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ABSTRACT
Nicotine is the addictive component of tobacco, and successful
smoking cessation therapies must address the various pro-
cesses that contribute to nicotine addiction. Thus, understand-
ing the nicotinic acetylcholine receptor (nAChR) subtypes and
subsequent molecular cascades activated after nicotine expo-
sure is of the utmost importance in understanding the progres-
sion of nicotine dependence. One possible candidate is the
calcium/calmodulin-dependent protein kinase II (CaMKII) path-
way. Substrates of this kinase include the vesicle-associated
protein synapsin I and the transcription factor cAMP response
element-binding protein (CREB). The goal of these studies was
to examine these postreceptor mechanisms after acute nico-
tine treatment in vivo. We first show that administration of
nicotine increases CaMKII activity in the ventral tegmental area
(VTA), nucleus accumbens (NAc), and amygdala. In �2 nAChR
knockout (KO) mice, nicotine does not induce an increase in
kinase activity, phosphorylated (p)Synapsin I, or pCREB. In

contrast, �7 nAChR KO mice show nicotine-induced increases
in CaMKII activity and pCREB, similar to their wild-type litter-
mates. Moreover, we show that when animals are pretreated
with the CaMKII inhibitors 4-[(2S)-2-[(5-isoquinolinylsulfonyl)
methylamino]-3-oxo-3-(4-phenyl-1-piperazinyl)propyl]phenyl
isoquinolinesulfonic acid ester (KN-62) and N-[2-[[[3-(4-
chlorophenyl)-2 propenyl]methylamino]methyl]phenyl]-N-(2-
hydroxyethyl)-4-methoxybenzenesulphonamide (KN-93), nico-
tine-induced increase in the kinase activity and pCREB was
attenuated in the VTA and NAc, whereas pretreatment with
(2-[N-(4-methoxybenzenesulfonyl)]amino-N-(4-chlorocin-
namyl)-N-methylbenzylamine, phosphate) (KN-92), the inactive
analog, did not alter the nicotine-induced increase in pCREB.
Taken together, these data suggest that the nicotine-induced
increase in CaMKII activity may correlate with the nicotine-
induced increase in pSynapsin I and pCREB in the VTA and
NAc via �2 subunit-containing nAChRs.

Tobacco dependence is the leading cause of preventable
mortality around the world (Mackay and Eriksen, 2002). The
primary factor responsible for tobacco’s addictive properties
is believed to be nicotine; however, the receptor and postre-
ceptor mechanisms that occur after nicotine administration
are still under investigation. Insight into these molecular
cascades would prove useful in future research aimed at
smoking cessation programs.

Neuronal nicotinic acetylcholine receptors (nAChRs) are
located throughout the central nervous system. Nicotine ac-

tivates presynaptic nAChRs located in the ventral tegmental
area (VTA) and nucleus accumbens (NAc) (Dani and Heine-
mann, 1996) and increases dopamine levels in the NAc
(Nisell et al., 1994). Although there are a variety of nAChRs
in the central nervous system, the predominant subtypes are
�4�2* and �7*, where * denotes the possible inclusion of
additional subunits (Dani, 2001). Mice lacking the �2 nAChR
subunit do not find nicotine rewarding in either the self-
administration or the conditioned place preference para-
digms (Picciotto et al., 1998; Walters et al., 2006). In contrast,
�7 nAChR knockout (KO) mice do exhibit place preference to
nicotine (Walters et al., 2006). These data suggest that the �2
and �7 nAChR subunits play different roles in mediating the
effects of nicotine behaviorally and that they may differen-
tially regulate downstream signaling pathways.
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One of the molecular targets implicated in drug reward is
the transcription factor cAMP response element-binding pro-
tein (CREB). Changes in CREB phosphorylation have been
seen after morphine (Lane-Ladd et al., 1997), cocaine (Kano
et al., 1995), and amphetamine chronic administration
(Shaw-Lutchman et al., 2003). Animals with a decrease in
CREB function do not find morphine rewarding (Walters and
Blendy, 2001) but find cocaine more rewarding (Walters and
Blendy, 2001). Taken together, CREB seems to play a major
role in the cellular changes that occur in the brain after acute
and chronic administration of several drugs of abuse.

Recently, several studies have examined changes in CREB
after nicotine administration. Acute nicotine administration
leads to increases in phosphorylated (p)CREB in the VTA
and striatum (Walters et al., 2005). Chronic nicotine admin-
istration leads to a decrease in CREB phosphorylation in the
NAc with an increase in CREB phosphorylation in the pre-
frontal cortex (PFc) (Brunzell et al., 2003). Withdrawal stud-
ies have shown a decrease in CREB, CREB phosphorylation,
and cAMP response element-DNA binding in the cortex and
amygdala (Pandey et al., 2001). Similar to morphine,
CREB�� KO mice do not find nicotine rewarding (Walters et
al., 2005). These reports suggest an important role for CREB
in nicotine dependence. Although several signaling pathways
could mediate CREB activation after exposure to drugs of
abuse, calcium-dependent signaling pathways induced by
nAChRs seem to be a possible target.

Indeed, neuronal nAChRs have high calcium permeability,
and numerous studies have shown that activation of these
receptors causes an increase in intracellular calcium concen-
tration (Mulle et al., 1992). In PC12 cells, an increase in
intracellular calcium after stimulation of nicotinic receptors
activates calcium/calmodulin-dependent protein kinase II
(CaMKII) (MacNicol and Schulman, 1992). Furthermore,
data from our laboratory show that this kinase is involved in
nicotine-induced antinociception at the spinal level after
acute and chronic drug exposure (Damaj, 2000, 2005). Recent
studies have revealed that alterations in the phosphorylation
state of neuronal CaMKII occur after chronic exposure to
various drugs of abuse such as amphetamine, cocaine, and
morphine (Tan, 2002; Wang et al., 2003; Licata et al., 2004).
Furthermore, mRNA levels and phosphorylation of synapsin
I, a vesicle-associated CaMKII substrate essential for neuro-
transmitter release, were also shown to be increased after
chronic morphine (Matus-Leibovitch et al., 1995) and am-
phetamine treatment (Iwata et al., 1996, 1997a,b). Although
these studies suggest a role for CaMKII and synapsin I in the
actions of drugs of abuse, the molecular characterization of
the effects of nicotine on these proteins in the brain is still
largely unknown.

The present study was undertaken to characterize the
effect of in vivo acute nicotine exposure on a CaMKII-depen-
dent pathway in different brain regions and to identify the
main nAChR subtypes involved in the regulation of this
protein by nicotine. We first investigated the effects of sys-
temic subcutaneous injection of acute nicotine on activity and
level of CaMKII and synapsin I in several brain regions
involved in nicotine reward and dependence. We then iden-
tified the role of major nicotinic subtypes in mediating these
changes by using nicotine antagonists and genetically modi-
fied mice. In addition, we investigated the link between

CaMKII and CREB in the mesolimbic cortical pathways us-
ing biochemical and pharmacological approaches.

Materials and Methods
Subjects. Male C57BL/6 mice from The Jackson Laboratory (Bar

Harbor, ME) were housed in a 21°C humidity-controlled Association
for Assessment and Accreditation of Laboratory Animal Care-ap-
proved animal care facility with food and water available ad libitum.
The rooms were on a 12-h light/dark cycle (lights on at 7:00 AM).
Mice were approximately 8 to 10 weeks of age and weighed approx-
imately 25 to 30 g at the start of an experiment. All experiments
were performed during the light cycle described above and were
approved by the Institutional Animal Care and Use Committee of
Virginia Commonwealth University (Richmond, VA).

Mice lacking the �7 subunit of the nicotinic receptor (C57BL/6
background) and wild-type (WT) littermates were purchased from
The Jackson Laboratory (B6.129S7-charna7tm1bay). Breeding pairs
of mice lacking the �2 subunit of the nicotinic receptor (C57BL/6
background) and WT littermates were shipped from Institut Pasteur
(Paris, France). Mice approximately 8 to 10 weeks of age (together
with age- and sex-matched WT controls) were used. �2 and �7
nAChR KO mice are maintained on a C57BL/6 background, and both
were backcrossed to at least 10 generations. For all experiments,
mutant and WT controls were obtained from crossing heterozygote
mice. This breeding scheme allows us to rigorously control for any
anomalies that may occur with crossing solely mutant animals.

Drugs. (�)-Nicotine hydrogen tartrate salt was purchased from
Sigma Chemical Co. (St. Louis, Mo). Mecamylamine hydrochloride
was a gift from Merck Research Labs (West Point, PA). Dihydro-�-
erythroidine (DH�E) and methyllycaconitine citrate (MLA) were
purchased from Sigma/RBI (Natick, MA) and were dissolved in sa-
line. Isopropyl 2-methoxyethyl 1,4-dihydro-2,6-dimethyl-4-(m-nitro-
phenyl)-3,5-pyridinedicarboxylate (nimodipine) was purchased from
Sigma/RBI and was dissolved in a vehicle solution made of 5% ethyl
alcohol, 5% Emulphor oil, and 90% saline. KN-62, KN-93, and KN-92
were purchased from Calbiochem (San Diego, CA) and were dis-
solved in dimethyl sulfoxide to a concentration of 4 mg/ml. For
injection, the stock was diluted in artificial cerebrospinal fluid to a
final concentration of 64 ng/�l. Systemically administered drugs
were dissolved in saline (0.9% sodium chloride) and injected subcu-
taneously or intraperitoneally at a volume of 10 ml/kg body weight.
The pH of the nicotine solution was checked and neutralized if
necessary. All doses are expressed as the free base of the drug.

Treatment. For the dose-response studies, animals were given a
subcutaneous injection of one of three doses of nicotine (0.5, 1.0, or
2.0 mg/kg). At various times after injection (15 min later for CaMKII
and synapsin I studies and 20 min later for pCREB studies), mice
were sacrificed by cervical dislocation, and the brains were rapidly
removed and sliced into 1-mm-thick sections using a mouse brain
matrix (Braintree Scientific Co., Braintree, MA) on ice. The VTA,
NAc, PFc, hippocampus, and amygdala were identified using a ste-
reotaxic atlas (Paxinos and Franklin, 2001) and dissected from the
appropriate sections (approximate coordinates NAc and PFc:
bregma, 1.10 mm; hippocampus and amygdala: bregma, �1.70; and
VTA: bregma, �3.64 mm). Sections were frozen and stored at �80°C
until the CaMKII assays and Western blots were performed. For the
time course studies, mice were treated with a dose of 2 mg/kg nico-
tine and sacrificed 1, 2, and 5 h later, and CaMKII activity was
measured in the different brain regions as described above. For
studies with nicotinic antagonists [MLA (10 mg/kg s.c.) and DH�E (2
mg/kg s.c.)], drugs were given 10 min before nicotine, or 15 min
before nicotine for studies with the L-type calcium channel blocker
nimodipine (10 mg/kg i.p.).

Intracerebroventricular Injections. Mice were anesthetized
with sodium pentobarbital (45 mg/kg i.p.) on the evening before
testing, and a scalp incision was made to expose the bregma. Uni-
lateral injection sites were prepared using a 26-gauge needle with a
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sleeve of polyurethane tubing to control depth of the needle at a site
2 mm rostral and 2 mm lateral to the bregma at a depth of 2 mm. The
scalp was sutured in such a way to enable an injection volume of 5 �l
using a 26-gauge needle with a sleeve of polyurethane tubing into the
lateral ventricle on the morning of testing. Animals were allowed to
recover overnight. For intracerebroventricular injections the next
morning (test day), the needle was held in place for 30 s to ensure
drug delivery.

CaMKII Assay. CaMKII activity was measured using a CaMKII-
specific assay kit (Millipore, Billerica, MA). In brief, after experimen-
tal treatment, brain tissues were homogenized in calcium-free Tris
buffer that contains 1 mM phenylmethylsulfonyl fluoride. Homoge-
nates were normalized for protein concentration. Samples were cen-
trifuged to separate the membrane and the cytosol-containing ki-
nase. Standard phosphorylation reaction solutions contains 70 �g of
protein, 10 mM MgCl2, 1 �Ci of [32P]ATP, 10 mM PIPES, pH 7.4, 5
�M CaCl2, and 5 �g of calmodulin. Standard reactions were per-
formed in a shaking water bath at 30°C. CaMKII activity was deter-
mined using the following calculation: [(count-specific binding) �
(correcting factor)]/[(specific radioactivity) � time (10 min)].

Western Blot Assays for CaMKII, pSynapsin I, and pCREB.
VTA, NAc, hippocampus, amygdala, and PFc sections were homog-
enized in extraction buffer containing phosphate-buffered saline, 0.2
mM EGTA, 0.5 mM EDTA, and 0.5% Triton X-100. Protein concen-
trations were determined using the Bradford assay (Bradford, 1976),
and 50 �g of protein was incubated with sample buffer and heated
for 5 min at 95°C. Samples were then separated by SDS-polyacryl-
amide gel electrophoresis on a 10% polyacrylamide gel and subjected
to immunoblotting. pCREB primary antibody (1:500; Millipore), Syn-
apsin I (1:2000; Millipore Bioscience Research Reagents, Temecula,
CA), or pSynapsin I Ser603 (an antibody specific for the site phos-
phorylated by CaMKII) (1:2000; Sigma Chemical Co.) primary anti-
bodies; CaMKII primary antibody (1:1000; Sigma Chemical Co.);
pCaMKII primary antibody (1:1000; Thermo Fisher Scientific,
Waltham, MA); or �-tubulin antibody (1:5000; Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA) was incubated overnight at 4°C, and
secondary antibody (1:5000; Santa Cruz Biotechnology, Inc.) was
incubated for 1 h at room temperature. Bound antibody was detected

using enhanced chemiluminescence (GE Healthcare, Chalfont St.
Giles, Buckinghamshire, UK). Densitometric analysis was per-
formed using a scanner and quantified with ImageQuant (GE
Healthcare). pCREB bands were detected at 43 kDa, synapsin I
bands were detected at 80 kDa, pSynapsin I bands were detected at
78 kDa, CaMKII bands were detected at 50 kDa, pCaMKII bands
were detected at 52 kDa, and �-tubulin bands were detected at 55
kDa.

Statistics. For all data, statistical analyses were preformed using
Statview (SAS Institute, Cary, NC). Data were analyzed using one-
way analysis of variance with treatment as the between-subject
factor or two-way analysis of variance for studies using KO mice and
time course studies with strain and treatment or time and treat-
ment, respectively, as between-subject factors. Significant results
were further assessed using Newman-Keuls post hoc test. p values
less than 0.05 (�) are considered significant.

Results
CaMKII Activity in Different Brain Regions after

Acute Injection of Nicotine in Mice: Time Course and
Dose-Response Effects. The activity of CaMKII was mea-
sured in several brain regions after acute subcutaneous ad-
ministration of different doses of nicotine. Brain tissues were
dissected, and the activity of CaMKII in the membrane was
measured. Activity was expressed in Fig. 1 (top) as the num-
ber of picomoles of 32P incorporated into CaMKII substrate
peptide per minute per microgram of protein in the presence
or absence of calcium. For consistency, it is expressed as a
percentage of saline baseline for the remaining figures. In the
VTA, NAc, and amygdala, CaMKII activity was significantly
increased (Fig. 1, top and middle). In contrast, CaMKII ac-
tivity in the PFc was decreased at lower doses of nicotine but
returned to baseline level at the highest dose (Fig. 1, top and
middle). To ascertain that the changes in the kinase activity
were not due to changes in levels of the protein, Western blot

Fig. 1. Acute nicotine administration
increases CaMKII activity in the
VTA, NAc, and amygdala. Top, raw
data showing an increase in CaMKII
activity in the VTA, NAc, and amyg-
dala (Amy); a decrease in the PFc; and
no change in the hippocampus
(Hippo). CaMKII activity was mea-
sured as picomoles per minute per mi-
crogram of protein. Middle, raw data
from top graph represented as per-
centage of saline baseline. The
changes seen from the raw data still
persist; therefore, to compare graphs
from different experiments, data are
expressed as percentage of baseline
for the remaining CaMKII assays.
Bottom, levels of CaMKII protein are
unchanged after acute nicotine treat-
ment. The y-axis represents the ratio
of CaMKII/�-tubulin. Each point rep-
resents the mean � S.E.M. of six to
eight mice per group. �, p � 0.05 from
corresponding saline group.
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analysis for CaMKII levels was performed. The results of the
study revealed no significant change in total kinase protein
levels after acute nicotine administration (Fig. 1, bottom).
Western blot analysis using a pCaMKII-specific antibody
also revealed a significant increase in CaMKII phosphoryla-
tion in the VTA after acute nicotine (2 mg/kg s.c.), thus
supporting our results using the CaMKII activity assay
(Fig. 2).

The time course of the action of nicotine (2 mg/kg s.c.) on
CaMKII activity in the VTA and NAc was relatively long.
Nicotine-induced increase in the activity of the kinase was
still significant 2 h after injection in the VTA and 1 h in the
NAc after drug exposure (Fig. 3). Five hours after nicotine
injection, activity levels of CaMKII were no longer signifi-
cantly different from baseline in any brain area. A similar
time course was seen with the amygdala (data not shown).

Nicotinic Receptor Subtypes Involved in Nicotine-
Induced Changes in CaMKII Activity. Results show that
the increased CaMKII activity induced by nicotine is medi-
ated directly through nAChRs; thus, we examined the in-
volvement of the two major nicotinic receptors in the brain,
�2 and �7, in mediating this effect. The nicotine-induced
increase in CaMKII activity was blocked by pretreatment
with the �2-selective antagonist DH�E at a dose of 2 mg/kg
(Table 1). The role of this subunit was further investigated by
the use of �2 nAChR KO mice. Nicotine at 2 mg/kg was
administered to mice lacking the �2 nAChR subunit. Ani-
mals were sacrificed, brains were dissected, and CaMKII
assays were performed. Acute nicotine administration in �2
nAChR KO mice did not lead to the increase in CaMKII
activity that was seen in the VTA, NAc, and amygdala of
their WT littermates (Fig. 4A). To verify that the lack of
increase in CaMKII activity was not due to a change in

protein level of the kinase as a result of the mutation, we
examined CaMKII protein levels with Western blots. The
lack of increase in CaMKII activity in the �2 nAChR KO mice

Fig. 2. Acute nicotine administration increases CaMKII phosphorylation
in the VTA. Western blot analysis using a pCaMKII-specific antibody
revealed a significant increase in level of CaMKII phosphorylation after
acute nicotine administration (2 mg/kg s.c.). Data are expressed as per-
centage of baseline. Each point represents mean � S.E.M. of four mice
per group. �, p � 0.05 from corresponding saline group.

Fig. 3. Time course of increase in CaMKII activity in the VTA and NAc
after acute subcutaneous injection of nicotine (2 mg/kg). Animals were
sacrificed at different times after nicotine or saline injection. Each point
represents the mean � S.E.M. of six to eight mice. �, p � 0.05 from
corresponding saline group.

TABLE 1
Effects of DH�E (2 mg/kg) and MLA (10 mg/kg) on the nicotine-
induced increase in CaMKII activity in the VTA and NAc
Mice were pretreated with nicotinic antagonists 10 min before nicotine (2 mg/kg).
Each number represents the mean � S.E.M. of six to eight mice. The antagonists by
themselves failed to alter CaMKII activity at the doses tested (data not shown).

Treatment VTA NAc

% baseline � S.E.M.

Veh/Veh 100 � 7 100 � 3
Veh/Nic (2 mg/kg) 240 � 22* 202 � 8*
Dihydro-�-erythroidine/Nic 115 � 18 105 � 12
MLA/Nic 238 � 25* 198 � 9*

Nic, nicotine at 2 mg/kg; Veh, vehicle.
* p � 0.05 from Veh/Veh.

Fig. 4. Nicotine-induced increase in CaMKII activity is mediated by �2
nAChRs. A, WT mice show a nicotine-induced increase in CaMKII activ-
ity in the VTA, NAc, and amygdala, whereas this increase is absent in �2
nAChR KO mice. B, there is no change in CaMKII protein levels in any
brain area examined either due to nicotine treatment or the �2 nAChR
mutation. The y-axis represents the ratio of CaMKII/�-tubulin. Each
point represents the mean � S.E.M. of six to eight mice. �, p � 0.05 from
corresponding saline group. Amy, amygdala; Hippo, hippocampus.
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was not due to a change in protein level as a result of the
mutation, because a Western blot for total protein showed no
change in level in any of the brain areas studied (Fig. 4B).

To examine the role of the �7 nAChR subunit, we first
investigated the effect of MLA, an �7 antagonist. Pretreat-
ment with MLA did not block the nicotine-induced increase
in CaMKII activity (Table 1). To complement these pharma-
cological results, nicotine at 2 mg/kg was administered to �7
nAChR KO mice, and CaMKII assays were performed. In
contrast to the �2 nAChR KO mice, �7 nAChR KO mice
showed a significant nicotine-induced increase in CaMKII
activity in the VTA, NAc, and amygdala while maintaining a
decrease in the PFc (Fig. 5A). To ensure that there were no
changes in CaMKII protein levels as a result of the mutation,
Western blots for CaMKII were performed. The lack of the �7
nAChR subunit in these mice does not change the amount of
total CaMKII protein levels (Fig. 5B). Taken together, these
data implicate the �2 subunit but not the �7 nAChR subunit
in the nicotine-induced increase in CaMKII activity.

L-Type Calcium Channels Are Involved in Nicotine-
Induced Changes in CaMKII Activity. The resulting nic-
otine-induced increase in intracellular calcium leads to an
indirect calcium influx by calcium-induced calcium release
from intracellular calcium stores and through voltage-gated
calcium channels as a result of membrane depolarization
after nAChR activation. This subsequent rise in intracellular
calcium leads to activation of various downstream second
messengers, including CaMKII. Thus, we also evaluated the
role of L-type calcium channels in the acute nicotine-induced
increase in CaMKII. Results show that the L-type calcium
channel blocker nimodipine, at a dose of 10 mg/kg i.p., sig-
nificantly blocked the nicotine-induced increase in CaMKII
activity in the VTA and NAc as measured using the CaMKII
activity assay (Fig. 6), implicating a potential role for indirect
nicotine-induced sources of calcium influx. The dose of nimo-
dipine used did not significantly affect CaMKII activity, be-

cause mice treated with nimodipine alone did not differ from
vehicle controls (Fig. 6).

Nicotinic Receptor Subtypes Involved in Nicotine-
Induced Changes in pSynapsin I. Our previous study
suggests that nicotine-induced changes in the phosphory-
lated state of CaMKII are mediated through �2 subunit-
containing nicotinic receptors. To evaluate the physiological
relevance of this increase in CaMKII by nicotine, we inves-
tigated whether the phosphorylated state of synapsin I
(pSynapsin I), a CaMKII substrate essential for neurotrans-
mitter release, is altered after acute nicotine treatment, and
whether this change is linked to the �2 nAChR receptor
subtype. Using Western blot analysis, we examined pSynap-
sin I levels in the NAc and VTA using an antibody specific for
the CaMKII site of phosphorylation (Ser603) after an acute
(subcutaneous) injection of nicotine and after treatment with
the �2 nAChR antagonist DH�E. As seen with CaMKII,
acute nicotine induced a significant increase in pSynapsin I
in the NAc, and this increase was significantly blocked by
DH�E, indicating that the nicotine-induced increase in pSyn-
apsin I is mediated through the �2 nicotinic receptor subtype
(Fig. 7). Western blot analysis also revealed that there was
no change in total synapsin I protein level after acute nico-
tine treatment. Similar results were observed in the VTA
after acute nicotine (data not shown).

Nicotinic Receptor Subtypes Involved in Nicotine-
Induced Changes in pCREB. To determine whether the
nicotine-induced change in pCREB is linked to a �2 subunit-
containing subtype, we examined pCREB levels after acute
nicotine treatment in the VTA and NAc of �2 and �7 nAChR
KO mice. Similar to CaMKII results, WT mice exhibit an
increase in pCREB in the VTA and NAc after acute nicotine
treatment. In contrast, mice lacking the �2 nAChR subunit
do not exhibit this nicotine-induced increase in pCREB (Fig.
8A). Moreover, mice lacking the �7 nAChR do show a nico-
tine-induced increase in pCREB after acute exposure, similar
to their WT littermates (Fig. 8B). Taken together, these data

Fig. 5. The �7 nAChR subunit does not mediate the nicotine-induced
increase in CaMKII activity. A, WT mice show a nicotine-induced in-
crease in CaMKII activity in the VTA, NAc, and amygdala as do �7
nAChR KO mice. B, there is no change in CaMKII protein levels in any
brain area examined either due to nicotine treatment or the �7 nAChR
mutation. The y-axis represents the ratio of CaMKII/�-tubulin. Each
point represents the mean � S.E.M. of six to eight mice. �, p � 0.05 from
corresponding saline group. Amy, amygdala; Hippo, hippocampus.

Fig. 6. L-type calcium channels are involved in nicotine-induced in-
creases in CaMKII activity. Nimodipine (10 mg/kg i.p.) significantly
blocks the acute nicotine-induced (2 mg/kg s.c.) increase in CaMKII
activity in the VTA and NAc. The dose of nimodipine used does not
significantly affect CaMKII activity, suggesting that the observed effects
on CaMKII activity are not attributed to actions of nimodipine alone.
Each point represents the mean � S.E.M. of six to eight mice. �, p � 0.05
from corresponding saline group.

�2 Nicotinic Receptors Mediate CaMKII-Dependent Pathways 545



suggest that the nicotine-induced increase in pCREB is me-
diated by the �2 subtype and not the �7n-containing nAChR
subtype.

Effects of Blocking CaMKII Activity on pCREB after
Nicotine Treatment. Because the nicotine-induced in-
crease in CaMKII activity and pCREB seem to be linked to
the same nAChR subtype, we determined whether the nico-
tine-induced CaMKII pathway would lead to pCREB activa-
tion. First, we verified that KN-62, a CaMKII inhibitor,
would actually block the nicotine-induced increase in the
kinase activity. To this end, we injected KN-62 (0.1 �g/ani-
mal i.c.v.) followed by systemic nicotine administration (2
mg/kg s.c.). The brains were dissected and assayed for
CaMKII activity. KN-62 blocks the nicotine-induced increase
in the kinase activity in the VTA, NAc, and amygdala (Fig.
9A). We then examined the effect of KN-62 on the nicotine-
induced increase in pCREB. For this experiment, animals
were treated with the same dose of KN-62 intracerebroven-

tricularly followed by systemic nicotine (2 mg/kg s.c.). Brains
were dissected, and Western blots for pCREB protein were
performed. Similar to the blockade of CaMKII activity,
KN-62 also blocks the nicotine-induced increase in pCREB in
the VTA and NAc (Fig. 9B).

Finally, we examined the effect of a structurally differ-
ent blocker of CaMKII (KN-93) and its inactive analog
(KN-92) on pCREB induction after acute nicotine admin-
istration. KN-92 or KN-93 (0.1 �g/animal) was infused into
the brain intracerebroventricularly followed by a systemic
injection of nicotine. Brains were removed, and Western
blots for pCREB were performed. Similar to KN-62, KN-93
blocked nicotine-induced increases in pCREB in the VTA
and NAc (Fig. 10A). In contrast, the inactive analog KN-92
had no effect on pCREB induction after acute nicotine (Fig.
10B). Taken together, these studies suggest that nicotine-
induced activation of CaMKII could lead to an increase in
pCREB.

Fig. 7. Nicotine-induced increases in synapsin I phosphor-
ylation are mediated by �2 nAChRs. Western blot analysis
using a synapsin I antibody specific for the Ser603 site
phosphorylated by CaMKII (p603) revealed a significant
increase in synapsin I (SI) phosphorylation after acute
nicotine (nic) treatment (2 mg/kg s.c.). The increase was
blocked by the �2 nAChR antagonist DH�E (2 mg/kg s.c.).
Each point represents the mean � S.E.M. of six to eight
mice. �, p � 0.05 from corresponding saline group.

Fig. 8. Nicotine-induced changes in pCREB are me-
diated by �2, but not �7, nAChRs. A, increase in
pCREB after acute nicotine treatment in the VTA
and NAc is observed in WT mice. This increase is
not observed in �2 nAChR KO mice. B, increase in
pCREB after acute nicotine treatment in the VTA
and NAc is observed in WT and �7 nAChR KO mice.
The y-axis represents the ratio of pCREB/�-tubulin.
Each point represents the mean � S.E.M. of six to
eight mice. �, p � 0.05 from corresponding saline
group. Amy, amygdala; Hippo, hippocampus; nic,
nicotine; sal, saline; �-tub, �-tubulin.
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Discussion

CaMKII is the most abundant protein kinase in the brain. It
is distributed throughout forebrain neurons, including the me-
solimbic dopamine reward pathway, a region that plays a prom-
inent role in the effects of nicotine, especially the rewarding
properties of the drug. After acute injection of nicotine, we see a
dose-dependent increase in the kinase activity in the VTA, NAc,
and amygdala, whereas a decrease in kinase activity in the PFc
was noted. Similarly, a nicotine-induced increase in CaMKII

phosphorylation using a pCaMKII-specific antibody in Western
blot analysis was observed in the VTA and NAc. It is interesting to
note that the increase in CaMKII activity in the VTA was sus-
tained until at least 2 h after a single injection of nicotine. This
sustained activation could potentially have important pharmaco-
logical and molecular consequences, because CaMKII is a key
element in neuronal plasticity and in calcium-dependent neuro-
transmitter release. In addition, this extended time course is con-
sistent with an initiation of neuronal plasticity in the VTA after an
acute exposure to nicotine (Mansvelder and McGehee, 2000).

Fig. 9. KN-62 blocks the nicotine-in-
duced increase in CaMKII activity
and pCREB. A, nicotine-induced in-
creases in CaMKII activity in the
VTA, NAc, and amygdala are attenu-
ated by pretreatment with KN-62.
The decrease in CaMKII activity in
the PFc is not changed by pretreat-
ment with KN-62. B, nicotine-induced
increases in pCREB in the VTA and
NAc are attenuated by pretreatment
with KN-62. The y-axis represents the
ratio of pCREB/�-tubulin. Each point
represents the mean � S.E.M. of six
to eight mice. �, p � 0.05 from corre-
sponding saline group. Amy, amygda-
la; Hippo, hippocampus; nic, nicotine;
sal, saline; �-tub, �-tubulin.

Fig. 10. KN-93 blocks the nicotine-induced increase in
pCREB. A, pretreatment with the CaMKII inhibitor
KN-93 blocks the nicotine-induced increase in pCREB
in the VTA and NAc. B, pretreatment with the inactive
analog KN-92 has no effect on the nicotine-induced
increase in pCREB in the VTA and NAc. Each point
represents the mean � S.E.M. of six to eight mice.
�, p � 0.05 from corresponding saline group. Amy,
amygdala; Hippo, hippocampus; nic, nicotine; sal, sa-
line; �-tub, �-tubulin.
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The increase in CaMKII is mediated by the �2 subunit but
not the �7 nAChR subunit. Indeed, DH�E, a �2-selective
nicotinic antagonist, blocked the increase in the kinase ac-
tivity. Furthermore, although WT mice show an increase in
CaMKII activity after nicotine, �2 nAChR KO mice do not
show such changes in any brain area examined. This lack of
increase is not due to a variation in the amount of the kinase,
because its protein levels in the �2 nAChR KO are similar to
those of WT mice. In contrast, acute nicotine administration
in mice lacking the �7 nAChR subunit leads to an increase in
CaMKII activity in the VTA, NAc, and amygdala and a
decrease in the PFc similar to WT littermates. Similar to the
�7 nAChR KO mice data, MLA, an �7 nAChR antagonist,
failed to block the nicotine-induced increase in kinase activ-
ity. These results suggest that the increase in CaMKII activ-
ity is mediated by �2 subunit-containing nAChRs in the VTA
and NAc. Our data represent the first demonstration of the
involvement of CaMKII in the mesolimbic dopamine reward
system, suggesting that this kinase may play a role in the
molecular signaling pathway underlying the effects of
nicotine.

We also noted that blockade of L-type calcium channels by
nimodipine significantly attenuates the nicotine-induced in-
crease in CaMKII activity. Although our results suggest that
the nicotine-induced increase in CaMKII activity is mediated
directly through nicotinic receptors, these results also impli-
cate the potential involvement of indirect sources in nicotine-
induced calcium influx. Upon nicotine binding, there is a
direct calcium influx through calcium-permeable nAChRs.
The resulting increase in intracellular calcium leads to an
indirect calcium influx through voltage-gated calcium chan-
nels as a result of membrane depolarization after nAChR
activation. Because CaMKII activation is altered by L-type
calcium channel pharmacological agents, this would suggest
an important role for a mechanism of calcium influx that
occurs as a result of nAChR activation.

We also examined the CaMKII substrate synapsin I after
acute nicotine. As seen with CaMKII, there was a significant
increase in synapsin I activity, but not total protein level,
after acute nicotine treatment. This nicotine-induced in-
crease in activity was significantly blocked by DH�E in the
VTA and NAc, implying that acute nicotine-induced in-
creases in synapsin I activity are mediated by �2 subunit-
containing nAChRs. CaMKII phosphorylates synapsin I at
two sites: Ser566 and Ser603 (De Camilli et al., 1990; Hilfiker
et al., 1999). For our Western analysis, we used an antibody
specific for synapsin I phosphorylation by CaMKII at Ser603,
thus supporting our results indicating a link between
CaMKII and synapsin I after acute nicotine administration.
Taken together, these experiments suggest that synapsin I is
also involved in mediating nicotine-induced effects on the
mesolimbic dopamine reward system through the CaMKII
pathway.

The transcription factor CREB has been implicated in me-
diating effects of multiple drugs of abuse. Recent work has
shown that an acute injection of nicotine increases pCREB in
the VTA and NAc in mice (Walters et al., 2005). Our studies
confirm this increase and show that mice lacking the �2
nAChR subunit do not show an increase in pCREB in the
VTA or NAc after treatment with acute nicotine, whereas
this increase is still present in �7 nAChR KO mice. These
results suggest that the nicotine-induced increase in pCREB

is driven by �2- but not �7 nAChR subunit-containing
nAChRs. Moreover, we show that there is a correlation be-
tween the increase in CaMKII activity and pCREB induction
after acute nicotine. Both of these responses in the VTA and
NAc after acute nicotine are linked to �2 subunit-containing
nAChRs. Previous in vitro work suggests that CaMKII de-
creases levels of CREB (Wu and McMurray, 2001); however,
more recent work in the spinal cord shows that CaMKII can
increase CREB activity (Miyabe and Miletic, 2005).

Previous work by Brunzell et al. (2003) shows different
responses to acute nicotine. Acute nicotine exposure in
C57BL/6J mice resulted in no change in pCREB in the VTA
or NAc; however, animals were exposed to nicotine in their
drinking water with an acute exposure defined as a single
1.3-h session. In the present study, we administer nicotine
with a single acute injection and measure changes in pCREB
20 min after this exposure; thus, it is possible that the dif-
ferent durations of exposure can lead to very different
results.

To determine whether CREB is a potential downstream
molecular target of the CaMKII pathway, we used the
CaMKII inhibitors KN-62 and KN-93. Intracerebroventricu-
lar injections of KN-62 blocked the nicotine-induced increase
in CaMKII activity in the VTA, NAc, and amygdala and the
increase in pCREB in the VTA and NAc. Similarly, KN-93
also blocked the increase in pCREB in the VTA and NAc after
acute nicotine, whereas the inactive analog KN-92 had no
effect. These data lend support to the hypothesis that an
increase in the activity of CaMKII leads to an increase in
pCREB in the VTA and NAc after acute nicotine administra-
tion. Although KN-62 and KN-93 were reported previously to
be selective inhibitors of CaMKII (Tokumitsu et al., 1990;
Sumi et al., 1991), they were more recently shown to block
other kinases such as calcium/calmodulin-dependent protein
kinase IV (CaMKIV) (Enslen et al., 1994); thus, it is possible
that increases in CaMKIV activity may be involved in acute
nicotine-induced CREB activation. There are three different
phosphorylation sites on the CREB protein (Ser133 and
Ser142/143), each of which have differential effects on down-
stream activities associated with CREB activation. CaMKII
phosphorylates primarily 142/143, whereas CaMKIV phos-
phorylates Ser133 (Deisseroth and Tsien, 2002). Further in-
vestigation into the role of CaMKIV is necessary to deter-
mine the function, if any, of this kinase in the effects of acute
nicotine exposure.

It is noteworthy that there are different effects depending
on which brain area is examined. In the VTA and NAc, both
central players in the mesolimbic dopamine reward pathway,
we see nicotine-induced increases in CaMKII activity, pSyn-
apsin I, and pCREB that are mediated by the �2 nAChR
subunit, and the increases in pCREB in both areas are
blocked by two kinase inhibitors. In the amygdala, acute
nicotine increases CaMKII activity, and this increase is also
mediated by nAChRs containing the �2 nAChR subunit; how-
ever, nicotine does not increase pCREB in this brain area.
Previous work suggests that the amygdala may be involved
more in the associative learning and memory-enhancing pro-
cesses (Levin et al., 2006); and, more recently, nicotine was
shown to enhance responsiveness to auditory responses in
single unit recordings in the amygdala (Cromwell and Wood-
ward, 2007). Thus, although CaMKII activation in the amyg-
dala is increased, the pathway that this increase affects is
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more likely one that is involved in the attention or memory-
enhancing effects of nicotine. Finally, CaMKII activity is
decreased in the PFc after acute nicotine, which is not
present in �2 nAChR KO mice, and this decrease is not
affected by administration of an inhibitor. In addition, the
decrease in CaMKII activity does not have an affect on
pCREB levels in this brain region. These data may support
the hypothesis that the PFc is involved in inhibitory control
over the VTA. This inhibitory control does not seem to be
regulated by the CREB pathway after acute nicotine.

The second messenger systems involved after nicotine ex-
posure are poorly understood. There is evidence for involve-
ment of numerous pathways including the extracellular sig-
nal-regulated kinase (Brunzell et al., 2003) and CREB
pathways (Brunzell et al., 2003; Walters et al., 2005). Our
data suggest that in the VTA and NAc, nicotine works
through �2 subunit-containing nAChRs to activate CaMKII-
dependent pathways, which leads to the phosphorylation of
molecular targets such as synapsin I and CREB. Our data
need to be interpreted with caution because they do not
provide a direct link between these activity changes in calci-
um/calmodulin-dependent protein kinases and addictive be-
havior after chronic nicotine exposure. The potential for en-
gaging alternate signaling mechanisms is possible under
more chronic nicotine exposure. Future investigation of the
long-term effects of nicotine will aid in elucidation of poten-
tial target pathways in smoking cessation therapies.
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