatment). We were not able to obtain
blood samples from 1-2 rats in some groups.

Immobilization Stress

The immobilization device was constructed from a 200z
Diet Coca Cola bottle by removing both the cap and half the
cylinder comprising the lower 2/3 of the bottle. On the test
day (nicotine SA day 20), a baseline femoral venous blood
sample was obtained 60 min after the first active lever press
(0Omin), and then a rat was wrapped in canvas (head not
included) and placed in the prone position within the
cylindrical part of the bottle for 30 min. Subsequent samples
were withdrawn at 30, 60, 120, and 180 min after the
initiation of immobilization. A total of 14 SD rats were used
(n=7 for each SA treatment). We were not able to obtain
blood samples from one nicotine SA rat.

ACTH and CORT Radioimmunoassays

Blood was collected into ice-cold tubes containing ethyle-
nediaminetetraacetic acid (EDTA) (150mg/ml), spun at
2800 r.p.m. at 4°C, and stored at —80°C. ACTH and CORT
were measured on unextracted plasma samples, according
to previously published methods (Sharp and Beyer, 1986),
using the InmuChem™ double antibody '*’I-corticosterone
RIA kit and the RSL '*’I-hACTH kit (MP Biomedicals, NY).

Statistics

Data were presented as mean+SEM, and were analyzed
using repeated-measures analysis of variance (ANOVA),
where time or day was treated as a within-subject factor.
Statistical significance was assigned for p <0.05.

RESULTS
Nicotine SA

As reported previously (Brower et al, 2002; Parker et al,
2004; Valentine et al, 1997), SD and Lewis rats acquired
nicotine (0.03 mg/kg) SA without prior training, priming or
food deprivation when the drug was available 23 h/day.
Similar levels of nicotine SA were achieved by the rats used
throughout these experiments. The number of lever presses
recorded for one representative group of SD rats was shown
in Figure 1. Repeated-measures ANOVA found a significant
main effect of treatment (nicotine vs vehicle) (F,¢=7.28,
p<0.05) on the number of lever presses. The interaction
between day and lever was also significant (Fyo, ;7; =2.44,
p<0.01). There was a significant difference between the
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Figure I Nicotine SA in SD rats. Adult male SD rats were housed in

operant chambers and given access to two levers for 20 days. During each
consecutive session (23 h/day), pressing the active lever was followed by a
rapid iv. infusion of nicotine (0.03 mg/kg (body weight)) and then a 7s
interval during which nicotine was not delivered if the active lever was
pressed. Pressing the inactive lever had no programmed consequence.
Nicotine SA was acquired without prior training, priming or food
deprivation. ANOVA found a significant main effect of treatment (nicotine
vs vehicle: Fjo=7.28, p<0.05). The number of active lever presses were
significantly higher than that of the inactive lever presses in the nicotine SA
group (main effect of lever: F| 4= 13.58, p<0.01) but not in the vehicle SA
group (main effect of lever: F;s=1.52, p>0.05). The number of active
lever presses per day in the nicotine SA group was 2.93+0.21 fold higher
than that of the vehicle SA group (main effect of treatment: F, o= 10.50,
p<0.0l). The data were from a representative group of rats.

number of active and inactive lever presses (F;,=13.58,
p<0.01) in the nicotine, but not in the vehicle SA group
(F,5=1.52, p>0.05). The number of active lever presses
per day in the nicotine SA group was 2.93 +0.21-fold higher
than that of the vehicle SA group (F;9=10.50, p<0.01).

ACTH and CORT Responses during the Acquisition of
Nicotine SA in SD Rats

We measured plasma ACTH and CORT levels in SD rats
immediately after the first dose of nicotine was delivered on
the first and third days of access to nicotine SA (Figure 2).
On day 1, repeated-measures ANOVA showed that ACTH
levels were significantly greater in the nicotine SA group
(F120=10.50, p<0.01), but the effect of time was not
significant (F,g0=0.865, p>0.05). The treatment X time
interaction was not significant either (F4g9=0.931,
p>0.05). Similarly, nicotine SA had a significant effect on
CORT levels (F; 50=19.70, p<0.001), although CORT was
unaffected by time (F4g0=1.15, p>0.05), and the treat-
ment X time interaction was insignificant (F,go=2.98,
p>0.05). On the third day of SA, neither treatment nor
time affected ACTH levels (F; ,, =0.28, F, 43 =0.37, respec-
tively, p>0.05 for both). Similarly, neither treatment nor
time affected CORT levels on day 3 of SA (F;,,=1.65,
F, 88 =2.03, respectively, p>0.05 for both).

Nicotine SA Augmented HPA Hormonal Responses to
Mild but not Moderate Intensity Electric Foot Shock in
SD Rats

We tested the effect of chronic nicotine SA on the hormonal
response to randomized mild (0.6 mA, 5 times in 5 min) or
moderate (1.2 mA, 5 times in 5min) electric foot shock. In
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Figure 2 Plasma adrenocorticotropic hormone (ACTH) and corticosterone (CORT) responses on the first and third day of nicotine self-administration
(SA) in SD rats. Blood samples were collected through a femoral cannula on the first and third days of nicotine SA at the time of the first active lever press
(Omin), and 15, 30, 45, and 60 min thereafter. On the first day, nicotine SA induced significant increases in plasma ACTH (left upper panel) and CORT (left
lower panel) levels compared to rats self-administering vehicle (repeated-measures ANOVAs showed main effects of treatment: ACTH, F, 0= 10.50,
p<0.01; CORT, F|20=19.70, p<0.001). On the third day of nicotine SA (right panels), no significant main effects were detected. Hormone concentrations

were expressed as mean + SEM.

rats self-administering nicotine on day 20, mild shocks were
delivered 60 min after the first nicotine injection of the day.
The delivery of the electric shocks in the vehicle SA group
was paired with the nicotine SA rats. Figure 3 shows that
mild foot shock significantly elevated plasma CORT levels
(Fy36=3.27, p<0.05 for main effect of time, repeated-
measures ANOVA). There was no time x treatment inter-
action (F,35=1.00, p>0.05); therefore, CORT increased
over time in both treatment groups. Most importantly,
nicotine SA significantly augmented the CORT and ACTH
responses to mild foot shock (F;¢=14.35, p<0.001 and
F10=10.15, p<0.001, respectively).

In separate groups of rats, moderate electric foot shocks
were also delivered using the same schedule of delivery as in
the preceding experiment. In vehicle SA rats, moderate
shock induced greater plasma ACTH and CORT levels than
mild foot shock (F;¢=24.04 and 19.69, for ACTH and
CORT, respectively, and p<0.001 for both) (Figure 3).
Moderate foot shock had the same effect on ACTH in the
nicotine and vehicle SA groups (F;;=0.07, p>0.05). There
was a significant main effect of time on ACTH levels
(Fy28=6.62, p<0.001), and the time X treatment inter-
action was not significant (F,,3=0.44, p>0.05). Similar
results were obtained for plasma CORT responses. The
main effect of time was significant (F,,s =14.6, p<0.001),
while the main effect of treatment (F, ;=0.68, p>0.05) and
the time x treatment interaction (F4,s = 1.37, p>0.05) were
not significant.

Taken together, these data showed that ACTH and CORT
responses to foot shock depend on the intensity of the
electric current and on prior exposure to nicotine SA. A
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greater elevation of both ACTH and CORT was stimulated
by moderate than mild foot shock. Nicotine SA selectively
augmented the ACTH and CORT responses to mild but not
to moderate foot shock in SD rats.

Nicotine SA did not Affect the Hormonal Response to
Different Doses of LPS in SD Rats

We evaluated the effect of chronic nicotine SA on HPA
responses induced by a high dose of LPS (50.0 ug/kg, i.v.).
On day 20, LPS was injected 60 min after the first self-
administered injection of nicotine. The delivery of LPS in
the vehicle SA group was paired with the nicotine SA rats.
LPS increased plasma ACTH levels (Figure 4, left panels).
Repeated-measures ANOVA found that the main effect of
time was significant (F, 44 =24.41, p<0.001). However, the
effect of SA treatment (F,44=2.57, p>0.05) and the time
by treatment interaction (F,4,=2.21, p>0.05) were not
significant. The CORT responses were similar to ACTH. The
effect of time was significant (F,44=21.11, p<0.001),
whereas the effect of SA treatment (F,;; =0.69, p>0.05)
and the time x treatment interaction (F, 44 =0.62, p>0.05)
were not significant. The effect of another LPS dose
(12.5 puglkg) was also tested and the results were similar
(data not shown). Therefore, chronic nicotine SA did not
modify the HPA responses to either high (50 pg/kg) or
moderate (12.5 pug/kg) doses of LPS.

Since nicotine SA amplified HPA responses to mild but
not moderate foot shock stress, we also evaluated whether
nicotine SA would affect HPA responses to a very low dose
of LPS (0.5pg/kg), which itself induced the minimal
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Figure 3 Long-term nicotine SA augmented adrenocorticotropic hormone (ACTH) and corticosterone (CORT) responses to mild but not to moderate
foot shock in SD rats. On the 20th day of nicotine SA, baseline blood samples were collected 45 and 60 min after the first active lever press of the day
(shown as — 15 and O min) and then foot shock stress (FSS) was administered. The delivery of FSS in the vehicle SA group was paired with the nicotine SA
rats. Nicotine SA significantly enhanced both the ACTH and CORT responses to mild FSS (0.6 mA, randomly delivered 5 times per 5min; left panels)
(repeated-measures ANOVAs showed main effects of treatment: ACTH, F,o=10.15, p<0.00l; CORT, F,o=14.35, p<0.001l). In a separate group,
nicotine SA did not modulate the ACTH and CORT responses to moderate FSS (1.2 mA, randomly delivered 5 times per 5min; right panels). Hormone

concentrations were expressed as mean + SEM.

hormonal responses. Indeed, in the vehicle control groups
(Figure 4, right panels), the CORT response to 0.5 pg/kg LPS
was significantly less than to 50 pg/kg LPS (F,o=15.69,
p<0.01). Very low dose LPS increased CORT levels
minimally (F440=28.92, p<0.001), although there was no
effect of treatment (F,;o=1.66, p>0.05) nor interaction
between treatment and time (F449=0.58, p>0.05). ACTH
levels were not affected by very low dose LPS (main effect
of time: F,,4,=2.04, p>0.05), nor was the effect of SA
treatment significant (F; 1o =1.77, p>0.05). Therefore, very
low dose LPS stimulated small but significant CORT
responses. In contrast to mild foot shock stress, chronic
nicotine SA did not modulate the HPA responses to this low
dose LPS regimen. Taken together, these data demonstrate
that chronic nicotine SA does not modulate HPA respon-
siveness to very low or high dosages of LPS.

Nicotine SA did not Affect the Hormonal Response to
Immobilization Stress in SD Rats

We tested the effect of chronic nicotine SA on HPA
hormonal responses to immobilization stress. On day 20 of
SA, 60 min after the first self-administered dose of nicotine,
rats were immobilized for 30 min in the prone position
within their individual operant chambers. The schedule
of blood withdrawal in the vehicle SA group was paired
with the nicotine SA rats. Immobilization increased the
ACTH levels in both SA treatment groups (Figure 5).
Repeated-measures ANOVA showed a main effect of
time (F,44=18.44, p<0.001). The effect of treatment

(F1,11=0.07, p>0.05) and time X treatment interaction
(F444=0.29, p>0.05) were not significant. The CORT
responses to immobilization were similar to ACTH. There
was a main effect of time (Fy44=41.77, p<0.001), but the
effects of treatment (F; ;; =0.10, p>0.05) and time X treat-
ment interaction were not significant (F, 44 = 1.78, p>0.05).
Therefore, chronic nicotine SA did not modulate the
hormonal responses to immobilization stress.

Effects of Nicotine SA on HPA Responses in Lewis Rats

HPA responsiveness is known to vary among rat strains.
Therefore, based on the foregoing data obtained in SD rats,
selective comparisons were made to inbred Lewis rats,
known for their atypical HPA responsiveness (Kosten and
Ambrosio, 2002) and sensitivity to nicotine SA (Brower
et al, 2002). HPA responses to nicotine SA on the first and
third day of access to nicotine and to mild foot shock were
evaluated. Since ACTH and CORT demonstrated corre-
sponding changes to either chronic nicotine SA or stressors
in SD rats, and chronic nicotine SA augmented both the
ACTH and CORT responses, we only measured CORT levels
in Lewis rats.

On the first day of access to nicotine SA (Figure 6a),
the first self-administered dose of nicotine significantly
increased the CORT levels (F;3=9.96, p<0.01) over time
(Fy3,-4.96, p<0.01) in comparison to the vehicle control
group. On the third day of nicotine SA (Figure 6b), the
effect of time on CORT levels was not significant
(Fy32=2.12, p>0.05). These results are in agreement with

Neuropsychopharmacology
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Figure 4 Long-term nicotine SA did not modulate adrenocorticotropic hormone (ACTH) and corticosterone (CORT) responses to lipopolysaccharide
(LPS) in SD rats. On the 20th day of nicotine SA, a baseline blood sample was collected 60 min after the first active lever press of the day (shown as O min).
Thereafter, LPS (50.0 or 0.5 pg/kg, i.v.) was injected, and blood samples were collected at the time intervals specified in the figures. LPS 50.0 pug/kg significantly
increased ACTH (left upper panel) and CORT (left lower panel) levels (repeated-measures ANOVAs showed main effects of time: ACTH, F444 =2441,
p<0.00l; CORT, F444=21.11, p<0.001). However, nicotine SA did not affect the hormonal responses to LPS 50.0 pg/kg (main effects of treatment:
ACTH, F444 =257, p>0.05; CORT, F444=0.69, p>0.05). LPS 0.5 pg/kg did not affect ACTH (right upper panel) levels (main effect of time: F440=2.04,
p>0.05), although CORT (right lower panel) levels increased (main effect of time: F440=2892, p<0.001). There were no effects of nicotine SA on
hormonal responses to LPS 0.5 pg/kg (main effects of treatment: ACTH, F| o= 1.77, p>0.05; CORT, F, o= 1.66, p>0.05). Hormone concentrations were
expressed as mean + SEM.
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Figure 5 Long-term nicotine SA did not modulate adrenocorticotropic hormone (ACTH) and corticosterone (CORT) responses to immobilization in SD
rats. On the 20th day of self-administration (SA), baseline blood sample was collected 60 min after the first active lever press of the day (shown as O min).
Rats were then immobilized for 30 min, and blood was sampled at the time intervals shown. Immobilization increased ACTH and CORT levels in both SA
treatment groups (main effects of time: ACTH, F444= 1844, p<0.001; CORT, F444=41.77, p<0.001). However, nicotine SA did not affect hormonal
responses to immobilization (main effects of treatment: ACTH, F,; =0.07, p>0.05; CORT, F,,; =0.10, p>0.05). Hormone concentrations were
expressed as mean + SEM.

those obtained in SD rats. Similar to the absence of a CORT observed in the CORT responses in Lewis vs SD rats. First,

response in SD rats on day 3, repeated-measures ANOVA
found that CORT was not significantly increased by the first
dose of nicotine (Figure 6b; F; g =3.74, p>0.05) on day 3.

On day 20 of nicotine SA (Figure 6¢), mild foot shock
significantly elevated CORT levels in Lewis rats (Fs g3 =4.37,
p<0.01 for the main effect of time). Nicotine SA
significantly amplified this CORT response (F;¢=8.50,
p<0.01). No treatment X time interaction was detected
(Fs5,88 =1.29, p>0.05); therefore, mild foot shock increased
CORT in both groups, and the response was greater in
animals self-administering nicotine. Two differences were
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the peak response occurred 15min after shock in SD rats,
and not until 30 min in the Lewis strain. Second, 15-60 min
post foot shock, nicotine amplified the CORT response by
290% in SD rats compared to 138% in Lewis rats.

DISCUSSION

These studies in SD and Lewis male rats demonstrate that
nicotine consistently stimulated the release of HPA
hormones (ie ACTH and CORT) on the first but not the
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Figure 6 Corticosterone (CORT) responses to nicotine self-administration (SA) and to mild foot shock stress in Lewis rats. In the experiments shown in
(@) and (b), blood samples were collected through a femoral cannula on the first and third days of nicotine SA at the time of the first active lever press
(Omin), and 15, 30, 45, and 60min thereafter. On the first day, nicotine SA induced significant increases in CORT levels (a) compared to rats self-
administering vehicle (repeated-measures ANOVA showed main effects: treatment, F| g=9.96, p<0.01; time, F43, =4.96, p<0.01). On the third day of
nicotine SA (b), CORT was not significantly increased by the first dose of nicotine (F|g=3.74, p>0.05). (c) shows CORT responses to mild foot shock
stress (FSS). On the 20th day of nicotine SA, baseline blood samples were collected 45 and 60 min after the first active lever press of the day (shown as — 15
and Omin) and then FSS was administered. The delivery of FSS in the vehicle SA group was paired with the nicotine SA rats. Mild FSS (0.6 mA, randomly
delivered 5 times per 5min) significantly increased CORT levels (main effect of time: Fsgg =4.37, p<0.01). Nicotine SA significantly amplified the CORT
response to FSS (main effect of treatment: F| ;4 =28.50, p<0.0l). Hormone concentrations were expressed as mean + SEM.

third day of SA. We also found that long-term (20 days)
nicotine SA selectively enhanced the hormonal response to
mild but not moderate foot shock stress. In contrast,
chronic nicotine SA did not affect the hormonal response to
endotoxin (LPS) or immobilization stress.

Nicotine is a potent stimulus for the stress-responsive
HPA axis that elicits the release of the stress hormones,
ACTH (Cam and Bassett, 1983b; Matta et al, 1987) and
CORT (Balfour et al, 1975; Cam and Bassett, 1983a). We
have previously identified a polysynaptic pathway through
which nicotine acutely stimulates the HPA axis (Matta et al,
1998). Corticotropin-releasing factor (CRF) neurons in the
hypothalamic paraventricular nucleus (PVN), which are
pivotal regulators of ACTH secretion, are not directly
activated by nicotine (Matta et al, 1987). Instead, nicotine
indirectly activates PVN CRF neurons (Matta et al, 1990) by
stimulating a cascade of neurotransmitters in the nucleus
tractus solitarius (NTS) that activate noradrenergic projec-
tions to the PVN (Zhao et al, 2007).

There is a substantial body of evidence supporting the
concept that nicotine SA is a stressor. Acute nicotine
activates a wide range of brain areas involved in regulation
of the stress response (eg PVN, NTS, cingulate cortex,
amygdala). Our finding that self-administered nicotine
induced significant activation of the HPA axis, a cardinal
dimension of the stress response, on the first day of SA is in
agreement with previous reports that utilized a limited
access model of nicotine SA (Donny et al, 2000). Evidence

that long-term nicotine SA chronically stimulated the
release of the stress-responsive neurotransmitter, norepi-
nephrine (NE), in the PVN and amygdala (Fu et al, 2003),
provides additional support for the concept that nicotine SA
is a chronic stressor.

When the same stressor is administered repeatedly,
activation of the HPA axis by subsequent exposure to this
stressor (ie homotypic stressor) often diminishes. As little
as one exposure may be sufficient to induce this desensi-
tization, as shown for restraint, immobilization, foot shock
and LPS (Armario et al, 2004). Early studies found that a
single forced nicotine (0.5 mg/kg, i.p.) injection desensitized
the ACTH response to a second injection of nicotine
(1.0 mg/kg, i.p.) administered 1h later (Sharp and Beyer,
1986). The current results, showing desensitization of the
HPA response to self-administered nicotine by the third day
of SA, link nicotine SA with the desensitization to other
chronic stressors, further supporting the idea that self-
administered nicotine is a chronic stressor.

There are several potential mechanisms that might
account for this desensitization. One potential mechanism
would reflect pharmacokinetic changes. Previous studies
have shown that nicotine metabolism is unaffected by
chronic exposure to nicotine in animals (Baer et al, 1980;
Marks et al, 1983) or humans (Benowitz and Jacob, 1993).
However, recent studies found that CYP2B6, an enzyme
involved in nicotine metabolism, is selectively induced in
the brain but not in the liver (Lee et al, 2006). Therefore, an
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increased rate of brain nicotine metabolism could con-
ceivably be a factor in the desensitization of the HPA axis
response to chronic nicotine. Another potential mechanism
involves NE. Since NE is essential for the release of ACTH
and CORT by nicotine (Matta et al, 1998), desensitization
might reflect a reduction in PVN NE release. In two models
of nicotine delivery, forced or self-administered, we have
previously measured the PVN NE response to multiple
doses of nicotine. There was only partial desensitization
(~50%) of the PVN NE response to a second injection of
experimenter-administered nicotine, delivered 100 min after
the first dose (Matta et al, 1995). However, the NE response
to subsequent nicotine injections did not desensitize
further. In nicotine self-administering animals, the first
dose of nicotine increased PVN NE release to a similar
extent on both day 1 and day 9 of the nicotine SA (Fu et al,
2001). Therefore, complete desensitization of the ACTH and
CORT responses, as observed in SD rats on day 3 of nicotine
SA, is not due to deficient PVN NE secretion.

In the 23h SA model used herein, the venous nicotine
concentration was in the range of 20-40 ng/ml (LeSage et al,
2002), a level similar to that detected in chronic human
smokers (10-40 ng/ml) (Benowitz and Jacob, 1984). At these
concentrations, nicotine is known to activate and desensi-
tize nicotinic acetylcholinergic receptors (nAChRs).
Although we cannot rule out the possibility that such
changes in nAChR function are involved in desensitization
of the HPA response to self-administered nicotine, this is
not likely to occur in the NTS, because the PVN NE
response to the first self-administered dose of nicotine is
similar on day 1 and day 9 of chronic nicotine SA (above).
Alternatively, the posterior paraventricular thalamus
(pPVTh) might be involved. pPVTh is required for the
desensitization of HPA responses to repeated restraint
stress (Bhatnagar et al, 2002). Since the pPVTh expresses
nAChR subunits (eg a4, a7, and 2) (Ray et al, 2005), it is
conceivable that desensitization of PVTh nAChRs might be
involved in the desensitization of HPA responsiveness to
nicotine SA.

Regardless of the mechanism of desensitization, the
current results from two rat strains suggest that nicotine
activates the HPA axis when initially administered, and this
effect desensitizes by day 3. This is in agreement with data
showing that the HPA axis of chronic smokers was not
stimulated (Gilbert et al, 1992; Mendelson et al, 2005) by
cigarettes containing the usual amount of nicotine (eg
approximately 1-1.5mg per cigarette) (Matta et al, 2007).
Taken together, the present report and human studies
indicate that daily intake of nicotine by established tobacco
smokers is unlikely to activate the HPA axis.

Human smokers routinely experience diverse stressors,
virtually on a daily basis. Animal studies have shown that
myriad stressors activate the PVN, eventuating in the
secretion of ACTH and CORT, through distinct neural
mechanisms and pathways that subserve the various
modalities of stress; this is especially applicable to physical
(eg LPS) wvs psychological (eg foot shock, restraint)
stressors. For example, an acute peripheral injection of
LPS stimulated the PVN, depending on prostaglandins and
NE (Chuluyan et al, 1992; Ericsson et al, 1994). In contrast,
activation of the HPA axis by psychological stressors, such
as foot shock and restraint, did not require hypothalamic
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prostaglandins (Wan et al, 1994) nor NE from the brainstem
(Chuluyan et al, 1992; Li et al, 1996). Instead, the primary
brain regions mediating the HPA response to psychological
stressors appear to be the cortex (eg prefrontal) and limbic
system (eg amygdala) (Dayas et al, 2004; Sawchenko et al,
2000).

In addition to the mode of stress, its intensity is an
important determinant of the central nervous system (CNS)
response. For example, while high-dose LPS (100 pg/kg) or
high-intensity foot shocks activated c-fos expression in
locus coeruleus, a lower dose of LPS (20 pg/kg) or lower
intensity foot shock did not (Goodwin et al, 1997; Stone
et al, 2006; Wan et al, 1994). Since the stressors routinely
experienced by smokers are relatively mild, we tested the
effect of chronic nicotine SA on the HPA stress response to
three different stressors, using different intensities of
stressor, where possible. Two low-intensity electric foot
shock paradigms and two LPS doses were evaluated. The
intensity of immobilization stress, which involves handling
and uniform physical contact between the apparatus and
the rat, could not be modulated. The low-intensity
application of LPS or foot shock induced minimal HPA
activation in the control group (eg vehicle SA). Chronic
nicotine SA selectively enhanced the hormonal responses to
mild foot shock, whereas LPS, moderate-intensity foot
shock (Figure 3) and immobilization stress (Figure 5) were
unaffected by nicotine SA. In the respective control groups,
moderate-intensity foot shock and immobilization both
elevated ACTH and CORT to a significantly greater extent
than did mild foot shock. Thus, the efficacy of nicotine SA
in augmenting the HPA response appears to be specific to
the stressor (eg foot shock) and limited by the intensity of
that stressor. At higher stimulus intensities, a particular
stressor may exceed the modulatory capacity of self-
administered nicotine.

Previous studies demonstrated that a chronic stressor can
enhance the HPA response to a novel stressor (Bhatnagar
and Dallman, 1998; Ma et al, 1999). Here, too, the pPVTh,
which is essential for desensitization to a homotypic
stressor (see the above), was required for the cross-
sensitization to a heterotypic stressor (eg restraint after
repeated cold) (Bhatnagar and Dallman, 1998). The
augmentation of HPA responsiveness to mild foot shock
by chronic nicotine SA is congruent with cross-sensitization
to a heterotypic stressor. Hence, the neural circuitry
underlying cross-sensitization, including the pPVTh, might
participate in the amplification of HPA responsiveness by
nicotine SA.

Although the specificity for foot shock is an unexpected
dimension of the cross-sensitization induced by nicotine
SA, it is consistent with an emerging viewpoint on the HPA
axis that emphasizes its discriminative rather than ubiqui-
tous responsiveness to diverse stressors (Deak et al, 2005; Li
et al, 1996). Such specificity might depend on neuronal
plasticity induced by nicotine within brain areas that are
preferentially involved in mediating the stress response to
psychological stressors. Medial prefrontal cortex (mPFC) is
a brain region that might be modified by chronic nicotine
SA. mPFC is an inhibitory regulator of the ACTH/CORT
response to a psychological stressor (Radley et al, 2006).
Indeed, foot shock induced c-fos expression in mPFC (ie
cingulate cortex) (Passerin et al, 2000; Wan et al, 1994),



whereas LPS affected the PVN and NTS, and not mPFC
(Stone et al, 2006; Takemura et al, 1997). Nicotine SA has
been shown to activate mPFC (Pagliusi et al, 1996). Since
mPFC provides inhibitory modulation of the ACTH/CORT
response (Radley et al, 2006), neuronal adaptation to long-
term nicotine SA might attenuate this inhibition, thereby
enhancing the HPA response to a heterotypic stressor
(ie mild foot shock after chronic nicotine SA).

We tested two rat strains in these experiments. Despite
the atypical stress response reported in the Lewis strain
(Kosten and Ambrosio, 2002), similar responses were found
in both Lewis and SD strains. The ACTH/CORT responses
to nicotine were significant on the first but not the third day
of SA in both strains. Chronic nicotine SA also enhanced the
CORT response to mild foot shock in both strains.
Therefore, strain differences may not be a major con-
tributor to the mechanisms underlying (1) desensitization
of the ACTH/CORT response to nicotine SA and (2) the
enhanced ACTH/CORT response to mild foot shock during
chronic nicotine SA. Although stressors were administered
after a fixed dose and duration of exposure to nicotine SA,
the minimum time and dose required to observe these
differences is currently unknown.

These studies were designed to model human conditions,
in which cigarettes are freely accessible to smokers who are
exposed to stressors. Hence, nicotine was continuously
available to rats both during and after the stress tests
(except during immobilization stress). Since there was
virtually no lever press activity during the brief stress
sessions and the number of lever presses did not change
significantly after foot shock, the enhancement in stress
responsiveness induced by chronic nicotine SA is not likely
to reflect any acute effects of nicotine.

In conclusion, the results reported herein support the
concept that nicotine SA functions as a stressor. (1) The
HPA axis was activated in rats by nicotine SA on the first
day and this desensitized by the third day of 23 h access to
the drug. (2) Chronic nicotine SA selectively enhanced the
HPA responses to mild foot shock, but not to moderate foot
shock nor to different dosages of LPS or immobilization.
These effects of chronic nicotine SA on the HPA axis are
congruent with those reported for other chronic stressors:
namely, activation and desensitization of the HPA axis to a
homotypic stressor, and cross-sensitization to a heterotypic
stressor. Together, these data indicate that nicotine may
increase the stress response to specific stressors in chronic
cigarette smokers. This coheres with evidence that chronic
smokers report higher perceived levels of stress.
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