
Nicotine-induced behavioral sensitization in an adult rat model 
of attention deficit/hyperactivity disorder (ADHD)

Elizabeth Wattersona, Alexander Spitzera, Lucas R. Wattersona,b, Ryan J. Brackneya, 
Arturo R. Zavalac, M. Foster Olivea, and Federico Sanabriaa

aArizona State University, Department of Psychology, P.O. Box 871104, Tempe, AZ 85287

bCenter for Substance Abuse Research Temple University School of Medicine, 3500 N. Broad St., 
Medical Education and Research Bldg., 8th Floor, Philadelphia, PA 19140

cCalifornia State University, Long Beach, CA 90840

Abstract

Attention deficit hyperactivity disorder (ADHD) is associated with increased risk of tobacco 

dependence. Nicotine, the main psychoactive component of tobacco, appears to be implicated in 

ADHD-related tobacco dependence. However, the behavioral responsiveness to nicotine of the 

prevalent animal model of ADHD, the spontaneously hypertensive rat (SHR), is currently 

underinvestigated. The present study examined the activational effects of acute and chronic 

nicotine on the behavior of adult male SHRs, relative to Wistar Kyoto (WKY) controls. 

Experiment 1 verified baseline strain differences in open-field locomotor activity. Experiment 2 

tested for baseline strain differences in rotational behavior using a Rotorat apparatus. Adult SHR 

and WKY rats were then exposed to a 7-day regimen of 0.6 mg/kg/d s.c. nicotine, or saline, prior 

to each assessment. A separate group of SHRs underwent similar training, but was pre-treated with 

mecamylamine, a cholinergic antagonist. Nicotine sensitization, context conditioning, and 

mecamylamine effects were then tested. Baseline strain differences were observed in open-field 

performance and in the number of full rotations in the Rotorat apparatus, but not in the number of 

90° rotations or direction changes. In these latter measures, SHRs displayed weaker nicotine-

induced rotational suppression than WKYs. Both strains expressed nicotine-induced sensitization 

of rotational activity, but evidence for strain differences in sensitization was ambiguous; context 

conditioning was not observed. Mecamylamine reversed the effects of nicotine on SHR 

performance. These findings are consistent with the hypothesis that a reduced aversion to nicotine 

(expressed in rats as robust locomotion) may facilitate smoking among adults with ADHD.
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1. Introduction

Attention deficit-hyperactivity disorder (ADHD) is a childhood neurodevelopmental 

disorder characterized by symptoms of inattention, hyperactivity, and impulsivity [1] that 

often persist into adulthood [2-4]. ADHD is a risk factor for smoking and tobacco 

dependence [5-7]. Adolescents with ADHD begin experimenting with tobacco and progress 

to regular use at a younger age than their non-diagnosed peers, and are more likely to 

continue smoking as adults [8-10]. Prevalence of smoking among adolescents and adults 

with ADHD is double that of the general population [8,10]. In addition, smokers with 

ADHD consume more cigarettes per day and are measurably more dependent on tobacco 

than smokers without ADHD [11,12]. Once dependent, smokers with ADHD report more 

frequent but less successful quit attempts than smokers without ADHD, and exhibit more 

severe withdrawal symptoms [6,13-15].

Smokers with ADHD report that smoking is reinforcing, induces wakefulness, enhances 

cognition, decreases irritability, and improves mood [16,17]. Although smokers without 

ADHD also report these effects [18], smokers with ADHD report stronger effects [16,17] 

and report that cigarette puffs are more satisfying and better “liked” [17]. Nicotine, the 

primary psychoactive component of tobacco [19], appears to mediate the impact of smoking 

on cognition and affect [18,20-23]. Collectively, these findings suggest a strong, potentially 

nicotine-mediated impact of tobacco use on the behavior and cognition of smokers with 

ADHD.

The physiological mechanisms underlying the heightened responsiveness to tobacco in 

individuals with ADHD are yet unknown. To test candidate mechanisms, including those 

involving nicotinic-receptor function, animal models may be employed. Behavioral 

responsiveness to nicotine is expressed in adult rat models as locomotor suppression 

(initially) and sensitization (after repeated exposures). Tolerance to the suppression of 

locomotion induced by acute nicotine administration develops rapidly over a few exposures 

[24-27]. Nicotine-induced locomotor suppression appears to reflect the aversive properties 

of acute nicotine in adult rats. For instance, nicotine pre-exposure reduces nicotine-induced 

locomotor suppression [28] and taste aversion [29], but facilitates nicotine-induced place 

preference [30]. These effects suggest that tolerance to the aversive effects of nicotine 

develops during pre-exposure, and may be expressed as attenuated nicotine-induced 

locomotor suppression.

Repeated nicotine exposure leads to an escalation in nicotine-induced locomotion [31,32]. 

Behavioral sensitization induced by nicotine and other drugs reflects neural adaptations in 

the dopaminergic mesolimbic pathway that are associated with drug dependence [33-35]. 

Therefore, nicotine-induced behavioral sensitization is a potential measure of vulnerability 

to nicotine dependence; it complements other measures that involve more complex learning 

mechanisms, such as nicotine self-administration [36].

This study investigated whether the most widely used animal model of ADHD, the 

spontaneously hypertensive rat (SHR) [37,38], displays the pattern of nicotine-induced 

locomotor suppression and sensitization that may reflect the heightened vulnerability to 
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tobacco dependence in humans with ADHD. Prior studies suggest that, relative to its 

progenitor and most commonly used control strain, the inbred Wistar Kyoto rat (WKY) 

[39-43], SHR is more responsive to nicotine. In particular, young SHR self-administers 

intravenous nicotine at a higher rate [44], and appears to display more robust nicotine-

induced conditioned place preference [45] than WKY. These effects, however, may reflect 

differential learning deficits and interference by non-learning factors across strains [46,47]. 

Watterson and colleagues [45] also reported heightened dose-dependent nicotine-induced 

locomotion in adolescent SHR relative to WKY, but did not explicitly test for sensitization 

or at other ages.

One disadvantage of the SHR model—for the purpose of this study—is that it exhibits 

elevated baseline levels of locomotor activity relative to WKY [39,42,43,69]. Preexisting 

strain differences confound potential differences in nicotine-induced locomotor effects 

between strains. To circumvent this obstacle, the present study sought to assess strain 

differences in nicotine-induced sensitization of a behavior that (a) does not differ between 

strains at baseline, (b) involves mesolimbic dopamine activity, and thus (c) displays a pattern 

of suppression and sensitization over repeated exposure that is potentially indicative of 

vulnerability to dependence. This study tested various rotational behavior measures as 

potential target behaviors [48,49].

Experiment 1 verified differences in baseline levels of locomotor activity between strains in 

the open field arena. Experiment 2 evaluated differences in baseline levels of various 

rotational behaviors in the Rotorat apparatus. Measures of rotational behavior that did not 

differ significantly between strains served as dependent measures to evaluate nicotine-

induced behavioral suppression and sensitization. Experiment 2 tested the hypothesis that, to 

the extent that the SHR strain models ADHD-related responsiveness to nicotine, SHR rats 

will display reduced nicotine-induced suppression or enhanced nicotine-induced 

sensitization of baseline-equated rotational behavior, relative to WKY rats.

2. Material and Methods

2.1 Animals

Adult male rats of two inbred strains, spontaneously hypertensive rats (SHR/NCrl; Charles 

River Laboratories) and Wistar Kyoto (WKY/NHsd; Harlan Laboratories) served as 

subjects. Strains and breeders were selected to model the ADHD combined subtype [41]. All 

rats had previous experimental history with a variable-interval (VI) schedule of food 

reinforcement, procured by lever pressing, and during which access to food was restricted to 

1 h/d. Training and food regimens were identical for both strains. Food restriction was 

discontinued for at least 3 days prior to the present experiments; food and water were 

provided ad libitum in the home cage throughout experimentation. All subjects were pair-

housed in a colony room with a 12:12-h light-dark cycle, with lights on at 1900 h and 

experiments conducted during the dark phase. All experimental protocols were conducted in 

accordance with the guidelines provided by the National Institute of Health and approved by 

the Arizona State University Institutional Animal Care and Use Committee.
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2.2 Apparatus

Horizontal locomotion and rotational behavior were assessed using an open field arena 

(experiment 1) and a Rotorat apparatus (experiment 2), respectively. The open field arena 

consisted of a black plastic box with an open top measuring 90 × 90 × 40 cm, located in a 

dimly lit room. A single shielded white light bulb was suspended 90 cm above the center of 

the arena to illuminate it. The arena was divided into two zones of interest: the center zone, 

defined as a 54 × 54 cm square in the center of the arena, and the perimeter, defined as the 

remaining area of the arena; no stimulus demarcated the boundary between center and 

perimeter. Video tracking software (EthoVision XT 8.1, Noldus Information Technology, 

Wageningen, Netherlands) recorded the position of the animal and horizontal distance 

traveled, sampling at 5 Hz.

The Rotorat apparatus consisted of a stainless steel bowl (40.6 cm diameter × 25.4 cm 

height; model ENV-500, Med Associates, St. Albans, VT) surrounded by clear Plexiglas 

walls. A spring tether was secured to the top of the apparatus by a rotational sensor that 

recorded rotational activity. A zip-tie collar was placed loosely around the neck of the rat 

and connected to the spring tether via a stainless steel alligator clip.

2.3 Drugs

Nicotine hydrochloride tartrate (NIC; Sigma, St. Louis, MO, USA) and mecamylamine 

hydrochloride (MEC; Sigma, St. Louis, MO, USA) were dissolved in saline (0.9% NaCl). 

MEC is a non-selective nicotinic receptor antagonist; it served as a pre-treatment to verify 

the cholinergic dependency of NIC-induced rotational behavior in SHR [50,51]. NIC 

solutions were adjusted to a pH of 7.2. Both drugs and saline (SAL) were administered 

subcutaneously (s.c.) in a volume of 1 ml/kg only in experiment 2. NIC doses were 

calculated as the freebase weight.

2.4 Experiment 1: Horizontal Locomotion in the Open Field Arena

Behavioral testing was conducted using 12 rats of each strain, beginning on post-natal day 

(PND) 123. In three consecutive daily 10-min sessions, each rat was permitted to freely 

move about the open field arena individually. Deionized water was used to thoroughly clean 

the arena between sessions. Two standard measures of open-field activity, the total time 

spent in the center of the open field arena and the total distance traveled (e.g., [52]), were 

tracked daily for each rat.

2.5 Experiment 2: Rotational Behavior in the Rotorat Apparatus

Behavioral testing was conducted using 23 SHR and 16 WKY rats, beginning on PND 99. 

Experimental events and group assignment are outlined in Table 1. All daily sessions were 

30-min in duration. On the first day of acclimation, rats were placed in the Rotorat apparatus 

but were not connected to the spring tether. On the second day of acclimation, rats were 

injected with SAL (s.c.) immediately prior to testing and were connected to the spring tether. 

Baseline locomotor activity was assessed on the first day following acclimation. During the 

7-day chronic nicotine administration phase, rats received either a SAL or MEC (1.0 mg/kg, 

s.c.) pre-treatment injection; 20 min later they received either SAL or NIC (0.6 mg/kg, s.c.) 

and were immediately placed in the Rotorat apparatus. Rats were randomly assigned to drug 
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treatment groups. No testing was conducted and no injections given for two days following 

the last day of chronic nicotine administration. All rats were then given a sensitization test, 

in which they were injected with 0.3 mg/kg NIC, s.c., immediately prior to testing (the 

testing dose was lower than the training dose to avoid ceiling effects that would undermine 

meaningful comparisons between strains). Two days later, all rats were injected with 1.0 

mg/kg MEC, s.c., 20 min prior to a SAL injection, followed immediately by a test (MEC/

Context Test). Full (360°) rotations, 90° rotations, and direction changes were recorded.

2.6 Data Analysis

Strain differences in horizontal locomotion (experiment 1) were established using 2 (Strain) 

× 3 (Day) mixed ANOVAs that separately compared center times and distances traveled 

between strains and among test days. Baseline strain differences in rotational behavior 

(experiment 2) were established using three independent t-tests that separately compared 

Baseline full rotations, 90° rotations, and direction changes between SHR and WKY rats 

assigned to SAL and NIC groups. Significant Baseline strain differences on a dependent 

measure precluded further analysis of that measure. Dependent measures that did not vary 

significantly in Baseline were further analyzed, each separately. Specifically, Baseline data 

were subtracted from Day 1, Day 7, and Sensitization Test data, resulting in difference 

scores for each phase. Separate 2 (Strain: SHR vs. WKY) × 2 (Drug: NIC vs. SAL) 

ANOVAs were conducted on difference scores in each phase to examine the effect of acute 

(Day 1) and chronic (Day 7) NIC administration, the sensitization effects of NIC 

(Sensitization Test) and MEC, and the effects of conditioning context to NIC (MEC/Context 

Test). Difference scores were employed to focus the analysis on Strain and Drug effects in 

each Day, while excluding Day effects that are uninformative of the differential suppression/

sensitization hypothesis under consideration (when scaled by baseline, comparisons across 

levels of Drug, not Day, may reveal suppression/sensitization effects).

Experiment 2 included an SHR-MEC group to determine the cholinergic dependency of 

rotational behavior in SHR induced by acute, chronic, and sensitized NIC. Because of this 

narrow objective, a WKY-MEC group was not included. Instead, to assess whether MEC 

blocked the effects NIC on the rotational behavior of SHR, the difference scores of SHR-

MEC were compared to those of SHR-SAL and SHR-NIC, separately in each phase, using a 

one-way ANOVA.

In experiment 2, differential sensitization effects across strains were inferred from 

significant Strain × Drug interaction effects observed during the sensitization test. The MEC/

Context test was included to assess a potential sensitization effect of MEC alone, and NIC-

induced conditioning of rotational behavior to the training context. Comparing SHR-MEC 

and SHR-SAL performance in the MEC/Context test assessed the first effect; main and 

simple effects of Drug on MEC/Context performance assessed the second effect.

Tukey's HSD post hoc tests were conducted, where appropriate, following significant 

ANOVA results (p < .05). When sphericity was violated, a Huynh-Feldt correction was 

implemented. With the exception of Baseline comparisons of rotational behavior 

(experiment 2), only significant effects are reported.
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3. Results

3.1 Experiment 1: Horizontal Locomotion in the Open Field Arena

Fig. 1 shows the mean (+/-SEM) distance traveled in the open field by each strain in each 

test day. ANOVA revealed a significant main effect of Day (F(1.42, 29.79) = 29.86, p < 

0.001). Distance traveled was lowest on Day 1, increased significantly on Day 2 (p < 0.001) 

and then decreased significantly on Day 3 (p = 0.005). ANOVA also revealed that SHRs 

traveled significantly greater distances than WKYs (F(1, 21) = 52.70, p < 0.001).

Fig. 2 shows the mean (+/-SEM) time spent in the center of the open field by each strain in 

each test day. ANOVA revealed a significant Strain × Day interaction effect (F(2, 42) = 4.99, 

p = 0.011). SHRs spent significantly more time in the center than WKYs on all three days 

(all p-values < 0.001); this difference appears to be particularly pronounced on the second 

and third test days.

3.2 Experiment 2: Rotational Behavior in the Rotorat Apparatus

Mean (± SEM) number of full rotations, 90° rotations, and direction changes are reported for 

Baseline, Day 1, Day 7, Sensitization Test, and MEC/Context Test in Table 2. Fig. 3 depicts 

these scores, grouped by strain (excluding SHR-MEC rats), at baseline. Overall, rats 

produced very few full rotations relative to other behaviors; SHRs produced significantly 

fewer full rotations than WKYs, (t(30) = 6.13, p < .001); this variable was, therefore, not 

further analyzed. No significant strain differences in 90° rotations and direction changes 

were observed at Baseline (respectively: t(30) = 0.88, p = 0.517; t(30) = 0.99, p = 0.328). 

These two measures were further analyzed separately for nicotinic effects.

3.2.1 Ninety-degree rotations—Difference scores for 90° rotations are shown in Fig. 4. 

A significant Strain × Drug interaction effect on these scores was observed on Day 1 (F(1, 

28) = 7.07, p = 0.013) and on Day 7 (F(1, 28) = 6.07, p = 0.020). On both days, NIC reduced 

90° rotations in WKY relative to SAL-treated WKY (all p-values ≤ 0.001) and NIC-treated 

SHR (all p-values ≤ 0.044). These findings suggest a stronger suppression of rotational 

behavior induced by acute NIC in WKYs than in SHRs, maintained over 7 days. During the 

Sensitization Test, NIC induced larger increases in 90° rotations in SHRs than WKYs (F(1, 

28) = 6.49, p = 0.017) and in NIC-treated than in SAL-treated rats (F(1, 28) = 14.16, p = 

0.001). The latter effect indicates that NIC sensitized 90° rotations. The absence of 

significant Strain and Drug effects on MEC/Context performance (all p > 0.104) suggest that 

context conditioning may not explain NIC-induced sensitization of 90° rotations.

3.2.2 Direction changes—Difference scores for direction changes are shown in Fig. 5. 

NIC treatment reduced the number of direction changes on Day 1 (F(1, 28) = 34.42, p < 

0.001) and Day 7 (F(1, 28) = 20.02, p < 0.001). SHRs produced more direction changes than 

WKYs in Day 7 (F(1, 28) = 11.58, p = 0.002) and during the Sensitization Test (F(1, 28) = 

14.59, p = .001). During the Sensitization Test, NIC induced more direction changes in NIC-

treated than in SAL-treated rats (F(1, 28) = 13.66, p = 0.001), indicating that nicotine 

sensitized direction-changing behavior. The absence of significant Strain and Drug effects 
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on MEC/Context performance (all p > 0.191) suggest that context conditioning may not 

explain NIC-induced sensitization of direction changes.

3.2.3 Mecamylamine—Difference scores for 90° rotations in SHR-NIC, SHR-SAL, and 

SHR-MEC are shown in Fig. 6. A significant effect of Drug was detected on Sensitization-

Test performance (F(2, 20) = 5.70, p = .011). The test dose of NIC induced a larger increase 

in 90° rotations in NIC-treated SHR rats than in SAL-treated (p = .010) and MEC-pretreated 

rats (p = .008). Difference scores for direction changes in these groups are shown in Fig. 7. 

A significant effect of Drug was detected during Day 1 (F (2,20) = 3.74, p = .041) and 

Sensitization Test (F (2,20) = 5.59, p = .012) on direction changes. On Day 1, NIC treatment 

reduced the number of direction changes in SHRs relative to SAL treatment (p = .018). 

During the Sensitization Test, NIC treatment increased the number of direction changes in 

SHRs relative to SAL treatment (p = .014) and MEC pretreatment (p = .006) groups. No 

significant effect of training Drug was observed on MEC/Context performance on 90° 

rotations or direction changes, suggesting that responsiveness to MEC was not sensitized. 

Furthermore, both measures of SHR-SAL performance in MEC/Context Test (when MEC 

was administered alone) relative to Day 7 (when no drug was administered) suggest that 

MEC alone did not suppress behavior. Taken together, these results suggest that MEC 

effectively blocked the sensitizing effect of nicotine on the number of 90° rotations and 

direction changes produced by SHRs.

4. Discussion

Experiment 1 replicated previous reports showing that SHRs travel greater distances and 

spend more time in the center of the open field arena than WKYs [39,42,43,69]. In contrast, 

in experiment 2, baseline levels of 90° rotations and direction changes in the Rotorat 

apparatus were similar across strains. This difference in performance across tests indicates 

that motor differences between SHRs and WKYs depend on the apparatus used and the type 

of behavior it engenders. To characterize this difference across tests, it is important to 

consider two critical differences between them. First, the link between specific motivation-

related neural mechanisms and performance is better characterized in open-field locomotion 

[33] than in rotational behavior, despite the well-established involvement of mesolimbic 

dopamine activity in the latter [49]. Second, although open-field hyperlocomotion has been 

demonstrated in SHR of a wide range of ages (e.g., [53,54]), this study only demonstrated 

cross-strain similarities in the rotational behavior of 101-day old rats. These limitations 

notwithstanding, rotational behavior appears to provide an alternative approach to study 

behavioral-activational effects in the SHR model, that are obscured by baseline differences 

in performance relative to WKY.

The source of differences in locomotion between strains is not well characterized. Elevated 

locomotion in SHR may emerge, for instance, from exploratory behavior elicited by the 

open field, or from reduced neophobia [70]. Moreover, open-field hyperlocomotion in SHR 

declines more slowly than in WKY [71,72,73]. Whatever process is responsible for strain 

effects on open-field performance, these do not appear to influence 90° rotations and 

direction changes, as these dependent measures were similar between strains (Fig. 3), and 

remained so in the absence of nicotine (Figs. 4 and 5).
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Results from experiment 2 show that SHR is less sensitive than WKY to the suppressive 

effects of nicotine on rotational behavior. Nicotine initially suppressed 90° rotations and 

direction changes in both strains, but to a larger extent in WKY. The immediacy of the 

nicotine-induced behavioral suppression suggests that this effect is unconditioned, not 

mediated by a nicotine-associated context [28]. Although motor suppression induced by 

acute nicotine administration is common in adult rats, tolerance to this effect typically 

develops following a few additional administrations [24,25]. The results from experiment 2 

are not consistent with this pattern of nicotine effects. After 7 daily administrations, the 

initial suppressive effects of nicotine were still visible in two rotational behaviors in WKY 

and in the direction changes of SHR. It is unclear whether the observed persistence of 

nicotine-induced motor suppression is due to the strains of rat tested, their pre-experimental 

history of instrumental training and food restriction, or because suppression was tested on 

rotational behavior. Either way, the present study shows that the suppressive effects of 

nicotine on locomotion are weaker in SHR than in WKY.

A chronic regimen of nicotine sensitized rotational behavior regardless of strain, as shown 

by the elevated response of nicotine-treated rats to nicotine in the sensitization test. 

Although nicotine-treated SHR produced more rotational behavior than nicotine-treated 

WKY during the sensitization test, the absence of a significant Strain x Drug interaction 

effect on sensitization performance precludes interpreting this difference as reflecting a 

heightened sensitization in SHR. It is possible, for instance, that the strain difference in 

sensitization performance was carried over from the last day of chronic administration, even 

though these assessments were separated by 72 h. More generally, it is possible that strain 

differences in the intensity and persistence of nicotine-induced behavioral suppression 

obscures potential differences in behavioral sensitization. Future tests that dissociate 

sensitizing from suppressive processes may be required to further investigate nicotine-

dependence vulnerability in the SHR model.

Differences in test performance between rats exposed to nicotine vs. saline during training 

may arise from nicotine-induced context conditioning. That is, by virtue of its pairing with 

nicotine, the test context might have acquired the capacity to elicit high levels of rotational 

behavior. If such were the case, rats exposed to nicotine during training would display higher 

levels of activity than rats exposed to saline during training, even after nicotine is 

discontinued (i.e., during the MEC/Context test). Because such difference in performance 

was not observed, it is unlikely that context conditioning contributed significantly to 

performance during the sensitization test. Although it is possible that mecamylamine 

blocked the expression of conditioned activity during the MEC/Context test, it would be 

inconsistent with prior findings that mecamylamine does not block the expression of 

nicotine-induced conditioning [55].

Mecamylamine pretreatment appears to block the nicotine-induced suppression and 

sensitization of rotational behavior in SHR, suggesting that these nicotinic effects are 

mediated by central nAChRs. This finding also suggests that strain differences in cholinergic 

function mediate the strain differences in nicotine-induced behavioral suppression. In this 

regard, a phenotypic variation of particular interest is the globally reduced number of the 

α4β2 nAChR subtype in the young-adult SHR [56]. This variation is particularly noticeable 
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in brain regions involved in nicotine-induced locomotion [57-58]. In particular, the α4 

subunit appears to be necessary for nicotine-induced behavioral suppression in mice [59]. 

Polymorphisms of the α4 subunit gene CHRNA4 are associated with ADHD [60,61] and 

with initial aversive responses to tobacco smoking [62]. The present study thus raises the 

possibility that the adult SHR models a α4-mediated blunted response to the aversive 

properties of nicotine, which facilitates smoking in adults with ADHD.

Some characteristics of the subjects in the present study may represent substantial 

limitations. For instance, various criticisms have been raised on the SHR as a model of 

ADHD (e.g., [63]) and on the WKY as a normoactive control strain (e.g., [43,64]). Although 

it is unlikely for a single genetic model to capture the complexity and heterogeneity of 

ADHD symptoms, it is possible for a model to capture a subset of functionally related 

symptoms. To this end, the selection of appropriate breeders and substrains of SHR and 

WKY has been progressively fine-tuned [41]. The breeder selection in this study reflects 

such fine-tuning; the results obtained appear to validate such selection.

It is also possible that the pre-experimental history with instrumental conditioning and food 

restriction of rats in both experiments may have influenced their performance. It is important 

to note, however, that such history was very similar across strains, and therefore it may not 

explain the differential suppressive effect of nicotine observed in SHR and WKY. Moreover, 

the general pattern of effects of nicotine on performance (suppression followed by 

sensitization) replicates findings from other laboratories using different methods [24,25], 

suggesting that the main effect of nicotine on performance is robust across large variations in 

experimental procedures and, presumably, pre-experimental histories.

5. Conclusions

The present study suggests that adult SHRs are less sensitive than adult WKYs to the 

suppressive effect of nicotine on behavior, and that this effect is mediated by central 

nAChRs. To the extent that nicotine-induced behavioral suppression reflects the aversive 

properties of nicotine [28], these results suggest that the adult SHR model of ADHD is less 

responsive to these aversive properties. This finding is consistent with differences in the 

nicotine-dependent rewarding and mood-altering effects of smoking between individuals 

with and without ADHD [17,20,23]. It thus appears that the SHR is a useful model to 

investigate the neurobiological basis of such differential effects, constituting a much-needed 

preclinical tool for the study of individual differences in responsiveness to nicotine [65]. 

Nonetheless, future research may provide converging evidence of the utility of the SHR 

model using more direct measures of nicotine aversion, such as conditioned taste and place 

aversion [45,66,67] and self-administration [44]. Furthermore, it is important to emphasize 

that transient nicotine-induced behavioral suppression only models one of potentially many 

mechanisms contributing to tobacco dependence in adults with ADHD, which may include 

stronger cognitive-enhancing and withdrawal effects of nicotine among individuals with 

ADHD [16,68].
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Highlights

• Baseline rotational activity is similar in SHR (ADHD model) and 

WKY (control) rats

• SHR displays weaker nicotine-induced suppression of rotational 

activity than WKY

• Nicotine sensitizes rotational activity in both strains

• Nicotine effects on SHR performance are dependent of cholinergic 

receptors

• SHR may model an ADHD-related reduction in nicotine aversion that 

promotes smoking
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Fig 1. 
Mean (+/-SEM) total distance travelled by SHRs (filled triangles) and WKYs (open circles) 

in an open field arena, across test days. Significant main effect of Day. Significant main 

effect of Strain.
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Fig 2. 
Mean (+/-SEM) time spent in the center of the open field by SHRs (filled triangles) and 

WKYs (open circles) across test days. &Significant Day × Strain interaction 

effect. #Significant simple effect of Strain.
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Fig 3. 
Mean (+/-SEM) Baseline full rotations (A), 90° rotations (B) and direction changes (C) for 

SHR (filled bars) and WKY (open bars). Significant main effect of strain.
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Fig 4. 
Mean (+/-SEM) difference in 90° rotations between Baseline and Day 1, Day 7, 

Sensitization Test (ST), and MEC/Context Test (M/C) for SHR (filled symbols) and WKY 

(open symbols) under nicotine (squares) and saline (circles) treatments. ST = Sensitization 

Test, M/C = MEC/Context Test. *Significant main effect of drug. #Significant main effect of 

strain. &Significant Strain x Drug interaction effect.
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Fig 5. 
Mean (+/-SEM) difference in direction changes between Baseline and Day 1, Day 7, 

Sensitization Test (ST), and MEC/Context Test (M/C) for SHR (filled symbols) and WKY 

(open symbols) under nicotine (squares) and saline (circles) treatments. ST = Sensitization 

Test, M/C = MEC/Context Test. *Significant main effect of drug. #Significant main effect of 

strain.
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Fig 6. 
Mean (+/- SEM) differences in 90° rotations between Baseline and Day 1, Day 7, 

Sensitization Test (ST), and MEC/Context Test (M/C) for SHRs that were treated with saline 

(SHR-SAL; circles), nicotine (SHR-NIC; squares), and pretreated with mecamylamine prior 

to nicotine (SHR-MEC; downward triangles). ST = Sensitization Test, M/C = MEC/Context 

Test. *Significant main effect of Drug.
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Fig 7. 
Mean (+/- SEM) differences in direction changes between Baseline and Day 1, Day 7, 

Sensitization Test (ST), and MEC/Context Test (M/C) for SHRs that were treated with saline 

(SHR-SAL; circles), nicotine (SHR-NIC; squares), and pretreated with mecamylamine prior 

to nicotine (SHR-MEC; downward triangles). ST = Sensitization Test, M/C = MEC/Context 

Test. *Significant main effect of Drug.
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