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Abstract

Background: The hallmark characteristics of the murine model of drug addiction include the escalation of cocaine 
consumption and compulsive punishment-resistant drug seeking. In this study, we evaluated the motivation for drug seeking 
in cocaine self-administering rats exposed to an escalated dosing regimen that endeavored to mimic the characteristic of 
escalating drug intake in human addicts. Tropisetron is a 5-HT3 receptor antagonist and α7-nicotinic receptor partial agonist. 
Utilizing rats trained on the escalated-dosing regimen, we examined the effects of tropisetron on control over compulsive 
drug-seeking behavior that was defined as footshock-resistant lever pressing.
Methods: Rats were trained to self-administer cocaine with incremental-infusion doses (from 0.6 to 2.4 mg/kg/infusion) 
across training sessions (3 h/session) or with a long-access paradigm (i.e., 0.6 mg/kg/infusion, 6 h/d training session). The 
drug-seeking motivations of 2 groups were estimated by the patterns of drug intake and progressive-ratio schedule. The 
compulsivity for drug seeking of the group with an escalated dose was further evaluated using the footshock-associated 
seeking-taking chain task.
Results: The rats trained on the dose-escalated protocol achieved the same levels of motivated drug seeking as those 
subjected to a long-access paradigm, as indicated by cocaine intake per training session and breakpoints on a progressive 
ratio schedule. Tropisetron attenuated compulsive behavior of rats when pressing of the seeking lever potentially led to 
footshock. Intriguingly, tropisetron did not change the motivation to seek cocaine when footshock was absent. Tropisetron 
had no effect on locomotor activities or saccharin self-administration.
Conclusions: These results demonstrate that tropisetron restored control over compulsive cocaine seeking, and they indicate 
that 5-HT3/α7-nicotinic receptors may be potential therapeutic targets for relieving compulsive drug seeking.
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Introduction
As described in the DSM-V, drug addiction is characterized in 
part by using larger quantities of a drug or using a drug over a 
longer period than was originally intended in the face of adverse 

consequences. In accordance with these characteristics, the es-
calation of drug consumption and compulsive drug seeking 
that resists punishment are phenotypic hallmarks in some 
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animal models of drug addiction. Typically, long access to a drug 
(i.e., 6 h/d training session) allows escalated intake and exacer-
bates compulsivity of drug seeking (Ahmed and Koob, 1998). 
Moreover, an intermittent-access procedure during a 6-hour self-
administration session increases incentive motivation to take a 
drug (Allain et al., 2018). In addition to extending access duration 
to 6 hours, ascending drug dosages across training sessions might 
also mimic excessive drug consumption. For example, switching 
to a higher cocaine dose from 0.6 to 1.2 mg/kg/infusion results in 
escalated intake on a fixed ration = 1 (FR1) schedule of reinforce-
ment during 2-hour sessions (Mandt et al., 2012), although it 
remains unknown whether self-administration training with as-
cending drug dose triggers the compulsive drug seeking.

Deficient inhibitory control, such as that of compulsive drug 
seeking, may reflect impaired cognitive flexibility in drug ad-
dicts (Ornstein et al., 2000; Dalley et al., 2011; Ersche et al., 2012; 
Solbakk and Lovstad, 2014; Yan et al., 2014). It is noteworthy 
that both serotonergic (5-HT) and cholinergic (Ach) transmis-
sion are tightly associated with cognitive function via modu-
lating prefrontal pyramidal and interneuron activity (Meneses, 
1999; Parikh and Sarter, 2008; Celada et al., 2013). Specifically, α7 
nicotinic acetylcholine receptors (nAchRs) and 5-HT3 receptors 
belong to the Cys-loop ligand-gated ion channel receptor super-
family and are distributed abundantly in the cerebral cortex, 
limbic system, and hippocampus. Numerous studies show that 
the ionotropic α7 nAchR- or 5-HT3 receptor-modulated neuronal 
activities are involved in cognitive functions (Thompson and 
Lummis, 2007; Lendvai et al., 2013; Beinat et al., 2015; Svob Strac 
et al., 2016). Tropisetron, a 5-HT3 receptor antagonist and partial 
agonist of α7 nAchRs, has recently been used to improve cogni-
tive deficits in schizophrenia and Alzheimer’s disease (Zhang et 
al., 2012; Hashimoto, 2015). Also, one preclinical study reported 
that tropisetron ameliorates phencyclidine-induced cognitive 
deficits in mice (Hashimoto et al., 2006). However, it is still un-
known whether the multi-functional drug tropisetron amelior-
ates cognitive flexibility to drug seeking-related punishment.

 In the present study, we trained rats to self-administer cocaine 
with incremental infusion doses (from 0.6 to 2.4 mg/kg/infusion) 
across training sessions (3 h/session) to model an escalation in 
cocaine consumption. These dose-escalated (DE) rats exhibited 
similar progressive ratio (PR) breakpoints as that of rats trained 
with long access (LgA) self-administration (0.6 mg/kg/infusion, 6 
h/session) and higher PR breakpoints than those of rats initially 
trained with a constant dose (0.6 mg) with short access (3 hours). 
Here we examined whether tropisetron alleviates compulsive 
cocaine-seeking behavior in a DE model of self-administration.

Methods

Animals

All of the procedures were conducted in accordance with the 
National Institutes of Health Guide for the Care and Use of 
Laboratory Animals and were approved by Animal Care and 

Use, and Committees of Peking University or Ningbo University, 
China. Male Sprague Dawley rats (250 g on arrival; Beijing Vital 
River Laboratory Animal Technology Co. Ltd.) were housed 4 per 
cage in polycarbonate cages in a temperature- and humidity-
controlled environment with a 12-h-dark/-light cycle (lights 
on at 8:00 pm). Experiments were conducted between 8:00 am 
and 8:00 pm. during the rats’ dark cycle. All of the rats received 
unlimited access to food and drink prior to food restriction. 
Subsequently, food restriction (20 g/d of rat chow) was intro-
duced 1 day before behavioral training and was maintained 
throughout the entire training procedure.

Jugular Vein Catheter Implantation

The procedure we employed for jugular-vein catheter im-
plantation has been described thoroughly in previous studies 
(Shen et al., 2011, 2014). In brief, rats were deeply anesthetized 
through separate injections of sodium pentobarbital (50 mg/
kg, i.m.) and xylazine hydrochloride (5 mg/kg, i.m.). Custom-
made catheters consisted of a 3.5-cm silicone tube (SILATIC, 
Dow Coming Corporation) and a 10-cm polyethylene tube (PE 
20, Becton Dickinson). After the silicone tip of the catheter was 
implanted into the jugular vein, the polyethylene compartment 
of the catheter was embedded subcutaneously and secured with 
VELCRO straps in the back area. To prevent clogging, heparin (2 
mg/mL/kg) dissolved in normal saline was injected through the 
catheter twice a day after the surgery.

Cocaine Self-Administration Training

Figure 1A illustrates the cocaine self-administration training 
protocol. Cocaine self-administration occurred in standard 
operant chambers with a house light, 2 cue-lights, and a tone 
generator (AniLab Software & Instruments Co., Ltd., Ningbo, 
China). Custom-made retractable levers and grid floors con-
nected to electric stimulators (Beijing Jingheqi Technology Co., 
Ltd. Beijing, China) were equipped in the chambers. After 7 days 
of recovery from the surgery, the rats received cocaine self-
administration training with a consistent dose (0.6 mg/kg/infu-
sion, 0.6 mg/mL delivered over 3–5 seconds) of cocaine infusion 
for 10 days (i.e., regular training phase). The infusion amount 
for each rat depended on its body weight and was adjusted by 
changing the delivered time accordingly. During the regular 
training procedure, one press on the active lever resulted in a 
single delivery of cocaine (i.e., FR1) through the catheter, which 
was coupled with illumination of a cue light above the active 
lever and a discrete tone for 5 seconds followed by a 20-second 
timeout period. Cocaine self-administration sessions were ter-
minated either after either 50 cocaine infusions or 3 hours of 
training time, depending on which criterion was reached first.

After the regular training phase, the cocaine self-
administering rats were divided into DE and LgA groups (Figure 
1A). In the DE group, the cocaine infusion dose was doubled 
(1.2 mg/kg/infusion, 0.05 mL delivered over 3–5 seconds), 
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The present study developed an alternative model for compulsive drug-seeking behavior via training animals to self-administer 
ascending drug dose across training sessions. The benefits of using this model as a substitute for the long access paradigm 
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pharmacotherapeutic targets for drug addiction. Furthermore, we found that tropisetron restored control over compulsive co-
caine seeking, indicating that 5-HT3/α7-nicotinic receptors may be potential therapeutic targets for relieving compulsive drug 
seeking.
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tripled (1.8 mg/kg/infusion), and quadrupled (2.4 mg/kg/infu-
sion). Typically, 7 to 10 sessions with each dose were needed 
to reach a stable level of consumption (<20% variation in 3 
consecutive days) prior to switching to the next dose. To pre-
vent overdosing, each session ceased after 40 cocaine infu-
sions or 3 hours, depending on which criterion was achieved 
first. To increase the response rate (Ferster and Skinner, 1957), 
a fixed-ratio5 schedule was introduced during the triple- and 
quadruple-training doses.

Animals in the LgA group received the same dose of cocaine 
as in regular training (0.6 mg/kg/infusion), and the LgA training 
sessions were terminated after either after 120 cocaine infu-
sions or 6 hours of training time depending on which criterion 
was reached first. Rats in the LgA training group received a PR 
test every 10 to 12 days. After the second PR test, a fixed-ratio5 
was introduced into the LgA training procedure (Figure 1A).

The slope of average daily intake per week over the DE or 
LgA training period (i.e., week 3–6 from Figure 1C left) was used 
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Figure 1.  Cocaine self-administration training in 3-hour sessions with escalated dosing achieved the same level of cocaine seeking as that of long access (LgA) training 

(6-hour sessions). (A) The paradigm of cocaine self-administration with escalated dosing or LgA. The arrows indicate the time for progressive ratio (PR) testing. (B) 

Active and inactive lever pressings during self-administration with escalated dosing (B1, n = 26) or LgA (B2, n = 11). (C) Left: cocaine intake per session during self-

administration with escalated dosing or LgA. Right: the slope of drug intake over dose-escalated (DE) or LgA training period (i.e., from weeks 3 to 6). DE-trained rats 

show a greater slope of voluntary intake than LgA-trained rats (***P < .001 compared with LgA group). (D) The temporal pattern of drug-seeking behavior during the 

training. Both groups showed linear distributions, indicating invariable lever pressings during the training. (E) The breakpoint under PR testing. The first PR test repre-

sented the data from rats initially trained with a constant dose (0.6 mg/kg) and short access (2 hours) for 10 days. Then, these rats were randomly divided into LgA or DE 

groups. The breakpoints by the second and third PR tests represented the data from the LgA or DE group. Two-way ANOVA analysis indicated training history (escalated 

dosing vs LgA) had the same effect on the breakpoint. Data are represented as the mean values ± SEM.
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to evaluate the escalation of voluntary intake over time. The cu-
mulative distribution of active lever-pressing was calculated by 
the accumulated numbers of lever-pressing with 5-minute bin-
crossing training times per session, which was used to compare 
drug-seeking patterns between the DE and LgA training groups 
(Wise and Koob, 2014).

PR Test

During the PR test, the number of active lever presses required 
to acquire 1 cocaine infusion (0.6 mg/kg/infusion with 20-second 
timeout) increased as follows: 1, 3, 6, 9, 12, 17, 24, 32, 42, 56, 73, 95, 
124, 161, 208, 268, 346, 445, 574, and 737 lever presses (Richardson 
and Roberts, 1996). The PR test would be terminated once 60 
minutes had elapsed without a reward. The breakpoint was de-
fined as the last completed response during the PR test. After 
the first PR test, rats were separated into the DE group (n = 26) 
and LgA (n = 11) group, and both groups initially had the same 
breakpoint score. Thus, the animals assigned to the DE and LgA 
groups experienced 2 more PR tests.

Seeking-Taking Chain Task

After cocaine DE or saccharin self-administration, rats advanced 
into the seeking-taking chain task (STCT) (Vanderschuren and 
Everitt, 2004; Pelloux et al., 2007; Chen et al., 2013). Each cycle of 
the STCT initiated with an insertion of the seeking lever only. 
Seeking-lever presses resulted in taking-lever insertion and 
seeking-lever retraction simultaneously. Taking lever presses 
triggered a single cocaine infusion (1.2 mg/kg/infusion) or de-
livery of 1 drop of saccharin solution (0.2 mL, 0.1% in dH2O) ac-
companied by both cue-light illumination and a discrete tone 
for 5 seconds. Once the rewards were delivered, the taking lever 
was retracted. The interval between each cycle was 20 seconds. 
During STCTs, rats underwent 4 schedules of training from 
FR1, FR10, FR30 (RI15), to FR60 (RI30). The STCT training on each 
schedule took 5 to 7 days. Once a rat earned 10 cocaine infu-
sions or saccharin deliveries at over 3 consecutive days with 
<20% variation, the rats were moved to a schedule of FR30 (RI15) 
or FR60 (RI30). With these schedules, seeking lever pressing after 
random intervals (0.1–30 seconds, average 15 seconds or 0.1–60 
seconds, average 30 seconds) following the completion of FR30 
or 60, triggered taking-lever insertion and seeking-lever retrac-
tion. One taking-lever press yielded 1 cocaine infusion.

Punishment

According to a previous study, punishment and reward must be 
scheduled separately within each trial during STCT (Pelloux et al., 
2007). During punishment sessions, a mild footshock (0.4 mA, 0.5 
seconds) was added to the FR60 (RI30) STCT, with the 60th press of 
the seeking-lever triggering a mild footshock with 50% probability 
after a random interval from 0.1 to 60 seconds. Then, the taking-
lever was inserted and the seeking lever was retracted. One press 
on the taking lever would lead to 1 infusion of cocaine (1.2 mg/kg/
infusion) or 1 drop of 0.1% saccharin solution. Fifteen minutes be-
fore STCT with footshock conditioning, systemic tropisetron (1.0 
or 3.0 mg/kg, i.p.) was administrated to the footshock-resistant 
rats to examine its effect on compulsive seeking behavior. The 
dose of tropisetron was identified as effective in a rat model of 
phencyclidine-induced cognitive deficits (Hashimoto et al., 2006) 
and in memory-related task performance in rats (Callahan et 
al., 2017; Poddar et al., 2018). Pharmacokinetic analysis revealed 
the half‐life of tropisetron in the plasma was approximately 6 

hours after i.v. and oral administration (Kees et al., 2001; Roila 
et al., 2010). In the present study, only the footshock-resistant 
group that exhibited compulsive behavior was considered to be 
drug-addicted rats, while the footshock-sensitive group was con-
sidered to be drug-liking rats. We were concerned about whether 
tropisetron improves addictive behavior, and thus the effect of 
tropisetron was tested only on the footshock-resistant group.

Saccharin Self-Administration Training

In this study, saccharin was used as “natural rewards” to train 
self-administrated rats (Choi et al., 2002). Reportedly, SD rats 
consumed more saccharin water when the concentration is 
between 0.1% and 0.3% and the preference peak of saccharine 
concentration is 0.1% (Sclafani et al., 2010). There were 2 sep-
arated groups trained with saccharin self-administration. One 
group was used for testing the effect of footshock in rats with 
saccharin STCT. These rats underwent regular saccharin self-
administration training around 10 sessions before entering 
STCT in an operant chamber equipped with retractable levers. 
One press on the active lever resulted in delivery of a drop of 
0.1% saccharin solution paired with a tone and cue light. After 
the 20-second time-out period, a new trial was initiated with 
the illumination of the house light. The session was terminated 
after rats earned 50 deliveries of saccharin or after 3 hours, de-
pending on which criterion was achieved first. Once advancing 
into the STCT, 20 hours of food deprivation and 4 hours of water 
deprivation were conducted prior to each training session.

Another group was used for testing whether tropisetron altered 
natural reward in cocaine-addicted rats. The rats from this group 
had experienced cocaine DE self-administration and exhibited 
footshock-resistant behavior. Since a similar context or cue might 
provoke seeking behavior in cocaine-trained rats, the retractable 
levers were replaced by 2 nose-poking holes that were mounted 
3 cm above the floor on same side of the training chamber. 
Additionally, the grid floor used for cocaine self-administration 
was replaced by an aluminum plate with circular holes (circle 
diameter = 1.5 cm, distance between hole centers = 3.0 cm). Once 
triggers in the active poke were activated, the pump would deliver 
a drop of saccharin solution (0.1%, 0.1 mL, 6 seconds) as well as co-
incident activation of a cue light and tone over 5 seconds, followed 
with 20-second time-out periods. Rats underwent limited water 
access for 6 hours before training. Saccharin self-administration 
training continued around 5 days until rats established stable 
nose-poke numbers (more than 40 in 3 consecutive days) and sac-
charin consumption (more than 4 mL in total). To test the effect 
of tropisetron on natural reward, rats received systemic delivery 
of tropisetron (3.0 mg/kg/mL, i.p., MedchemExpress China) or sa-
line (1 mL/kg, i.p.) 15 minutes before saccharin self-administration 
training on the sixth day.

Open Field Test

After habituation for 3 days, rats were placed in open-field cham-
bers (45 × 45 cm, AniLab), and locomotor activity was recorded 
through night vision cameras for 1 hour. Then rats were injected 
with tropisetron (3 mg/kg, i.p.) or saline (1 mL/kg, i.p.) and were 
returned to the same chamber for 2 hours of locomotor testing.

Data Analysis and Statistics

All of the data were analyzed using 1- or 2-way ANOVAs fol-
lowed by Bonferroni post hoc tests. Values of P < .05 were con-
sidered statistically significant. All of the statistical tests were 
conducted using Prism software (Graphpad, La Jolla, CA).
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Result

Cocaine Self-Administration Training With Escalated 
Dosing Exhibits Similar Drug-Seeking As That 
Induced by the Long-Access Training Paradigm

To test whether DE training potentially increased the motiv-
ation to seek cocaine, we compared our DE training procedure 
with traditional LgA training. The detailed training procedures 
are shown in Figure 1A–B. Before either DE or LgA training, all 
of the rats pre-experienced 10 to 12 sessions of regular cocaine 
self-administration training and PR testing. Figure 1B shows 
the active and inactive lever-pressing for each session in the 
DE group (left) and LgA group (right). Although the duration of 
LgA training sessions was twice as long as those of DE-training 
sessions, training history had no significant effect on the 
amount of cocaine intake over all of the sessions (Figure 1C left; 
2-way ANOVA, factor A days: F (39, 1069) = 35.61, P < .0001; factor B 
training paradigm: F (1, 1069) = 0.1125, P = .7374; days × training para-
digm interaction: F (39, 1069) = 2.555, P < .0001). There are 2 reasons 
that may cause more lever presses by the LgA group compared 
with those of the DE group. First, the LgA group was trained for 
6 hours per session, while the DE group was only trained for 3 
hours. Second, the DE group received a higher dose of cocaine 
(1.8–2.4 mg/kg) than did the LgA group. The slope of drug in-
take over the DE- or LgA-training period from week 3 to week 6 
(Figure 1C left) was used as an indicator of escalating voluntary 
intake (McNamara et al., 2010; Ducret et al., 2016). DE-trained 
rats demonstrated a greater slope of drug intake than that of 
LgA-trained rats, indicating greater escalation of voluntary in-
take in the DE group (Figure 1C right; F (1, 4) = 84.94, P < .001).

To understand the temporal pattern of drug seeking during 
the training session, we analyzed the cumulative probability dis-
tribution of active lever pressing within the 3-hour training ses-
sion on day 40. Both groups showed linear distributions (Figure 
1D), indicating invariable lever pressings during training. The 
timing of each PR testing during the self-administration training 
is shown in Figure 1A. The first PR test represented the data from 
rats initially trained with a constant dose (0.6 mg/kg) and short 
access (2 hours) for 10 days. A 2-way repeated-measures ANOVA 
showed that the timing of PR testing, but not the training 
protocol, significantly affected breakpoints (Figure 1E; factor A 
PR training times: F (2, 74) = 30.77, P < .0001; factor B training para-
digm: F (1, 74) = 1.433, P = .2351; training times × training paradigm 
interaction: F (2, 74) = 0.1565, P = .8554). Taken together, these results 
suggest that DE training resulted in similar effects on cocaine-
seeking motivation as long-access training.

Group Response to Footshock Punishment

Because the hallmarks for addiction include both the escal-
ation of cocaine consumption and compulsive drug seeking 
that resists to punishment-resistant drug seeking, we further 
estimated the compulsivity for drug-seeking in DE rats using 
footshock-associated STCT. Rats underwent 4 stages of training 
from FR1, FR10, FR30 (RI15), to FR60 (RI30) during STCTs (Figure 
2A). Rats exhibited enhanced drug-seeking motivation indi-
cated by an increased average number of seeking lever presses 
for 1 infusion (1-way ANOVA analysis, F (3,63) = 433.7, P < .0001), 
although the infusion numbers diminished correspondingly 
(1-way ANOVA analysis: F = 9.929, P < .0001, factor training pro-
cedure: F (3, 52) = 9.929, P < .0001). Multiple comparisons showed 
that the number of seeking lever presses for 1 infusion with 
schedules II, III, or IV was higher than that for schedule I, 

while the infusion number per session was lower than that for 
schedule I (Bonferroni’s post hoc tests; Figure 2B, left). During 
schedules III or IV, the reduction of acquired infusions or re-
wards was because the FR was set to a higher level (FR = 30 or 
60) and because a random interval was induced (Figure 2B, left). 
Twenty-two of 26 rats passing all schedules of the STCT (Figure 
2C, left) would experience punishment procedures in which 
50% of seeking lever presses were linked to footshock. Rats con-
ducting >400 seeking lever presses (549.4 ± 16.59) and earning >10 
cocaine infusions (average 13.6 ± 0.87, 10 of 22 rats) over at least 
3 consecutive days were considered footshock-resistant, while 
those conducting <200 seeking lever presses (103.1 ± 18.17) and 
earning <10 cocaine infusions (2.5 ± 0.33; 12 of 22 rats) were 
considered footshock-sensitive (Figure 2D). Two-way ANOVA 
showed that the seeking lever presses (2-way ANOVA, factor A 
footshock: F (7, 140) = 23.03, P < .0001; factor B grouping: F (1, 20) = 5.081, 
P = .0356; grouping × footshock interaction: F (7, 140) = 11.28, 
P < .0001) and drug infusions (2-way ANOVA, factor A footshock: 
F (7, 140) = 28.18, P < .0001; factor B grouping: F (1, 20) = 14.53, P = .0011; 
grouping × footshock interaction: F (7, 140) = 15.11, P < .0001) in 
the footshock-sensitive group were significantly diminished 
when rats faced potential punishments. Multiple comparisons 
showed that the number of seeking lever presses or infusions in 
the footshock-sensitive group during sessions of “shock on” was 
remarkably lower than that of “shock off” (Bonferroni’s post hoc 
tests; Figure 2D).

 In another group, rats were trained for sweetened water 
(0.1% saccharin) self-administration with similar STCTs. Along 
STCT schedules, rats also exhibited enhanced saccharin-
seeking motivation that was indicated by an increased average 
number of seeking lever presses for saccharin reward (1-way 
ANOVA analysis, F (3, 30) = 324.4, P < .0001), although the in-
fusion numbers diminished correspondingly (1-way ANOVA 
analysis, F = 16.64, P < .0001, factor training procedure: F (3, 
23) = 16.64, P = .037). Multiple comparisons showed that the 
number of seeking lever presses for 1 drop of 0.1% saccharin 
significantly increased with schedules II, III, or IV compared 
with that of schedule I, while the number of saccharin intakes 
significantly decreased (Bonferroni’s post hoc test; Figure 2B 
right). Only 5 of 24 rats passed all schedules of STCTs (Figure 2C, 
right). Rats manifesting >450 seeking lever presses (753.5 ± 33.87) 
and earning >10 saccharin-water deliveries (12.6 ± 0.6164) over 
the last 3 days of FR60 (RI30) showed significant decreases in 
seeking lever presses (Figure 2E; 1-way ANOVA analysis, F = 28.04, 
P < .0001) and saccharin-water delivery (Figure 2E; 1-way ANOVA 
analysis, F = 26.8, P < .0001). Multiple comparisons showed that 
both seeking lever presses and saccharin delivery were remark-
ably inhibited during sessions of “shock on” compared with that 
during “shock off” (Bonferroni’s post hoc test; Figure 2E).

Tropisetron Restores the Control Over Compulsive 
Cocaine Seeking in Footshock-Resistant Rats

Footshock-resistant rats were used to examine the effect of 
systemic tropisetron (1.0 and 3.0 mg/kg, i.p.; 15 minutes be-
fore testing) on the compulsive cocaine seeking. The dose 
of tropisetron was identified as effective in a rat model of 
phencyclidine-induced cognitive deficits (Hashimoto et al., 
2006) and in memory-related task performance in rats (Callahan 
et al., 2017; Poddar et al., 2018). Figure 3A shows accumulative 
seeking lever presses within 5-minute bins during the testing 
session. Tropisetron (1.0 mg/kg) did not alter the seeking lever-
press behavior, regardless of whether pressing could trigger a 
footshock (Figure 3A right, for “shock on,” 2-way ANOVA, factor 
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A: cumulative time F (24, 432) = 190.3, P < .0001; factor B: treatment 
F (1, 18) = 0.4075, P = .5313; interaction: F (24, 432) = 0.8858, P = .6224; 
Figure 3A left, for “shock off”, factor A: cumulative time F (24, 

432) = 342.5, P < .0001; factor B: treatment F (1, 18) = 0.01004, P = .9213; 
interaction: F (24, 432) = 0.1127, P > .99). Tropisetron (1 mg/kg) did 

not affect cocaine infusion (Figure 3B left, 2-way ANOVA, 
factor A: footshock F(1, 9) = 0.2789, P = .6102; factor B: tropisetron 
F(1, 9) = 0.6164, P = .4525; footshock × tropisetron interaction: F (1, 

9) = 3.183, P = .1081) or the latency to press the seeking levers at 
the second cycle of footshock testing (Figure 3B right, 2-way 
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ANOVA, factor A: footshock F(1, 9) = 0.0002, P = .9892; factor B: 
tropisetron F(1, 9) = 1.73, P = .2209; footshock × tropisetron inter-
action: F (1, 9) = 0.5328, P = .4840). However, tropisetron with a 

higher dose (3.0 mg/kg) significantly inhibited the seeking 
lever presses if pressing had a potential to trigger footshock 
(2-way ANOVA, factor A: time F (24, 432) = 159.3, P < .0001; factor B: 

Shock off

20 45 70 95 120
0

200

400

600

800 Saline (n=10)
Tropisetron(1mg/kg)(n=10)

Time(min)
Saline (n=10) Tropisetron(1mg/kg)(n=10)

Ac
cu

m
ul

at
ed

Se
ek

in
g 

le
ve

r p
re

ss

Shock on

20 45 70 95 1200

200

400

600

800 Saline (n=10)
Tropisetron(1mg/kg)(n=10)

Time(min)

Saline (n=10) Tropisetron(1mg/kg)(n=10)

shock off shock on0

10

20

In
fu

si
on

 ti
m

es

Shock off Shock on0

2

4

6

La
te

nc
y 

to
 s

ee
k

le
ve

r p
re

ss
(lg

 (s
))

D

0

2

4

6

Shock off Shock on

La
te

nc
y 

to
 s

ee
k

le
ve

r p
re

ss
(lg

 (s
))

*

A

B

E

8.23min

12.86min

shock+saline

shock+tropisetron

Shock

C

Ac
cu

m
ul

at
ed

Se
ek

in
g 

le
ve

r p
re

ss

Saline (n=10)
Tropisetron(3mg/kg)(n=10)

Time(min)

Shock off

20 45 70 95 120
0

200

400

600

800 Saline (n=10)
Tropisetron(3mg/kg)(n=10)

20 45 70 95 120
0

200

400

600

800

Time(min)

Shock on

*

In
fu

si
on

 ti
m

es

Shock off Shock on
0

10

20
Saline (n=10) Tropisetron(3mg/kg)(n=10) Saline (n=10) Tropisetron(3mg/kg)(n=10)

*

Figure 3.  Tropisetron restored control over compulsive cocaine seeking. (A) Tropisetron (1.0 mg/kg) did not alter the seeking lever-press behavior, regardless of whether 

pressing could trigger a footshock. (B) Tropisetron (1 mg/kg) did not affect cocaine infusion or the latency to press the seeking levers at the second cycle of footshock 

testing. (C) Tropisetron (3.0 mg/kg) attenuated seeking responses when seeking lever pressing could potentially deliver footshock (*P < .05 from the 55th minute com-

pared with the saline-pretreated group when footshock was available, Bonferroni’s post hoc test; right). (D) Tropisetron (3.0 mg/kg) reduced cocaine intake and ex-

tended the latency to seek lever press at the second cycle of footshock testing. *P < .05 compared with saline-pretreated group using a Bonferroni’s post hoc. All data 

are mean values ± SEM. (E) Examples of seeking lever presses from 1 rat during footshock session (2 hours) with vehicle without tropisetron (3.0 mg/kg, i.p.) treatment. 

Sticks and arrows represent seeking lever presses and footshock, respectively.



Zhou et al.  |  581

treatment F (1, 18) = 13.22, P = .0019; time × treatment interaction: 
F (24, 432) = 10.15, P < .0001). Multiple comparisons showed that 
tropisetron remarkably inhibited seeking lever presses from 
the 55th minute when footshock was available (Bonferroni’s 
post hoc test; Figure 3C right). When footshock was turned off, 
tropisetron (3.0 mg/kg, i.p.; 15 minutes before testing) had no 
effect on seeking responses (Figure 3C left, 2-way ANOVA, factor 
A: cumulative time F (24, 432) = 122.8, P < .0001; factor B: treatment 
F (1, 18) = 0.4937, P = .4913; cumulative time × treatment interaction: 
F (24, 432) = 1.352, P = .1249). Moreover, tropisetron (3 mg/kg) signifi-
cantly suppressed cocaine intake when the seeking lever trig-
gered footshock conditioning (Figure 3D left, 2-way ANOVA, 
factor A: tropisetron F (1, 9) = 0.4584, P = .5154; factor B: footshock 
F (1, 9) = 97.55, P < .0001; footshock × tropisetron interaction: F (1, 

9) = 8.205, P = .0186). Interestingly, we observed that tropisetron ex-
tended the latency to press the seeking lever at the second cycle 
of footshock testing, indicating more hesitation to press the lever 
in rats previously undergoing punishment training (Figure 3D 
right, 2-way ANOVA, factor A: tropisetron F (1, 9) = 0.2459, P = .6318; 
factor B: footshock F (1, 9) = 4.889, P = .0541; footshock × tropisetron 
interaction: F (1, 9) = 5.263, P = .0475). Multiple comparisons showed 
that, compared with the saline-treated group, tropisetron sig-
nificantly decreased cocaine intake and increased the latency 
to press the seeking levers when footshock was available 
(Bonferroni’s post hoc test; Figure 3D). These results revealed 
that tropisetron might potentiate the inhibitory effect of pun-
ishment on compulsive drug seeking. Representative samples 
of seeking lever-pressing under footshock conditioning with an 
FR60 (RI30) schedule from a footshock-resistant rat in the saline- 
or tropisetron-treated group are shown in Figure 3E.

Tropisetron Had No Effect on Locomotor Activities 
and Natural Reward

To test whether tropisetron altered natural reward, footshock-
resistant rats were trained for sweetened water self-
administration, in which nose poking caused the delivery of a 
drop of sweetened water. Additionally, we investigated the ef-
fect of tropisetron on locomotor activity. No effect of tropisetron 
was observed on natural reward or locomotor activity (Figure 4A, 
paired t test, t = 0.035, df = 5, P = .9733 for nose poking, t = 1.581, 
df = 5, P = .1747 for rewards; Figure 4B, 2-way ANOVA, time 
lapse × treatment interaction: F (23, 258) = 0.3869, P = .9956).

Discussion

The goal of the present study was to develop an alternative 
model for compulsive drug-seeking behavior via training animals 
to take higher doses of cocaine and to investigate the effect of 
tropisetron on compulsive behavior of punishment-resistant rats 
by using this model. We validated that the DE model of cocaine 
self-administration resulted in the same levels of drug-seeking 
as rats trained using the LgA-training paradigm, as confirmed 
by cocaine intake per training session and breakpoints during 
PR tests. Importantly, the DE model escalated drug intake in a 
manner that was more robust than that of LgA training. In our 
view, one of the benefits of using the DE model as a substitute for 
LgA is to improve the experimental efficiency since the DE model 
involved 50% less self-administration training time. Eventually, 
40% of rats that successfully passed through all STCT schedules 
showed footshock-resistant cocaine seeking.

It had been reported that a subpopulation of rats exhib-
ited resistance to punishment of drug seeking only after self-
administration with LgA (Pelloux et al., 2007; Chen et al., 2013; 

Pelloux et al., 2013). Our results showed that about 38% rats (10 
of 26) exhibit footshock-resistance after the training of STCT, 
which is consistent with the above reports. Thus, it indicates 
that self-administration with the DE protocol also potentiates 
the compulsivity of drug seeking. In our present study, rats 
underwent STCT with a gradually ascending fixed-ratio and 
random interval crossing sessions, which separates the seeking 
and taking components (Everitt, 2014). We found that 83.3% 
of all DE-trained rats passed through STCT training, and 40% 
of STCT-trained rats showed no change in drug-seeking be-
havior under footshock conditioning. In contrast, only 11.6% of 
saccharin rats passed through STCT, and none overcame the 
footshock conditioning. Most addictive drugs distinctively im-
paired neural plasticity and synaptic homeostasis enduringly, 
which links compulsive drug-seeking behavior and relapse 
(Jones and Bonci, 2005; Kalivas, 2009). It explains that 40% rats 
from the cocaine group were resistant to footshock, while all 
rats from the saccharin group failed in this study. Taken to-
gether, these results show that DE-trained rats exhibited un-
manageable motivation for drug seeking and could be utilized 
as an appropriate model to screen the pharmacotherapeutic 
target of drug addiction.

In the present study, only the footshock-resistant group that 
exhibited compulsive behavior was considered to comprise 
drug-addicted rats, while the footshock-sensitive group was con-
sidered to comprise drug-liking rats. Since we were concerned 
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that tropisetron could simply remit addictive behavior (i.e., 
compulsive seeking), the effect of tropisetron was tested only 
on the footshock-resistant group. Tropisetron attenuated both 
seeking-and taking-lever pressings with footshock conditioning. 
Although we did not confirm the effect of tropisetron on the PR 
breakpoint, it seems that tropisetron does not directly impact 
the drug-seeking because this drug failed to inhibit the seeking 
lever presses during STCTs when footshock was offline.

 Nicotinic AChRs and serotonergic 5-HTRs are widely distrib-
uted in layers 3 to 5 of the prefrontal cortex (PFC). In particular, 
α7 nAChRs and 5-HT3Rs are ligand-gated ion channels mediating 
cation influx that are localized on both pyramidal neurons and 
interneurons. While 5-HT3 receptor activation facilitates the ac-
tivity of cortical GABAergic interneurons and in turn increases 
inhibitory input to pyramidal neurons (Celada et al., 2013; Leiser 
et al., 2015), α7 nAChRs increase both excitatory and inhibitory 
transmission in the PFC (Udakis et al., 2016). Thus, both recep-
tors play a critical role in modulating excitatory-inhibitory 
balance and cognitive function (Shimizu et al., 2013; Pehrson and 
Sanchez, 2014). However, few studies have investigated their roles 
in drug-related addictive behavior or addiction-related cognitive 
impairment. It has been reported that dihydro-β-erythroidine, a 
selective α4-nAChR antagonist, prevents the induction of behav-
ioral sensitization to cocaine (Champtiaux et al., 2006). Dihydro-
β-erythroidine or the nonselective nicotinic- receptor antagonist 
mecamylamine disrupts amphetamine-induced behavioral 
sensitization (Schoffelmeer et al., 2002). A study reported that 
co-infusion of tropisetron blocked the self-infusion of cocaine 
in the ventral tegmental area (Rodd et al., 2005). Given the im-
portance of α7 nAchRs and the 5-HT3Rs on cognitive function, 
and the evidence of tropisetron’s efficacy on improving cognitive 
deficits in psychiatric disorders (Zhang et al., 2012; Hashimoto, 
2015; Callahan et al., 2017; Poddar et al., 2018), the effect of 
tropisetron on compulsive behavior in footshock-resistant rats 
using STCTs implies that activating these receptors might re-
store impaired cognitive flexibility in drug-addicted rats (Dalley 
et al., 2007; Eagle et al., 2008; Gould, 2010).

It is worth noting that tropisetron might have anxiolytic or 
analgesic properties due to blocking 5-HT3R (Faerber et al., 2007; 
Tiippana et al., 2013). Also, tropisetron inhibits footshock-induced 
reinstatement of alcohol seeking in alcohol-extinguished rats, 
indicating its therapeutic effect on stress responses (Lê et al., 
2006). However, in the present study, if tropisetron attenuated 
pain perception or stress caused by footshock, it would promote 
seeking behavior because the impact of punishment triggered 
by lever-pressing would have been weakened. Alternatively, it 
cannot be excluded that tropisetron might enhance the shock 
sensitivity that freezes rats and inhibits drug-seeking behavior. 
Regardless, our results suggest that tropisetron might reestablish 
punishment recognition and, thus, restore control over compul-
sive cocaine seeking. Notably, tropisetron probably did not re-
duce drug craving because it had no effect on seeking behavior 
when footshock was absent. To our knowledge, this is the first 
study to investigate the effects of dual actions to α7 nAchRs and 
the 5-HT3Rs on compulsive behavior of addicted animals.

It is generally agreed that the PFC exerts top-down inhibi-
tory control, and compulsive behavior results from medial 
PFC-associated cognitive deficits (Kalivas and Volkow, 2005; 
Dalley et al., 2011; Munakata et al., 2011). Several studies have 
reported that drug-addicted animals suffer from cognitive in-
flexibility when engaged in attentional set-shifting tasks or re-
versal learning tests (Jentsch et al., 2002; Parsegian et al., 2011). 
These disrupted cognitive functions in addicted animals may 
be related to impaired excitatory-inhibitory balance in the PFC 

and in PFC output (Chen et al., 2013), in which both nicotinic 
and 5-HT receptors play crucial roles. Interestingly, a partial 
agonist at α4β2-nicotinic receptors, varenicline, or a selective 
α7-nAchR agonist, PNU282987, significantly improves perform-
ance on reversal learning in both cocaine-naive and cocaine-
experienced monkeys (Gould et al., 2013). Therefore, the impact 
of tropisetron on both α7 nAchRs and 5-HT3Rs might contribute 
to its therapeutic effect on compulsive cocaine seeking; how-
ever, further studies are needed to elucidate the neurocircuitry 
involved.

 In summary, the present study found that an escalated 
dose model of cocaine use was able to trigger escalation of vol-
untary cocaine intake and strong drug-seeking. The effect of 
tropisetron on drug-related compulsivity was tested on rats 
that experienced DE training that exhibited footshock-resistant 
cocaine-seeking behavior. Tropisetron augmented the capacity 
of footshock to attenuate both seeking and taking lever press-
ings in rats where seeking behavior had proven resistant to 
punishment-induced reductions. Collectively, these data sug-
gest that DE training provides an efficient and practical model 
of compulsive drug seeking that may be beneficial for screening 
pharmacotherapeutic targets for drug addiction.
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