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Abstract

Introduction: Tobacco use improves mood states and smoking cessation leads to anhedonia, 
which contributes to relapse. Animal studies have shown that noncontingent nicotine administra-
tion enhances brain reward function and leads to dependence. However, little is known about the 
effects of nicotine self-administration on the state of the reward system.
Methods: To investigate the relationship between nicotine self-administration and reward func-
tion, rats were prepared with intracranial self-stimulation electrodes and intravenous catheters. 
The rats were trained on the intracranial self-stimulation procedure and allowed to self-administer 
0.03 mg/kg/infusion of nicotine. All rats self-administered nicotine daily for 10 days (1 hour/day) 
and were then switched to an intermittent short access (ShA, 1 hour/day) or long access (LgA, 23 
hour/day) schedule (2 days/week, 5 weeks).
Results: During the first 10 daily, 1-hour sessions, nicotine self-administration decreased the re-
ward thresholds, which indicates that nicotine potentiates reward function. After switching to the 
intermittent LgA or ShA schedule, nicotine intake was lower in the ShA rats than the LgA rats. 
The LgA rats increased their nicotine intake over time and they gradually consumed a higher per-
centage of their nicotine during the light phase. The nicotinic acetylcholine receptor (nAChR) an-
tagonist mecamylamine induced a larger increase in reward thresholds (ie, anhedonia) in the LgA 
rats than the ShA rats. In the LgA rats, nAChR blockade with mecamylamine decreased nicotine 
intake for 2 hours and this was followed by a rebound increase in nicotine intake.
Conclusions: A brief period of nicotine self-administration enhances reward function and a high 
level of nicotine intake leads to dependence.
Implications: These animal studies indicate that there is a strong relationship between the level 
of nicotine intake and brain reward function. A high level of nicotine intake was more rewarding 
than a low level of nicotine intake and nicotine dependence was observed after long, but not short, 
access to nicotine. This powerful combination of nicotine reward and withdrawal makes it difficult 
to quit smoking. Blockade of nAChRs temporarily decreased nicotine intake, but this was followed 
by a large rebound increase in nicotine intake. Therefore, nAChR blockade might not decrease the 
use of combustible cigarettes or electronic cigarettes.
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Introduction

Tobacco addiction is a chronic disorder that is characterized by com-
pulsive smoking and affective withdrawal signs on smoking cessa-
tion. Clinical studies show that anhedonia associated with smoking 
cessation is a risk factor for relapse.1–3 Therefore, it is important to 
determine the relationship between nicotine intake and negative 
mood states during abstinence from chronic nicotine intake.

In most animal studies, the effect of nicotine on mood states was 
investigated by administering nicotine noncontingently via injections 
or minipumps.4 Studies that used the intracranial self-stimulation 
(ICSS) procedure showed that acute nicotine administration lowers 
the ICSS thresholds, which indicates that nicotine potentiates reward 
function.5,6 Chronic administration of nicotine leads to the develop-
ment of dependence and cessation of nicotine administration leads 
to affective and somatic withdrawal signs.7,8 In the ICSS procedure, 
nicotine withdrawal is reflected in elevated brain reward thresh-
olds, which is indicative of an anhedonic state.7 Animal studies with 
noncontingently administered drugs have contributed to a better 
understanding of the role of the brain reward system in the devel-
opment and maintenance of tobacco addiction.9 However, there 
is evidence that the effects of noncontingently administered drugs 
differ from those of self-administered drugs.10–12 Very few nicotine 
self-administration studies have been conducted to explore the re-
lationship between nicotine intake and brain reward function. The 
reinforcing effects of nicotine have been investigated using limited 
or short access (ShA, 1 hour) and long access (LgA, 21–23 hours) 
self-administration procedures.13–15 The ShA model has been widely 
used to study the neurobiological mechanisms that mediate the acute 
reinforcing effects of nicotine in nondependent animals. The LgA 
procedure models human smoking more closely as humans titrate 
their nicotine levels throughout the day. Nicotine self-administration 
under the LgA model leads to high levels of nicotine intake and the 
development of dependence as indicated by mecamylamine precipi-
tated somatic withdrawal signs.14 Rodents are nocturnal and nico-
tine intake is higher during the dark phase than the light phase.14 
However, in animals with LgA to nicotine, nicotine intake gradually 
increases during the light phase.14 This increase in nicotine intake 
during the light phase is most pronounced in animals with high 
levels of nicotine intake.14 This is in line with the observation that 
highly dependent smokers smoke more during the night than less 
dependent smokers.16

Animal studies have shown that daily LgA to either cocaine, 
heroin, or methamphetamine leads to the escalation of drug in-
take and an enhanced motivation for drug intake.17–19 Although 
rats with daily LgA to nicotine self-administer more nicotine than 
animals with ShA, they do not escalate their intake.14,20 However, 
they escalate their nicotine intake when they have intermittent LgA 
to nicotine.21 In the intermittent LgA procedure, the animals have 
continuous access to nicotine for 21 hours and then several days 
off between self-administration sessions.21 Little is known about the 
relationship between intermittent ShA and LgA to nicotine and the 
state of the reward system. The main goal of the present studies was 
to investigate the relationship between nicotine self-administration 
and brain reward function in rats. The rats had initially daily ShA (1 
hour, 5 days/week) to nicotine and this was followed by intermittent 
LgA (23 hours, 2 days/week) in the first group and intermittent ShA 
(1 hour, 2 days/week) in the second group. In addition to this, we 
determined whether circadian stability of nicotine intake changed 
over time in the LgA group. Humans typically smoke during the day 
but a subgroup of highly dependent smokers also smoke during the 

night.16 Therefore, it was expected that the LgA rats would grad-
ually increase their nicotine intake during the light phase (ie, inactive 
period) and thereby decrease circadian stability of nicotine intake. 
The noncompetitive nicotinic acetylcholine receptor (nAChR) antag-
onist mecamylamine decreases nicotine intake in nondependent rats 
with ShA to nicotine and nAChR blockade has shown promise as an 
add-on treatment for smoking cessation in humans.13,22 Therefore, 
we also investigated whether mecamylamine decreases nicotine in-
take in dependent rats with intermittent LgA to nicotine.

Methods

Animals
Male Wistar rats (200–225  g, Charles River, Raleigh, NC) were 
housed in a climate-controlled vivarium on a reversed 12-hour light–
dark cycle (light off at 8 am). The animals were housed individually 
to protect the catheters. Food and water were available ad libitum 
in the home cage and the rats had access to water during the nico-
tine self-administration sessions. The experimental protocols were 
approved by the University of Florida Institutional Animal Care and 
Use Committee.

Drugs
Nicotine and mecamylamine were purchased from Sigma (Sigma-
Aldrich, St. Louis, MO). Nicotine and mecamylamine were dissolved 
in sterile saline (0.9% sodium chloride). Mecamylamine was ad-
ministered subcutaneously (sc) in a volume of 1 ml/kg body weight. 
Nicotine doses are expressed as base and mecamylamine doses are 
expressed as salt.

Intermittent LgA to Nicotine and Reward Function
Adult male rats were prepared with ICSS electrodes in the medial 
forebrain bundle and trained on the ICSS procedure (Supplementary 
Figure 1).23 After completing the ICSS training, the rats were pre-
pared with intravenous (iv) catheters and then trained to respond 
for food pellets (45 mg, F0021; Bio-Serv, Frenchtown, NJ) under an 
FR5-TO20s schedule in 30–60-minute sessions.24 After completing 
the food training sessions, the food operant sessions were reduced to 
20 minutes. Baseline brain reward thresholds and response latencies 
were determined on 3 days during which the rats did not respond for 
food or nicotine. Then the thresholds and latencies were assessed im-
mediately after 20 minutes of operant responding for food (3 days) 
and before and after operant responding for food (1 day). The rats 
self-administered nicotine daily for 10  days (0.03  mg/kg/infusion, 
1 h per session, 5 days/week) starting at 9 am. During the first two 
sessions, that maximum number of infusions was set to 12 to prevent 
the rats from taking an excessive amount of nicotine. The thresholds 
and latencies were assessed immediately before and after nicotine 
self-administration. After completing the daily self-administration 
sessions, the rats were switched to an intermittent LgA schedule. 
The rats had continuous access to nicotine for 23 hours and had 
2–3 days off between the self-administration sessions.21 The rats had 
access to water during the LgA sessions. The cue light (65 lux) above 
the right lever (RL, active lever) was turned on during the 20 seconds 
time-out period. Thresholds and latencies were assessed immediately 
before, immediately after, and 1  day after the self-administration 
sessions. The thresholds were assessed 1  day after the self-
administration sessions because negative affective withdrawal signs 
are mostly likely to be detected at this timepoint.25 After 5 weeks of 
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intermittent LgA to nicotine, it was investigated if nAChR blockade 
with mecamylamine (0, 1.5, 3  mg/kg, sc) precipitates withdrawal. 
Mecamylamine was administered according to a Latin-square de-
sign, 2 hours after the self-administration sessions. There were at 
least 2 days between the mecamylamine injections. After the with-
drawal study, the effect of nAChR blockade with mecamylamine on 
nicotine self-administration was examined. Mecamylamine (0, 1.5, 
3 mg/kg, sc) was administered according to a Latin-square design, 
10 minutes before the LgA self-administration session.

Intermittent ShA to Nicotine and Reward Function
This second group of rats received the same treatments as the 
first group of rats, with the exception that after the daily self-
administration sessions, the animals had intermittent ShA (1 hour), 
instead of LgA (23 hours), to nicotine. Briefly, adult male (N = 10) 
rats were trained on the ICSS procedure, received iv catheters, and 
were trained to respond for food pellets. The rats self-administered 
nicotine daily for 10 days (0.03 mg/kg/infusion, 1 hour per session). 
The brain reward thresholds and response latencies were assessed 
at the same timepoints as in the first group of rats. The rats were 
then switched to an intermittent ShA nicotine self-administration 
schedule. The rats self-administered nicotine for 1 hour/day and had 
2–3  days off between self-administration sessions. The thresholds 
and latencies were assessed immediately before, immediately after, 
and 1  day after the self-administration sessions. After 5 weeks of 
intermittent ShA to nicotine, it was investigated whether blockade 
of nAChRs with mecamylamine (0, 1.5, 3  mg/kg, sc) precipitates 
withdrawal. Mecamylamine was administered according to a Latin-
square design, 2 hours after the self-administration sessions, and 
there were at least 2 days between mecamylamine injections.

Electrode Implantations and ICSS Procedure
Rats were anesthetized with an isoflurane and oxygen vapor mixture 
and placed in a stereotaxic frame (David Kopf Instruments, Tujunga, 
CA). Electrodes were implanted in the medial forebrain bundle with 
the incisor bar set 5 mm above the interaural line (anterior–posterior 
–0.5  mm, medial–lateral ±1.7  mm, dorsal–ventral –8.3  mm from 
dura).26 After the recovery period, the rats were trained on a modi-
fied discrete-trial ICSS procedure in operant conditioning chambers 
(Med Associates, Georgia, VT). Brain stimulation was delivered by 
constant current stimulators (Model 1200C, Stimtek, Acton, MA). 
Each test session provided a brain reward threshold and response 
latency. The reward threshold (µA) was defined as the midpoint be-
tween stimulation intensities that supported responding and stimu-
lation intensities that failed to support responding. The response 
latency (s) was defined as the time interval between the beginning 
of the noncontingent stimulus and a positive response. Elevations in 
brain reward thresholds reflect anhedonia.27 Drugs that have seda-
tive effects or induce motor impairments increase the response la-
tency and stimulants decrease the response latency.5,28

Intravenous Catheter Implantation
Rats were anesthetized with an isoflurane–oxygen vapor mixture 
and prepared with a catheter in the right jugular vein.29 The cath-
eters consisted of silastic tubing (length 13.5  cm, 0.51  mm inside 
diameter, 0.94 mm outside diameter, Dow Corning, Midland, MI) 
that was connected to a 22-gauge stainless steel guide cannula, 
which was molded onto a durable polyester fiber mesh (Plastics 
One, Roanoke, VA). The tubing was passed from the mid-scapular 

region to the ventral thorax and inserted into the right jugular vein 
(4.0  cm). The rats received daily iv infusions with the antibiotic 
Gentamycin (2 mg/kg, 0.2 ml, Sigma-Aldrich) during the 1-week re-
covery period. To ensure long-term patency of the catheters, 0.04-ml 
sterile glycerol (Amresco Inc., Solon, OH) with 100 units of hep-
arin per milliliter (Sagent Pharmaceuticals, Schaumburg, IL) was in-
fused into the catheter after the administration of the antibiotic. The 
catheters were capped with a short piece of tubing (Saint-Gobain 
Performance Plastics, Valley Forge, PA) that was plugged with a 
piece of monofilament.

Operant Responding for Food and Nicotine 
Self-administration
Food training and nicotine self-administration sessions were con-
ducted as described before.29 First, the rats were trained to respond 
for food pellets. For the duration of the food training, the rats were 
fed 17–20 g (75%–85% of baseline ad libitum calories) of labora-
tory chow per day.30 The rats were trained to respond on the RL (ac-
tive lever) to receive food pellets. Responding on the left lever (LL, 
inactive lever) did not have scheduled consequences. Training started 
under a fixed-ratio 1, time-out 1 second (FR1 TO1-s) reinforcement 
schedule and the schedule was increased until the rats responded 
under an FR5 TO20-s schedule. After completion of the food 
training sessions, the rats were fed 20 g of laboratory chow per day. 
The rats then self-administered nicotine at the 0.03 mg/kg/infusion 
dose for 10 days. Responding on the RL resulted in the delivery of a 
nicotine infusion (0.1 ml infused over a 5.6-second time period). All 
nicotine self-administration sessions were conducted under an FR5-
TO20s schedule. The delivery of an infusion was paired with a cue 
light, which remained illuminated throughout the 20-second time-
out period. During the time-out period, both levers were retracted.

Statistics
The ICSS parameters (thresholds and latencies) were expressed 
as a percentage of the 3-day baselines. The ICSS parameters were 
analyzed with repeated measures two-way analyses of variance 
(ANOVA) with time (before vs. after nicotine intake or days 1–10) 
or mecamylamine dose as within-subject factors. The effect of time 
(days 1–10) on nicotine intake, responding on the RL (active lever), 
and responding on the LL (inactive lever) was analyzed with one-
way repeated measures ANOVAs. The effect of Access schedule (ShA 
vs. LgA) and time (before vs. after nicotine intake) on nicotine intake 
and responding on the RL and LL was analyzed with a two-way re-
peated measures ANOVA with Access schedule as between-subject 
factor and time as within-subject factor. The effect of mecamylamine 
on responding on the levers was analyzed with a two-way repeated 
measures ANOVA with mecamylamine dose and time as within-
subject factors. The effect of mecamylamine dose on total nicotine 
intake and total responses on the RL and LL was analyzed with 
one-way repeated measures ANOVAs with the mecamylamine 
dose as within-subject factor. Statistically significant results in the 
ANOVA’s were followed by the Bonferroni post hoc tests (p < .05). 
The ANOVAs and post hoc tests were conducted with GraphPad 
Prism 7 software for Windows.

A nonparametric statistical algorithm (JTK_CYCLE) was used 
to determine whether the responses on the RL and LL cycled (ie, 
circadian rhythm) during the LgA period.31 JTK_CYCLE was de-
veloped to identify cycling variables in large datasets.31 In our pre-
vious studies, we used this statistical method to determine circadian 
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temperature stability in humans.32,33 A decrease in circadian stability 
means that the difference in nicotine intake between the dark and 
light phase becomes smaller. A decrease in circadian stability is indi-
cative of the development of dependence as night smoking is most 
common in people with a high level of dependence.16 JTK_CYCLE 
provides Bonferroni-corrected p values (p < .05), which indicates 
whether responses on the levers cycled. The negative natural log (ln) 
of the adjusted p values was used to determine if circadian stability 
(measure of circadian rhythmicity) of nicotine intake changed over 
time (day 1–3 vs. day 8–10 of LgA). The stability of each animal’s 
circadian rhythm is reflected by the variation of the oscillatory pat-
terns of circadian data over several days.31,33

Results

Intermittent LgA to Nicotine and Reward Function
The effects of nicotine self-administration (daily, 1 hour) on the re-
ward thresholds and response latencies were investigated. Nicotine 
intake (F9,63 = 4.637, p < .0001;, Supplementary Figure 2a) and re-
sponding on the RL (F9,63 = 4.762, p < 0001; Supplementary Figure 
S2b) initially decreased and then increased. Responding on the LL 
was very low and did not change over time (Supplementary Figure 
2b). The self-administration of nicotine did not affect the brain re-
ward thresholds or the response latencies (Supplementary Figure 3a 
and b). A correlational analysis was conducted to determine if there 
was a relationship between nicotine intake (mg/kg) and changes in 
reward thresholds and response latencies. During days 1–10, there 
was no relationship between nicotine intake and changes in reward 
thresholds or response latencies. During the first 2  days of nico-
tine self-administration, a high percentage of rats (60% on day 1 
and 50% on day 2) reached the maximum number of infusions al-
lowed. This plateau level of nicotine intake may have affected the 
outcome of the correlational analysis. After the exclusion of days 1 
and 2, there was a negative correlation between nicotine intake and 
changes in reward thresholds (r = –.38, p < .01) and response laten-
cies (r = –.38, p < .01). This indicates that sessions with the highest 
level of nicotine intake led to the largest decrease in reward thresh-
olds and response latencies.

After the rats had had access to nicotine for 1 hour/day for 
10  days, they were switched to an intermittent LgA schedule. 
Switching the rats from the daily ShA schedule to the intermittent 
LgA schedule led to a dramatic increase in nicotine intake. During 
the last ShA session, the average number responses on the RL was 35 
and it was 179 during the first LgA session. During the LgA period, 
nicotine intake (F9,63 = 3.09, p < .01; Figure 1a) and responding 
on the RL increased over time (F9,63 = 3.016, p < .01; Figure 1b), 
and responding on the LL decreased over time (F9,63  =  2.605,  
p < .05; Figure 1c). During the first hour of the LgA session, responding 
on the RL initially decreased but then stabilized (F9,63 = 2.84, p < 
.01; Supplementary Figure 4). Responding on the LL did not change 
over time. We also determined whether nicotine intake during the 
light period, as a percentage of total nicotine intake, changed over 
time. Responding on the RL during the light period increased over 
time (F9,63 = 5.36, p < .0001; Figure 1d) and responding on the LL 
did not change. Figure 1d shows that during the first LgA session, 
the rats consumed 14% of the nicotine during the light phase and 
during the 10th session this was 34%. This indicates that the animals 
gradually consumed a higher percentage of their nicotine during the 
light phase. We also conducted an analysis with JTK_CYCLE to de-
termine whether circadian stability of nicotine self-administration 

changed over time. When the data from days 1–10 were combined, 
all eight rats had a significant circadian rhythm in RL responding and 
three rats had a circadian rhythm in LL responding (Supplementary 
Table 1). To investigate if the circadian rhythm changed over time, 
we compared the negative ln of the p value for days 1–3 with days 
8–10 (Supplementary Table 2). The animals displayed higher circa-
dian stability for RL responding than LL responding (F1,14 = 12.76, 
p < .01) and circadian stability decreased over time (F1,14 = 10.11, 
p < .01). The post hoc analysis indicated that the decrease in cir-
cadian stability was because of a significant decrease in circadian 
stability for RL responding (Supplementary Figure 5). The brain 
reward thresholds and response latencies were assessed immedi-
ately before, after, and 1  day after the intermittent LgA nicotine 
self-administration sessions. The reward thresholds were the same 
immediately before, immediately after, and 1 day after nicotine self-
administration (Figure 2a). The response latencies were decreased 
after nicotine self-administration (F2,14 = 11.93, p < .001; Figure 
2b), but the post hoc tests did not reveal effects at any timepoints. 
An additional ANOVA showed that the latencies were decreased im-
mediately after nicotine self-administration (F1,7 = 19.39, p < .01; 
Figure 2b) but not 1 day later.

After the 5-week LgA period, we investigated if the nAChR an-
tagonist mecamylamine precipitates affective withdrawal signs. 
To compare the effects of mecamylamine in intermittent ShA and 
LgA rats, the data from these two groups were analyzed together. 
Mecamylamine elevated the reward thresholds (mecamylamine dose: 
F2,30 = 19.53, p < .0001; Figure 3a) and the effect of mecamylamine 
was larger in the LgA rats than in the ShA rats (Access schedule: 
F1,15 = 7.559, p < .05). The post hoc analysis indicated that the low 
and high dose of mecamylamine elevated the reward thresholds in 
the LgA rats. The highest dose of mecamylamine also elevated the 
reward thresholds in the ShA rats but this dose induced a larger 
increase in the reward thresholds of the LgA rats. Mecamylamine 
differently affected the response latencies of the ShA and LgA rats 
(mecamylamine dose × Access schedule: F2,30  =  4.201, p < .05; 
Figure 3b). The post hoc analyses revealed that the low dose of 
mecamylamine increased the response latencies of the LgA rats but 
not those of the ShA rats.

After the withdrawal studies, it was investigated if mecamylamine 
affected the self-administration of nicotine under the LgA schedule. 
Mecamylamine decreased the self-administration of nicotine at the 
beginning of the session and this was followed by a rebound increase 
in nicotine intake. Pretreatment with mecamylamine did not affect 
total nicotine intake (Figure 3c) and responding on the RL (Figure 
3d) during the 23-hour self-administration period. A close look at 
the response pattern shows that the effect of mecamylamine differs 
over the 23-hour period (time: F22,110 = 18.22, p < .0001; time × 
mecamylamine: F44,220 = 2.482, p < .0001; Figure 3e). The post 
hoc analysis indicated that 3 mg/kg mecamylamine significantly de-
creased nicotine self-administration during the first 2 hours of the 
self-administration session (Figure 3e). The mecamylamine-induced 
decrease in responding was followed by a very strong increase in 
nicotine self-administration at the 6-hour timepoint and a small 
increase at the end of the 23-hour period. A  similar, but less pro-
nounced effect was observed after the administration of a lower dose 
of mecamylamine (1.5 mg/kg). After the administration of 1.5 kg/
kg of mecamylamine, nicotine intake was slightly, but not signifi-
cantly, decreased during the first 3 hours, and this was followed by 
a significant increase in nicotine self-administration at the 4-hour 
timepoint. A separate analysis was conducted over the first 5 hours 
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of nicotine self-administration. During this period, mecamylamine 
decreased nicotine self-administration (time: F4,20  =  25.15,  
p < .0001; mecamylamine: F2,10 = 6.034, p < .05; Figure 3f). The 
post hoc analysis showed that the mecamylamine-induced decrease 
in nicotine intake was mainly because of the effect of the 3 mg/kg  
of mecamylamine dose (Figure 3f). Overall, this indicates that 
mecamylamine decreases nicotine intake at the beginning of the self-
administration session and this is followed by a robust rebound in-
crease in nicotine intake.

Intermittent ShA to Nicotine and Reward Function
The rats self-administered nicotine for 10 daily, 1 hour, sessions, 
and the reward thresholds and latencies were assessed be-
fore and after the self-administration sessions. Nicotine intake 
(F9,81  =  5.935, p < .0001; Supplementary Figure 2a) and re-
sponding on the RL (F9,81  =  3.964, p < .003; Supplementary 
Figure 2c) was relatively high during the first session and 
then decreased and stabilized. Responding on the LL did not 
change over time (Supplementary Figure 2c). Nicotine self-
administration decreased the brain reward thresholds (F1,9 = 30, 
p < .001; Supplementary Figure S3c) and the response latencies 

(F1,9 = 19.72, p < .01; Supplementary Figure 3d). The post hoc 
analysis indicated that the brain reward thresholds were signifi-
cantly lower after than before nicotine self-administration on 
days 4, 5, 8, and 10. A correlational analysis was conducted to 
determine if there was a relationship between nicotine intake and 
changes in the reward thresholds and response latencies. There 
was no significant relationship between nicotine intake and 
changes in reward thresholds or response latencies. The relation-
ship between these variables was not observed when the analysis 
included days 1–10 or when days 1–2 were excluded.

After 10 days of daily ShA to nicotine, the rats were switched to 
the intermittent ShA schedule. When the rats were on the intermit-
tent ShA schedule, nicotine intake (F9,81 = 2.358, p < .05; Figure 
1a) and responding on the RL (F9,81 = 2.632, p < .05; Figure 1b) 
slightly increased and then decreased. Responding on the LL did 
not change over time (Figure 1c). The brain reward thresholds and 
response latencies were assessed immediately before, immediately 
after, and 1 day after 1 hour of nicotine self-administration. The re-
ward thresholds (F2,18 = 16.9, p < .0001; Figure 2c) and response 
latencies (F2,18 = 23.49, p < .0001; Figure 2d) were decreased after 
nicotine self-administration. The post hoc analysis indicated that the 

Figure 1. Higher levels of nicotine intake in the intermittent long access (LgA) rats than in the intermittent short access (ShA) rats. Rats had ShA or LgA to 
nicotine for 2 days per week and total nicotine intake (a), responding on the RL (active lever, b) and LL (inactive lever, c) lever was recorded. Plus signs indicate 
a higher level of nicotine intake or operant responding in the LgA group than in the ShA group. Asterisks indicate an increase or decrease in nicotine intake or 
operant responding compared to day 1. In the LgA rats, nicotine intake during the light phase increased over time (d). Asterisks indicate that a higher percentage 
of nicotine (light phase intake as percentage of total intake) is self-administered during the light phase compared to day 1. The plus sign indicates a higher 
percentage of nicotine intake during the light phase compared to day 4. *, + p < .05, **, ++ p < .01. IVSA, intravenous self-administration; RL, right lever; LL, left 
lever. N = 8–10/group. Data are expressed as means ± SEM.

Nicotine & Tobacco Research, 2020, Vol. 22, No. 2 217

http://academic.oup.com/ntr/article-lookup/doi/10.1093/ntr/ntz052#supplementary-data
http://academic.oup.com/ntr/article-lookup/doi/10.1093/ntr/ntz052#supplementary-data
http://academic.oup.com/ntr/article-lookup/doi/10.1093/ntr/ntz052#supplementary-data
http://academic.oup.com/ntr/article-lookup/doi/10.1093/ntr/ntz052#supplementary-data
http://academic.oup.com/ntr/article-lookup/doi/10.1093/ntr/ntz052#supplementary-data
http://academic.oup.com/ntr/article-lookup/doi/10.1093/ntr/ntz052#supplementary-data


thresholds and latencies were decreased immediately after nicotine 
self-administration but not 1 day later.

Integration, ShA, and LgA to Nicotine and Reward 
Function
Animals with intermittent LgA to nicotine had a higher level of 
nicotine intake than animals with intermittent ShA to nicotine 
(F1,16  =  101.9, p < .0001; Figure 1a). Furthermore, responding 
for nicotine increased over time in the LgA group but not in the 
ShA group (time: F9,144 = 4.0, p < .001; Access schedule × time: 
F9,144  =  3.57, p < .001). Animals that had intermittent LgA to 
nicotine also responded more on the RL than animals that had 
intermittent ShA to nicotine (F1,16 = 101.7, p < .0001; Figure 1b). 
Responding on the RL increased over time in the LgA group but did 
not change in the ShA group (time: F9,144 = 3.727, p < .001; Access 
schedule × time: F9,144 = 3.618, p < .001). The LgA rats responded 
more on the LL than the ShA rats (Access schedule: F1,16 = 21.49, p 
< .001; Figure 1c). Responding on the LL decreased over time in the 
LgA rats and did not change in the ShA rats (time: F9,144 = 3.771,  
p < .001; time × Access schedule: F9,144 = 2.59, p < .01).

Daily ShA (1 hour, days 1–10) nicotine self-administration 
lowered the brain reward thresholds (F1,17  =  8.098, p < .05; 
Figure 4a) and decreased the response latencies (F1,17 = 17.19,  
p < .001; Figure 4b). A  correlational analysis using data from 
days 1–10 showed that there was a negative correlation between 
nicotine intake and brain reward thresholds (r = –.17, p < .05), 
but not between nicotine intake and the response latencies. A cor-
relation analysis using data from days 3 to 10 showed that there 
was a negative correlation between nicotine intake and brain re-
ward thresholds (r = –.29, p < .001) and between nicotine intake 
and the response latencies (r = –.26, p < .01). Thus, a higher level 
of nicotine intake leads to a greater decrease in reward thresholds 
and shorter response latencies. To further explore the relation-
ship between nicotine intake and changes in reward thresholds 
and response latencies a linear regression analysis was conducted 
on nicotine intake and ICSS data from days 3 to 10. This ana-
lysis also indicated that a higher level of nicotine intake leads 
to a greater decrease in reward thresholds (F1,142 = 13.49, p < 
.001; Figure 4c) and response latencies (F1,142 = 10.61, p < .01; 
Figure 4d).

Figure 2. Effect of intermittent short access (ShA) and long access (LgA) to nicotine on brain reward thresholds and latencies. One group of animals had 
intermittent LgA (23 hours) to nicotine and the reward thresholds (a) and latencies (b) were assessed immediately and 1 day after nicotine self-administration. 
The other group of animals had intermittent ShA (1 hour) to nicotine and the reward thresholds (c) and response latencies (d) were also assessed immediately 
and 1 day after nicotine self-administration. *p < .05, **p < .01. IVSA, intravenous self-administration. N = 8–10/group. Data are expressed as means ± SEM.
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Discussion

The goal of these studies was to determine if there is a relation-
ship between nicotine self-administration and the state of the brain 
reward system. ShA to nicotine led to a decrease in the brain re-
ward thresholds and response latencies. This indicates that a brief 
period of nicotine self-administration enhances reward function and 
improves psychomotor performance. Nicotine self-administration 
under the LgA schedule did not affect the brain reward thresh-
olds but decreased the response latencies. The nAChR antagonist 

mecamylamine induced a larger increase in the brain reward thresh-
olds of the LgA rats then the ShA rats. Thus, prolonged, but not 
brief, access to nicotine leads to the development of dependence. 
LgA to nicotine also led to an increase in nicotine intake during the 
light period and decreased circadian stability of nicotine intake. It 
was then investigated if the administration of mecamylamine before 
the LgA self-administration session affects the self-administration of 
nicotine. Mecamylamine decreased nicotine intake for a brief period 
and this was followed by a large rebound increase in nicotine intake. 

Figure 3. Mecamylamine precipitates nicotine withdrawal in long access (LgA) rats and briefly reduces nicotine intake. The nicotinic acetylcholine receptor 
(nAChR) mecamylamine induced a larger increase in the reward thresholds (a) and response latencies (b) in the LgA rats than in the short access (ShA) rats. 
Asterisks indicate an increase in reward thresholds or response latencies compared to rats that self-administered nicotine under the same schedule (ShA or 
LgA) and received vehicle. Plus signs indicate an increase in reward thresholds compared to rats that had ShA to nicotine and received the same dose of 
mecamylamine. Pound signs indicate an increase in reward thresholds compared to rats that had LgA to nicotine and received 1.5 mg/kg of mecamylamine. 
There is a rebound increase in nicotine intake after brief period of nAChR blockade in the LgA rats. Pretreatment with mecamylamine did not affect nicotine 
intake over a 23-hour period (c, d). Mecamylamine briefly decreased nicotine intake and this was followed by an increase in nicotine intake (e, f). Asterisks 
indicate an increase or decrease in responding on the right lever (RL; active lever) compared to the saline-treated animals. Plus signs indicate a decrease 
in responding on the RL compared to animals treated with 1.5 mg/kg of mecamylamine. *, +, # p < .05, **, ++ p < .01. IVSA, intravenous self-administration. 
N = 8–10/group. Data are expressed as means ± SEM.
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Because of this rebound increase in nicotine intake, mecamylamine 
did not affect total nicotine intake over the 23-hour period. These 
studies indicate that a brief period of nicotine self-administration 
enhances brain reward function and that LgA to nicotine disrupts 
circadian rhythmicity and leads to the development of dependence.

In this study, we found that daily, 1-hour, nicotine self-
administration decreased the brain reward thresholds and the re-
sponse latencies. The effect of nicotine self-administration on the 
reward thresholds was relatively small. Nicotine self-administration 
lowered the brain reward thresholds but the post hoc tests did not 
reveal significant differences at specific timepoints. Nicotine self-
administration had a more pronounced effect on the response la-
tencies. The post hoc tests revealed significant differences in the 
response latencies before and after nicotine intake on several test 
days. There was a strong correlation between the self-administration 
of nicotine and changes in brain reward thresholds and response la-
tencies. Higher levels of nicotine intake led to a greater decrease in 

brain reward thresholds and response latencies. A frequency analysis 
was conducted to gain a better understanding of the effects of nico-
tine self-administration on changes in reward thresholds. The most 
common occurrence was a 10% decrease in reward thresholds after 
the daily 1-hour nicotine self-administration sessions. It is interesting 
to note that the noncontingent administration of 0.3  mg/kg  
of nicotine also induces a 10% decrease in ICSS thresholds.5 The 
0.3 mg/kg dose of nicotine is the most rewarding dose and lower or 
higher doses induce smaller decreases or increases in reward thresh-
olds. Kenny and Markou34 also compared the brain reward thresh-
olds before and after nicotine self-administration (latencies were not 
reported). They reported that 1 hour of nicotine self-administration 
(0.03  mg/kg/infusion) leads to a 10% decrease in brain reward 
thresholds. However, a difference between our study and the study 
by Kenny and Markou is that they observed a gradual decrease 
in the reward thresholds before the 1-hour self-administration 
sessions and the thresholds remained below baseline after the 

Figure 4. Nicotine self-administration decreases brain reward thresholds and response latencies. The reward thresholds (a) and response latencies (b) were 
assessed immediately before and after 1 hour of daily nicotine self-administration. A linear regression analysis showed that high levels of nicotine intake were 
associated with larger decreases in the reward thresholds (c) and response latencies (d). In c and d, the brain reward threshold and response latencies after 
nicotine self-administration were expressed as a percentage of the reward thresholds and latencies before nicotine self-administration. Asterisks indicate shorter 
response latencies after nicotine self-administration. N = 18/group. *, + p < .05, **, ++ p < .01. Abbreviations: IVSA, intravenous self-administration; ShA, short 
access; LgA, long access. N = 18/group. Data are expressed as means ± SEM.
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discontinuation of nicotine self-administration. At this point, it is 
not clear under what conditions nicotine self-administration induces 
this long-term enhancement of reward function (decrease in reward 
thresholds). There are no apparent methodological differences that 
could account for the difference between this study and the study 
by Kenny and Markou. Furthermore, in other studies in which rats 
received nicotine contingently or noncontingently this long-term en-
hancement of reward function was not observed.5,35

After 10 days of daily nicotine self-administration, the rats were 
switched to an intermittent ShA or LgA schedule. ShA to nicotine 
led to a decrease in the brain reward thresholds and the response 
latencies. LgA to nicotine did not affect the brain reward thresh-
olds but decreased the response latencies. This indicates that psy-
chomotor performance is enhanced immediately after the 23-hour 
self-administration session but reward function is not affected at 
this timepoint. Harris et al. investigated the effects of daily, 22 hour, 
nicotine self-administration on reward thresholds and response la-
tencies.35 They found no effect of LgA to nicotine on reward thresh-
olds or response latencies. Taken together, these findings indicate 
that neither daily nor intermittent LgA to nicotine affects the brain 
reward thresholds immediately at the end of the sessions. However, 
intermittent LgA leads to a decrease in response latencies, which is 
not observed after daily access.35 It might be possible that rats with 
daily LgA have more tolerance to the effects of nicotine, which di-
minishes the psychomotor effects of nicotine.

To further investigate the development of dependence in rats 
with intermittent ShA and LgA to nicotine, we investigated the ef-
fects of the nAChR antagonist mecamylamine on the reward thresh-
olds and the response latencies. Mecamylamine induced a large 
increase in the brain reward thresholds and response latencies in 
the LgA rats compared to the ShA rats. This indicates that LgA to 
nicotine induces adaptations in the brain cholinergic system that 
are indicative of the development of dependence.36 In this study, the 
LgA rats had elevated reward thresholds after the administration of 
mecamylamine but did not have elevated reward thresholds between 
self-administration sessions (spontaneous withdrawal). Previous 
studies have shown that precipitated withdrawal is more readily ob-
served than spontaneous withdrawal.37 A more prolonged nicotine 
exposure period is needed to observe spontaneous withdrawal signs 
compared to precipitated withdrawal signs.20,37 The upregulation of 
nAChRs plays a critical role in the development of dependence and 
longer nicotine exposure periods or higher doses lead to a greater 
upregulation of nAChRs.38–40 Therefore, we might have been able 
to measure spontaneous withdrawal signs in the LgA rats after a 
more prolonged exposure period or after a higher dose of nico-
tine. Increasing the nicotine dose from 0.03 to 0.06 mg/kg leads a 
decrease in operant responding but an overall increase in nicotine 
intake.41,42 This might explain why a small (10%), but significant, in-
crease in reward thresholds is observed during abstinence in animals 
that self-administered 0.06 mg/kg/infusion of nicotine (22 hours/day, 
7 days/week).43

Mecamylamine decreases the self-administration of nicotine 
in a daily ShA paradigm.13 In this study, we found that 3  mg/kg  
of mecamylamine decreased the self-administration of nicotine 
during the first few hours of the LgA session and that 1.5 mg/kg of 
mecamylamine did not significantly decrease the self-administration 
of nicotine. This observation is in line with studies that showed that 
3 mg/kg, but not 1.5 mg/kg, of mecamylamine, decreases nicotine 
self-administration in animals that have ShA (1 hour) to nicotine.13,44 
We also found that pretreatment with mecamylamine did not affect 

total nicotine intake over the 23-hour period. Interestingly, the 
highest dose of mecamylamine induced a decrease in nicotine intake 
during the first 2 hours of the 23-hour session and this was followed 
by a large rebound increase in nicotine intake. Mecamylamine blocks 
the rewarding effects of nicotine and the half-life of nicotine in rats 
is about 1.2 hour.45,46 Therefore, our finding suggests that the rats 
displayed a rebound increase in nicotine intake after the effects of 
mecamylamine subsided. This is supported by the observation that 
the increase in nicotine intake was observed 2 hour earlier (3-hour 
timepoint) in the rats that received 1.5  mg/kg of mecamylamine. 
Using standard half-life calculations,47 it can be determined how 
much mecamylamine is left 3 hours after the administration of 
1.5 mg/kg of mecamylamine and 5 hours after the administration 
of 3 mg/kg of nicotine. At the 3-hour timepoint, 18% (0.27 mg/kg) 
mecamylamine is left and at the 5-hour timepoint, only 6% is left 
(0.18 mg/kg). Thus, this suggests that rats increase their nicotine in-
take when the mecamylamine levels have decreased to 0.2–0.3 mg/
kg. This is in line with the observation that doses up to 0.3 mg/kg of 
mecamylamine do no decrease the self-administration of nicotine.13

Although little is known about the effects of mecamylamine on 
nicotine self-administration in dependent animals, several studies 
have investigated the effects of mecamylamine in human smokers. 
In smokers, mecamylamine increases the number of cigarettes 
smoked, increases the number of puffs per cigarette, and increases 
nicotine levels.48–50 In contrast, pretreatment with nicotine de-
creases smoking.51 Therefore, these findings suggest that blockade 
of nAChRs with a nonselective nAChR antagonist is not an effective 
treatment to decrease smoking.

In conclusion, the present studies indicate that daily (1 hour) and 
intermittent ShA (1 hour) to nicotine enhances brain reward func-
tion and psychomotor function. Furthermore, animals in the inter-
mittent LgA groups had more severe affective withdrawal signs than 
animals in the intermittent ShA group. Nicotine receptor blockade 
temporarily decreased nicotine intake in the LgA group, but this was 
followed by a large rebound increase in nicotine intake. Overall, 
these findings indicate that daily and intermittent ShA to nicotine 
has mildly rewarding effects and intermittent LgA leads to the devel-
opment of dependence. Therefore, people who smoke several days 
per week are at a high risk for becoming nicotine dependent. The 
intermittent LgA model will be a valuable animal model to explore 
the role of mood states in smoking in dependent subjects, and aid in 
the development of new treatments to reduce smoking.
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