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Introduction: Attention-deficit/hyperactivity disorder (ADHD) is an independent risk factor for tobacco use disorder. Individuals with ADHD are more likely to begin smoking at a younger age, become a daily smoker sooner, smoke more cigarettes per day, and exhibit greater nicotine dependence than individuals without ADHD. It is unclear whether these findings are due to the reinforcing efficacy of nicotine per se being greater among individuals with ADHD. The purpose of the present study was to examine this issue using an animal model of ADHD, the spontaneously hypertensive rat (SHR) strain.

Methods: Adolescent SHR and Wistar (control) rats were given access to a typically reinforcing nicotine unit dose (30 μg/kg), a threshold reinforcing nicotine dose (4 μg/kg), or saline under an FR 1 (week 1) and FR 2 (week 2) schedule during 23 h sessions to examine acquisition of self-administration. Behavioral economic demand elasticity was then evaluated at the 30 μg/kg dose through an FR escalation procedure.

Results: At the 30 μg/kg dose, SHR rats exhibited a lower average response rate, lower mean active to inactive lever discrimination ratio, and lower proportion of rats acquiring self-administration compared to control rats. During demand assessment, SHR rats showed no significant difference from Wistars in demand intensity (Q0) or elasticity (α; i.e., reinforcing efficacy). In addition, no strain difference in acquisition measures were observed at the 4 μg/kg dose.

Discussion: These findings suggest that the increased risk of tobacco use disorder in adolescents with ADHD may not be attributable to a greater reinforcing efficacy of nicotine, and that other aspects of tobacco smoking (e.g., non-nicotine constituents, sensory factors) may play a more important role. A policy implication of these findings is that a nicotine standard to reduce initiation of tobacco use among adolescents in the general population may also be effective among those with ADHD.
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1. Introduction

Attention Deficit Hyperactivity Disorder (ADHD) is characterized by a variety of behavioral signs, including inattention, hyperactivity, and impulsivity, and is a comorbid condition associated with substance use disorders (1). For example, it is well-established that ADHD is an independent risk factor for tobacco use disorder, including electronic cigarette use. The prevalence of smoking and e-cigarette use is higher in both adults (41%) and adolescents (19–46%) with ADHD than the general population (26% vs. 10–24% for adults and adolescents, respectively), and prevalence increases directly with the number of symptoms reported (up to over 60%; (2–7)). Individuals with ADHD are more likely to begin smoking at a younger age, become a daily smoker sooner, smoke more cigarettes per day, and exhibit greater nicotine dependence than individuals without ADHD (2, 8, 9).

Because the data supporting the relationship between ADHD and tobacco used disorder come from quasi-experimental studies (e.g., cross-sectional, longitudinal observation), the causality of the relationship and mechanisms mediating it remain unclear. However, it appears that one mechanism may be an increase in the reinforcing efficacy of smoking. In a study using self-administration procedures, adult smokers with ADHD worked harder for cigarette puffs under a progressive-ratio (PR) schedule than those without ADHD and they reported higher levels of withdrawal symptoms (10). These findings are consistent with animal studies showing greater reinforcing efficacy of abused stimulants (e.g., cocaine) in rat models of ADHD (11–13). Together, these findings suggest that the reinforcing efficacy of nicotine, the principle reinforcing constituent in cigarette smoke, may be higher in smokers with ADHD. However, human studies have not examined the effects of nicotine in isolation from the other active constituents in cigarette smoke (e.g., acetaldehyde, minor alkaloids) or the sensory factors associated with tobacco use (e.g., smell, taste). As such, it remains unclear whether the increased motivation to smoke in individuals with ADHD is attributable to greater nicotine reinforcement per se.

Animal models can help clarify this issue because they allow precise control over nicotine exposure and design of true experiments to examine how nicotine may influence initiation of tobacco use in adolescents, which is unethical to study in humans. Numerous preclinical studies show that pre-and postnatal nicotine exposure can increase ADHD-related behaviors in rats (e.g., locomotor activity, impulsive action, impulsive choice), suggesting a causal role of nicotine exposure in ADHD (14–18). However, few studies have examined the inverse relationship. Although no animal model can fully recapitulate all neurobehavioral features of ADHD, the Spontaneously Hypertensive Rat (SHR) rat is one of the most common animal models of ADHD that has considerable face, construct, and pharmacological validity (19–23). Thus, nicotine self-administration in SHR rats provides a model to examine relationships between ADHD and nicotine reinforcement. To date, only two studies have examined nicotine self-administration in SHR rats. Chen et al. (24) examined nicotine self-administration (NSA) under a fixed-ratio (FR) 1 schedule in several strains of adolescent male rats. They found that NSA was higher in SHR rats compared to Wistar-Kyoto (WKY) rats (a control strain), but not compared to Lewis rats, a strain often used in NSA research. In contrast, Han et al. (25) found that NSA under an FR 10 schedule did not differ between adolescent female SHR and WKY rats, and both strains showed lower NSA compared to Lewis rats. This study was unusual in that it used a social learning paradigm and licking response with an oral cue to earn nicotine infusions. In addition, these studies used the SHR strain from Harlan Laboratories (SHR/NHsd), which is less well validated compared to the strain from Charles River Laboratories (SHR/NCrl (23)). Moreover, neither study used procedures designed to examine strain differences in motivation or reinforcing efficacy per se.

The purpose of the present study was to compare NSA in SHR/NCrl and Wistar control rats using a behavioral economic approach, in which elasticity of demand (i.e., the rate at which consumption declines with increases in price/effort) provides a measure of the motivational or reinforcing strength of nicotine. We used rats from Charles River Laboratories because SHR/NCrl rats display all the core characteristics of ADHD (23). We studied adolescent SHR/NCrl rats because a) adolescents are more vulnerable to substance use disorders, including tobacco use disorder (26), b) almost all smokers begin smoking and become nicotine dependent during adolescence (27, 28), and c) ADHD and tobacco use disorder are comorbid in adolescents (see above). In addition, males and females were included in light of the apparent sex differences in SHR/NHsd rats mentioned above and because sex differences in smoking/nicotine reinforcement and comorbid disorders have been reported in humans and animal models (29–32). However, sex differences were not a primary focus of the present study. An initial pilot study was conducted to confirm phenotype differences (hyperactivity and impulsivity) between strains. Our hypothesis was that the reinforcing efficacy of nicotine would be greater in SHR rats than Wistar controls, as indicated by a higher rate of acquisition and greater behavioral economic demand (i.e., lower elasticity) for nicotine.



2. Materials and methods


2.1. Animals

Male and female preadolescent SHR/NCrl, Wistar, and Wistar-Kyoto (WKY) (Charles River Laboratories, Chicago, IL) rat pups were shipped to arrive on post-natal day (PND) 25 and were housed with free access to chow and water in a temperature- (22°C) and humidity-controlled colony room until catheter implantation on PND 33. Importantly, rats from Charles River Laboratories were used because SHR rats from this vendor have been validated more extensively than those from other vendors (23). Following catheter implantation, rats were individually housed in an operant chamber and provided free access to water and restricted access to food, beginning at 13 g/day and escalated weekly to 16 g and then 18 g/day, where the food allotment remained for the rest of the protocol. Based on pilot data, this regimen provides an amount of food per gram of body weight comparable to the level of food restriction often used in adult rats. Protocols were approved by the Hennepin Healthcare Research Institute’s Institutional Animal Care and Use Committee and were in accordance with NIH guidelines set forth in the Guide for the Care and Use of Laboratory Animals (National Research Council, 2011).



2.2. Apparatus


2.2.1. Open field locomotor arena

A clear plexi-glass sided rectangular box with a solid white PVC composite bottom plate, clear plexiglass walls and an open top (43 cm width × 43 cm depth × 30 cm height; Med Associates, St. Albans, VT) was used for locomotor activity testing. Each box contained a 16 × 16 photocell array 4 cm above the floor to track horizontal movement and a 16 beam array 18 cm from the floor to count rearings. Activity Monitor 5 software was used to measure locomotor activity (Med Associates).



2.2.2. Operant chambers

Nicotine self-administration chambers (Med-Associates, St. Albans, VT) were composed of aluminum and polycarbonate walls and a stainless-steel grid floor. The chamber had two response levers on the front panel, each with a white stimulus light located directly above, and the back panel contained a house light mounted centrally at the top with a waterspout below. Chambers were contained in sound-attenuating boxes equipped with ventilation fans that provided masking noise. Infusion pumps (Model RHSY, Fluid Metering, Syosset, NY) were connected to tygon tubing that attached to a swivel (Instech Inc., Plymouth Meeting, PA) affixed to a counter-balanced arm and centered over the opening in the ceiling of the experimental chamber. Tubing from the swivel ran through a spring leash that attached to a vascular access harness (VAHD115AB, Instech) worn by the rat. Similar chambers were used in the pilot study to examine lever pressing under a differential-reinforcement-of-low-rate (DRL) schedule of food delivery for comparing impulsivity between strains. A computer (OS: Windows 7®) running MED-PC IV® (Med Associates) controlled experimental sessions and recorded data.




2.3. Drugs

(−) Nicotine base (Sigma Chemical Co., St. Louis, MO) was dissolved in saline to formulate all nicotine doses (4 & 30 ug/kg; doses expressed as the base). The PH of each solution was adjusted to 7.4 with NaOH and then heparin was added (30 units/mL) to aid catheter patency. The concentration of nicotine in each dilution was verified using gas chromatography with nitrogen phosphorous detection using our routine assay (33).



2.4. Procedure


2.4.1. Pilot study of strain differences in locomotor activity and impulsivity

A pilot study was conducted in periadolescent male rats (N = 8 per strain) to confirm the expected phenotypes. First, all rats began four daily open field testing sessions beginning on PND 32 to examine differences in locomotor activity between strains. Rats were not habituated to the testing chamber prior to measuring locomotor activity on the first day. Each day, each rat was transported in a shoe box cage to a dimly lit testing room and allowed 1 h to acclimate to the room before testing. Rats were then placed in the open field activity arena for 30 min and beam breaks were recorded to determine the horizontal distance traveled. Impulsivity testing then began on PND 36. During this phase, rats were trained to lever press for 45 mg food pellets on a fixed-ratio (FR) 1 schedule of food delivery during daily 30-min sessions. Once lever pressing was established (at least 50 pellets earned within 60 min), rats were placed on a DRL 1-s schedule of food delivery. Under this schedule, pressing the active lever produced a food pellet only after a delay of 1 s had elapsed since the previous active lever press. Premature presses made on the active lever during the delay reset the delay timer and were considered the measure of impulsivity (i.e., poor inhibitory control). The DRL interval was 1 s for one session, then increased to 3 s for one session, and then to a terminal 5-s for 10 sessions. Sessions ended after 30 min or delivery of 50 pellets, whichever occurred first.



2.4.2. Open field testing prior to nicotine self-administration (NSA)

All rats in the NSA study underwent one open field testing session on PND 32 to compare phenotype differences in locomotor activity between strains observed in the pilot study. Apparatus and procedures were identical those used in the pilot study. Only one locomotor activity session was conducted and impulsivity was not measured in these rats to minimize delaying the start of NSA training and ensure the protocol could be finished within the adolescent period. WKY rats were not used for the self-administration study because they are another inbred strain and considered a model of other human psychiatric disorders (e.g., depression). They are therefore inappropriate as a model of the general population of tobacco users.



2.4.3. Surgical procedures

On PND 33, rats were implanted with a chronic indwelling catheter into the right jugular vein under isoflurane anesthesia. The catheters exited the body between the scapulae and attached to the vascular-access harness. Immediately following surgery, rats were administered extended-release meloxicam (4 mg/kg; s.c.) for analgesia. Rats recovered for 3 days in the operant chamber, during which time they were given daily catheter flushes of heparinized saline (30 units/mL; i.v.) and ceftriaxone (5.25 mg). Infusions of methohexital (50 mg/mL, i.v.) were provided at critical experimental time points (i.e., following FR 1, FR 2, and the end of demand assessment) to confirm catheter patency. If a catheter lost patency, the rat was removed from the study and its data were not included in the analysis.



2.4.4. Acquisition of self-administration and measurement of behavioral economic demand

Following recovery from surgery, periadolescent (PND 37) rats were given access to nicotine during daily 23-h sessions (12:12 light dark cycle; lights off at 1000 h). The start of each session was signaled by the illumination of the house light in the chamber and initiation of a fixed-ratio (FR 1) schedule of nicotine delivery. Under this schedule, a response on the active lever illuminated the stimulus light above the lever and delivered a nicotine infusion (100 μL/kg @ 50 μL/s). Each nicotine delivery was followed by a 7-s post-infusion timeout, wherein responses were recorded but had no programmed consequence. After the timeout, the stimulus light was turned off, and nicotine was again available under the FR 1 schedule. Responses on the inactive lever were recorded but had no programmed consequence. Three groups were assigned to a unit nicotine dose of either 30 μg/kg (Wistar: N = 20 [10 male, 10 female]; SHR/NCrl: N = 27 [12 male, 15 female]) or 4 μg/kg (Wistar: N = 12 [6 male, 6 female]; SHR/NCrl: N = 10 [6 male, 4 female]) or saline (Wistar: N = 8 [5 male, 3 female]; SHR/NCrl: N = 12 [6 male, 6 female]). These nicotine unit doses were chosen because the higher one is a common training dose for NSA, allowing assessment of elasticity of demand, while the lower unit dose is near the threshold reinforcing unit dose for NSA during 23 h access (32, 34–37), which may allow strain differences in sensitivity to nicotine reinforcement to manifest more readily. More rats were used for the higher unit dose to obtain an adequate sample size for assessing behavioral economic demand. Ground food was placed on the active lever for the first session to facilitate contact with the reinforcement contingency. Following 7 additional sessions, the FR requirement was increased to FR 2 for 7 more sessions.

Acquisition criteria for nicotine self-administration were (1) an average ratio of 2:1 active to inactive lever responding across the most recent three consecutive sessions starting at session three and (2) the average nicotine infusions earned over the same set of sessions had to be above the 95% confidence interval of the mean of saline controls across the same three sessions.

Rats that met acquisition criteria at the 30 ug/kg dose then underwent behavioral economic demand assessment after the last FR 2 session during adolescence (PND 52). Some rats failed to meet the active: inactive response criterion, but exhibited considerable nicotine intake. Demand was also measured in these rats and, because they met the active: inactive response criterion during this phase, they were considered to have acquired NSA and their data were included in the demand analysis. Thus, a total of 14 Wistar (Male: n = 6; Female: n = 8) and 14 SHR/NCrl (Male: n = 7; Female: n = 7) completed the demand phase. During this phase, the FR requirement was increased daily (per the progression: 3, 6, 9, 15, 30, 60, 120, 240, 480, etc.) until 0 infusions were earned. Elasticity of demand at the 4 μg/kg nicotine dose was not assessed because too few rats acquired self-administration at that dose.




2.5. Data analysis


2.5.1. Locomotor activity

Total horizontal distance (cm) and horizontal distance (cm) traveled in 10-min segments of each session were compared between strains using two-way ANOVA using the Geisser–Greenhouse correction (strain and session or segment as factors), followed by Bonferroni multiple comparisons within and between strains. Data were lost for 11 Wistar (7 male, 4 female) and one male SHR/NCrl rat in the NSA study due to a computer hard drive failure that corrupted their data files. Thus, this analysis included 29 Wistar (14 male, 15 female) and 48 SHR/NCrl (23 male, 25 female) rats for the self-administration study.



2.5.2. Impulsivity

Mean premature responses over the last 3 sessions under the terminal DRL schedule were compared between strains using Brown-Forsythe and Welch ANOVA followed by Dunnett T3 multiple comparisons.



2.5.3. Daily patterns of NSA

Strain differences in daily patterns of NSA were examined using two methods. The first was to assess daily strain differences in active and inactive lever responding during acquisition using a separate two-way (Strain × Session) ANOVA for each FR phase at each unit dose with a Bonferroni correction applied to the main effect of strain (p > 0.025) at each FR. The second method was to assess the daily proportion of rats that met acquisition criterion across each session of the acquisition phase (sessions 3–14). To analyze strain differences in this measure, Fischer’s Exact test was conducted on the proportion of rats meeting criteria on the final session of each FR, with a Bonferroni correction for the multiple comparisons across FR value (p > 0.025). Because no sex differences in these measures were observed, data were pooled across sex for these analyses.



2.5.4. Exponential demand assessment

To quantify demand elasticity across a range of nicotine unit prices at the 30 μg/kg unit dose, exponential demand curves were fit to nicotine consumption in mg/kg at each FR value for both individual subjects and group means using the Hursh and Silberberg demand equation (38):
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In this equation, Q is the quantity of a commodity consumed (mg/kg of Nic), C is unit-price cost of the commodity (FR/mg/kg Nic), and Q0 and α are free parameters resulting from the best-fit function and refer to maximal consumption at zero price (i.e., demand intensity) and rate of change in consumption across price (i.e., demand elasticity), respectively. The parameter, k, is a constant fit globally across groups to normalize consumption. This allows for comparisons of free parameter estimates (i.e., α and Q0) of individual subjects between different demand functions. The parameter α provides a measure of demand elasticity, how rapidly consumption decreases in response to increases in price. This parameter is inversely related to reinforcing efficacy or essential value. Commodities that have larger α values have more elastic demand (i.e., rapid decrease in consumption) and less reinforcing efficacy, whereas those with smaller α values have more inelastic demand (i.e., slower decrease in consumption) and greater reinforcing efficacy. An Excel template was used to calculate Pmax (price at which consumption becomes relatively elastic) and Omax (maximum level of responding) values for each subject using the group fit k (2.218) and the individually fit Q0 and α values. Data were pooled across sex because no sex difference was observed in these measures. Log transforms were used to normalize the distribution of α values. To provide a complete demand function, 0 consumption at the highest unit price was replaced with 0.01 since 0 is undefined on a log scale and the log of 0.01 (i.e., log 0.01 = −2) is the next lowest log-unit value below the log of 1 infusion (i.e., log 0.03 = −1.52). Additionally, to make group fits of demand functions more representative of individual subjects, 0 infusions (i.e., 0.01) were interpolated for each subject from the point where 0 infusions were earned to the highest unit price achieved by an individual rat. These interpolated data were only used to illustrate group-level demand curves and were not used to determine the individual-subject curve fits or to conduct statistical analyses. The mean of parameter values from curves fit to individual subject data were compared between strains using independent-samples t-tests with Welch’s correction.





3. Results


3.1. Locomotor assessment

Data from the pilot study showed a significant effect of strain (F2, 21 = 10.21, p < 0.001) and session (F3, 58 = 8.49, p < 0.001), but no significant interaction (Figure 1). Total distance traveled per session was significantly higher in SHR rats compared to WKY rats, but not Wistar rats, during every session (Figure 1). Wistar rats only differed from WKY rats on the first session. There were also significant strain differences in the within-session pattern of locomotor activity. There was a significant effect of strain during every session (F2, 21 = 10.66, p < 0.001; F2, 21 = 4.63, p < 0.05; F2, 21 = 4.69, p < 0.05; F2, 21 = 5.46, p < 0.05; for sessions 1–4 respectively). There was also a significant effect of time segment during every session (F2, 39 = 149.3, p < 0.0001; F2, 39 = 117.7, p < 0.0001; F2, 39 = 98.7, p < 0.0001; F2, 39 = 129.9, p < 0.0001; for sessions 1–4 respectively). There was a significant strain x time segment interaction during every session, except session two (F4, 42 = 6.61, p < 0.001; F4, 42 = 2.89, p < 0.05; F4, 42 = 6.81, p < 0.001; for sessions 1, 3, and 4 respectively). Overall, SHR rats were more active during the 10 or 20 min segments of the session compared to WKY, but not Wistar, rats during every session (Figure 2). The mean (±SEM) distance traveled was lower in SHR rats compared to Wistars in the first 10 min of the of the first session (t13.9 = 2.95, p < 0.05; Figure 2A), but by the fourth session, distance traveled was significantly higher in SHR rats compared to both Wistars and WKYs in the last 10 min of the session (t12.1 = 1.57, p < 0.01; t13.8 = 3.49, p < 0.05; Figure 2D). In addition, there was no significant change in distance traveled in SHR rats between the first and last session (Figure 3A), whereas Wistar rats showed a significantly greater reduction in distance traveled in the last 10 min of the fourth session (t7.8 = 5.23, p < 0.01). These data demonstrate a hyperactivity phenotype in SHR/NCrl rats from the vendor used for the present study.
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FIGURE 1
 Mean (±SEM) total horizontal distance (cm) traveled during each locomotor activity session in Wistar (open circles), SHR (closed circles), and WKY (closed squares) rats from the pilot study to confirm phenotype differences in locomotor activity between strains. Asterisks indicate significant differences from WKY rats, *p < 0.05, **p < 0.01. Plus symbols indicate significant differences from the first session, ++p < 0.01, +++p < 0.001.


[image: Figure 2]

FIGURE 2
 Mean (±SEM) horizontal distance (cm) traveled during consecutive 10 min segments of the locomotor activity sessions in Wistar (open circles), SHR (closed circles), and WKY (closed squares) rats. Each panel shows data from each of four consecutive sessions (A–D, respectively; indicated on y-axis) of the pilot study. Asterisks indicate significant differences from WKY rats, *p < 0.05, **p < 0.01, ***p < 0.001. Pound symbols indicate significant differences between SHR and Wistar, ##p < 0.01. Plus symbols indicate significant differences from the first 10 min segment, ++p < 0.01, +++p < 0.001, ++++p < 0.0001.


[image: Figure 3]

FIGURE 3
 Mean (±SEM) horizontal distance (cm) traveled during consecutive 10 min segments of the locomotor activity sessions in Wistar (open circles), SHR (closed circles), and WKY (closed squares) rats. (A) The percent change in distance traveled in each 10 min segment between the first and fourth sessions of the pilot study. Pound symbol indicates significant differencs between SHR and Wistar, ##p < 0.01. (B) Data from all rats in the self-administration study. WKY rats were not used in the self-administration study. Asterisks indicate significant differences between strains, *p < 0.05, **p < 0.01, ***p < 0.001. Plus symbols indicate significant differences from the first 10 min segment, ++p < 0.01, +++p < 0.001, ++++p < 0.0001.


Similar to the pilot study, data from rats in the self-administration study showed the mean (± SEM) distance traveled by SHR rats was significantly lower compared to Wistar rats during the initial 10 and 20-min segments of the session (t228 = 3.96 and 2.58, p < 0.001 and 0.05, respectively; Figure 3B). This confirms that SHR/NCrl NSA rats exhibited a phenotype (hypoactivity in a novel environment) similar to those in the pilot study.



3.2. Impulsivity

The mean (±SEM) number of premature responses under the DRL schedule during the pilot study was significantly higher in SHR rats (F8.2, 11.3 = 8.17, p < 0.01) compared to both Wistar and WKY controls (t9.3 = 2.87, p < 0.05; t8.8 = 3.19, p < 0.05; Figure 4). This confirms the presence of the impulsive phenotype in SHR/NCrl rats.

[image: Figure 4]

FIGURE 4
 Mean (±SEM) premature responses under a DRL schedule of food delivery in SHR (black bar), Wistar (white bar) and WKY (striped bar) rats. Asterisk indicates significant differences between SHR compared to Wistar and WKY, *p < 0.05.




3.3. Acquisition of NSA

Figure 5 shows active and inactive responding during acquisition sessions in Wistar and SHR/NCrl rats across unit nicotine doses. At the 30 μg/kg nicotine dose, only the Wistar rats showed a significant main effect of lever type (i.e., active vs. inactive) on group mean responding, which was observed under both the FR 1 (F1, 19 = 8.60, p < 0.01) and FR 2 (F1, 19 = 40.82, p < 0.001) schedules of reinforcement. Additionally, active lever responding was significantly higher in Wistar rats compared to SHR/NCrl rats during the acquisition phase at the 30 μg/kg dose under both the FR 1 (F1, 45 = 14.47, p < 0.001) and FR 2 (F1, 45 = 19.47, p < 0.0001) schedules. There were no significant main effects of strain or lever type at the 4 or 0 μg/kg doses, indicating rats, on average, did not develop a lever discrimination at these doses.
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FIGURE 5
 Mean (±SEM) group active and inactive lever responses in all Wistar (left panels) and SHR (right panels) rats across acquisition sessions wherein nicotine was available to self-administer at 30 (top row), 4 (middle row) and 0 μg/kg/infusion of nicotine (i.e., saline; bottom row) under an FR 1 and FR 2 schedule. †Significant main effect of lever, ††p < 0.01, ††††p < 0.0001. *Significant main effect of strain, ***p < 0.001, ****p < 0.0001.


Figure 6 shows the mean infusions earned by each strain across the three nicotine doses. Wistar rats earned significantly more nicotine infusions than SHR/NCrl rats at the 30 μg/kg nicotine dose under the FR 1 (F1, 45 = 11.73, p < 0.01) and FR 2 (F1, 45 = 13.94, p < 0.001) schedules of reinforcement. No significant strain difference was observed at the 4 or 0 μg/kg doses. Figure 7 shows the mean number of infusions earned in each strain for only those rats that met acquisition criteria. There were no significant differences between strains at either FR schedule.

[image: Figure 6]

FIGURE 6
 Mean (±SEM) infusions earned in all Wistar and SHR rats across acquisition sessions when self-administering 30 (top row), 4 (middle row) and 0 μg/kg (i.e., saline; bottom row) of nicotine under an FR 1 and FR 2. †Significant main effect of strain, ††p < 0.01, †††p < 0.001.
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FIGURE 7
 Mean (±SEM) group infusions earned in only Wistar and SHR rats that met acquisition criteria at the 30 μg/kg unit dose.


Figure 8 shows the proportion of rats that met acquisition criteria across acquisition sessions at the 30 and 4 μg/kg doses of nicotine. Wistar rats had a higher proportion meeting the acquisition criteria at the 30 μg/kg dose during both the FR 1 (p = 0.012) and a FR 2 (p = 0.009) phases of acquisition testing. No strain differences were observed at the 4 μg/kg dose.

[image: Figure 8]

FIGURE 8
 Proportion of rats meeting acquisition criteria at each session of acquisition and during demand assessment (D) in Wistar and SHR rats at the 30 μg/kg (top panel) and 4 ug/kg (bottom panel) doses of nicotine. Significant difference in active lever responses between strains at the end of FR 1 and FR 2, †p < 0.05, ††p < 0.01, respectively.




3.4. Behavioral economic demand

Figure 9 shows the mean consumption of nicotine at the 30 μg/kg dose (Top panel) and the best-fit individual demand elasticity (α) and demand intensity (Q0) values in Wistar and SHR/NCrl rats (Bottom left and right panels, respectively). Table 1 shows individual and mean best-fit exponential demand parameter values. No strain or sex differences in individual best-fit parameters were observed at the 30 μg/kg unit dose.

[image: Figure 9]

FIGURE 9
 Group mean (±SEM) nicotine intake across unit price in SD and FSL rats during the demand assessment (left panel) at the 30 μg/kg unit nicotine dose and the resulting α values from the individually fit demand functions (right).




TABLE 1 Exponential demand curve parameters at the 30 ug/kg dose of nicotine (k = 2.218).
[image: Table1]




4. Discussion

Contrary to our hypothesis, the main finding of the present study was that the reinforcing efficacy of nicotine was not greater in adolescent SHR/NCrl rats, a rodent model of ADHD, compared to Wistar controls. In some respects, nicotine was a less effective reinforcer in SHR/NCrl rats. As a group, SHR/NCrl rats had lower response rates, fewer infusions earned, and a lower proportion of rats meeting acquisition criteria during the acquisition phase at the 30 μg/kg dose. In other respects, there was no difference in the reinforcing efficacy of nicotine between strains. Acquisition of NSA in SHR/NCrl rats that did meet criteria was no different from Wistar controls, and no strain difference in the proportion acquiring NSA was evident if criteria were met during the demand phase. Moreover, numerous parameters of behavioral economic demand in SHR rats that acquired NSA were similar to Wistar controls. In addition, at the 4 μg/kg dose, which is typically in the range of threshold reinforcing doses in other rat strains (35, 37), neither strain acquired NSA. To the extent that adolescent SHR rats model ADHD in adolescents, the present findings suggest that the greater risk of tobacco use disorder in adolescents with ADHD may not be attributable to a greater reinforcing efficacy of nicotine per se in that subpopulation.

The present findings contrast with the epidemiological data that show adolescents with ADHD are at higher risk to develop tobacco use disorder/nicotine dependence (2–4). Specifically, adolescents with ADHD begin smoking and become daily smokers at a younger age, smoke more cigarettes per day, and are more nicotine dependent than individuals without ADHD (2, 8, 9). In addition, prevalence of e-cigarette use is higher among adolescents with ADHD compared to the general population (6, 7). Cross-sectional or longitudinal observational methods have been the primary means to study the relationship between ADHD and smoking. Moreover, to our knowledge, no studies have compared the reinforcing effects of nicotine per se between smokers with or without ADHD by manipulating the nicotine content in cigarettes or examining the effects of nicotine alone (e.g., via inhaler or i.v. infusion). As such, it is unclear whether the relationship is causal and what factors mediate the relationship. The present study contributes important experimental data to this literature, suggesting the relationship between adolescent ADHD and tobacco use disorder may be mediated by factors other than the direct CNS effects of nicotine, such as non-nicotine constituents (acetaldehyde, MAO inhibitors, minor alkaloids) in cigarette smoke or sensory aspects of smoking (gustatory and olfactory stimuli). Nevertheless, the discrepancy of the present findings with the epidemiological data might also reflect limitations in the validity of nicotine self-administration in SHR rats as a model of ADHD/tobacco use comorbidity. It is possible that the subtype of ADHD that the SHR rat models (i.e., combined hyperactive/impulsive/inattentive) is not representative of the subtype that may be more strongly associated with tobacco use disorder in humans. To our knowledge, the relative strength of the association between tobacco use disorder and different subtypes of ADHD has not been well established.

There are discrepancies between the present findings and those from two prior studies in adolescent SHR/NHsd rats showing a) higher NSA rates compared to WKY controls (Wistar controls were not used) in males but not females, b) no difference in NSA compared to Lewis rats males, and c) lower NSA rates compared to Lewis rats in females (24, 25). This discrepancy may be due to numerous procedural differences, such as food training prior to drug availability, social learning procedures, response topography and reinforcement schedule (FR 1 for lever pressing versus FR10 for a licking response), and type of drug-paired stimulus (visual versus oral). Perhaps more important, both prior studies used a different sub-strain of rat, the SHR/NHsd. Although genome sequencing studies show high genetic correspondence and comparable elevations in blood pressure between the SHR/NCrl and SHR/NHsd, the latter are less consistent in expressing an ADHD phenotype and less responsive to ADHD medications (23). Studies that directly compared the behavioral phenotype of these strains showed that SHR/NCrl rats displayed greater impulsive-and compulsive-like behavior than SHR/NHsd. These findings suggest that the sub-strain differences between studies may not be due to differences in the behavioral procedures that were used (39).

The present findings also differ from previous preclinical studies showing greater reinforcing effects of other stimulants in SHR/NCrl rats (20, 23). For example, SHR/NCrl rats exhibit faster acquisition of cocaine self-administration, an upward shift in the ascending limb of the cocaine self-administration dose–response curve, greater reinforcing efficacy (i.e., higher breaking points) under a progressive ratio schedule of cocaine self-administration, and greater cue-induced reinstatement of cocaine self-administration (23). These studies occurred during adulthood, suggesting that age differences in brain development may be one reason for discrepancies with the present study. Moreover, some sub-strains of SHR rat show reduced expression and function of high-affinity nicotinic acetylcholine (nACh) receptors in numerous subregions of cortical, striatal, and thalamic brain areas (40–44). They also exhibit reduced nACh receptor upregulation in response to nicotine exposure (45). These findings suggest that the reduced proportion of SHR rats acquiring NSA in the present study may be due to weaker nicotine-induced activation of mesolimbic dopamine neurons, which mediate nicotine’s reinforcing effects (46–48). In light of the marked individual differences in NSA among SHR/NCrl rats in the present study, future studies should examine whether individual differences in acetylcholinergic and dopaminergic function are correlated with individual differences in acquisition of NSA in SHR/NCrl rats. However, the similarities in NSA observed between SHR/NCrl rats that acquired NSA and Wistar controls (Figures 5, 7) suggest that the difference in acquisition between strains may be due to other mechanisms.

The present findings have important implications for tobacco regulation. The FDA is considering setting a standard for the maximum nicotine level allowed in certain tobacco products (e.g., cigarettes). The goal is to set the standard below the threshold reinforcing level of nicotine in cigarettes to reduce smoking in current users and prevent adolescents from becoming regular users (46, 47). Setting a nicotine standard requires understanding the extent of population variability in the reinforcing effects of nicotine and tobacco products. As such, the FDA needs data from vulnerable subpopulations in which the reinforcing effects of nicotine may be higher than that of the general population, such as adolescents and those with psychiatric comorbidities (48). To the extent that the SHR/NCrl rat is a valid animal model of ADHD, the present findings of reduced acquisition of nicotine self-administration at the 30 μg/kg dose in SHR/NCrl rats and lack of strain differences at a lower near-threshold reinforcing dose of 4 μg/kg suggests that a nicotine standard that reduces initiation of tobacco use among adolescents in the general population may also be effective at doing so in those with ADHD. Human studies will be critical to examine this issue further to determine the generality of the present findings, and because tobacco regulatory policies cannot solely rely on animal data (37, 46).

The present study has several limitations. First, the ADHD phenotype was not fully characterized in rats that underwent NSA, and the hypoactivity that they exhibited is an apparent contradiction to the expected phenotype in SHR/NCrl rats. However, it would not have been possible to measure hyperactivity (via repeated testing) and impulsivity and complete the NSA protocol within the adolescent period. Regardless, the pilot study demonstrated that SHR/NCrl rats from the present vendor exhibit the expected hyperactive and impulsive phenotype. The hyperactivity compared to WKY rats was clear. The hypoactivity compared to Wistar controls was transient, with late-session hyperactivity developing gradually over sessions. Other studies have also shown similar strain differences in hyperactivity, with SHR rats consistently being hyperactive in comparison to WKY rats (the most commonly used control strain), but initially hypoactive or similarly active compared to Wistar rats (49–52). It is also important to note that some studies show that children with ADHD may not initially exhibit hyperactivity in novel environments and that hyperactivity can manifest gradually over repeated obeservations (19, 53–55). As such, the consistency of findings from the pilot study with the general literature on the SHR strain and with rats undergoing NSA in the present study supports the notion that the SHR/NCrl rats used for this study provided a model of ADHD.

Second, a detailed dose–response curve was not determined to better characterize strain differences in the nicotine reinforcement threshold. The low proportion of rats acquiring at the 30 μg/kg unit dose suggests that the nicotine reinforcement threshold is considerably higher for SHR/NCrl rats compared to Wistars, as well as other strains used in previous studies (32, 34, 56, 57). From a tobacco regulatory science perspective, it would be useful to have more detailed dose–response studies of SHR/NCrl and Wistar rats to broaden preclinical risk assessment analyses to estimate the population impact of nicotine reduction policies.

Third adult SHR/NCrl rats were not studied. The hypocholinergic function in SHR/NCrl rats discussed above has been shown to increase with age (41, 42). Thus, to the extent that strain differences in the present study are attributable to hypocholinergic function, there could be more marked strain differences in adults. In addition, studying the reinforcement threshold and behavioral economic demand for nicotine for maintenance, rather than acquisition, of NSA in adult SHR/NCrl rats would help address the regulatory question of whether well-established smoking in adults with ADHD would be more resistant to change than the general population as the nicotine content in tobacco products decreases.

Fourth, use of an external silicone strap harness for the catheter preparation in the present study necessitated individually housing rats after weaning, as group housing quickly results in cagemates chewing off the harnesses. Studies have shown that social isolation after weaning has significant behavioral and neurobiological effects (58). As such, the present findings may represent an interaction of strain and social isolation effects. Future studies should avoid this issue by using other catheter preparations (e.g., subcutaneous button with protective metal cap).

Fifth, strain differences in degree of nicotine dependence per se were not studied. Because smokers with ADHD exhibit greater dependence (i.e., severity of withdrawal) than those without ADHD, examining SHR/NCrl in models of nicotine withdrawal would be important to examine further the validity of nicotine exposure in SHR/NCrl rats as a model of comorbid tobacco use disorder and ADHD.

Finally, although some studies have shown that the association between ADHD and tobacco use is independent of other psychiatric disorders (59), the association is significantly increased when certain comorbid disorders are present, such as conduct disorder (CD) (60). Future studies of nicotine reinforcement in animal models of CD alone and combined with models of ADHD may be useful for examining the relative causal contribution of these disorders to the development of tobacco use disorder and their neuropharmacological mechanisms.

Despite these limitations, to our knowledge, this is the first study to directly compare the reinforcing efficacy of nicotine between SHR/NCrl and a control strain using a behavioral economic approach. It is also one of only a few to examine any behavioral effect of nicotine in SHR rats. There is relatively little animal research that has explicitly modeled the effects of smoking comorbidities on nicotine reinforcement, beyond polysubstance abuse and comorbid metabolic disorders (e.g., alcohol, diabetes, obesity (61–64)). As such, our findings are an important extension of the literature on the SHR rat as a model of ADHD generally and on the comorbidity of tobacco use disorder and ADHD in particular.
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