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INTRODUCTION

Cigarette smoking is a leading cause of 
preventable death in the United States and 
worldwide. Approximately 15.5% of American 
adults are current cigarette smokers, with 
males (17.5%) having a slightly higher rate of 
use than females (13.5%) [1]. Although more 
men than women smoke cigarettes, some 
studies suggest that female cigarette smokers 
may be more susceptible to the negative health 
consequences of tobacco use. For example, 
females metabolize nicotine faster, more likely 
develop respiratory disorders, and have more 
difficulty with tobacco cessation than male 
cigarette smokers [2]. In addition, nicotine 
craving may be more severe in adolescent 
females than in adolescent males [3]. Therefore, 
it is important to identify the differences 
in behavior and biology related to nicotine 
exposure between males and females.

Nicotine acts on nicotinic acetylcholine 
receptor (nAChR) and affects multiple 
intracellular signaling molecules. For example, 
activation of α7 nAChRs increases intracellular 
cAMP levels via adenosine cyclase activation 
in hippocampal neurons [4]. Exchange protein 

directly activated by cAMP (Epac) is a rap1 
guanine‐nucleotide exchange factor activated 
by cAMP. Epac modulates GTPase and alters the 
activities of extracellular regulated kinase (ERK), 
cAMP response element binding protein (CREB) 
and gene expression [5]. Besides modulating 
cardiac and smooth muscle contraction, 
learning and memory, cell proliferation and 
differentiation, apoptosis, and inflammation 
[6], some evidence shows that Epac signaling 
is altered in response to nicotine exposure. A 
microarray study showed that nicotine self-
administration increases the medial prefrontal 
cortex (mPFC) Epac mRNA expression in rats [7]. 
Another study in humans revealed that Epac 
gene SNPs (rs2072115 and rs2074533) present 
modest association with smoking progression 
to nicotine dependence [8]. To date, the 
adaptation of Epac in response to nicotine 
dependence remains elusive.

The hippocampus receives extensive 
cholinergic innervation and expresses nAChRs 
at both pre- and postsynaptic compartments 
[9]. ACh neurotransmission modulates 
hippocampal-dependent function (e.g. learning 
and memory). Moreover, nAChR-mediated 
signaling is involved in the nicotine addictive 

behaviors [10]. Hippocampal Epac signaling 
regulates learning and memory [11]. Epac null 
mutation impairs long-term potentiation (LTP) 
and this impairment is correlated with a severe 
deficit in spatial learning and social interaction 
[12]. Therefore, we explored the interaction 
between nicotine use and hippocampal Epac 
signaling in this study in male and female mice.

Preclinical animal models are useful in 
examining the effect of biological responses 
on behaviors related to nicotine use and 
dependence. The conditioned place preference 
(CPP) task is a classical and widely used 
procedure to study the conditioned reward 
effects of addictive drugs including cocaine, 
morphine, ethanol and nicotine. Nicotine-
induced CPP has been reported in rats [13] and 
mice [14]. In this study, we developed nicotine-
induced CPP assay in male and female mice and 
explored the behaviors and hippocampal Epac 
signaling.

METHODS

Animals
Adult C57BL/6 mice were purchased from the 
Changzhou Cavion Experimental Animal Co, 
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Ltd. (license number SCXY (Su) 2011-0003). 
Mice were housed in a vivarium maintained 
on a standard 12 h light–dark cycle (lights 
on at 07:00 AM), with constant temperature 
and humidity (22 ℃ and 50%, respectively) 
and ad libitum access to food and water. All 
procedures were conducted in accordance 
with the guidelines as described in the National 
Institutes of Health’s Guide for the Care and 
Use of Laboratory Animals (NIH Publication No. 
8023, revised 1978) and were approved by the 
Institutional Animal Care and Use Committee 
at Anhui University of Science and Technology.

Chemicals and reagents
Nicotine was purchased from Sigma-Aldrich 
(N3876, St. Louis, MO). Nicotine was first 
dissolved in ethanol to obtain a 50 mg/mL 
stock solution and further diluted in sterile 
saline to a final concentration of 0.05 mg/
mL. α7 nAChR primary antibody (ab23832, 
1:1000) came from Abcam (Cambridge, United 
Kingdom). Primary antibodies of Epac1 (4155S, 
1:500), Epac2 (4156S, 1:1000), Rap1A/1B (4938S, 
1:1000), CREB (9197S, 1:1000), and phospho-
CREB (9198S, 1:1000) were purchased from Cell 
Signaling Technology (Danvers, MA).

Conditioned place preference test
The construction of CPP box [15] and training 
[16] have been described previously. In brief, 
CPP apparatus (ZH-CPP, Anhui Zheng Hua 
biological instrument and Equipment Co., 
Ltd, Huaibei, China) consists of two boxes 
identical in size (30 × 15 × 15 cm) separated by 
a doorway (5 × 5 cm). One box has white walls 
with a gridded floor (metal bar distance 6.4 
mm) and the other has dark walls with a hole 
floor (hole diameter 6.4 mm). The context of 
two boxes was calibrated to ensure most mice 
get roughly equal preference for either box. The 
mouse behavioral activity was captured with 
an overhead camera. Mice were habituated 
to recording room environment (sound-
attenuated with background white noise; about 
40 lux illumination) for three days. During pre-
conditioning (day 1), the mice were allow to 
free access to CPP boxes for 15 minutes. During 
conditioning (days 2–6), nicotine-treated mice 
were injected with nicotine or vehicle and put 
in one side of the CPP box for 30 minutes. Six 

hours later, mice received opposite treatment 
(nicotine to vehicle, vehicle to nicotine) and 
confined to the opposite chamber for 30 
minutes. Vehicle-treated mice followed the 
same procedure, but with two vehicle shots 
each day. Between trials, the bottom and 
walls of each box were thoroughly cleaned 
with 10% alcohol to eliminate interferences. 
During preference testing (day 7), the gate 
door was removed and mice were allowed to 
move freely into both boxes for 15 minutes. The 
chambers used for time recording in vehicle-
treated group were matched to those in 
nicotine-treated group. Activity was recorded 
by overhead cameras.

Open field test
One hour after CPP testing, the mouse was 
placed in the center of a white opaque arena 
(30 × 30 × 37.5 cm) and tracked via an overhead 
video camera interfaced with behavioral 
tracking software EthoVision XT 5.1 (Noldus 
Information Technology, The Netherlands) for 
60 minutes in the same behavioral recording 
room. Distance traveled (the recorded 
movement of the mouse’s center point in cm 
over the duration of the trial) and immobility 
(the amount of time that EthoVision failed to 
detect any linear or angular movement of the 
mouse) were calculated. 

Western blotting 
Right the open field test, randomly assigned 
mice (n=4) were deeply anesthetized 
by isoflurane before decapitation. The 
hippocampus was quickly harvested and 
homogenized with RIPA lysis buffer (P0013B, 
Beyotime, Shanghai, China) containing PMSF 
and phosphatase inhibitor on ice for 15 min. 
Hippocampal lysates were centrifuged at 10,000 
×g for 10 min at 4 ℃ to collect supernatant. 
The protein concentration was determined by 
a Bicinchoninic acid Protein Assay kit (P0009, 
Beyotime, Shanghai, China). Equal amount of 
protein (20 μg) was separated by 10% SDS-
PAGE and transferred to a polyvinylidene 
fluoride membrane. The membrane was 
blocked with 5% non-fat powdered milk in 
TBST buffer for 1 hour before being incubated 
with primary antibody overnight at 4 ℃. After 
being washed with TBST, the membrane was 

incubated with goat anti-rabbit IgG H&L(HRP) 
(ab6721, 1:10000, Abcam) or goat anti-mouse 
IgG H&L(HRP) (ab6789, 1:10000, Abcam) for 
40 min at room temperature. The protein 
blots were visualized with chemiluminescent 
HRP substrate (P90720, Millipore Corporation, 
Burlington, MA) and detected by Molecular 
Imager ChemiDocTM XRS+ analysis system (Bio-
Rad Co., Hercules, CA) . Image J was used for 
image analysis. 

Statistical analysis
Data were expressed as mean ± SEM. All data 
were normal distribution. CPP data were 
analyzed by a paired sample Student’s t-test. 
Locomotor data and WB data were analyzed 
with an independent sample Student’s t-test 
(SPSS 16.0, IBM, New York). P < 0.05 was 
considered statistically significant.

RESULTS

Nicotine-induced conditioned place 
preference
Male mice received nicotine (0.2 mg/kg，sc; n 
= 8) or vehicle (4 mL/kg, sc; n = 9) for 5 days for 
place preference conditioning. During the test 
session, nicotine place-conditioned mice spent 
more time in nicotine associated chamber than 
baseline (t(7) = 4.31, P < 0.01). Vehicle did not 
alter the chamber preference (t(8) = 0.89, P = 
0.40; Fig. 1A). In female mice, nicotine at 0.2 
mg/kg failed to develop a place preference 
(data not shown). In another cohort of female 
mice, nicotine at 0.4 mg/kg significantly 
increased the time spent in nicotine associated 
chamber compared to baseline (t(11) = 3.52, P < 
0.01; n = 12). Vehicle did not alter the chamber 
preference (t(11) = 0.94, P = 0.37; Fig. 1B; n = 12).

Locomotor activity in mice after 
nicotine place conditioning
Locomotor activity was recorded in an open 
field arena for 1 hour after the CPP test. In male 
mice, there was no difference in total distance 
traveled (t(14)= -1.56, P = 0.14; Fig. 2A) between 
vehicle group (n = 8) and nicotine CPP group (n 
= 8), but the percentage of time in the central 
zone (t(14)= -2.592, P < 0.05; Fig. 2C) and time 
crossing the central zone (t(14) = -2.91, P < 
0.05; Fig. 2D) were increased. The percentage of 
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immobility was decreased (t(14)= 2.21, P < 0.05; 
Fig. 2B) in nicotine place-conditioned mice as 
compared to vehicle-treated mice. In female 
mice, nicotine CPP mice (n = 10) presented an 
increase in distance traveled (t(20) = -2.77, P < 
0.05; Fig. 2A) as compared to vehicle-treated 
mice (n = 12), but there were no differences 
in immobility (Fig. 2B), percentage of time 
in the central zone (Fig. 2C), or time crossing 
the central zone (Fig. 2D) between these two 
groups (all P values > 0.05).

Hippocampal α7 nAChR, PKA, Epac, 
Rap1, and pCREB in mice after 
nicotine place conditioning 
Mouse hippocampus was collected after the 
open-field test. Western blot assays (n = 4 in 
each group) revealed that hippocampal Epac2 
level was significantly increased in both sexes 
(male: t(6) = -4.11, P < 0.01; Fig. 3G; female: (t(6) = 
-4.14, P < 0.01; Fig. 3H). There was no difference 
in a7 nAChR (male: t(6) = -1.31, P = 0.24; Fig. 3A; 
female: (t(6) = -1.59, P = 0.16; Fig. 3B), PKA (male: 
t(6) = -0.03, P = 0.98; Fig. 3C; female: (t(6) = -0.01, 
P = 0.99; Fig. 3D), or Epac1 of either sex (male: t(6) 
= -1.36, P = 0.22; Fig. 3E; female: (t(6) = -1.12, P = 
0.91; Fig. 3F). Rap1 expression was significantly 
increased in female mice (t(6) = -4.72, P < 0.01; 
Fig. 3J) but not in male mice (t(6) = -2.29, P = 
0.06; Fig. 3I). Consistently, the p-CREB/CREB 
expression ratio was decreased in female mice 
(t(6) = 2.86, P < 0.05; Fig. 3L), but not in male mice 
(t(6) = -0.986, P = 0.36; Fig. 3K).

Discussion

The present study demonstrates that male and 
female mice present distinctive behavioral and 
biological responses to nicotine-induced place 
conditioning. Female mice require a higher 
dose of nicotine to induce a CPP. In the open 
field test, female nicotine place-conditioned 
mice presented increased overall locomotion 
while male nicotine place-conditioned mice 
spent more time in the center zone of the arena. 
Hippocampal Epac2 level was elevated in both 
male and female mice. However, an increase in 
Rap1 and decrease in p-CREB/CREB were only 
observed in female mice. The protein levels of 
hippocampal α7 nAChR, PKA, Epac1 and Rap1 
are not different in either sex. Our data for the 

Figure 2. Locomotor activity in mice after nicotine place conditioning. The locomotor activity was recorded 
for 1 hour after CPP test. (A) Female nicotine place conditioned mice (n = 10) presented higher horizontal dis-
tance traveled than vehicle-treated mice (n = 12). (B) The immobility was reduced in male nicotine place condi-
tioned mice (n = 8) as compared to vehicle-treated mice (n = 8). (C) Male mice presented an increase in central 
zone of the open field arena. (D) Male mice crossed the central zone more frequent than female mice. Data are 
expressed as mean ± SEM. *P < 0.05.

Figure 1. Nicotine induces a conditioned place preference in male and female mice. Male mice received nico-
tine for 5 days to induce CPP. (A) During the test session, nicotine (0.2 mg/kg, n =8)-treated male mice spent more 
time in nicotine associated chamber than vehicle-treated mice (n = 9). (B) Nicotine (0.4 mg/kg; n = 12)-treated 
female mice spent more time in nicotine associated chamber than vehicle-treated mice (n = 12). Data are ex-
pressed as mean ± SEM. **P < 0.01.
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Figure 3. Hippocampal α7 nAChR, PKA, Epac, Rap1, and pCREB in mice after nicotine place conditioning  There was no difference in hippocampal a7 nAChR in male 
(A) and female mice (B). There was no difference in PKA in male (C) and female mice (D). There was no difference in Epac1 in male (E) and female mice (F). Epac2 level was 
significantly increased in male (G) and female (H) mice. Rap1 expression was increase in female mice (J), but not in male mice (I). Consistently, p-CREB/CREB ratio expression 
was decreased in female mice (L), but not in male mice (K). Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01, n = 4 in each group.
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first time reveal the sex-specific Epac signaling 
in nicotine conditioning mice. 

The open field test is a classic behavioral 
paradigm that is widely used to study animal 
locomotor activity and anxiety-related 
behaviors. We successfully developed nicotine 
place conditioning in both male and female 
mice. Prior studies have demonstrated this 
sexually dimorphic response in rats [17] and mice 
[18]. Male rats developed a significant CPP to 
lower doses of nicotine than females, regardless 
of age [19]. In line with this, we found that 
female mice need a higher dose of nicotine to 
induce a CPP. Nicotine also provokes sex-specific 
behavioral and biological changes [20]. For 
example, female mice were less sensitive to the 
locomotor activating effects of chronic nicotine 
in drinking water. Moreover, nicotine (200 μg/mL 
in drinking water) produced an anxiogenic-like 
response in females but had less effect in males 
[21]. Our behavioral data also reveal that female 
mice traveled a greater horizontal distance than 
male mice. However, male mice spent more 
time in the center zone of the open field arena 
after nicotine place conditioning. Although the 
role of sex in the mechanisms of drug action 
remains unclear, preclinical and clinical studies 
indicate that ovarian hormones, particularly 
estrogen, play a role in producing sex differences 
in drug abuse [22]. Future research is necessary 
to design more effective drug abuse treatment 
programs and resources that are sex-specific.

Epac has two isoforms: Epac1 and Epac2. 
Epac2 is expressed predominately in the brain, 

whereas Epac1 is expressed in many peripheral 
tissues but its expression in the brain is very 
low. Our data reveal that the protein level of 
Epac2, but not Epac1, was increased in both 
male and female mice after nicotine place 
conditioning. The role of Epac in nicotine 
exposure has been previously implicated. 
Nicotine self-administration increase the mPFC 
Epac mRNA expression in rats [7]. Human 
study found that Epac gene SNPs (rs2072115 
and rs2074533) show modest association with 
smoking progression to nicotine dependence 
[8]. Our data revealed that nicotine-induced 
place conditioning was associated with an 
increase in Epac2 protein level. Epac2−/− 
mice exhibit deficits in social interaction and 
communication but normal locomotor activity 
and working memory [23]. Down-regulation 
of Epac2 expression in the hippocampal CA1 
area impaired fear memory retrieval [11]. Along 
with our work, it suggests that the increase in 
hippocampal Epac2 expression may facilitate 
nicotine-induced synaptic plasticity and 
reinforcement learning.

Nicotine may alter hippocampus-dependent 
learning by changing the duration and 
magnitude of the activity of kinases and 
transcription factors involved in learning and 
by recruiting additional cell signaling molecules 
[24]. Epac downstream components include ERK 
and CREB [5]. Nicotine exposure and withdrawal 
cause distinct gene expression in PFC, amygdala, 
VTA and NAc in rodents. Following chronic 
nicotine exposure, CREB phosphorylation was 

reduced in the NAc and increased in the PFC, 
while nicotine withdrawal led to increased 
CREB phosphorylation in the VTA [25]. Our 
data revealed increased Rap1 expression and 
decreased CREB phosphorylation only in female 
mice. This difference in gene activation may 
attribute to the dimorphic behaviors observed 
and/or the higher nicotine dose used to induce 
CPP in female mice. 

In the present study, we developed nicotine 
CPP mouse model and explored changes to 
hippocampal Epac expression and associated 
downstream signals. Our data directly support 
the association of Epac signaling with nicotine 
place conditioning. Further work should 
be done to investigate the exact molecular 
mechanisms of nicotine-induced CPP and Epac 
signaling changes due to sex difference.

Disclosure

The authors have no actual or potential 
conflicts of interest.

Acknowledgements 

We thank Adrienne DeBrosse for proofreading 
this manuscript. This work was supported by 
the China National Natural Science Foundation 
(81471161), Top Talent Projects of Anhui 
Department of Education (gxbjZD16), Quality 
Projects for Higher Education (2016ckjh074) 
and Natural Science Foundation of Anhui 
Province (108085MH247).

References

[1]	 Jamal A, Phillips E, Gentzke AS, Homa DM, Babb SD, King BA, Neff 
LJ: Current Cigarette Smoking Among Adults - United States, 2016. 
MMWR Morbidity and mortality weekly report 2018, 67(2):53-59.

[2]	 Rahmanian SD, Diaz PT, Wewers ME: Tobacco use and cessation 
among women: research and treatment-related issues. J Womens 
Health (Larchmt) 2011, 20(3):349-357.

[3]	 Panday S, Reddy SP, Ruiter RA, Bergström E, de Vries H: Nicotine 
dependence and withdrawal symptoms among occasional smokers. 
J Adolesc Health 2007, 40(2):144-150.

[4]	 Cheng Q, Yakel JL: Activation of α7 nicotinic acetylcholine receptors 
increases intracellular cAMP levels via activation of AC1 in 
hippocampal neurons. Neuropharmacology 2015, 95:405-414.

[5]	 de Rooij J, Zwartkruis FJ, Verheijen MH, Cool RH, Nijman SM, 

Wittinghofer A, Bos JL: Epac is a Rap1 guanine-nucleotide-exchange 
factor directly activated by cyclic AMP. Nature 1998, 396(6710):474-
477.

[6]	 Grandoch M, Roscioni SS, Schmidt M: The role of Epac proteins, novel 
cAMP mediators, in the regulation of immune, lung and neuronal 
function. Br J Pharmacol 2010, 159(2):265-284.

[7]	 Konu O, Kane JK, Barrett T, Vawter MP, Chang R, Ma JZ, Donovan DM, 
Sharp B, Becker KG, Li MD: Region-specific transcriptional response 
to chronic nicotine in rat brain. Brain Res 2001, 909(1-2):194-203.

[8]	 Chen X, Wu B, Kendler KS: Association study of the Epac gene and 
tobacco smoking and nicotine dependence. American journal 
of medical genetics Part B, Neuropsychiatric genetics : the official 
publication of the International Society of Psychiatric Genetics 2004, 

Translational Neuroscience



259

129B(1):116-119.
[9]	 Ji D, Lape R, Dani JA: Timing and location of nicotinic activity 

enhances or depresses hippocampal synaptic plasticity. Neuron 
2001, 31(1):131-141.

[10]	Kutlu MG, Gould TJ: Effects of drugs of abuse on hippocampal 
plasticity and hippocampus-dependent learning and memory: 
contributions to development and maintenance of addiction. Learn 
Mem 2016, 23(10):515-533.

[11]	Ostroveanu A, van der Zee EA, Eisel UL, Schmidt M, Nijholt IM: 
Exchange protein activated by cyclic AMP 2 (Epac2) plays a specific 
and time-limited role in memory retrieval. Hippocampus 2010, 
20(9):1018-1026.

[12]	Yang Y, Shu X, Liu D, Shang Y, Wu Y, Pei L, Xu X, Tian Q, Zhang J, Qian K 
et al: EPAC null mutation impairs learning and social interactions via 
aberrant regulation of miR-124 and Zif268 translation. Neuron 2012, 
73(4):774-788.

[13]	Le Foll B, Goldberg SR: Nicotine induces conditioned place 
preferences over a large range of doses in rats. Psychopharmacology 
2005, 178(4):481-492.

[14]	Tapper AR, McKinney SL, Nashmi R, Schwarz J, Deshpande P, Labarca 
C, Whiteaker P, Marks MJ, Collins AC, Lester HA: Nicotine activation of 
alpha4* receptors: sufficient for reward, tolerance, and sensitization. 
Science 2004, 306(5698):1029-1032.

[15]	Cunningham CL, Gremel CM, Groblewski PA: Drug-induced 
conditioned place preference and aversion in mice. Nature protocols 
2006, 1(4):1662-1670.

[16]	Dalaveri F, Nakhaee N, Esmaeilpour K, Mahani SE, Sheibani V: Effects 
of maternal separation on nicotine-induced conditioned place 
preference and subsequent learning and memory in adolescent 
female rats. Neuroscience letters 2017, 639:151-156.

[17]	Yararbas G, Keser A, Kanit L, Pogun S: Nicotine-induced conditioned 
place preference in rats: sex differences and the role of mGluR5 
receptors. Neuropharmacology 2010, 58(2):374-382.

[18]	Isiegas C, Mague SD, Blendy JA: Sex differences in response to 
nicotine in C57Bl/6:129SvEv mice. Nicotine Tob Res 2009, 11(7):851-
858.

[19]	Lenoir M, Starosciak AK, Ledon J, Booth C, Zakharova E, Wade D, 
Vignoli B, Izenwasser S: Sex differences in conditioned nicotine 
reward are age-specific. Pharmacology, biochemistry, and behavior 
2015, 132:56-62.

[20]	Perkins KA, Donny E, Caggiula AR: Sex differences in nicotine effects 
and self-administration: review of human and animal evidence. 
Nicotine Tob Res 1999, 1(4):301-315.

[21]	Caldarone BJ, King SL, Picciotto MR: Sex differences in anxiety-like 
behavior and locomotor activity following chronic nicotine exposure 
in mice. Neuroscience letters 2008, 439(2):187-191.

[22]	Lynch WJ, Roth ME, Carroll ME: Biological basis of sex differences 
in drug abuse: preclinical and clinical studies. Psychopharmacology 
(Berl) 2002, 164(2):121-137.

[23]	Srivastava DP, Jones KA, Woolfrey KM, Burgdorf J, Russell TA, 
Kalmbach A, Lee H, Yang C, Bradberry MM, Wokosin D et al: Social, 
communication, and cortical structural impairments in Epac2-
deficient mice. J Neurosci 2012, 32(34):11864-11878.

[24]	Kutlu MG, Gould TJ: Nicotinic modulation of hippocampal cell 
signaling and associated effects on learning and memory. Physiology 
& behavior 2016, 155:162-171.

[25]	Brunzell DH, Russell DS, Picciotto MR: In vivo nicotine treatment 
regulates mesocorticolimbic CREB and ERK signaling in C57Bl/6J 
mice. Journal of neurochemistry 2003, 84(6):1431-1441.

Translational Neuroscience


	OLE_LINK2
	OLE_LINK10
	OLE_LINK284
	OLE_LINK285
	OLE_LINK140
	OLE_LINK141
	OLE_LINK142
	OLE_LINK3
	OLE_LINK27
	OLE_LINK12
	OLE_LINK1

