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Abstract

Nicotine in tobacco causes psychological dependence through its rewarding effect in the central nervous system (CNS). Although
nicotine dependence is explained by dopamine receptor (DR) signaling together with nicotinic acetylcholine receptors
(nAChRs), the synaptic molecular mechanism underlying the interaction between dopamine receptor and nAChRs remains
unclear. Since reward signaling is mediated by dopamine receptors, we hypothesized that the dopamine D2 receptor (D2R), in
part, mediates the synaptic modulation of nicotine-induced conditioned place preference (CPP) in addition to dopamine D1
receptor. To investigate the involvement of D2R, wild-type (WT) and dopamine D2 receptor knockout (D2RKO) mice were
assessed using the CPP task after induction of nicotine-induced CPP. As expected, D2RKO mice failed to induce CPP behaviors
after repeated nicotine administration (0.5 mg/kg). When kinase signaling was assessed in the nucleus accumbens and
hippocampal CA1 region after repeated nicotine administration, both Ca**/calmodulin-dependent protein kinase (CaMKII)
and extracellular signal-regulated kinase (ERK) were upregulated in WT mice but not in D2RKO mice. Likewise, nicotine-
induced CPP was associated with elevation of pro- brain-derived neurotropic factor (BDNF) and BDNF protein levels in WT
mice, but not in D2RKO mice. Taken together, in addition to dopamine D1 receptor signaling, dopamine D2 receptor signaling is
critical for induction of nicotine-induced CPP in mice.
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VTA Ventral tegmental area
WT Wild type
Introduction

Nicotine is an active compound and the main addictive ma-
terial in tobacco products. Nicotine dependence symptoms
are characterized by compulsive use, craving, tolerance
from continued use, and withdrawal upon cessation [1].
Nicotine interacts with nicotinic acetylcholine receptors
(nAChRs), which are pentamers composed of «2, a4 «7,
«10, and 32—34 subunits [2]. The receptors play a critical
role in drug addiction through stimulation of synaptic activ-
ity in the hippocampus, amygdala, ventral tegmental area
(VTA), and nucleus accumbens (NAc) [3, 4]. The «7 homo-
oligomer and o432 hetero-oligomer are the two major sub-
types of nAChRs in the mammalian brain [2]. Both of these
receptors regulate nicotine dependence, but chronic nico-
tine exposure selectively upregulates the density of o432
to elevate nicotine addiction in rats [5]. Like o432 hetero-
oligomer, the «7 homo-oligomer is also involved in nico-
tine dependence, as evidenced by the high expression of
alpha 7 nicotinic acetylcholine receptor («¢7nAChR) on
VTA in a nicotine-dependence rat model [6].

Nicotine also increases the firing rate of midbrain dopa-
mine neurons by stimulation of x432nAChRs to promote
nicotine dependence via the dopamine receptor [4].
Dopamine receptors are classified into two subfamilies:
Dl-like (D1 and D5) and D2-like (D2, D3, and D4) [7, 8].
In neuronal cocultures from coronal rat brain slices contain-
ing either NAc or VTA, nicotine stimulation increases
cAMP response element binding (CREB) gene expression
via stimulation of both dopamine D2 receptor (D2R) and
dopamine D1 receptor (D1R) [9]. Stimulation of both recep-
tors activates CAMP and Ca®* signaling through Got/olf in
DIR and Gi-stimulated Gy function in D2R, respectively
[10]. DIR on NAc facilitates drug reward, and exclusive
genetic enhancement of the D1R gene in either the NAc core
or the NAc shell in mice is sufficient to promote motivation
to work to obtain the reward in a progressive ratio task or for
motor learning [11]. Additionally, stimulation of DIR in the
postnatal NAc promotes psychostimulant-induced behavior
sensitization via activation of PKA pathways, which en-
hance the phosphorylation levels of GluA 1 in the mice brain
[12, 13]. The pivotal role of DIR in nicotine dependence
can be confirmed because administration of the D1R antag-
onist SCH-23390 in NAc, ACC, and PtA inhibits nicotine-
induced behavior, including nicotine dependence in mice
[14, 15]. Nicotine stimulates both «432nAChRs at dopa-
minergic terminals and «7nAChRs at glutamatergic
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terminals. Furthermore, activation of «7nAChRs results in
the release of glutamate and activation of a4 32nAChRs and
NMDA/AMPA receptors by glutamate synergistically in-
duces robust dopamine release and activates dopamine D1
and D2 receptors [16] to enhance CREB binding to the CRE
element (DynCREs) of the PD promote; DynCRES3 is pref-
erentially inhibited by SCH23390 administration [17].
Thus, the pivotal role of D1R has been well documented.

However, the functions of D2R in nicotine dependence
remain unclear, although some studies have provided evi-
dence. For example, chronic nicotine administration in a rat
elevates the dopamine D2 receptor level [18]. In in vitro stud-
ies using GST-fusion proteins containing IL3 (GST-D2R-
IL3), D2R was shown to bind to Ca2+/calm0dulin-dependent
protein kinase alpha (CaMKlIl«x) via the D2R IL3 domain
[19], thereby affecting long-term memory of nicotine depen-
dence because CaMKII is essential for learning formation par-
ticularly in CA1 region [20, 21]. D2R shows an inviolable
effect in reward processing of drugs and natural stimuli such
as food and it mediates approach—avoidance tendencies in
smokers [22]. Takeuchi et al. showed that in the NGD2L cell,
quinpirole, a D2R agonist, enhances the Ca®* intracellular
level and then activates the nuclear isoform of (CaMKII)&3
to increase exon-4 brain-derived neurotropic factor (BDNF)
gene expression through D2LR; in addition, the isoform of
(CaMKII)63 in rat subtantia nigra modulates the exon-2
BDNF gene expression through a CREB phosphorylation
pathway [23, 24]. Therefore, elucidation of mechanism of
D2R-mediated nicotine dependence is important.

A dose-dependent reduction in serotonin (5-HT) uptake
was observed in two of the B cell lines after exposure to
BDNF, and BDNF expression in the brain is managed by
serotoninergic and dopaminergic neurotransmitters, which
are involved in nicotine addictive behavior [25, 26]. With
regard to the serotoninergic system, a dose-dependent reduc-
tion of 5-HT uptake was observed in B lymphocyte 5-
HTTLPR cell culture treated with BDNF [26]. BDNF from
dopaminergic neurons is critical for D3R expression in the
NAc as a part of substance addiction [25]. Additionally,
hippocampal BDNF was regulated by various neurotrans-
mitters that are sensitive to nicotine administration, and it
can probably serve as a critical molecular target for the
behavior-modulating effects of nicotine [27, 28]. In
Sprague—Dawley rats, the administration of a serotonin ag-
onist reduced the BDNF mRNA level in the hippocampus
[27], providing evidence of the interaction between the se-
rotoninergic system and BDNF. Stimulation of the GABA 5
receptor activates the voltage gate Ca®* in immature
hippocampus cell culture to increase the BDNF mRNA lev-
el in a GABAergic system [28]. Further studies showed
that BDNF in the rat hippocampus is upregulated by
the activation of muscarinic receptors and correlated
with acetylcholine release [29].
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In the present study, we confirm that the activation of
nAChRs within dopaminergic neurons induces a nicotine re-
inforcing signaling pathway through D2R in WT mice and
provide new evidence for the role of the dopamine D2R signal
and BDNF expression in nicotine reinforcement using dopa-
mine D2 receptor knockout (D2RKO) mice. We describe the
mechanism underlying D2R-mediated nicotine dependence in
mice. These results suggest that D2 receptor is a target for
therapeutics of nicotine dependence.

Materials and Methods
Animals

Male C57BL/6JJmsSIC mice as WT mice aged 8 weeks (20—
30 g) purchased from SLC (Hamamatsu, Japan) and male
D2RKO mice aged 8 weeks (20-30 g) obtained from the
Laboratory of Pharmacology, School of Pharmacy, Tohoku
University were used in all experiments. The following protocol
was used to generate D2RKO mice. A mutation was generated
in the DA D, receptor gene using homologous recombination in
embryonic stem cells and a targeting vector to delete the entire
exon 7 and the 5' half of exon 8, which is the region encoding
the majority of the putative third intracellular loop, the last two
transmembrane domains, and the carboxy terminus. Blastocyst
injection was used to generate chimeric mice of the heteroge-
nous 129/Sv x C57BL/6J background. F; heterozygous mice
sired by the chimeras were interbred to generate F, mice of the
genotypes D, . Backcrossing F» mice to the C57BL/6J mouse
strain for five generations resulted in the incipient congenic N
mice of D, '~ genotypes used here. The genotype of the mice
was confirmed using PCR [30]. Mice were housed in a room
with a 12/12-h light/dark cycle (lights on at 09:00). Room con-
ditions were temperature controlled at 22.0 =2 °C with a relative
humidity of 55% + 5%. Mice had free access to food and water.
All experimental animal procedures were approved by the
Committee on Animal Experiments at Tohoku University, and
studies were conducted in accordance with committee guide-
lines. Every effort was made to minimize suffering and limit
the number of animals used.

Experimental Design
Induction of CPP by Nicotine

Two groups of male mice (C57BL/6JJmsSIC) were treated
using saline 0.9% i.p. (n=6) or nicotine 0.5 mg/kg i.p. (n=
8). All mice were acclimatized to the conditioned place pref-
erence (CPP) box for 5 days, after which, the preconditioning
test was performed. Further, treatment was administered to the
mice 28 days after the preconditioning. Briefly, mice in the

vehicle group received a saline injection (i.p.) and were con-
fined to the designated compartment for up to 30 min per day.
Mice in the nicotine group received a nicotine injection
(0.5 mg/kg, i.p.) followed by placement in the nicotine-
paired compartment for 30 min. The CPP test was performed
twice on day 15 and day 29 after the conditioning phase. The
place preference score of each mouse was recorded to deter-
mine reinforcing effect of nicotine on CPP. Thereafter, the
mice were sacrificed on day 29, and the NAc and CA1 regions
were dissected out from the mice brains; immunoblotting was
performed to examine the DIR (n=5) and D2R (n=15) ex-
pression levels.

D1 and D2 Receptor Antagonist Alleviates
Nicotine-Induced CPP

WT mice were divided into four groups according to the treat-
ment administered: saline 0.9% i.p. (n = 6), nicotine 0.5 mg/kg
i.p. (n="7), nicotine 0.5 mg/kg i.p. + SCH23390 0.03 mg/kg
s.c (n=06), and nicotine 0.5 mg i.p. + eticlopride-HCI
0.03 mg/kg (n = 7). Eticlopride-HCl and SCH23390 were ad-
ministered subcutaneously 30 min before nicotine injection.
The behavior test was performed following the protocol for
nicotine induction of CPP in the abovementioned experiment.

Nicotine CPP Test for WT and D2RKO Mice

Mice were divided to four groups: WT vehicle (n=9), WT
nicotine (n = 10), D2RKO vehicle (n =8), and D2RKO nico-
tine (n=8). Behavioral assessments were conducted using
CPP methods as described above. Mice were sacrificed after
the preference score assessment on day 29; the NAc and CAl
regions were dissected out from the mice brains, and immu-
noblot analysis was performed to examine the level of
CaMKII (n = 6), extracellular signal-regulated kinase 1/2
(ERK1/2) (n=6), PKCax (n=8), DIR (n=5), D2R (n=5),
CREB (n=5), pro-BDNF (n=5), BDNF (n=15), alpha 4 nic-
otinic acetylcholine receptors (x4nAChRs) (n=6), and
«7nAChRs (n =6). Immunostaining of phosphorylated
CaMKII (pCaMKII) (n=4) and phosphorylated ERK
(pERK) (n = 4) was performed to support the immunoblotting
results. The experimental protocols are shown in Fig. 1a.

Drug Administration

NaCl (Wako) 0.9% was dissolved in double-distilled water,
and nicotine hydrogen tartrate 0.5 mg/kg (Sigma Aldrich),
eticlopride-HCI 0.03 mg/kg (Sigma Aldrich), and
SCH23390 0.03 mg/kg (Sigma Aldrich) were dissolved in
saline solution. Mice were given nicotine or saline intraperi-
toneally once daily for 28 consecutive days. Eticlopride-HCI
and SCH23390 were administered subcutaneously 30 min be-
fore nicotine injection.
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Fig. 1 Experimental design and CPP apparatus. a Scheme of the whole
experiment. Mice were habituated to the CPP apparatus for 5 days,
followed by a preconditioning test to determine the nicotine-paired com-
partment. The preference test was performed twice after 14- and 28-day
conditioning, and the mice were sacrificed after preference score condi-
tioning assessment on day 29. Nucleus accumbens and CA1 regions were

CPP Test

The CPP test was performed using a biased design with two
phases: habituation (5 days) and conditioning (28 days).

Acclimatization

Acclimatization was performed for 5 days prior to precondi-
tioning. This process was designed to remove any environ-
mental stress and included the weighing and testing rooms,
CPP apparatus, and drug administration.

Preconditioning Test

The preconditioning test was used to determine which com-
partment should be drug- or nicotine-paired. The compart-
ment with the lower ratio preference was used [31]. One day
after habituation, each mouse was placed in the gray compart-
ment for 5 min with the guillotine door closed. Following this,
the guillotine door was opened, and the mouse could access all
compartments for 15 min. Time spent in each compartment
was recorded, and the preference ratio was calculated using
the following formula:

@ Springer

Nicotine
0.5mgkg™!

Compartment B

m

dissected and assessed using immunoblot analysis. b Visualization of the
behavior test on the CPP box: The apparatus for the conditioned place
preference test consisted of three compartments: The middle (neutral)
compartment was gray. Compartment A was white with a quadrangular
sieve (mesh) floor, while compartment B was black with stainless steel
floors and separated by two guillotine doors

Sojourn time in related compartment (s)
Total time spent in all compartments (s)

x 100%

Preference ratio =

Conditioning

Mice were conditioned for 28 days. Each day, they were
injected with nicotine followed by confinement in the desig-
nated compartment. The nicotine compartment was paired
with the least preferred side of the compartment [31]. Four
hours later, the same procedure was repeated with saline ad-
ministration for all groups. Mice were then confined to the
opposite compartment of the apparatus. The next day, the
conditioning preference ratio was calculated to assess nicotine
dependence. On days 15 and 29 of conditioning, the condi-
tioning preference ratio for each mouse was measured to con-
firm nicotine dependence using the following formula:

Sojourn time in related compartment (s)
Total time spent in all compartments (s)

x 100%

Preference ratio =
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CPP Apparatus

The apparatus for the CPP test consisted of three compart-
ments measuring 12.7 cm x 46.5 cm x 12.7 cm (width x

length x height) in size. The middle compartment was gray,
called the neutral compartment. The two conditioning com-
partments differed in color and floor texture. Compartment
A was white with a quadrangular sieve (mesh). The other
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Fig. 2 DIR and D2R are involved in nicotine-induced CPP. a Nicotine
administration at 0.5 mg/kg generates nicotine CPP, which is character-
ized by elevation of the preference ratio for 2 weeks in the nicotine
injection group (n=8) in comparison with the pretreatment condition.
Equal preference score obtained on saline administration for 14 and 28
consecutive days (n=6). Data are presented as mean + SEM and ana-
lyzed using one-way ANOVA followed by multiple comparisons be-
tween baseline condition and the results obtained 2 weeks and 4 weeks
after nicotine administration post hoc Tukey tests. **p <0.01. b, ¢
Nicotine addiction was characterized by the strong DIR and D2R expres-
sion on the NAc and CA1 regions in the nicotine treatment group (1 =5)

but not in the vehicle group (n =5). Data are presented as mean = SEM
and were analyzed using Student’s ¢ test. **p <0.01 compared to the
vehicle group. d Inhibition of DIR by SCH23390 (n = 6) and D2R with
eticlopride (n = 7) successfully suppressed the nicotine-induced CPP be-
havior as a key symptom for curing nicotine-induced behavioral addic-
tion. Data are presented as mean + SEM and were analyzed using one-
way ANOVA followed by multiple comparisons between the values ob-
tained before injection of nicotine and those obtained after nicotine ad-
ministration for 2 weeks and 4 weeks. Post hoc Tukey test was used as an
advance analysis method. **p <0.01
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compartment (B) was black with stainless steel floors. Each
compartment was separated by two doors (Fig. 1b).

Locomotor Activity Test

Preconditioning and conditioning tests were recorded using
Amcap video recording software (Noél Danjou publisher,

*k
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USA). The video was analyzed by video tracking software
using Python version 3.4.6 (Python Software Inc., USA).
The data show the total distance traveled in the CPP box for
15 min by the mice from the WT vehicle, WT nicotine,
D2RKO vehicle, and D2RKO nicotine groups, each of which
consists of six mice.
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Fig. 3 D2R deficiency abolishes nicotine-induced CPP. a Nicotine in-
duces CPP in WT mice but not in D2RKO mice. Nicotine administered
intraperitoneally at 0.5 mg/kg for 14 and 28 consecutive days to WT mice
(n=10) generates nicotine-induced CPP compared to WT-saline mice
(n=28). Nicotine does not affect behavioral activity in D2RKO mice
(n=8) compared to the D2RKO saline mice (n = 8) as the vehicle group.
Data are presented as mean = SEM values, with **p <0.01 when com-
pared with preconditioning treatment. b Nicotine modulates locomotor
activity in wild-type mice, whereas D2RKO mice show no deterioration
of motor activity with nicotine (n = 6 for each group). Data are presented
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as mean + SEM, **p < 0.01 when compared with prenicotine treatment. ¢
Nicotine influenced the manifestation of the dopamine D2 receptor in the
nucleus accumbens and hippocampal CA1 region. Expression of dopa-
mine both in NAc and CA1 is increased by nicotine, and the expression in
D2RKO mice without manifestation of the dopamine D2 receptor on the
western blot result both in D2RKO-veh and in D2RKO-nic group. Data
are presented as mean + SEM, n=5. **p <0.01 compared with WT-veh.
Comparisons between two experimental groups were calculated using the
unpaired Student’s ¢ test
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Immunoblot Analysis

Mice were sacrificed after preference score conditioning as-
sessment, and the NAc and CA1 regions were dissected from
the brain. The tissues were stored in liquid nitrogen temporar-
ily and then stored at — 80 °C until use. Western blot analysis
was performed as described. NAc and CA1 region samples
were homogenized in 200 pl of homogenizing buffer contain-
ing 50 um Tris—HCI (pH 7.4), 0.5% Triton-X-100, 4 pm
EGTA, 10 um EDTA, 1 um Na3VOy, 40 um sodium pyro-
phosphate, 50 um NaF, 100 um calyculin A, 50 pg/ml
leupeptin, 25 pg/ml pepstatin-A, 50 pg/ml trypsin inhibitor,
and 1- mm dithiothreitol (DTT). Centrifugation for 10 min at
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15000 rpm at 4 °C was used to remove insoluble particles.
After measuring protein concentration in supernatants using
Bradford’s solution, samples were boiled in a 100 °C incuba-
tor for 3 min in Laemmli buffer [32].

The samples containing equivalent amounts of protein
were subjected to SDS—polyacrylamide gel electrophoresis
(PAGE) at 500 Vand 40 mA. Proteins were transferred to an
Immobilon polyvinylidene difluoride (PVDF) membrane
(pore = 0.45 wm) (Millipore) for 2 h at 70 V. After blocking
with TTBS solution (50 mm Tris—HCI, pH 7.5, 150 mm
NaCl, and 0.1% Tween 20) containing 5% of fat-free milk
powder for 1 h at room temperature, membranes were incu-
bated overnight at 4 °C with anti-phospho-CaMKII
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Fig. 4 CaMKII and ERK phosphorylation changed after nicotine-
induced CPP in the nucleus accumbens. a Quantitative analysis of
pCaMKII/tCaMKII and expression of pCaMKII and tCaMKII (n=6) in
WT and D2RKO mice after 28 days’ exposure of nicotine 0.5 mg/kg. b
Calculation analysis of pERK1/2/tERK1/2 and expression of both
pERK1/2 and tERK1/2 in WT and D2RKO mice (each group n = 6) after
use of nicotine 0.5 mg/kg for 28 days. ¢ Quantification of pPKCa/PKCox
and manifestation of pPKCo/PKCx in WT and D2RKO mice (n=38). d
Representative number of pPCREB and CREB (n=5), e pro-BDNF (n=
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values and were analyzed using one-way analysis of variance followed
by multiple comparisons between the vehicle (saline) and nicotine groups
using post hoc Tukey tests. *p < 0.05 compared with WT-veh; **p < 0.01
compared with WT-veh; *p <0.05 compared to WT-nic; *p <0.01 com-
pared to WT-nic
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Fig. 5 CaMKII and ERK phosphorylation changed after nicotine-
induced CPP in the hippocampal CAl regions. a Calculation ratio of
pCaMKII and tCaMKII accompanied with the expression bands of
pCaMKII and tCaMKII (n=6). b Quantification of pERK1/2/tERK1/2
together with the band expression of pERK1/2 and tERK1/2 (n=6).
Quantitative analysis of ¢ pCREB and CREB, d pro-BDNF, and e
BDNF based on the nature of each protein band after 28 days

(1:5000) or total CaMKII (1:5000), anti-phospho-ERK
(1:2000; Cell signaling), anti-total ERK (1:1000; Cell sig-
naling), anti-phospho-PKCa (1:1000; Millipore), anti-total
PKC«x (1:1000; Millipore), anti-D1R (1:1000; Millipore),
anti-D2R (1:1000; Millipore), anti-phospho-CREB
(1:1000; Cell signaling), anti-total CREB (1:1000; Cell sig-
naling), anti-pro-BDNF (1:1000; Millipore), anti-BDNF
(1:1000; Cell signaling), anti-a4nAChRs (1:1000; Santa
Cruz), and anti-a«7nAChRs (1:1000; Santa crus). Images
of the band were developed using an ECL immunoblotting
detection system (Amersham Biosciences, Piscataway, NJ,
USA) and visualized on X-ray film (Fuji Film, Tokyo,
Japan). Autoradiographic films were scanned for densitom-
etry analysis (Lasergraphics; Irvine, CA, USA) and
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administration of nicotine 0.5 mg/kg in WT mice (n=35) and D2RKO
mice (n=5) compared to WT-saline (» = 5) and D2RKO saline (n =5) as
the vehicle groups. Data are presented as mean + SEM, which were
assessed using one-way ANOVA followed by multiple comparisons
using post hoc Tukey test. *p <0.05 compared with WT-veh;
#%p <0.01 compared with WT-veh; #p <0.01 compared to WT-nic

Fig. 6 Nicotine administration changes CaMKII autophosphorylation in P
the nucleus accumbens. a Twenty-eight days of nicotine administration
modifies the number of pCaMKII in the NAc region, as assessed by
immunohistochemical methods. b Quantification of pCaMKII cells in
the NAc tissue from WT and D2RKO mice injected with either saline
0.9% or nicotine (0.5 mg/kg) for 28 consecutive days. Immunostaining
revealed an escalation in the pCaMKII number in WT-nicotine treatment
(n=4) compared to the WT-saline group (n =4). In contrast, in D2RKO
mice, equivalent pCaMKII numbers were obtained both in saline (n =4)
and nicotine (n =4) groups. Consistent with the pCaMKII expression on
WB, confocal microscopy showed that the number of pCaMKII cells in
D2RKO mice (vehicle or nicotine) is lower than that in WT-veh or WT-
nic. ¢ ImagelJ analysis for neun cell as a marker for neurons showed
identical numbers of neun cells in all treatment groups. Data are presented
as mean + SEM and were assessed by one-way ANOVA followed by
multiple comparisons using the post hoc Tukey test. *p < 0.05 compared
with WT-veh; *#p <0.01 compared with WT-veh; *p <0.01 compared
with WT-nic



Mol Neurobiol (2019) 56:7911-7928 7919

analyzed quantitatively using Image Gauge version 3.41 were normalized to densities of the respective total proteins
(FujiFilm, Tokyo, Japan). Densities of phosphoproteins  using conventional antibodies.
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Immunohistochemistry

Immunohistochemical analysis of the NAc brain region was
conducted by the PFA method [33]. Mice brains were
washed with PBS and perfused using PFA 4% in phosphate
buffer 0.1 M. Brain slices with a thickness of 50 um were
obtained for the experiment (D.S.K. microslicer, DTK.100,
Dosaka Em. Co., Ltd., Japan), cleaned in PBS, treated with
0.1% Triton-X in PBS for 3 x 30 min and 0.3% H,0, in PBS
for 10 min, and blocked with 3% bovine serum albumin in
PBS for an hour. The brain slices were incubated with the
first antibody in blocking buffer solution for 3 x 24 h.
Primary antibodies were mouse monoclonal antibody
against pCaMKII (1:250, Invitrogen), rabbit monoclonal
antibody against pERK (1:400, Cell Signaling), mouse
monoclonal antibody against neun (1:500, Millipore), and
rabbit monoclonal antibody against neun (1:500). After
washing with PBS, sections were incubated with the sec-
ondary antibody for a day: Alexa flour 594-labeled anti-
mouse (IgG) (1:500, Invitrogen) for pCaMKII, Alexa flour
594-labeled anti-rabbit (IgG) (1:500, Invitrogen) for
pERK1/2, Alexa flour 488-labeled anti-mouse for neun
(Millipore), and Alexa flour 488-labeled anti-rabbit for
neun (Abcam). Brain slices were cleaned with PBS and
transferred to a glass objective, after which the sections
were mounted with a drop of vectashield (Vector
Laboratories Inc.). Immunofluorescence images were cap-
tured by a confocal laser-scanning microscope (Nikon
Eclipse 80i, Japan), and observations were recorded using
Nikon EZ-C1 3.80 viewer software (Nikon Company,
Japan). The number of neuron cells was counted using
Image] software (NIH, MD, USA).

Data Analysis and Statistical Evaluation

Data were presented as mean + SEM, and calculations were
performed using one-way analysis of variance followed by
multiple comparisons between the vehicle and experimental
groups. Post hoc Tukey multiple comparison tests were per-
formed using Minitab 14 software (Minitab Inc., UK), and
comparisons between the two experimental groups were made
using the unpaired Student’s # test. P < 0.05 was considered to
indicate a significant difference in statistical analyses.

Results

Nicotine Promotes CPP Through D1 and D2 Receptor
Activations

Nicotine administration induced preference (Fig. 2a), as
shown by the elevation of preference ratio values to
156.4% and 177.2% on days 14 and 28 after continuous
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nicotine injection, in comparison with the values obtained
in the nicotine preadministration condition in normal
vehicle-treated mice ((F 51, 8 =0.00056) p<0.01) [34].
Since D1R and D2R mediate nicotine dependence [16,
35], we analyzed the levels of these receptors. Nicotine-
induced CPP was associated with elevation of D1 and D2
receptor levels in both NAc and CA1 regions (Fig. 2b, c).
D1 and D2 receptor levels in the NAc and CAl regions
increased to 172.7% and 167.2%, respectively (p =0.027,
p<0.05 in NAc and p=0.019, p<0.05 in the CAl re-
gion). Likewise, D2R expression increased to 190.8%
and 196.9% in the NAc and CA1 regions, respectively
(p=0.0042, p<0.01 in NAc and p=0.006, p<0.05 in
the CAl region vs. the vehicle-treated group).

To confirm the involvement of both DIR and D2R in
nicotine-induced CPP, SCH23390, a DIR antagonist, and
eticlopride, a D2R antagonist, were administered 30 min
prior to nicotine injection. Nicotine-induced CPP was
substantially blocked by eticlopride at both 2 and 4 weeks
(by 90.3% and 92.5%, respectively, vs. the precondition-
ing level of 100%) (Fig. 2d) (F=1.61; p=0.226 in
2 weeks; p=0.401 in 4 weeks, p>0.05, not significant
vs. the vehicle group). The same trend was shown by
subcutaneous administration of the D1 antagonist SCH-
23390 (0.03 mg/kg) prior to nicotine injection (F =
0.8162; p=0.4608; p=0.618 for 2 weeks; and p=
0.461; p>0.05 not significant vs. the vehicle group).

Nicotine-Induced CPP Was Abolished in D2RKO Mice

We next analyzed the pivotal role of D2R in nicotine-
induced CPP. Nicotine-induced CPP was completely
abolished in D2RKO mice. Repeated administration of
nicotine 0.5 mg/kg for 28 days failed to enhance the
CPP score in D2RKO mice (90.7%) compared to 100%
in WT mice ((F 0.5283=0.5972) p>0.05) (Fig. 3a).
Consistent with nicotine-induced CPP, nicotine stimulated
locomotor activity in WT mice (p=0.0037; p<0.01 vs.
vehicle) [34], but no changes were observed in D2RKO
mice (p=0.383; p>0.05).

Nicotine administration elevated D2R expression. The
D2R protein levels in the NAc were elevated 1.86-fold

Fig. 7 Nicotine administration changes ERK phosphorylation in the P>
nucleus accumbens. a The diverse appearance of pERK on NAc slices
observed using immunostaining analysis. b The amount of pERK
escalated significantly after nicotine injection compared to saline
injection as a vehicle in WT mice (n=4), even though the pERK
existence was not modified in D2RKO mice (n=4). D2R knocked out
the gene in mice, yielding a reduction in pERK in comparison with WT-
veh or WT-nic. ¢ Neun cell numbers remained unchanged both in WT and
D2RKO mice treated with vehicle and nicotine. Data are presented as
mean + SEM and calculated by one-way ANOVA followed by multiple
comparisons using post hoc Tukey test. *p <0.05; compared with WT-
veh; "p <0.01 compared to WT-nic
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compared to the naive condition at 28 days after nicotine ad-  CAl region. Elimination of D2 receptor in D2RKO mice re-
ministration (p = 0.0045; p <0.01 vs. WT-vehicle). Likewise,  vealed no signals of D2R in D2RKO mice in both regions
the addiction-induced expression of D2R was elevated in the (Fig. 3¢).
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Protein Kinase Signals Are Elevated After
Nicotine-Induced CPP in NAc

Since NAc is a part of the central dogma in dopamine-
mediated nicotine dependence [36], we analyzed CaMKII
and ERK signaling. We examined the phosphorylation of
CaMKII and ERK1/2, CREB, and the levels of these proteins
in the NAc (Fig. 4a, b, d, e, ). Nicotine administration for
28 days successfully increased o« CaMKII (177.1%), 3
CaMKII (164.8%), ERK1 (169.9%), ERK2 (146.4%), phos-
phorylation cAMP response element binding (pCREB)
(237.4%), pro-BDNF (203.4%), and BDNF (199.1%) levels
in the NAc of wild-type mice compared to WT-vehicle group
(100%) (p < 0.01). In contrast, D2RKO mice did not show any
effect on the protein levels of CaMKII, ERK, PKCe«, pCREB,
pro-BDNF, and BDNF in the nicotine group treatment com-
pared to the vehicle treatment group. Nicotine did not alter the
PKCux signal in either the WT mice or the D2RKO mice
group after nicotine exposure for 28 days (p =0.899;
p>0.05 WT-veh vs. WT-nic) (Fig. 4c).

Interestingly, phosphorylation of CaMKII and ERK in
D2RKO mice in both D2RKO vehicle group
(xCaMKII=58% and pCaMKII=54.3%; p<0.05 vs.
WT-veh; p<0.01 vs. WT-nic) and D2RKO nicotine group
(xCaMKII =43.6% and 3CaMKII=44.4%; p<0.01 vs.
WT-nic or WT-veh) significantly decreased in comparison
with the values in the WT-vehicle group and WT-nicotine
group. Phosphorylation ERK1=75.5% and ERK2 =
65.2% D2RKO vehicle and also phosphorylation
ERK1=76.4% and ERK2=67.5% on D2RKO nicotine
are significantly diverse with the WT-vehicle p <0.05
vs. D2RKO veh and p<0.01 vs. D2RKO nicotine.
Taken together, the findings indicate that signal pathways
including CaMKII, ERK, pCREB, pro-BDNF, and BDNF
in the NAc in wild-type mice may be critical for nicotine
dependence.

Protein Kinase Signals in the hippocampal CA1 Are
Elevated after Nicotine-Induced CPP

Consistent with the elevation in NAc signal, nicotine elevated
the protein kinase activities in the CA1l region in WT mice
(Fig. 5). CaMKII phosphorylation, ERK phosphorylation,
CREB phosphorylation, and pro-BDNF and BDNF levels
were enhanced by nicotine. Phosphorylation of o-CaMKII
and 3-CaMKII increased by 1.9-fold and 1.7-fold, respective-
ly (p<0.01 vs. WT-vehicle) (Fig. 5a). Likewise, phosphory-
lation of ERK1 and ERK?2 increased by 160.8% and 156.4%,
respectively, compared to WT-vehicle treatment (p <0.01;
Fig. 5b). The elevation of CREB phosphorylation (197.3%)
(Fig. 5c), pro-BDNF level (193.5%) (Fig. 5d), and BDNF
level (183.9%) (Fig. 5e) in comparison with the WT-veh
group (100%; p <0.01) was also evident in WT mice.
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Unlike the WT mice, D2RKO mice showed significant
reduction of CaMKII phosphorylation («CaMKII = 58.4%
and FCaMKII=63.6% in vehicle-treated D2RKO mice
compared to xCaMKII =60.9% and 3CaMKII =54.6% in
WT-vehicle) (p <0.05 vs. WT-veh; p<0.01 vs. WT-nic).
The ERK phosphorylation in vehicle-treated D2RKO mice
was lower than that in WT mice (phospho-ERK1 =75.5%,
phospho-ERK2 =65.2% of WT mice) (p <0.05 vs. WT-
veh; p<0.01 vs. WT-nic). Nicotine treatment in D2RKO
mice did not significantly elevate ERK phosphorylation
(phospho-ERK1=76.5% phospho-ERK2=67.5%)
(p<0.05 vs. WT-veh; p <0.01 vs. WT-nic). Altogether, ab-
errant CA1 region cues occurred in a nicotine-dependent
acquisition. Likewise, nicotine-induced elevations of
pCREB, pro-BDNF, and BDNF levels were totally
abolished in D2RKO mice (Fig. 5c, d, e).

Immunohistochemical Signals of CaMKIl and ERK Are
Elevated After Nicotine-Induced CPP in NAc

To further confirm the activation pCaMKII and pERK in the
NAc, we carried out immunohistochemical analyses. As shown
in Fig. 6, nicotine increases the pCaMKII-positive cell number
in the NAc (471 cells/1.69 mmz), which showed an obvious
change comparable to the vehicle (340 cells/1.69 mm? in WT
mice; p =0.00373; p <0.01 WT-veh vs. WT-nic). Nicotine did
not alter the total expression of pCaMKII in D2RKO mice (p =
0.89; p>0.05) shown on Fig. 6b (D2RKO-veh =250 cells/
1.69 mm? and D2RKO-nic = 245 cells/1.69 mm?).

Likewise, in Fig. 7, we confirmed the pivotal roles of
pERK in regulating nicotine addiction. pERK cells were ex-
tremely enhanced after administration of nicotine for 28 days
(WT-nic =493 cells/1.69 mm?; WT-veh =385 cells/
1.69 mm?) p=0.0055; p<0.01 vs. WT-vehicle (Fig. 7a, b).
In contrast, D2RKO mice showed no change phenomena for
pERK cell numbers induced by nicotine injection (D2RKO-
veh = 286 cells/1.69 mm?, D2RKO-nic = 282 cells/1.69 mm®;
p=0.89; p>0.05; Fig. 7b D2RKO-veh vs. D2RKO-nic).
Fascinatingly, the extra magnification of both pCaMKII and

Fig. 8 Activation of nAChRs generates signal transmission through the D2 P>
receptor, not the D1 receptor, in D2RKO mice. Nicotine exposure for 28 days
first stimulates activity of a «432nAChRs (n=6) and b «7nAChRs (n = 6)
not only in WT mice but also in D2RKO mice, as shown by the expression of
this receptor in the nucleus accumbens. ¢ «432nAChRs and d «7nAChRs of
the CA1 region show an increase of expression due to 4 weeks nicotine
administration. Data are presented as mean + SEM and were assessed by
one-way ANOVA followed by multiple comparisons using post hoc Tukey
test. *p < 0.05 compared with the vehicle-treated group; **p < 0.01 compared
with the vehicle-treated group; *p < 0.01 compared to the WT-vehicle group.
e Quantification of dopamine D1 receptor expression in the nucleus
accumbens and CA1 region in D2RKO mice, with no significant change in
D1 receptor expression after D2RKO mice nicotine treatment compared to
that after D2RKO vehicle group treatment. Data are presented as mean +
SEM and were assessed by Student’s 7 test, p>0.05
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pERK molecules and the fluorescence of molecules are tre-
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mice (Figs. 5a and 6a). Contrary, D2RKO mice block the
nicotine-induced phosphorylation of both CaMKII and ERK.
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Involvement of nAChR Signal on Activation
of Dopamine D2 Receptor Transmission

Activation of muscarinic and nicotinic acetylcholine receptors
in the nucleus accumbens core is necessary for the acquisition
of drug reinforcement [37]. Further research using fast-scan
cyclic voltammetry on Drosophila melanogaster larva
showed that Ach induces dopamine release catalyzed by
nAChR [38]. Therefore, nAChRs are critical for D1 or D2
signaling. We examined the expression of o432nAChR and
«7nAChR in NAc. Nicotine elevated not only o432nAChR
but also «7nAChR in either WT mice treated by nicotine or
D2RKO mice nicotine group in both NAc and CA1 regions
(Fig. 8). In the NAc area, the ®432nAChR expression levels
in the WT-nicotine (151.9%) and D2RKO groups (143.1%)
were much higher than those in the vehicle treatment groups
for mice of each group (p < 0.01 vs. WT-vehicle; Fig. 8a) [39].
Consistent with the «432nAChR, the «7nAChR in the NAc
region was elevated by nicotine administration in WT mice
(153.8%) and D2RKO mice (157.6%) as compared to the
vehicle groups (100%) (p <0.01 vs. WT-vehicle) (Fig. 8b)
[40]. Additionally, the concentrations of x432nAChR and
«7nAChR in the CA1l region were also elevated in wild-
type mice (170.01% and 150.4%) and D2RKO mice
(169.3% and 157.3%) and rapidly changed in comparison
with the WT-vehicle (Fig. 8c, d). Evaluation of the effect of
nicotine on D1R was performed by measuring the expression
levels of DIR in D2RKO mice (Fig. 8¢). Nicotine failed to
increase the DIR levels in both NAc and CA1l regions in
D2RKO mice (103.6% and 95.4% respectively compared to
D2RKO vehicle; p > 0.05 vs. vehicle treatment group).

Discussion

Nicotine is a neuroactive compound and the addictive agent in
tobacco. In the present study, the administration of nicotine
0.5 mg/kg for 14 and 28 days could induce CPP in mice.
Consistent with the results of a previous study [41], nicotine
administration for 28 days resulted in upregulation of nAChR
in mice. Chronic nicotine exposure results in long-term ho-
meostatic regulation of nAChRs in the NAc, wherein an in-
crease in the binding affinity of nicotine plays a key role in the
adaptative cellular processes that leads to addiction [42]. The
acute administration of nicotine does not significantly affect
the nAChRs. In fact, the beneficial cognitive effects of acute
nicotine administration have implications for initiation of
smoking and maintenance of tobacco dependence [43].
Nicotine enhances dopamine (DA) release in the mouse stria-
tum, where its release is correlated with nicotine dependence
[44]. The released dopamine activates DIR and D2R (Fig.
2a, ¢) by different neurons in the rat striatum [45]. Nicotine
stimulation activates D2R in the indirect pathway neurons by
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activating o432nAChRs at dopaminergic terminals [16]. On
the other hand, nicotine also stimulates D1R signaling in the
direct pathway neurons by activating «x432nAChR at dopa-
minergic terminals [45] and «7nAChR at glutamatergic ter-
minals [6]. Selective deletion of &4 subunits from dopaminer-
gic neurons on o4 (x4-DA) null mice abolished nicotine CPP
[46], indicating that the effects of x4nAChR-induced changes
in GABAergic tone on dopaminergic neurons by desensitiza-
tion were essential for nicotine reward [47]. Co-localization of
«7nAChR and D,R within some of the same somatodendritic
profiles in VTA suggests that there may be convergent signal-
ing between the a7-subunit and D,R G protein pathways in
postsynaptic neurons of the mice brains [48]. Blockade of
both DIR and D2R prevents nicotine addiction [49].

Consistent with the results of previous studies, the DIR
antagonist SCH23390 and D2R antagonist eticlopride
blocked nicotine-induced dependence in the present study.
SCH23390 infusion into the accumbens shell (AcS), parietal
association cortex, and granular insula in rats reduced nico-
tine self-administration by 50 to 75% [14, 15]. Nicotine-
induced generation of new dendritic branches and spine is
completely blocked by SCH23390 in rat MSN [50].
Eticlopride reduces the nicotine effect of enhancing condi-
tioned reinforcement behavior [51] and inhibits the luciferase
activation of LacZ/CRE-Luc by nicotine in neurons cultured
from VTA and NAc cells of 17-day-old embryonic Sprague—
Dawley rats [9]. The projection of dopamine neurons from the
VTA to NAc is crucial in the behavioral sensitization and the
rewarding/reinforcing effect of nicotine [34]. The D2RKO
mice exhibit a slow response for acquisition of the place-
learning task in spatial task training, in which reward predic-
tion is associated with the place where the substances were
administrated [52]. Locomotor activity was enhanced by nic-
otine in WT mice but not in D2RKO mice (Fig. 3b). Taken
together, the pivotal roles of D1R and D2R have been docu-
mented in nicotine-induced CPP and nicotine-enhanced loco-
motor activity, as reported [53].

CaMKII activation is correlated with LTP formation by
nicotine [54]. Parkinson disease with dopamine-deficit
conditions causes memory deterioration [55]. Fukunaga
reported that D2R stimulation causes elevation of intra-
cellular Ca** levels, thereby enhancing CaMKII activity
in neuronal culture [56]. The increased CaMKII autophos-
phorylation in immunohistochemical analyses proved the
prominent feature of elevated CaMKII activity by nicotine
dependence in the present study (Fig. 5). The nicotine
dependence was associated with not only increased
CaMKII autophosphorylation but also increased ERK
phosphorylation in the NAc of wild-type mice (Figs. Sa
and 6d). The intracellular Ca®* elevation induces activa-
tion of tyrosine kinase, PYK2, and in turn the activation
of RAS upstream of ERK1/2 [57]. In the present study,
D2R KO mice showed deficits for the nicotine effect on
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ERK1/2 phosphorylation. Therefore, D2R is required for
transactivating the tyrosine kinase to generate ERK mod-
ulation in addition to CaMKII [57, 58]. We further dem-
onstrated that activation of these kinases promotes phos-
phorylation of CREB in the NAc and CA1 region. Indeed,
CREB (Ser 133/143) is phosphorylated by CaMKII [59]
and CREB (Ser133) is phosphorylated by ERK1/2 [60].
CREB activation in NAc may be essential for BDNF ex-
pression in nicotine-induced CPP as reported [61].
BDNF knockout heterozygous mice showed that BDNF
is required for the rewarding effect in drug abuse such as

Fig. 9 The mode of DIR and
D2R actions on BDNF expression
in nicotine dependence.
Activation of «432nAChRs and
«7nAChRs in the dopaminergic
terminals enhances DA release.
D2R activation stimulates
phosphorylation of MEK and the
upstream activity of ERK1/2 for
influencing the phosphorylation
of CREB in core cells.
Additionally, D2R activation ele-
vates intracellular calcium to en-

hanced CaMKII. CaMKII mi- e

grates to the nucleus and increases

phosphorylation of CREB L

followed by activation of pro-
BDNF. pro-BDNF is a precursor
of BDNF and is catalyzed by
proteolytic enzyme change to be-
come mature BDNF. D1R stimu-

alcohol and cocaine consumption [62, 63]. Nicotine stimu-
lation increases in hippocampal BDNF expression contrib-
ute to synaptic rearrangement involved in the development
and maintenance of nicotine addiction in humans [64].
Notably, nicotine does not alter BDNF expression in
D2RKO mice, suggesting that D2R stimulation is essential
for BDNF expression through CaMKII and ERK activation
[65]. Likewise, a432nAChR in coordination with D2R
controls BDNF expression after nicotine treatment in mouse
NAc [66], while x4nAChR transactivates tyrosine kinase B
(TrkB) [67]. BDNF-TrkB signaling mediates the neuronal
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structural changes caused by addictive drugs [68], although
the main intracellular pathways activated by BDNF-TrkB
signaling include MEK—ERK, PI3K-Akt-mTORCI, and
PLCyPKC pathways [69].

In other evidence, knock in of the BDNF Val66Met poly-
morphism gene in mice reduced nicotine-mediated anxiety-
like behavior following withdrawal of nicotine and abolished
the anxiolytic effect of chronic nicotine consumption [70].
The BDNF Val66Met polymorphism is related to deteriora-
tion of hippocampal function in humans by fMRI technique
[71]. Genotype interaction between BDNF Val66Met poly-
morphisms, a gene of BDNF and smoking status on serum
BDNF, suggests that BDNF Val66Met polymorphism gene
did not govern the association between smoking and serum
BDNF in humans [72].

In conclusion, nicotine-induced CPP through
a4p2nAChR and «7nAChR on dopaminergic neurons [73],
wherein activation of both DIR and D2R is crucial for the
reinforcing a nicotine effect on nicotine-induced CPP.
Activations of CaMKII, ERK1/2, pCREB, pro-BDNF, and
BDNF pathways through D2R are vital steps to generate
nicotine-induced CPP in addition to DIR (Fig. 9). In conclu-
sion, our results shed new light on D2R in the mechanism of
nicotine-induced CPP. These findings provide new perspec-
tives for pharmacological modulation of D2R-induced nico-
tine addiction.
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