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Social and anxiety-like behaviors 
contribute to nicotine self-
administration in adolescent 
outbred rats
Tengfei Wang1, Wenyan Han1, Apurva S. Chitre2, Oksana Polesskaya2, Leah C. Solberg Woods3,  
Abraham A. Palmer 2,4 & Hao Chen  1

Both emotional and social traits interact with genetic factors to influence smoking behavior. We 
previously established a socially acquired nicotine intravenous self-administration model where social 
learning of a nicotine-associated odor cue reversed conditioned flavor aversion and promoted nicotine 
intake. In this study, we first phenotyped ~800 adolescent heterogeneous stock rats in open field, 
novel object interaction, social interaction, elevated plus maze, and marble burying behaviors. These 
rats were then phenotyped on socially acquired nicotine self-administration. We found 243 significant 
correlations between different behavioral tests. Principal component regression analysis found that 
~10–20% of the variance in nicotine-related measures, such as intake during the first or the last three 
fixed-ratio sessions, the progressive ratio session, and reinstatement behavior, can be explained 
by variations in behavioral traits. Factors corresponding to social behavior and anxiety were among 
the strongest predictors of nicotine intake and reinstatement of nicotine-seeking behavior. We also 
found many sex differences in behavioral measures. These data indicated that the genetic diversity of 
this population, in combination with social behaviour and anxiety, are significant contributors to the 
divergent nicotine self-administration behavior and indicated a high probability of discovering sex-
specific genetic mechanisms for nicotine intake in future genome-wide association studies.

Smoking behavior is affected by a myriad of environmental and genetic factors. The strong influence of social 
environment in smoking initiation, especially during adolescence, the most critical age for smoking initiation1, is 
well-documented2,3. Many personality and affect-related traits are known to influence smoking behavior4, such as 
anxiety5,6, negative affect7, or response to stress8. Genetic factors are critical to cigarette smoking9,10. The overall 
heritability of smoking is estimated to be 0.4–0.6 in human11,12. In addition, genetic variants of many genes, such 
as the CHRNA5-CHRNA3-CHRNB4 cluster13–15, CYP2A616, contribute to smoking behaviors. However, less 
than 1% of the heritable variance in smoking behaviors was attributed to these polymorphisms, indicating that 
most of the genetic factors determining smoking behaviors are still unknown13,15.

We have developed a rat model of adolescent nicotine intravenous self-administration (IVSA) that captures 
the role of social learning in promoting nicotine intake. This operant licking model delivers intravenous nico-
tine with a contingent flavor (i.e., taste and odor) cue. One fundamental finding from this model was that rats 
trained alone in a operant chamber developed conditioned flavor aversion and failed to self-administer nico-
tine. However, interacting with another rat that consumed the same flavor cue during training reversed the con-
ditioned aversive response and promoted nicotine intake17. We have further observed that the presence of a 
nicotine-associated odor cue17 and carbon disulfide18, a component of rodent breath, are two critical signals for 
the effect of social learning on nicotine intake. In contrast, the taste cue did not appear to be important17.
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We have obtained converging evidence that operant licking in this model was specific for nicotine, and 
nicotine infusion was not affected by the subjective value of the flavor cue. For example, nicotine intake with 
social learning was similar between two appetitive cues with different odor17, and was almost identical between 
an aversive quinine-containing and an appetitive saccharine-containing flavor cue, regardless the presence or 
absence of a contingent audiovisual cue19; nicotine intake was not affected by removing the flavor cue after rats 
acquired nicotine IVSA17; mecamylamine, a nicotinic receptor antagonist, reduced nicotine intake17; there was 
an inverted U-shaped nicotine dose-response curve in Sprague-Dawley (SD) rats17; further, there was a signifi-
cant dose-response to nicotine in 12 isogenic strains of rats20. Together, these data indicate that although social 
transmission of nicotine-associated odor cue is necessary for IVSA, once IVSA is acquired, operant behavior is 
motivated by the reinforcing effect of nicotine.

This socially acquired nicotine IVSA model allows us to study the contributions of various environmental, 
emotional, and genetic factors to adolescent-onset voluntary nicotine intake. By assessing behaviors related to 
locomotion, novelty object interaction, anxiety-like phenotype, and social interaction in each rat before nicotine 
self-administration, we can correlate aspects of these behavioral traits with nicotine intake. Using inbred strains 
of rats, we have estimated the heritability of nicotine intake to be 0.54–0.65 in this model20. Thus, the contribution 
of genetic factors to nicotine intake can also be studied.

Here we summarize data obtained from approximately 800 adolescent heterogeneous stock (HS) rats. The 
HS rats were derived from eight inbred founder strains21. After more than 70 generations of out-breeding, each 
HS rat represented a unique random mosaic of the founder haplotypes22. This population has been successfully 
used to map many physiological and behavioral traits23–27. Our results showed that features extracted from the 
non-nicotine behavioral profiling explained 10–20% of the variation in nicotine intake.

Results
Breeding and study population. A total of 8 batches of rats were processed between 2014–2017. Each 
batch started with 25 male and 25 female non-sibling breeders. Breeding pairs were assigned to maximize genetic 
diversity of the population. The average litter size was 9.1 ± 0.21. Litters were culled to a maximum of 8 pups to 
ensure standard nutrition. Rats were weaned on postnatal day (PND) 21. A radio frequency identification chip 
(RFID) was inserted subcutaneously when rats were weaned. Two male and two female rats per litter were used 
for behavioral studies. No significant variations in litter size were observed between batches (F7,158 = 2.0, p > 0.05). 
A total of 387 female and 377 male offspring were used in these studies. Data from a maximum of 6 females and 7 
males were lost due to technical reasons during the behavioral tests between PND32 and PND36.

Open field test (OFT). From each litter, two male and two female rats were randomly selected to receive five 
behavioral tests starting on PND 32, one test per day, starting from the OFT (see Table 1). Rats were placed in a 
1 m × 1 m square arena for 1 h during this test. As shown in Table 2, female rats traveled a greater distance (1.07×) 
than did the males in the arena. Females also stayed slightly closer (0.98×) to the center of the arena, entered the 
center zone more frequently (1.22×), and spent more time in the center zone than did the males (1.27×). The 
latency of entering the center zone between was not statistically different between the female and male rats. Taken 
together, female adolescent HS rats explored the open field, including the center zone, more than the males.

PND Procedure

32 Open field

33 Novel object

34 Social interaction

35 Elevated plus maze

36 Marble bury

38–40 Surgery & recovery

41–50 Nicotine IVSA, FR

51 Nicotine IVSA, PR

52–60 Extinction, Reinstatement

Table 1. Schedule for behavioral tests.

n

Travel Distance
Distance to 
Center Center Center Center

Total (cm) Mean (cm) Duration (s) Frequency Latency (s)

F 387 14636.4 ± 3846.3 33.3 ± 3.5 65.9 ± 59.0 21.0 ± 14.9 277.9 ± 824.8

M 377 13688.1 ± 3774.7 34.1 ± 3.4 52.0 ± 50.2 17.2 ± 13.9 274.9 ± 375.6

F/M ratio 1.07 0.98 1.27 1.22 1.01

Effect size 0.25 0.22 0.24 0.25 0

p 0.0006 0.003 0.0009 0.0007 0.99

Table 2. Open field test summary statistics (mean ± SD).
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Novel object interaction test (NOIT). The NOIT was conducted in the same arena as the OFT with 
the exception that a cylindrical cage was placed in the center of the arena. Compared to the OFT, rats stayed 
significantly closer to the center of the arena (F1,1406 = 1155.6, p < 2e–16), visited arena center more frequently 
(F1,1406 = 208.0, p < 2e–16), spent significantly more time in the center of the arena (F1,1406 = 50.7, p = 1.7e–12), 
and entered arena center with shorter latency (F1,1406 = 866.7, p < 2e–16) during the NOIT than during the OFT. 
These data indicated that placing a novel object in the center of the arena changed the behavior of the rats, and 
thus this test measured a different behavioral process compared with the OFT.

Consistent with the OFT, female rats traveled a greater distance than male rats (1.07×). The females also 
stayed closer to the center zone (0.92×), spent more time in the center zone (1.13×), and entered the center zone 
sooner (0.79×) compared with male rats. The frequency of entering the center zone (Table 3) was not statistically 
different between males and females. These results demonstrated that adolescent female HS rats had more inter-
action with the novel object than did the males.

Social interaction test (SIT). Two identical cylindrical rat enclosures were placed in the arena, one of them 
housed a weight matched SD rat of the same sex as the HS subject rat, while the other was empty. The HS rats 
paid more visits (72.55 ± 32.52 vs 37.55 ± 17.39, p < 2.2e–16), waited less time before entering (4.05 ± 21.13 vs 
38.04 ± 56.26 s, p < 2.2e–16), stayed longer (440.25 ± 204.64 vs 138.59 ± 84.8 s, p < 2.2e–16), and remained closer 
(11.74 ± 4.64 vs 23.91 ± 5.46 cm, p < 2.2e–16) to the social zone than the object zone. Female rats remained closer 
to the social zone (0.90×), spent less time in the object zone (0.80×) but more time in the social zone (1.18×), 
and paid fewer visits to object zone (0.81×) compared with male rats (Table 4). There was no significant sex dif-
ference in total travel distance, distance to the object zone, latency of entering either the object or the social zone, 
or frequency of entering the social zone. These data indicated that adolescent HS rats were pro-social and that the 
females had stronger tendency to engage in social interaction with unfamiliar rats than did by males.

Elevated plus maze test (EPM). HS rats were tested in a standard EPM in the next session. Overall, 
HS rats visited more frequently (16.25 ± 8.10 vs 10.54 ± 7.03, p < 2.2e–16), spent more time (225.75 ± 67.32 vs 
63.67 ± 46.86 s, p < 2.2e–16), and waited a shorter period of time (36.77 ± 43.91 vs 99.76 ± 113.00 s, p < 2.2e–16) 
before entering the closed arm than the open arm. Female HS rats traveled a greater distance (1.05×), spent more 
time in the open arm (1.26×) and the center zone (1.13×), and thus less time in the closed arm (0.93×) than did 
the males (Table 5). There was no significant sex difference in the frequency and latency of entering the open arm, 
the closed arm, or the center zone. These results indicated that adolescent male HS rats have greater anxiety-like 
behavior than females.

Marble bury test (MBT). The final behavioral test was the MBT, where rats were placed in an arena with 
20 marbles laid out as a 5 × 4 grid for 20 min. Rats started to dig the bedding after 84.1 ± 93.9 s, and left 7.8 ± 4.5 
marbles unburied. The sex difference in the MBT was not statistically significant (Table 6).

Correlations between behavioral tests. Pearson correlations between behavioral test scores were calcu-
lated using the corr.test function in the Psych package of R. Multiple comparisons were adjusted using the Holm 
method. There were 354 correlations with adjusted p < 0.05. Among them, 111 were from measures of the same 
test and the 243 remaining were from measures of different tests. These results are summarized as a heat-map 
(Fig. 1). In general, correlations within the same behavioral test have relatively high coefficients. For example, 
total travel distance and close arm duration in the EPM test is negatively correlated (r = −0.62, Fig. 2A). Details 
of these findings are provided in Tables S1–S5. In comparison, most of the cross-test correlations had moderate 
to low coefficients. Details of the significant correlations between behavioral tests are shown in Table S6–S7 (for 
r > 0.2) and in Table S8–S11 (for r < 0.2). Two examples of these correlations, between the EPM and NOIT tests, 
are shown in Fig. 2B,C. Notably, total travel distance, which was measured in four of the tests described above, 
showed some of the highest correlations. There were also strong correlations between the NOIT and the OFT, 
which used the same test arena. Measures of SIT and MBT had some of the weakest correlations with other tests, 
which was consistent with our expectation that they measured distinct aspects of rodent behavior.

Socially acquired nicotine intravenous self-administration (IVSA). IVSA started on PND 41. The 
first 10 daily sessions used a fixed ratio 10 reinforcement schedule to concurrently deliver a flavor cue contain-
ing carbon disulfide (CS2) to the active spout and i.v. nicotine. CS2 is a component of rodent breath and part of 
the complex signal that facilitated socially acquired nicotine IVSA18. A progressive ratio test was conducted in 

n

Travel Distance
Distance to 
Center Center Center Center

Total (cm) Mean (cm) Duration (s) Frequency Latency (s)

F 381 7684.3 ± 1998.8 23.5 ± 5.7 276.7 ± 172.1 33.8 ± 18.9 83.6 ± 131.9

M 371 7204.3 ± 1990.7 25.5 ± 6.7 244.8 ± 174.7 32.4 ± 22.2 105.6 ± 149.6

F/M ratio 1.07 0.92 1.13 1.04 0.79

Effect size 0.23 0.32 0.18 0.07 0.16

p 0.002  <  1e-04 0.01 0.37 0.03

Table 3. Novel object test summary statistics (mean ± SD).
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session 11. Catheter patency was validated thereafter. Among the 730 rats that started nicotine IVSA, 88 rats were 
excluded from further analysis due to experimental errors or catheter failure.

The number of licks on both spouts during the fixed-ratio sessions are shown in Fig. 3. Due to the wide range 
of licking activity, data were split into two groups using the median nicotine infusion of the 10 fixed ratio sessions 
for each sex. For rats with higher nicotine infusions (Fig. 3A), the number of licks on the active spout was signif-
icantly greater than those on the inactive spout (F1,298 = 83.9, p < 2e–16); females licked significantly more than 
the males (F1,289 = 10.65, p = 0.001); the number of licks on the active spout increased significantly (F9,2789 = 5.79, 
p = 5.3e-08), while the number of licks on the inactive spouts significantly decreased over the course of the ses-
sions (F9,2812 = 37.9, p < 2e–16). In contrast, for rats with lower nicotine infusions (Fig. 3B), the number of licks on 
the active spout was significantly fewer on the active spout than on the inactive spout (F1,304 = 238.4, p < 2e–16); 
females licked significantly more than the males (F1,304 = 9.63, p = 0.002); but the number of licks on the active 
(F9,2797 = 35.13, p < 2e–16) and inactive spouts (F9,2797 = 43.28, p < 2e–16) both decreased significantly over ses-
sions. These results are consistent with our previous findings that, despite being paired with an appetitive cue, i.v. 
nicotine has aversive properties that are reversed by social learning, but genetic factors also plays significant roles 
in determining the effect of social learning20. The mean nicotine infusions during 10 fixed-ratio sessions for each 
rat are shown in Fig. 3C,D for females and males. The mean infusion distributed in a wide range [0, 30.9].

Similar to other behavior tests, there were many sex differences in nicotine self-administration. For example, 
females received significantly more infusions than males during the first three (p = 0.007, Fig. 4A) and the last 
three (p = 0.007, Fig. 4B) fixed ratio sessions. Females also reached higher breakpoints during the progressive 
ratio test (p = 0.002, Fig. 4C). Lastly, rats licked more on the active than on the inactive spout during the reinstate-
ment test (p < 2e–16). The number of licks on the active spout was greater in females than in males (p < 2e–16). 
However, there was no sex difference in the number of licks on the inactive spouts (p = 0.998). Thus both males 
and females demonstrated contextual cue-induced reinstatement but drug-seeking was stronger in females.

Principal component regression analysis. All data from the behavioral tests conducted before the ini-
tiation of nicotine IVSA, including OFT, NOIT, SIT, EPM, and MBT, were first scaled to [0,1] and centered. A 
principal component analysis was conducted, which resulted in 35 PCs. Varimax rotation was used to obtain 
orthogonal factors, thus avoid the multicollinearity between the independent variables used in subsequent regres-
sion analysis. Varimax rotated PCs often load on few input variables, this also facilitates the interpretation of 

n

Travel Dist
Dist to Obj 
Zone

Dist to Soc 
Zone Obj Zone Obj Zone Obj Zone Soc Zone Soc Zone Soc Zone

Total (cm) Mean (cm) Mean (cm) Duration (s) Frequency Latency (s) Duration (s) Frequency Latency (s)

F 381 8716.3 ± 2262.9 23.7 ± 5.3 11.1 ± 5.0 123.1 ± 81.1 33.7 ± 15.7 38.8 ± 58.9 475.7 ± 211.0 71.8 ± 34.5 3.9 ± 14.9

M 370 8985.1 ± 2248.4 24.2 ± 5.6 12.4 ± 4.1 154.5 ± 85.7 41.5 ± 18.2 37.3 ± 53.4 403.7 ± 191.4 73.3 ± 30.4 4.2 ± 26.1

F/M ratio 0.97 0.98 0.9 0.8 0.81 1.04 1.18 0.98 0.93

Effect size 0.12 0.09 0.29 0.38 0.46 0.03 0.36 0.05 0.02

p 0.10 0.21  <  1e-04  <  1e-04  <  1e-04 0.72  <  1e-04 0.53 0.82

Table 4. Social interaction test summary statistics (mean ± SD).

n

Distance Open Arm Open Arm Open Arm Close Arm Close Arm Close Arm Center Center Center

Traveled (cm) Duration (s) Frequency Latency (s) Duration (s) Frequency Latency (s) Duration (s) Frequency Latency (s)

F 379 1850.6 ± 409.6 71.0 ± 49.4 10.8 ± 7.0 94.2 ± 101.8 217.5 ± 65.6 16.1 ± 8.0 37.0 ± 42.0 48.7 ± 33.7 26.3 ± 13.4 9.8 ± 25.5

M 368 1768.2 ± 449.3 56.2 ± 42.9 10.3 ± 7.1 105.9 ± 124.0 234.5 ± 68.0 16.4 ± 8.2 36.7 ± 46.0 43.0 ± 27.0 25.0 ± 13.1 11.7 ± 30.2

F/M ratio 1.05 1.26 1.05 0.89 0.93 0.98 1.01 1.13 1.05 0.84

Effect size 0.19 0.31 0.07 0.1 0.25 0.04 0.01 0.18 0.09 0.07

p 0.009  <  1e-04 0.32 0.16 0.0007 0.59 0.93 0.01 0.21 0.36

Table 5. Elevated plus maze summary statistics (mean ± SD).

n Number Left Dig Latency (s)

F 382 8.0 ± 4.7 78.1 ± 96.9

M 375 7.7 ± 4.3 90.2 ± 90.5

F/M ratio 1.04 0.87

Effect size 0.06 0.13

p 0.40 0.08

Table 6. Marble bury test summary statistics (mean ± SD).
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these components. The amount of variance explained by these PCs were shown in Fig. S1. As shown in Fig. 5, PCs 
1–31 all had strong loading on at least one of the behavioral measures. Because it has been shown PCs explain 
low variance are often significant in regression analysis28,29, these PCs were retained in the subsequent analysis.

Figure 1. Correlations between behavioral tests. A total of 35 measures were obtained from the five behavioral 
tests conducted before the commencement of nicotine self-administration. Pearson correlation coefficients 
between these measures were plotted on the upper (left) triangle of the heatmap. The Holm-adjusted p values 
(converted using -log10) for these correlations were shown on the lower (right) triangle of the heatmap. The top 
dendrogram was obtained using hierarchical clustering. OFT: open-field test, NOIT: novel object interaction 
test, SIT: social interaction test, EPM: elevated plus maze, MBT: marble bury test.

Figure 2. Selected scatter plots of behavioral correlations. EPM total travel distance is significantly 
correlated with (A) EPM close arm duration (p < 2.26 × 10−16, r = −0.62) and (B) NOIT object zone 
frequency (p < 0.5 × 10−13, r = 0.26). (C) EPM central duration is correlated NOIT distance to object zone 
(p < 1.80 × 10−13, r = −0.26). NOIT: novel object interaction test, EPM: elevated plus maze. The black line 
represents the result of linear regression.
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Table 7 summarizes the results of multiple regression on nicotine infusion during the fixed ratio and pro-
gressive ratio sessions and the number of licks on the active spout during context cue-induced reinstatement 
of drug-seeking. In general, 10–20% of the variance in these measures were explained by approximately 5–6 
significant PCs. Notably, PCs 5, 6, 19, & 20 which had strong loadings on the social interaction test, and PCs 18, 
21 & 22, which had strong loadings on anxiety-related traits, had significant contributions to several measures of 
nicotine intake and reinstatement in both sexes. In addition, PCs 2 and 3, which loaded onto anxiety and social 
behavior, respectively, were significant predictors of nicotine infusion in males. Details for these analyses are 
provided in Tables S12–S19. The analysis presented above used PCs generated using both male and female data. 
We also conducted regression using sex-specific PCs and the amounts of variance explained were very similar 
(data not shown).

Correlation between nicotine metabolism and self-administration. We measured the level 
of serum cotinine in 96 rats that received forced nicotine injections one day after their progressive ratio test. 
Standard curves were fitted using four parameters and R2s were >0.99. Cotinine levels were 69.8 ± 45.7 and 
66.2 ± 34.5 ng/ml in females and males, respectively (mean ± SD, p > 0.05). We found that there was no correla-
tion between cotinine level and the amount of self-administered nicotine during the last 3 nicotine IVSA sessions 
(r = 0.004, p = 0.97, Fig. 6).
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Figure 3. Socially acquired nicotine self-administration, fixed ratio 10. Rats were split into high vs low nicotine 
intake groups for each sex based on the median of nicotine infusion during the 10 fixed-ratio sessions. The 
high intake groups licked significantly more on the active spouts compared to the inactive spout (A), while the 
reverse was true for the low intake group (B). Error bars in these panels represent standard errors. The mean 
nicotine intake (log transformed) during the 10 fixed-ratio sessions is shown as a box plot (C), where the thick 
black line in the middle of the boxes represent the median, the height of the boxes represent the interquartile 
range (IQR), the top and bottom hinges represent the ±1.5 IQR, and the grey circles represent individual 
data points that are outliers. The total nicotine infusion during the 10 sessions for females and males (log 
transformed) are shown as histograms in (D).
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Discussion
This is an interim report of our ongoing genome-wide association study on socially acquired nicotine 
self-administration. Each of the ~800 adolescent heterogeneous stock rats was first tested on five behavioral tests, 
including OFT, NOIT, SIT, EPM, and MBT. Rats were then implanted with a jugular catheter and trained on the 
socially acquired nicotine IVSA protocol after recovery. DNA samples were collected from each rat and are being 
analyzed. Our current sample size is approximately half of our goal. However, these data already provide numer-
ous interesting findings, such as 243 significant correlations between behavioral tests (0.07 < |r| < 0.40) and 16 
significant sex differences in behavioral measures. We also performed a principal component regression analysis 
and found that ~10–20% of the variance in nicotine self-administration can be explained by PCs with strong load-
ings of measures of social interaction and anxiety-like behaviors. Lastly, we found that there was no correlation 
between nicotine intake and nicotine metabolism.

Our study used an outbred population of HS rats, which was purposely bred to produce large genetic differ-
ences within the population30. We therefore expected to find large variations in the behaviors we measured. This 
indeed was the case (Tables 2–6, Figs 3 and 4). The large variation in nicotine IVSA was in agreement with a pre-
vious report using the HS population31. Another contributor to this large variation was the operant licking behav-
ior, which had a response rate of 6–7 times per second32. This rate was much greater than lever pressing or nose 
poking typically used for operant drug self-administration studies, thus allowing larger individual differences to 
be detected. An alternative explanation was that these variations were technical in nature. This was very unlikely 
because we have used the same procedures on the SD18 outbred and 12 isogenic strains of rats20 and found much 

F M

0
5

10
15

20
25

30

A. Fixed ratio
First three sessions 

In
fu

si
on

s ***

F M

0
5

10
15

20
25

30

B. Fixed ratio
Last three sessions 

In
fu

si
on

s

***

F M

0
5

10
15

C. Progressive ratio 

B
re

ak
po

in
t

***

Active
F

Active
M

Inactive
F

Inactive
M

0
20

0
40

0
60

0
80

0

D. Context reinstatement

N
um

be
r 

of
 li

ck
s ***

### ###

Figure 4. Sex differences in socially acquired nicotine self-administration. As shown in the box plots, females 
obtained significantly more nicotine infusions during the first three (A) and the last three (B) fixed-ratio 
sessions and during the progressive ratio session (C) than males. Both females and males licked significantly 
more on the active spout than on the inactive spout during the contextual cue-induced reinstatement session. 
Females also showed stronger reinstatement than males (D). In each plot, the thick black line in the middle 
of the box represents the median, the height of the box represents the interquartile range (IRQ), the top and 
bottom hinges represent the ±1.5 IRQ, the grey circles are individual data points that are outliers. ***p < 0.001, 
compared to females. ###p < 0.001 compared to the corresponding active spout.
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smaller within-strain variation (but large between-strain variation). We will exploit these large variations in our 
future genetic association study to identify their causal genetic factors.

Since the same rats were tested in all of the behavioral tests, we also expected measures influenced by the 
same genetic factors to be correlated. As shown in Fig. 1, we found 354 significant correlations among measures 
of non-nicotine phenotypes. As expected, many (111) of these were between measures of the same behavioral 
test (Tables S1–S5). Most interestingly, we also found 243 significant correlations that were between measures of 
different behavior tests (Tables S6–S11). The finding of a large number of a relatively low coefficient (e.g., r < 0.4) 
but statistically highly significant correlations between behavioral tests is in agreement with other behavioral 
studies that had similar sample sizes (e.g., Lopez-Aumatell et al.33, n = 787). A likely explanation for these correla-
tions was that they were controlled by the same behavioral process and thus were influenced by the same genetic 
factors.

The NOIT had some of the strongest cross-test correlations. For example, the correlation of the mean distance 
to the center zone between OFT and NOIT tests was 0.33. The center zone frequencies and durations were also 
correlated between these two tests (r = 0.27 for both, Table S6). Although this could partially be explained by 
these two tests shared the same arena, EPM close arm duration, an indicator of anxiety obtained in a different 
experimental setup, was also correlated with the distance to the center zone measured in the NOIT (r = 0.22, 
Table S6). These findings suggested that although rats were habituated for 1 h in the arena on the first day of the 
test, interacting with a novel object in the center of the same arena the next day nevertheless induced a similar 
approach/avoidance conflict. On the other hand, compared to the OFT, rats entered the center zone with signif-
icantly shorter latency, visited the center with higher frequency, spent more time in the center zone during the 
NOIT, thus indicating that the NOIT indeed measured the natural exploratory behavior34 of these HS rats.

Another group of interesting correlations was that between OFT and EPM. Both these tests were commonly 
used to measure anxiety-like behavior. We found that OFT center frequency was correlated with EPM open arm 
duration (r = 0.22) and EPM close arm duration (r = −0.15). Distance to the center zone in the OFT was corre-
lated with EPM close (r = 0.16) and open (r = −0.23) arm duration. Also, OFT center latency was correlated with 

Figure 5. Variable loading for principal component analysis. Principal component (PC) analysis followed by 
a varimax rotation procedure were conducted on behavioral measures obtained from the five non-nicotine-
related behavioral tests. The loading of each PC was plotted as a heatmap.

Phenotype Sex Significant PCs R-squared F p

Nicotine infusion first 3 FR sessions F 6, 7, 12, 17, 18, 22 0.16 4.55 4.0 × 10−7

Nicotine infusion first 3 FR sessions M 5, 18, 19, 21, 23, 25 0.14 3.31 3.9 × 10−5

Nicotine infusion last 3 FR sessions F 12, 19, 31 0.09 3.48 4.0 × 10−4

Nicotine infusion last 3 FR sessions M 1, 2, 3, 5, 6, 13, 15, 17, 20, 30 0.19 4.10 2.2 × 10−7

Nicotine infusion PR session F 4, 5, 6, 18, 22 0.16 2.66 2.0 × 10−4

Nicotine infusion PR session M 1, 5, 20, 21, 22, 31 0.19 3.43 3.6 × 10−6

Reinstatement, active lick F 6, 19 0.10 2.84 2.0 × 10−3

Reinstatement, active lick M 5, 14, 17, 20, 21, 23 0.17 3.06 2.9 × 10−5

Table 7. Summary of principal component regression on nicotine self-administration. The social behavior and 
anxiety associated PCs that frequently significant for nicotine traits were highlighted in bold or underlined, 
respectively.
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EPM open arm latency (r = 0.08), and open arm frequency was correlated with OFT center frequency (r = 0.09). 
Because of the relatively small correlation coefficients, these data thus supported the notion that EPM and OFT 
were measuring different aspects of anxiety-like behavior35.

The third group of intriguing correlations involved total travel distance. Correlations of total travel distance 
between the four tests where they were measured were among the strongest in this dataset (0.29 < r < 0.39). 
Because freezing is a common response of rodents to fear and anxiety36, one likely explanation for this correlation 
is that these tests all invoked generalized anxiety. This postulate was further supported by the strong negative 
correlation between total distance and close arm duration in the EPM test (r = −0.62).

There were also tests that had little correlation with others, such as those measuring the social zone in SIT and 
the MBT. These suggested that social interaction and marble bury measured aspects of rat behavioral repertoire 
that were not related to anxiety or fear.

We found many sex differences in behavior tests. Overall, adolescent male HS rats have heightened levels of 
anxiety-like behavior than do females. Compared to females, the males stayed further away from the center of the 
arena in the OFT and NOIT, spent less time in the center zones, and made fewer visits to the center zone (Table 2 
and Table 3); they also entered the open arms after longer delays, paid fewer visits to the open arms, and spent 
less time exploring the open arms in the EPM test (Table 5). These sex differences in the HS population were in 
agreement with those reported by Lopez-Aumatell et al.33 and by us31 for the adult HS rats.

We also found a strong sex difference in nicotine IVSA. Without exceptions, females had more robust nicotine 
intake behavior than males: they obtained more nicotine during the first and the last three fixed-ratio sessions 
(Fig. 4A,B), they had higher breakpoints in the progressive ratio session and showed a greater number of licks on 
the active spout in the reinstatement test (Fig. 4D). These differences are in agreement with our previous finding 
in HS adults31. This overall sex difference potentially indicated enhanced vulnerability of females to the reinforc-
ing properties of nicotine in a social environment. Alternatively, it could suggest that the heightened anxiety-like 
behavior in males could potentially have a protective effect against nicotine intake. This relationship could be 
specific to the HS rats because prior studies have shown that the relationship between nicotine consumption and 
anxiety depends on both the age and the genetic background of rodents37.

When compared to our previous finding using adult HS rats31, the data presented here also indicated that there 
was a large difference in these behaviors when measured at different ages. For example, the center duration for the 
adults in the OFT was almost three times that of the adolescents for both males and females. Similarly, the percent 
time spent by adult HS rats in exploring the open arm in the EPM test was twice that of the adolescents for both 
males and females. Although these data were collected several years apart, they were collected using genetically 
similar rats, the same equipment and analyzed using the same software. Given the large magnitude of the differ-
ence, it is very likely that adolescent HS rats have higher levels of anxiety than adults.

The main phenotype of this study is socially acquired nicotine IVSA. We previously reported a large sex dif-
ference in nicotine intake in 100 adult HS rats using a protocol where a demonstrator rat consuming the flavor 
cue was present during the IVSA sessions31. The interpretation of these results was complicated by the finding of 
a large sex difference in the behavior of the demonstrator rats, where the females consumed more flavor cue but 
had fewer social interactions (i.e., nose poke into the divider) than the males. Because of the social nature of this 

Figure 6. Lack of correlation between nicotine metabolism and nicotine self-administration. Rats received 
5 intravenously nicotine injections (30 μg/kg) one day after the progressive ratio test. Blood samples were 
withdrawn 3 h after the last injection. Plasma cotinine levels were measured using a rat ELISA assay.
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IVSA method, the effects of the demonstrator rats’ behavior and the genetic factors of the HS rats on nicotine 
intake were confounded. More recently, we have reported that carbon disulfide, a chemical component of mam-
malian breath that mediates social transmission of food preference38 was also effective in supporting nicotine 
IVSA with a flavor cue18. With this new approach, the effect of the demonstrator rat was recapitulated by adding 
a component of their breath into the flavor cue. This effectively removed the behavior of the demonstrator rat as a 
confounding factor while retained the social nature of our nicotine IVSA method. This social nature was further 
validated by regression analysis showing that factors corresponding to measures of social behaviors were among 
the strongest predictors of nicotine intake and reinstatement of nicotine-seeking in this model (see below).

In general, the average nicotine intake in the adolescent HS rats was lower than those we previously reported 
for the SD rats17, which is also an outbred population. This difference is likely due to several founding strains 
of the HS population, including Fisher 344 and Wistar-Kyoto, which show low nicotine intake when tested 
using the socially acquired protocol20 or the lever pressing protocol39,40. To better appreciate the variation in 
self-administration data, we split the data using the median nicotine intake for the 10 fixed-ratio sessions. In both 
females and males, rats with higher nicotine intake showed a significantly greater number of licks on the active 
spout compared to the inactive spout, while the opposite pattern was seen for those with lower nicotine intake 
(Fig. 3). Figure 4C,D show large variations in the breakpoint in progressive ratio test and the reinstatement test. 
These data indicated that the genetic diversity of this population is a significant contributor to the divergent nico-
tine IVSA behavior and further support the use of this population for mapping genetic factors contributing to the 
nicotine-taking behavior. Also, the reinstatement data showed that both female and male rats licked significantly 
more on the active spout than on the inactive spout and that there was a significant sex difference in the number 
of licks on the active spout but not on the inactive spout (Fig. 4D, data include both the low and high nicotine 
intake groups). These results confirmed that despite the relative low nicotine intake, these rats did develop a 
preference for nicotine.

Many genetic studies on drug addiction traits have found protection genes rather than vulnerability genes. 
For example, the CHRNA5 gene associated with smoking cessation and lung cancer is responsible for the aversive 
effect of nicotine41. Similarly, the alcohol dehydrogenase and aldehyde dehydrogenase variants associated with 
drinking provide protective effects42. In animal studies, we sequenced the nucleus accumbens shell transcriptome 
of 10 isogenic rat strains and found 12 gene clusters associated with nicotine intake39. Nine of these clusters had 
negative correlation coefficients, suggesting they play protective roles43. Similarly, because of the relatively low 
nicotine intake at the population level (with many individuals showing enhanced nicotine intake), we anticipate 
many of the future genetic findings from these rats are likely going to be genes that provide a protective effect on 
smoking in the social environment.

The most intriguing insights of these studies came from the principal component regression analysis. As 
shown in Table 7 and Tables S12–S19, several PCs with strong loadings on the SIT were significant predictors 
for several nicotine phenotypes. For example, PC 5, with loadings on the distance to the object zone in the SIT, 
was significant for nicotine infusion during the first and last three fixed ratio sessions, the progressive ratio ses-
sion, and reinstatement in males, as well as for nicotine infusion in the progressive ratio session in females. 
Similarly, PC 6, with strong loading on social zone frequency, was significant for nicotine infusion in the first 
three fixed-ratio sessions, the progressive ratio session, and reinstatement in females and the last three fixed-ratio 
sessions in males. Further, PC 19 and 20, with strong loadings on total travel distance and object zone duration in 
SIT, respectively, were each significant for three nicotine phenotypes. These results were similar to our previous 
finding in adult HS rats that PCs representing social phenotypes are the strongest predictors for nicotine pheno-
types in the socially acquired nicotine IVSA model, despite the fact that the nicotine IVSA presented here were 
conducted using the modified method where carbon disulfide was used to replace live demonstrator rats. These 
regression results and their agreement with previous findings further validated the carbon disulfide model. In 
addition, anxiety-related traits are significant predictors for nicotine phenotypes. For example, PC 18 and 22 with 
strong loading on several OF measures, and PC 21 with primary loading on open arm frequency in the EPM test 
were each significant for three nicotine-related measures.

Regression analysis also indicated strong sex differences. In general, more unique PCs were significant for the 
males (18) than for the females (10) (Table 7). For example, the first three PCs, with loading on the NOIT, EPM, 
and SIT, respectively, were all significant for the males but not for the females. Further, except for nicotine intake 
during the first three sessions, more variance was explained in the regression analysis for males than for females. 
Considering that females consumed more nicotine than males (Fig. 3), we speculate that the reinforcing effect of 
nicotine, which is not included in the regression analysis, is potentially stronger in females than in males, while 
anxiety-like behavior and social learning, which was represented by the PCs in the regression analysis, play more 
prominent roles in the nicotine intake behavior of adolescent males.

One potential contributor to individual variations in drug-taking behavior is drug metabolism. The limited 
strain-specific data suggested that metabolism is not likely a major factor in rat nicotine IVSA. For example, 
nicotine metabolism is similar between Fisher 344 and SD rats44. While SD rats readily acquire nicotine IVSA, 
Fisher 344 rats do not39. We measured the level of cotinine, the major metabolite of nicotine, in the first 100 rats 
of this study after they received a standard set of forced nicotine infusions that were similar to the average number 
of nicotine infusions of the high nicotine intake group (Fig. 3). This was conducted after rats have completed 
nicotine IVSA to avoid affecting voluntary nicotine intake. The level of serum cotinine was similar between males 
and females and was well above the threshold used in human genetics studies to determine the smoking status of 
individuals45. We found no evidence that the cotinine level was correlated with nicotine intake (Fig. 6). Therefore, 
it is unlikely nicotine metabolism is a significant contributor to nicotine intake in our model.

In summary, our data showed a large variation in anxiety-related traits, social behavior, and nicotine-driven 
behavior in adolescent HS rats. A large number of correlations between these behaviors suggested that they are 
likely influenced by the same genetic factors. Further, our regression analysis indicated that anxiety and social 
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phenotypes contribute to approximately 10–20% of the variances in both males and females. We also found many 
sex differences in this analysis, indicating a high probability of discovering sex-specific genetic mechanisms for 
nicotine intake in future studies.

Methods
Animals. A total of 8 batches of Heterogeneous Stock rats (NMcwi:HS) rats were processed between 2014–
2017. Each batch started with 25 male and 25 female breeders transferred from the Medical College of Wisconsin 
to the University of Tennessee Health Science Center. After a two week quarantine period, these rats were trans-
ferred to a reversed 12:12 h light-dark cycle (lights off at 9:00 AM) housing room. Breeding pairs were assigned 
to maximize the genetic diversity of the population. Litters were culled to a maximal of 8 pups to ensure standard 
nutrition. Rats were weaned on PND 21. A RFID was inserted subcutaneously when rats were weaned. Two male 
and two female rats per litter were used for behavioral studies. SD rats (20 for each sex, purchased from Harlan 
Laboratories, Madison, WI) were used as the stimulus rats in the social interaction test. An additional 50 female 
and 50 male SD rats were used as demonstrators used for context-induced reinstatement test. Standard rat chow 
and water were provided ad libitum. All rats were group housed with 2–4 same-sex peers throughout the experi-
ments to avoid social isolation. All procedures were conducted in accordance with the NIH Guidelines concern-
ing the Care and Use of Laboratory Animals, as approved by the Institutional Animal Care and Use Committee of 
the University of Tennessee Health Science Center.

Study Design. All HS rats born in UTHSC were adolescents (PND 32) when tests began. Each HS rat was 
first tested in a series of behavioral tests, one test per day, conducted in the dark phase of the light cycle (9 AM - 4 
PM). These tests were conducted in the following sequence: OFT, NOIT, SIT, EPM and MBT.

The first three tests were conducted in the same open field and recorded using the same video capture system. 
The sequence and procedures of these tests were adapted from two articles46,47. The schedule for behavioral tests 
are provided in Table 1

Open field test. The open field test has been used to study anxiety in animal models. Two OFT chambers 
constructed using black acrylic glass, measuring 100 cm (L) × 100 cm (W) × 50 cm (H), were placed side by 
side. The floors were wood boards painted with black or white acrylic paint (ART-Alternatives, ASTM D-4236, 
Emeryville, CA, USA) to contrast the coat of the animals. The test chambers were illuminated by a long-range, 
850-nm infrared illuminator (LIR850-70, LDP LLC, Carlstadt, NJ) located 160 cm above the center of the two test 
chambers. No source of visible light was present during behavioral testing with the exception of a flat panel moni-
tor (Dell 1908FP). A digital camera (Panasonic WV-BP334) fitted with an 830 nm infrared filter (X-Nite830-M37, 
LTP LLC, Carlstadt, NJ) and located next to the infrared light source was used to record the behavior of the rats. 
All rats were released at the same corner of the test chamber and data were collected for 1 h on day 1 and 20 min 
on day 2 (novel object) and day 3 (social interaction). Ethovision® XT video tracking system (Version 4.0, Noldus 
Information Technology, The Netherlands) was used to obtain the total distance traveled and the duration that the 
animal was present in the center of the test field (a circular region with a diameter of 20 cm).

Novel object interaction test. Novelty seeking has often been found to be associated with drug abuse in 
both animal model and human subjects48. In this test, the novel object was a cylindrical cage constructed using 
24 aluminum rods (30 cm in length) that were spaced 1.7 cm apart. The bottom and top of the cage (15 cm in 
diameter) were manufactured using Makerbot Replicator 2 (Makerbot Industries, Brooklyn, NY). The design can 
be downloaded from https://www.github.com/chen42/vighr designs. One novel object was placed into the center 
of each open field before testing. Other aspects of the test were the same as the open field test with the exception 
that behavior was only recorded for 20 min.

Social interaction test. This modified social interaction test compares the preference of a test subject for 
a sex and weight matched rat against a cylindrical cage. The test arena were measured as 100 cm (L) × 60 cm 
(W) × 50 cm (H). Two cylindrical cages described above were placed ~30 cm away from the walls on opposite 
sides (i.e., similar to the arrangement commonly used in the three-chamber test). A randomly selected stimulus 
SD rat of the same sex as the HS test rat was placed into one assigned cage (kept the same throughout the exper-
iment) 5 mins before the HS subject rat was placed into the open field. The stimulus and test rats were never 
housed together and thus were unfamiliar to each other. No social isolation was conducted on either rat. Each 
stimulus rat was used once per day. The test duration was 20 min.

Elevated plus maze test. The elevated plus-maze was a test for measuring anxiety49 in rodents. The maze 
was constructed using black acrylic glass. The floors of the maze were covered by wood boards painted with black 
or white acrylic paint. The platform was 60 cm above the floor, with all four arms measuring 12 cm (W) × 50 cm 
(L). The two opposing closed arms had walls measuring 30 cm (H). Rats were placed into the center of the maze 
facing the closed arm. The behavior of the rat was recorded for 6 min using the digital video system described 
above. Ethovision was used to extract the duration, frequency, and frequency each rat spent in each arm.

Marble bury test. The Marble bury test was often used to model obsessive-compulsive behavior50. It was 
conducted using a conventional rat housing cage, measuring 47 cm (L) × 24 cm (W) × 15 cm (H), filled with 5 cm 
(depth) of corn cob bedding. Twenty round dark-blue colored glass marbles (diameter 2.54 cm) were distributed 
evenly in a 5 × 4 grid. The cage and bedding were used for a maximum of 6 same sex rats. Rats were patted for ten 
times on their heads before they were placed in the center of the cage. A filter top cover was then placed on the 
cage. The latency to dig the bedding (seconds) was recorded using a stopwatch, with a maximum allowed time of 

https://www.github.com/chen42/vighr
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3 minutes. Room lights were then turned off, and the technician left the room. After a total of 20 minutes, rats were 
removed from the test cage and a photo of the cage was taken. The number of marbles left on top of the bedding 
was counted manually from the photograph. Only marbles with more than half of its diameter visible were counted.

Nicotine self-administration in social context. Nicotine IVSA was conducted according to our 
published protocol18 with some modifications. Rats were implanted with jugular catheters constructed using 
Micro-Renathane tubing (MRE037, Braintree Scientific Inc., Braintree, MA) under isoflurane anesthesia. The 
tubing exited from the back of the rat through a 3D printed implant51. Carprofen (5 mg/kg, s.c.) was given imme-
diately before surgery for analgesia. After three days of recovery from the surgery, rats were given access to nic-
otine IVSA for 2.5 h per day for 10 days in the dark phase of the light cycle. Experiments were conducted 5 days 
per week. Training was continued during the weekends if less than 3 sessions had been completed by a rat. Each 
operant chamber (Med Associates, St Albans, VT) contained a divider with six equally spaced circular holes 
that allow orofacial contacts between rats. The operant chambers were located in sound attenuating chambers 
and each contained two drinking spouts fitted on the same wall. Two syringe pumps were placed outside of each 
sound attenuating chamber; one delivered i.v. nicotine through a swivel located on top of the chamber and the 
other delivered the flavor cue to the active spout. Each spout was connected to a contact lickometer controller 
that records the number and the timing of licks. IVSA was conducted using a fixed-ratio 10 schedule with 20 s 
timeout period (FR10TO20). Thus, 10 licks on the active spout activated the simultaneous delivery of a 60 μl 
flavor cue, and an i.v. infusion (nicotine free base, 15 μg/kg or saline). The flavor cue contained saccharin (0.2%), 
unsweetened grape Kool-Aid (0.1%), and carbon disulfide (500 ppm), which we have shown to support socially 
acquired nicotine self-administration in the absence of a demonstrator rat18. Licks on the inactive spout had no 
programmed consequence. Licks during the timeout period had no consequences but were recorded. No audio 
or visual cue was used. Rats were not food or water deprived. Nor did rats receive operant training or priming 
nicotine injections before the initiation of the SA sessions.

One progressive ratio test was conducted on the 11th session. The number of licks to obtain a subsequent 
infusion was determined using the exponential formula 5e0.2×injections − 5, such that the required responses per 
injection were as follows: 1, 2, 4, 9, 12, 15, 20, 25, 32, 40, 50, etc52. The sessions ended after 20 min of inactivity. 
The final ratio completed is the breakpoint. The patency of the jugular catheters was tested using a fast-acting 
anesthetic, methohexital (0.1 ml, 10 mg/ml), at the end of the progressive ratio session for each rat. Rats without 
functional catheters were excluded from the analysis.

Context induced reinstatement of drug-seeking. Context extinction and reinstatement procedures 
were conducted after the progressive ratio sessions. Context extinction chambers were different from the IVSA 
operant chamber in many aspects, including the absence of the divider, flat floor, and distinct audiovisual cues. 
There were two clean dry spouts in the chamber and the number of licks were recorded but had no programmed 
consequence. Licking data were collected using a capacitive touch sensor connected to a single board computer 
(Raspberry PI). A detailed description of the setup and software are available in our GitHub repository (https://
github.com/chen42/openbehavior) (under Extinction). The self-administering rats were placed in the extinction 
environment for 1 h/d until the lick on the “active” spout was reduced to less than 50 for two consecutive sessions.

Reinstatement of drug-seeking behavior was tested the day after the last context extinction session. The rein-
statement rat and a demonstrator rat of the same sex were placed in the nicotine IVSA chamber on the opposite 
side of the divider. The demonstrator rat had free access to the flavor cue, while the reinstatement rat did not. The 
number of licks on the spouts and nose pokes into the divider from both rats were recorded for 1 h. Licking from 
the reinstatement rat had no programmed consequences.

Blood cotinine level. We measured cotinine, the major nicotine metabolite, one day after nicotine IVSA 
was finished in the first 100 rats. Rats were placed in the operant chambers and received 5 injections of nicotine 
(30 μg/kg) through the jugular catheter at 30 s intervals. Blood samples were withdrawn from the jugular cath-
eter 3 h after the last injection. This time point was chosen because our past data indicated 3 h was the peak of 
blood cotinine concentration using this protocol. Plasma cotinine levels were measured using a rat ELISA assay 
(Calbiotech).

Statistical analysis. Data were analyzed using the R language and environment for statistical computing 
and graphics. Data were presented as mean ±Standard deviation, unless stated otherwise. The number of licks 
and infusions were analyzed using repeated-measures ANOVA with spout and session treated as within-subject 
variables. Paired t-tests were used to compare the number of licks on the two spouts during reinstatement. Paired 
t-tests were also used to detect differences of the time, frequency and latency of rats spent in the social or object 
zone in the SIT. The differences between the open vs closed arms in the EPM were also analyzed using paired 
t-tests. Independent t-tests were used to compare the sex differences on the means. Effect size (Cohen’s d) was 
calculated using pooled standard deviation. Correlation between behavioral test scores was calculated using 
Pearson’s r (psych package). Multiple testing was controlled using the Holm’s method. Because of the multicollin-
earity in the dataset, we used the principal component analysis (PCA) to obtain an orthogonal representation of 
the data using the “principal” function available from the psych package. These PCs were then tested as predictors 
for nicotine intake in a multiple regression analysis using the “lm” function. The “step” function was used to select 
variables based on the Akaike information criterion. Statistical significance was assigned when p < 0.05.

Data Availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

https://github.com/chen42/openbehavior
https://github.com/chen42/openbehavior
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