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Abstract

Human genetic association and brain expression studies, and mouse behavioral and molecular 

studies implicate a role for the histidine triad nucleotide-binding protein 1 (HINT1) in 

schizophrenia, bipolar disorder, depression and anxiety. The high comorbidity between smoking 

and psychiatric disorders, schizophrenia in particular, is well established. Associations with 

schizophrenia and HINT1 are also sex specific, with effects more predominant in males; however, 

it is unknown if sex differences associated with the gene extend to other phenotypes. Thus, in this 

study, using a battery of behavioral tests, we elucidated the role of HINT1 in acute nicotine-

mediated behaviors using male and female HINT1 wild-type (+/+) and knockout (−/−) mice. The 

results show that male HINT1 −/− mice were less sensitive to acute nicotine-induced 

antinociception in the tail-flick, but not hot-plate test. At low nicotine doses, male and female 

HINT1 −/− mice were less sensitive to nicotine-induced hypomotility, although the effect was 

more pronounced in females. Baseline differences in locomotor activity observed in male HINT1 

+/+ and −/− mice were absent in females. Nicotine did not produce an anxiolytic effect in male 

HINT1 −/− mice, but rather an anxiogenic response. Diazepam also failed to induce an anxiolytic 

response in these mice, suggesting a general anxiety phenotype not specific to nicotine. 

Differences in anxiety-like behavior were not observed in female mice. These results further 

support a role for HINT1 in nicotine-mediated behaviors and suggest that alterations in the gene 

may have differential effects on phenotype in males and females.
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The histidine triad nucleotide-binding protein 1 (HINT1), previously known as the protein 

kinase C interacting protein, is widely expressed in liver, kidney and brain, including 

mesocortical and mesostriatal regions (Liu et al. 2008), yet little is known about its 

physiological function. Human genetic association and brain expression studies implicate 

involvement of the HINT1 gene in risk for schizophrenia (Chen et al. 2008; Kurotaki et al. 
2011; Varadarajulu et al. 2012; Vawter et al. 2001, 2002, 2004) and bipolar disorder 

(Elashoff et al. 2007; Konradi 2005). Behavioral studies using HINT1 knockout (−/−) mice 

also suggest a role for HINT1 in antidepressant and anxiety-like behaviors (Barbier & Wang 

2009; Varadarajulu et al. 2011). Taken together, the aforementioned studies support a 

possible role for the HINT1 gene in mood regulation, anxiety-like behavior and stress-

coping mechanisms.

Recently, we found that genetic variation in the HINT1 gene is protective against nicotine 

dependence, and HINT1 protein levels are altered in the nucleus accumbens after chronic 

nicotine exposure, suggesting a role for HINT1 in nicotine-mediated responses (Jackson et 
al. 2011). Indeed, the high comorbidity between smoking and psychiatric disorders, 

schizophrenia in particular, is well known, leading us to propose that HINT1, in addition to 

mood regulation, may also in part regulate nicotine responses. Additionally, associations 

with schizophrenia and HINT1 are sex specific, where effects are more prevalent in males 

than females (Chen et al. 2008; Vawter et al. 2004). It is unclear if the sex-specific effects 

associated with this gene are specific to schizophrenia, or if they are also prevalent in 

nicotine-mediated behaviors. Thus, we provide the first known study to elucidate the role of 

HINT1 in acute nicotine-mediated behaviors in male and female mice. Antinociception, 

hypothermia, locomotor activity and anxiety-like behavior were measured in different 

groups of male and female HINT1 wild-type (+/+) and −/− mice after treatment with acute 

injections of various nicotine doses. In this study, we focus on behaviors after a single 

injection of nicotine, as acute nicotine responses are important measures of initial nicotinic 

acetylcholine receptor (nAChR) responses, in particular β2*-containing nAChRs (where * 

denotes the possible inclusion of additional nAChR subunits), which play an important role 

in nicotine dependence (Jackson et al. 2008, 2009; Picciotto et al. 1998; Walters et al. 2006). 

Thus, acute responses may be related to vulnerability for future repeated drug use, abuse or 

dependence (Collins et al. 1988).

Materials and methods

Animals

Male and female HINT1 −/− and +/+ littermates were generated as previously described (Su 

et al. 2003). In brief, embryonic stem cells heterozygous for the targeted mutation were 

microinjected into C57BL/6 blastocysts and implanted into pseudopregnant females. The 

resulting male chimeras were mated with female C57BL/6 mice. The F1 generation mice 

resulting from this pairing were backcrossed to the 129X1/Sv mouse strain for over six 

generations, so that over 96% of their background is from the 129X1/Sv strain. Breeding 

pairs were supplied by Dr Jia Bei Wang from the University of Maryland (Baltimore, MD, 

USA). Mutant and +/+ controls were obtained from breeding heterozygote mice. Mice were 

bred for one to two additional generations before use in our studies. Animals were 10–14 
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weeks of age at the start of the experiments and were group-housed in a 21°C humidity-

controlled Association for Assessment and Accreditation of Laboratory Animal Care-

approved animal care facility with ad libitum access to food and water. Experiments were 

performed during the light cycle and were approved by the Institutional Animal Care and 

Use Committee of Virginia Commonwealth University.

Drugs

(−)-Nicotine hydrogen tartrate salt was purchased from Sigma-Aldrich (St. Louis, MO, 

USA). Diazepam was obtained from the National Institute on Drug Abuse (Bethesda, MD, 

USA). Nicotine was dissolved in physiological saline (0.9% sodium chloride) and injected 

subcutaneously (s.c.) at a volume of 10 ml/kg body weight unless noted otherwise. 

Diazepam was dissolved in 1:1:18 vehicle [5% ethanol, 5% emulphor-620 (Sanofi-Aventis, 

Bridgewater, NJ, USA) and 90% distilled water] and was injected via the intraperitoneal 

(i.p.) route of administration. All doses are expressed as the free base of the drug.

Acute nicotine studies

Independent groups of naïve male and female HINT1 +/+ and −/− mice (n= 6–12 per group) 

were injected with various doses of nicotine and tested at different time points after 

injection. Various responses to nicotine were measured: Antinociception using the tail-flick 

and hot-plate tests, changes in body temperature, changes in locomotor activity and plus 

maze performance. Independent groups of mice were used for each test and for each nicotine 

dose.

Antinociception—Antinociception was assessed by the tail-flick method of D’Amour and 

Smith (1941) and the hot-plate test. For the tail-flick test, mice were lightly restrained while 

a radiant heat source was directed onto the upper portion of the tail. A control response (2–4 

seconds) was determined for each mouse before treatment, and test latency was determined 

5 min after nicotine administration. The apparatus has an automatic cutoff of 10 seconds to 

minimize tissue damage. In the hot-plate test, mice were placed into a 10-cm wide glass 

cylinder on a hot plate (Thermojust Apparatus, Columbus, OH, USA). The hot plate is a 

rectangular heated surface surrounded by Plexiglass and maintained at 55°C. The device is 

connected to a manually operated timer that records the amount of time the mouse spends on 

the heated surface before showing signs of nociception (e.g. jumping and paw licking). A 

control response (8–12 seconds) was determined for each mouse before treatment, and test 

latency was determined 5 min after nicotine administration. The timer has an automatic 

cutoff of 40 seconds to avoid tissue damage. Antinociceptive response for both the tests was 

calculated as percentage of maximum possible effect (%MPE), where %MPE = [(test − 

control)/(10 (40 for the hot-plate) − control)] × 100. Increased latency in either test is 

indicative of antinociception.

Body temperature—Rectal temperature was measured by a thermistor probe (inserted 24 

mm) and digital thermometer (YSI, Yellow Springs, OH, USA). Readings were taken just 

before and at 30 min after nicotine injection. The difference in rectal temperature before and 

after treatment was calculated for each mouse. The ambient temperature of the laboratory 

varied from 21 to 24°C from day to day.
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Locomotor activity—Mice were placed into individual photocell activity cages (28 × 

16.5 cm; Omnitech, Columbus, OH, USA) 5 min after saline or nicotine administration. 

Interruptions of the photocell beams (two banks of eight cells each) were then recorded for 

the next 30 min.

Data were measured as the average number of photocell interruptions during the 30-min test 

period.

Elevated plus maze—An elevated plus maze, prepared with gray Plexiglas, consisted of 

two open arms (23 × 6 cm) and two enclosed arms (23 × 6 × 15 cm in wall height) that 

extended from a central platform (5.5 × 5.5 cm). It was mounted on a base raised 60 cm 

above the floor. Fluorescent lights (350 lux intensity) located in the ceiling of the room 

provided the only source of light to the apparatus. The animals were placed in the center of 

the maze 5 min after saline or nicotine injection. For the diazepam study, baseline plus maze 

activity was measured, followed by a 30-min diazepam (0.25 mg/kg, i.p.) pretreatment. Time 

spent in the open arms was automatically recorded by a photocell beam system. The test 

lasted 5 min, and the apparatus was thoroughly cleaned with a 5% bleach cleaning solution 

after removal of each animal. The results were expressed as time spent in the open arms in 

seconds. Less time spent in the open arms of the plus maze was indicative of anxiety-like 

behavior. Stretched attend posture and the number of head dips were measured as risk 

assessment and exploratory behaviors. The number of arm crosses was also documented as a 

measure of locomotor activity.

Statistical analysis

Statistical analyses of acute nicotine behavioral studies were performed using three-way 

analysis of variance (ANOVA) with treatment, sex and genotype as the between-subject 

factors. ED50 and ED6° values with 95% confidence limits (CLs) were also calculated for 

the antinociception and body temperature studies, respectively, by unweighted least-squares 

linear regression as described by Tallarida and Murray (1987). If CL values did not overlap, 

the shift in the dose-response curve was considered significant. For the diazepam anxiety 

study, repeated-measures ANOVA with between-subjects factors was used to analyze within-

subject differences (baseline vs. diazepam) and between-subject differences (genotype). P 
values <0.05 were considered to be statistically significant. Significant results were further 

analyzed using the Neuman-Keuls post hoc test.

Results

Nicotine-induced antinociception in acute thermal pain models

There was a significant main effect of dose for both the tail-flick (F(2,110) = 118.26, P < 

0.001) and hot-plate (F(2,110) = 126.73, P < 0.001) tests, indicating that nicotine induced 

dose-dependent antinociception in both sexes and genotypes in both paradigms (Fig. 1). 

Significant genotype main effects showed that male HINT −/− mice were less sensitive to 

the acute antinociceptive effects of nicotine in the tail-flick test (F(1,110) = 27.05, P < 0.001) 

compared with +/+ littermates, as also indicated by a significant shift in the dose–response 

curve ([+/+] 0.95 (0.78–1.17) vs. [−/−] 1.8 (1.25–2.61); Table 1). Male HINT1 −/− mice 
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exhibited a decreased latency in the tail-flick test after administration of all nicotine doses 

compared with HINT1 +/+ mice (Fig. 1a). There was no significant difference in nicotine-

induced tail-flick antinociception between HINT1 +/+ and −/− females (Fig. 1b). Baseline 

antinociception did not differ between genotypes for any dose (average baseline: [+/+] 2.0 ± 

0.1; [−/−] 2.2 ± 0.1). Overall, there were no significant main effects of sex. In contrast to the 

tail-flick results, in the hot-plate test, there were no significant main effects of genotype in 

either males (Fig. 1c) or females (Fig. 1d), indicating no significant difference between 

HINT1 +/+ and −/− mice in this paradigm. Nicotine potency ED50 values for both tests are 

presented in Table 1.

Nicotine-induced hypothermia

There was a main effect of dose in the body temperature assessment (F(2,110) = 162.88, P < 

0.001). Acute nicotine dose dependently reduced body temperature in both male and female 

mice; however, there was no significant difference between HINT1 +/+ and −/− mice for 

either sex, suggesting that HINT1 is not involved in acute nicotine-induced hypothermia 

(Fig. 2). ED6° values are presented in Table 1.

Nicotine-induced hypomotility

The results of the acute nicotine locomotor activity assessment are shown in Fig. 3. There 

were significant main effects of dose (F(4,144) = 22.61, P < 0.0001), genotype (F(1,144) = 

6.97, P < 0.05) and sex (F(1,144) = 31.51, P < 0.0001), and significant dose × sex (F(4,144) = 

14.68, P < 0.0001), dose × genotype (F(4,144) = 3.90, P < 0.05), sex × genotype (F(1,144) = 

4.44, P < 0.05) and dose × sex × genotype interactions (F(4,144) = 4.08, P < 0.05). In the 

male locomotor assessment, saline activity scores were significantly higher in HINT1 −/− 

compared with +/+ mice ([+/+] 652.74 ± 40.1 vs. [−/−] 826.77 ± 25.4), suggesting baseline 

differences between genotypes in males; thus, data were expressed as a percentage of saline 

baseline to account for these differences. There was no significant difference in activity 

between female saline HINT1 +/+ and −/− mice ([+/+] 752.67 ± 43.7 vs. [−/−] 738.12 ± 

38.5); though for consistency, these data were also expressed as a percentage of saline 

baseline. Nicotine significantly decreased locomotor activity in both male and female 

HINT1 +/+ and −/− mice (Fig. 3). HINT −/− mice were less sensitive to the locomotor 

depressant effects of nicotine, although this effect was only observed at the 0.1 mg/kg dose 

(Fig. 3a). Similarly, female HINT1 −/− mice were less sensitive to the locomotor depressive 

effects of nicotine at doses of 0.1 and 0.25 mg/kg (Fig. 3b). Male HINT1 +/+ and −/− mice 

exhibited significantly lower locomotor activity counts than their respective female 

counterparts, though only at the 0.1 mg/kg nicotine dose (Table 2).

Nicotine-induced anxiety-like behavior in the plus maze test

The results of the plus maze assessment are presented in Fig. 4 and Table 3. F and P values 

reported within the text correspond to the time spent on the open arms of the plus maze, 

which was our primary measure of anxiety-like behavior. There were significant main 

effects of treatment (F(3,79) = 6.29, P < 0.05) and genotype (F(3,79) = 7.89, P < 0.05); 

however, no significant main effects of sex or significant interactions were observed. At the 

doses tested in our model, nicotine induced a dose-dependent anxiolytic-like effect in male 

HINT1 +/+ mice, with significant effects at a dose of 0.05 mg/kg (Fig. 4a). Specifically, 
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male HINT1 +/+ mice treated with nicotine (0.05 mg/kg, s.c.) spent significantly more time 

on the open arms of the plus maze and exhibited significantly more head dips at 0.05 and 0.1 

mg/kg nicotine compared with saline-treated counterparts (Table 3). Alternatively, male 

HINT1 −/− mice did not exhibit an anxiolytic-like response at any nicotine dose tested and 

spent significantly less time on the open arms of the plus maze than male HINT1 +/+ mice at 

all nicotine doses tested (Fig. 4a). Head dips were also significantly less in male HINT1 −/− 

mice compared with +/+ counterparts at the 0.05 and 0.1 mg/kg nicotine doses (Table 3). 

Interestingly, ANOVA analysis on each sex separately showed that nicotine significantly 

impacted the anxiety-like response in HINT1 −/− male mice at the highest dose tested (0.1 

mg/kg), where nicotine induced a significant anxiogenic-like response when compared with 

saline HINT1 −/− mice (F(3,40) = 9.68, P < 0.01), indicated by less time in the open arms and 

a decrease in the number of head dips (Fig. 4a; Table 3). In the female assessment, there 

were no main effects of genotype, but a significant main effect of treatment (F(3,40) = 6.01, P 
< 0.05). Nicotine did not produce anxiolytic effects at any dose tested in female HINT1 +/+ 

or −/− mice; however, a significant anxiogenic effect was observed in both genotypes at 0.1 

mg/kg nicotine (Fig. 4b; Table 3). There was no significant difference between female 

HINT1 genotypes at any nicotine dose tested. There was no significant difference in baseline 

plus maze behavior or the number of arm crosses between genotypes or nicotine doses for 

either sex (male arm crosses: [+/+] 4.2 ± 0.7 vs. [−/−] 3.8 ± 0.7; female arm crosses: [+/+] 

4.3 ± 0.3 vs. [−/−] 3.6 ± 0.4). Stretched attend posture counts did not significantly differ 

between either sex, dose or genotype in this assessment (Table 3).

Specificity of anxiety-related effect using diazepam

Male HINT1 +/+ and −/− mice, but not females, exhibited differential responses to nicotine 

in the plus maze assessment. Thus, to determine if the absence of an anxiolytic response in 

male HINT1 −/− mice was specific to nicotine, male HINT1 +/+ and −/− mice were treated 

with diazepam (0.25 mg/kg, i.p.) and tested in the plus maze 30 min after injection. The 

results are presented in Table 4. Statistical analysis showed significant main between-subject 

effects of genotype (F(1,14) = 5.85, P < 0.05), indicating significant differences between 

HINT1 +/+ and −/− mice in this assessment. While the number of head dips was 

significantly higher in HINT1 +/+ after diazepam treatment, main effects of treatment for 

time spent on the open arms, though marginal, were not significant (F(1,14) = 3.38, P = 0.08), 

suggesting no difference between baseline and diazepam treatment; however, a significant 

genotype × treatment interaction (F(1,14) = 4.67, P < 0.05) showed the true effects in this test. 

HINT1 +/+ and −/− mice did not differ in baseline responses in the plus maze; however, 

significant genotype differences were observed after diazepam treatment, as HINT1 +/+ 

mice spent significantly more time in the open arms than HINT1 −/− mice, indicative of an 

anxiolytic-like response in HINT1 +/+ mice that was not observed in −/− counterparts. 

Stretched attend posture did not significantly differ between groups.

Discussion

In this study, using genetically modified HINT1 male and female mice, we found that 

HINT1 −/− mice exhibit differential responses compared with their +/+ counterparts after 

acute nicotine treatment. These differences appear to be sex specific and dose dependent. 
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With the exception of the locomotor activity assessment, altered nicotine responses were 

more predominant in males than females. To our knowledge, this is the first study to assess 

nicotine responses in HINT1 mice and the first to explore sex differences in these mice.

Male HINT1 −/− mice were less sensitive to nicotine-induced antinociception in the tail-

flick test, but not the hot-plate test. The hot-plate test predominantly reflects a supraspinal 

antinociceptive response (Dennis et al. 1980; Ramabadran & Bansinath 1986), whereas the 

tail-flick test predominantly measures a spinal antinociceptive response (Dennis et al. 1980; 

King et al. 1997). Thus, it is likely our results suggest a differential role for the gene in 

spinal vs. supraspinal nicotine-induced pain mechanisms. Although we observed no 

genotype differences in nicotine-induced hot-plate antinociception, male HINT1 −/− mice 

show enhanced antinociception in response to acute morphine in the hot-plate test (Guang et 
al. 2004). This effect is also the opposite of that observed for nicotine in the tail-flick test. 

HINT1 binds to the C-terminus of the mu-opioid receptor and negatively regulates 

phosphorylation and desensitization of the receptor, which may result in altered responses to 

morphine in HINT −/− mice (Guang et al. 2004). To date, it is unknown whether HINT1 

interacts with nAChRs involved in acute nicotine antinociceptive effects, such as α4β2 and 

α5 (Jackson et al. 2010; Marubio et al. 1999). While these studies suggest that HINT1 is 

involved in pain mechanisms, the response may differ depending on the given drug. 

Although female HINT1 −/− and +/+ mice showed nicotine-mediated dose-dependent 

increases in hot-plate latency, indicative of antinociception, there were no significant 

differences between genotypes.

Male and female HINT1 −/− mice were less sensitive to the nicotine-induced locomotor 

hypomotility at low nicotine doses, although locomotor activity counts were significantly 

higher in HINT1 −/− females compared with male counterparts after nicotine treatment, 

indicating that female HINT1 −/− mice are even less sensitive to the locomotor hypomotility 

effects of nicotine than male counterparts. While there was no significant difference in 

activity between saline-treated HINT1 −/− and +/+ females, saline-treated male HINT1 −/− 

had significantly higher activity than male HINT1 +/+ mice, suggesting baseline activity 

differences. Interestingly, the opposite was found in a previous study, where decreased basal 

locomotor activity was observed in HINT1 −/− mice relative to HINT1 +/+ mice (Barbier et 
al. 2007). There are, however, several differences that may account for this discrepancy. Our 

animals were tested 5 min after a s.c. saline injection; thus, it is possible that differences 

related to the stress of the injection may have occurred in this paradigm. We also tested mice 

for 30 min total, whereas in the Barbier et al. (2007) study, mice were exposed to the 

chamber for 90–120 min. Hypolocomotor effects may be observed in these mice with longer 

locomotor activity sessions. Further, we did not acclimate the mice to a novel environment in 

our study, which may have differential effects on the outcome. Compared with +/+ 

counterparts, HINT1 −/− mice are more sensitive to hyperlocomotor effects of amphetamine 

and the dopamine receptor agonist apomorphine, suggesting that absence of HINT1 may be 

associated with dysregulation of postsynaptic dopamine transmission (Barbier et al. 2007). It 

is possible that such alterations in dopamine transmission play a role in various drug 

responses and are involved in basal locomotor activity differences in male mice, but not in 

female mice. Altered dopaminergic transmission has been implicated in the pathophysiology 

of schizophrenia (Lewis & Lieberman 2000; Seeman 1987). Sex-specific effects were 
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observed with HINT1 in schizophrenia patients, where more prominent effects were 

observed in males compared with females (Chen et al. 2008; Vawter et al. 2004). Thus, it is 

of interest to determine if HINT1 dopamine alterations are more prevalent in males, and if 

these alterations contribute to specific behavioral phenotypes related to drug abuse or other 

psychiatric disorders.

In the plus maze assessment, male HINT1 −/− mice did not exhibit anxiolytic-like behavior 

after acute nicotine, as observed in their +/+ counterparts, suggesting that HINT1 −/− mice 

are less sensitive to the anxiolytic effects of nicotine. This lack of anxiolytic response was 

not specific to nicotine, however, as these mice also showed no anxiolytic-like response to 

diazepam. Alternatively, an anxiogenic-like response was observed in HINT1 −/− mice at 

the highest nicotine dose tested in this paradigm. Nicotine has been reported to produce both 

anxiolytic and anxiogenic effects in the plus maze, depending on the dose (Biala & 

Budzynska 2006; O’Neill & Brioni 1994; Varani & Balerio 2012); thus, our results may 

suggest that HINT1 −/− are more sensitive to the anxiogenic effects of nicotine. Previous 

studies report that male HINT1 −/− mice are more anxious under basal conditions than 

HINT1 +/+ mice (Varadarajulu et al. 2011). Because both nicotine and the known anxiolytic 

medication diazepam failed to reverse the anxiety-like behavior in male HINT1 −/− mice, it 

appears that altered HINT1 expression is associated with a general anxiety-like phenotype in 

the mouse. Results from this study are in contrast to results of the Barbier and Wang (2009) 

study, where HINT1 −/− mice were less anxious than +/+ counterparts. Mice in this study 

were 10–14 weeks of age, similar to the age range used in the Varadarajulu et al. (2011) 

study, whereas mice were significantly older (6–9 months) during testing in the Barbier and 

Wang (2009) study, suggesting the possibility of age-related effects associated with the gene. 

Indeed, as observed in older primates, HINT1 is downregulated in the temporal cortex 

during brain aging (Abdel Rassoul et al. 2010). Older (2–3 years of age) HINT1 −/− mice 

are also more likely to develop spontaneous tumors than +/+ counterparts (Li et al. 2006). 

For these studies, it is possible that downstream mechanisms, with age, are significantly 

altered in HINT1 −/− mice, resulting in significant differences in behavior. With the use of 

genetically modified animals, we also cannot rule out the possibility of effects related to 

compensatory mechanisms in subsequent generations of HINT1 −/− mice. Interestingly, the 

anxiogenic-like response observed in HINT1 −/− mice was also observed in female HINT1 

−/− and +/+ mice. It would be of interest in future studies to assess the role of HINT1 in 

anxiety phenotypes through a genetic association study in humans to determine if such sex 

differences with HINT1 extend to anxiety disorders, and if altered HINT1 expression in 

males results in greater resistance to anxiolytic medications.

In this study, HINT1 −/− mice are, in general, less sensitive to acute nicotine-mediated 

behaviors, and these effects were predominantly observed in male mice, suggesting that 

alteration of the HINT1 gene has a greater effect on acute nicotine-mediated responses in 

males than females. We also propose that the gene may have a larger role in anxiety-like 

phenotypes in males compared with females. Because sex differences in HINT1 genetic 

variation and brain expression were also observed in schizophrenia, phenotypes associated 

with HINT1 polymorphisms may differ depending on the sex of the individual. Further 

clarification of the role of HINT1 in nicotine-mediated behaviors and psychiatric disorders 
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will provide additional understanding of mechanisms contributing to smoking and comorbid 

disorders.
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Figure 1: HINT1 mediates acute spinal antinociceptive effects of nicotine.
Nicotine-induced antinociception was observed in both sexes and genotypes in both tests. (a) 

Male HINT1−/− mice are less sensitive to nicotine-induced antinociception than their +/+ 

counterparts in the tail-flick test, but (c) not in the hot-plate test. (b) Female HINT1 +/+ and 

−/− mice do not significantly differ in their antinociceptive response to nicotine in the tail-

flick or (d) hot-plate test. Each point represents the mean ± SEM for 10–12 mice per group. 

* denotes P < 0.05 vs. corresponding +/+ mouse. ‘+ ’ denotes P < 0.05 vs. lowest nicotine 

dose for corresponding genotype. The x-axis represents nicotine doses administered and the 

y-axis represents %MPE.
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Figure 2: HINT1 does not mediate acute nicotine-induced hypothermia.
Nicotine induced a significant decrease in body temperature in both sexes and genotypes. (a) 

Male and (b) female HINT1 +/+ and −/− mice do not differ in their responses to nicotine-

induced hypothermia. Each point represents the mean ± SEM for 10–12 mice per group. ‘+ ’ 

denotes P < 0.05 vs. lowest nicotine dose for corresponding genotype. The x-axis represents 

nicotine doses administered and the y-axis represents the change in body temperature (Δ°C).
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Figure 3: HINT1 mediates nicotine-induced hypomotility at low nicotine doses.
(a) Male HINT1 −/− mice are less sensitive to the locomotor depressant effects of nicotine 

compared with male HINT1 +/+ mice at the dose of 0.1 mg/kg. HINT1 −/− mice do not 

differ from +/+ counterparts at doses higher than 0.1 mg/kg. (b) Female HINT1 −/− mice are 

significantly less sensitive to the locomotor depressant effects of nicotine at 0.1 and 0.25 

m/kg, but not at higher nicotine doses. Each point represents the mean ± SEM for 8–10 mice 

per group. * denotes P < 0.05 vs. corresponding +/+ group. ‘+ ’ denotes P < 0.05 vs. 

corresponding saline group for both genotypes. The x-axis represents nicotine doses 

administered and the y-axis represents the percentage of saline baseline.
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Figure 4: HINT1 is involved in the nicotine-induced anxiety response in the plus maze test.
(a) Male HINT1 −/− mice did not exhibit a dose-dependent nicotine-induced anxiolytic 

response as observed in HINT1 +/+ mice; however, there was a significant anxiogenic 

response at 0.1 mg/kg compared with saline-treated HINT1 −/− mice (denoted by ‘+’ in a). 

(b) Female HINT1 +/+ and −/− mice do not differ in their response to nicotine in the plus 

maze. Each point represents the mean ± SEM for six mice per group. * denotes P < 0.05 

compared with corresponding +/+ mice. In b, ‘+’ denotes P < 0.05 compared with saline, 

0.025 and 0.05 mg/kg nicotine for both genotypes. The x-axis represents nicotine doses 

administered and the y-axis represents the average time spent in the open arms of the plus 

maze in seconds.
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Table 2:

HINT1 +/+ and −/− male and female locomotor activity counts at 0.1 mg/kg nicotine

Groups Locomotor activity counts ± SEM

HINT1 +/+ male 86 ± 43

HINT1 −/− male 306 ± 28*

HINT1 +/+ female 473 ± 43**

HINT1 −/− female 849 ± 36**

*
Denotes P < 0.05 vs. HINT1 +/+ male mice;

**
Denotes P < 0.05 vs. male counterparts.
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Table 4:

The nicotine-induced anxiolytic effect in male HINT1 −/− mice is not specific to nicotine

Groups Time in open arms ± SEM (seconds)

Baseline- HINT1 +/+ PM: 13.7 ± 2.6

HD: 4.5 ± 0.9

SAP: 3.8 ± 1.0

Baseline- HINT1 −/− PM: 10.8 ± 3.5

HD: 4.2 ± 0.9

SAP: 2.5 ± 0.4

Diazepam-HINT1 +/+ PM: 32.0 ± 9.0*

HD: 7.3 ± 0.8*

SAP: 2.3 ± 0.3

Diazepam-HINT1 −/− PM: 7.6 ± 3.6

HD: 3.4 ± 0.5

SAP: 1.3 ± 0.3

Diazepam (0.25 mg/kg, i.p.) induced a significant anxiolytic response in HINT1 +/+ mice in the plus maze test, but failed to induce the response in 
HINT1 −/− mice. These results suggest a general anxiety-like phenotype in HINT1 −/− mice. Each point represents the mean ± SEM for seven to 
nine mice per group. HD, head dip; PM, plus maze time spent in open arms; SAP, stretched attend posture.

*
Denotes P < 0.05 vs. all other groups.
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