
Beta2-containing nicotinic acetylcholine receptors mediate
calcium/calmodulin-dependent protein kinase-II and synapsin I
protein levels in the nucleus accumbens after nicotine
withdrawal in mice

Kia J. Jacksona and M. Imad Damajb
aVirginia Institute for Psychiatric and Behavioral Genetics, Department of Psychiatry, Virginia
Commonwealth University, 800 E. Leigh St., Suite 390A, Richmond, VA 23219
bDepartment of Pharmacology/Toxicology, Virginia Commonwealth University, 410 N. 12th St.,
Box 980613, Richmond, VA 23219

Abstract
Nicotinic acetylcholine receptors are calcium-permeable and the initial targets for nicotine.
Studies suggest that calcium-dependent mechanisms mediate some behavioral responses to
nicotine; however, the post-receptor calcium-dependent mechanisms associated with chronic
nicotine and nicotine withdrawal remain unclear. The proteins calcium/calmodulin-dependent
protein kinase II (CaMKII) and synapsin I are essential for neurotransmitter release and were
shown to be involved in drug dependence. In the current study, using pharmacological techniques,
we sought to (a) complement previously published behavioral findings from our lab indicating a
role for calcium-dependent signaling in nicotine dependence and (b) expand on previously
published acute biochemical and pharmacological findings indicating the relevance of calcium-
dependent mechanisms in acute nicotine responses by evaluating the function of CaMKII and
synapsin I after chronic nicotine and withdrawal in the nucleus accumbens, a brain region
implicated in drug dependence. Male mice were chronically infused with nicotine for 14 days, and
treated with the β2 -selective antagonist dihydro-β-erythroidine (DHβE), or the α7 antagonist,
methyllycaconitine citrate (MLA) 20 minutes prior to dissection of the nucleus accumbens.
Results show that phosphorylated and total CaMKII and synapsin I protein levels were
significantly increased in the nucleus accumbens after chronic nicotine infusion, and reduced after
treatment with DHβE, but not MLA. A spontaneous nicotine withdrawal assessment also revealed
significant reductions in phosphorylated CaMKII and synapsin I levels 24 h after cessation of
nicotine treatment. Our findings suggest that post-receptor calcium-dependent mechanisms
associated with nicotine withdrawal are mediated through β2-containing nicotinic receptors.
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1. Introduction
Nicotine-associated behaviors are mediated through nicotinic acetylcholine receptors, which
are calcium-permeable, and the initial targets for nicotine. Upon nicotine binding, a direct
influx of calcium through nicotinic receptors leads to an indirect calcium influx through
voltage-gated calcium channels and intracellular calcium stores (Rathouz and Berg, 1994;
Dajas-Bailador et al., 2002). The subsequent rise in intracellular calcium induces activation
of various downstream second-messengers, including calcium/calmodulin-dependent protein
kinase II (CaMKII), one of the most abundant proteins in neurons (Deisseroth et al., 1998),
and a protein involved in several essential processes, including induction of long term
potentiation (Lisman et al., 2002) and neurotransmitter release (Schulman and Hanson,
1993). CaMKII, in turn, activates various substrates, including synapsin I, a presynaptic
vesicle-associated protein essential for neurotransmitter release and phosphorylated by
CaMKII at Ser-566 and Ser-603 (De Camilli et al., 1990; Hilfiker et al., 1999).

Activation of these post-receptor calcium-dependent signaling cascades is involved in
nicotine-mediated responses. Acute nicotine-induced increases in CaMKII activity are
mediated through β2-containing nicotinic receptors in brain regions implicated in drug
dependence, including the ventral tegmental area, nucleus accumbens, and amygdala
(Jackson et al., 2009d). An acute systemic injection of nicotine also elevates CaMKII in the
spinal cord (Damaj, 2000; Damaj, 2007). Further, L-type calcium channel blockers and
CaMKII inhibitors block development and expression of nicotine-induced antinociception at
the spinal level (Damaj, 2005). Calcium-dependent mechanisms are also involved in
physical and affective nicotine withdrawal behaviors (Biala and Weglinska, 2005; Jackson
et al., 2009a). In addition to CaMKII, synapsin I activity is also increased in the nucleus
accumbens after acute nicotine (Jackson et al., 2009d). Synapsin I mRNA is also increased
in the locus coeruleus, amygdala, spinal cord, and pontine central gray area after chronic
morphine treatment in rats (Matus-Leibovitch et al., 1995). Further, increased synapsin I
phosphorylation and subsequent dopamine release were noted after amphetamine
sensitization in rats, and after chronic amphetamine treatment in rat striatal synaptosomes
(Iwata et al., 1996; Iwata et al., 1997a; Iwata et al., 1997b).

While these findings show that calcium-dependent mechanisms are relevant to drug-
dependence behaviors, the changes occurring in post-receptor calcium-dependent signaling
after chronic nicotine and withdrawal remain unclear. Thus, in the current study, we sought
to complement previous behavioral findings from our lab indicating a role for calcium-
dependent signaling in nicotine dependence and withdrawal (Damaj, 2005; Jackson et al.,
2009a) and expand on acute nicotine studies suggesting the importance of calcium-
dependent mechanisms in mediating acute nicotine responses (Damaj, 2000; Damaj, 2007;
Jackson et al., 2009d) by examining CaMKII and synapsin I function in the nucleus
accumbens after chronic nicotine exposure and withdrawal. Mice were chronically treated
with nicotine for 14 days, and withdrawal was precipitated using the β2 nicotinic receptor -
selective antagonist, dihydro-β-erythroidine (DHβE), and the α7 nicotinic receptor
antagonist, methyllycaconitine citrate (MLA). A spontaneous withdrawal assessment was
also conducted to complement our precipitated approach.
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2. Materials and Methods
2.1. Animals

Male adult C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME,
USA). Animals were housed in a 21°C humidity-controlled Association for Assessment and
Accreditation of Laboratory Animal Care-approved 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 A.M.).
Mice were about 8–10 weeks of age and weighed approximately 25–30 g at the start of the
experiment. All experiments were performed during the light cycle and were approved by
the Institutional Animal Care and Use Committee of Virginia Commonwealth University.

2.2. Drugs
(−)-Nicotine hydrogen tartrate salt was purchased from Sigma Chemical Company
(Milwaukee, WI). DHβE and MLA were purchased from RBI (Natick, MA, USA) and were
dissolved in saline. Drugs were injected s.c. 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.

2.3. Chronic nicotine administration
Mice were anesthetized with sodium pentobarbital (45 mg/kg, i.p.) and implanted with Alzet
osmotic minipumps [model 2002 (14 days); Durect Corporation, Cupertino, CA, USA] filled
with (−)-nicotine or saline solution. The minipumps infused nicotine (36 mg/kg/day, s.c.) or
saline for 14 days. The concentration of nicotine was adjusted according to animal weight
and minipump flow rate.

2.4. Chronic nicotine and withdrawal studies
On the morning of day 15, male C57Bl/6 mice (n= 32) were injected with vehicle or
antagonist [DHβE (2 mg/kg, s.c.) or MLA (10 mg/kg, s.c.)]. Mice were sacrificed by
cervical dislocation 20 minutes after antagonist injection. To assess protein levels after
spontaneous withdrawal, in a separate group of male C57Bl\6 mice (n= 8), minipumps were
removed the afternoon of day 14. In brief, mice were anesthetized using isofurane
anesthesia. A small 5mm incision was made on the skin surrounding the mini pump. The
pump was removed through the incision, and the incision sutured with nylon monofilament.
Mice were awake and active approximately 5 min after removal from isoflurane, and
allowed to recover from surgery overnight. Mice were sacrificed the morning of day 15,
approximately 24 hours after cessation of nicotine treatment. For all studies, the brains were
rapidly removed and sliced into 1 mm thick sections using a mouse brain matrix (Braintree
Scientific Co., Braintree, MA, USA) on ice. The nucleus accumbens, consisting of both the
shell and core divisions, was identified using a stereotaxic atlas (Paxinos and Franklin,
2001), dissected from the appropriate section (approximate coordinates Nucleus accumbens:
Bregma 1.10 mm), and placed immediately in cold extraction buffer.

2.5. Western blot assays
Nucleus accumbens brain sections were homogenized in extraction buffer containing 50 mM
Tris, 1 % SDS, 1 mM PMSF, 1 mM EDTA, 5 mM EGTA, 1 mM Na+ orthovanadate, 20 μg/
ml leupeptin, 10 μg/ml aprotinin, and 1 μM okadaic acid. Protein concentrations were
determined using the Bradford assay. 30 μg of protein were incubated with 6X blue gel
loading dye (New England Biolabs, Ipswich, MA, USA), and heated for 5 minutes at 95°C.
Samples were then separated by SDS-polyacrylamide gel electrophoresis on a 10% TRIS-
HCl gel and subjected to immunoblotting. Non-specific protein was blocked in 5% milk
solution in TBS-T for 1 hour at room temperature. Primary antibodies for α-CaMKII
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(1:1000; Sigma, St. Louis, MO, USA), α-pCaMKII (1:10000; Fisher Scientific, USA),
synapsin I (1:2000; Chemicon International, Inc, Billerica, MA, USA), or pSynapsin I
Ser603 (an antibody specific for the site phosphorylated by CaMKII) (1:2000; Sigma, St.
Louis, MO, USA) and α-tubulin antibody (1:5000; Upstate, Temecula, CA, USA) were
incubated overnight at 4°C. Secondary antibodies (1:5000; LiCor Biosciences, Inc., Lincoln,
NE, USA) were incubated for 1 hour at room temperature the next day. Bound antibody was
detected using the LiCor Odyssey Infrared Imaging System (LiCor Biosciences, Inc.,
Lincoln, NE, USA). α-CaMKII bands were detected at 50 kDa, α-pCaMK II bands were
detected at 52 kDa, Synapsin I bands were detected at 80 kDa, pSynapsin I Ser 603 bands
were detected at 78 kDa, and α-tubulin bands were detected at 55 kDa. Blots were analyzed
by taking the ratio of protein:αtubulin. Results from two independent blots were combined,
normalized, and represented as a percentage of saline baseline. The ratio of phosphorylated
to total protein was also calculated using the formula [(phospho/αtubulin)/(total/α-tubulin)].

2.6. Statistical analysis
For all data, statistical analyses were performed using StatView®. Data from precipitated
western blot studies were analyzed using one-way analysis of variance with treatment as the
between subject factor. Significant results were further assessed using a Neuman-Keuls post
hoc test. For spontaneous nicotine withdrawal studies, data were analyzed using a student’s
unpaired t-test. P-values less than 0.05 were considered significant.

3. Results
3.1. DHβE, but not MLA, decreases total and phosphorylated CaMKII and synapsin I
protein levels in the nucleus accumbens

Chronic nicotine infused for 14 days induced a significant increase in pCaMKII (F(5,27) =
12.73, P < 0.0001) and CaMKII (F(5,27) = 10.985, P =0.0002) protein level in the nucleus
accumbens as shown in Fig. 1, as well as in pSynapsin I Ser603 (p603; (F(5,27) = 7.44, P =
0.005) and synapsin I (F(5,27) = 8.89, P = 0.001) protein level (Fig. 2). Post-hoc analysis
indicate that treatment with the β2 nicotinic receptor selective antagonist DHβE (2 mg/kg,
s.c.) significantly reduced the chronic nicotine-induced increase in pCaMKII, CaMKII,
p603, and synapsin I protein expression in the nucleus accumbens. Conversely, the α7
nicotinic receptor antagonist, MLA (10 mg/kg, s.c.), failed to reduce the nicotine-induced
increase, as this effect was still observed in the nucleus accumbens for all proteins after
MLA treatment. Representative blots are shown in Fig. 1A and B for pCaMKII and CaMKII
respectively and Fig. 2A and B for p603 and synapsin I respectively. DHβE and MLA alone
had no significant effect on protein expression at the doses tested. The ratios of
phosphorylated to total protein in the chronic nicotine, nicotine-DHβE, and nicotine-MLA
treated groups, shown in Table 1, show no significant change in the pCaMKII:CaMKII or
p603:synapsin I ratios when expressed as a percentage of saline-control.

3.2. pCaMKII and p603 protein levels are decreased after spontaneous nicotine withdrawal
To determine if the reduction in protein levels also occurred after spontaneous nicotine
withdrawal, a subset of C57Bl/6 mice was chronically infused with saline or nicotine for 14
days, and minipumps were removed the afternoon of day 14. Mice were withdrawn from
nicotine for approximately 24 h prior to dissection of the nucleus accumbens. Results are
shown in Fig. 3. There was a significant reduction in p603 level in the nucleus accumbens
24 hours after cessation of nicotine treatment (t(6) = 2.74, P = 0.04; Fig. 3A). Total synapsin
I levels were not significantly different from saline baseline. Similarly, pCaMKII levels
were significantly decreased in the nucleus accumbens after spontaneous withdrawal from
nicotine (t(6) = 3.35, P = 0.03; Fig. 3B), while total CaMKII levels were unchanged. Table 1
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reveals a significant decrease in the p603:syanpsin I and pCaMKII:CaMKII ratios,
expressed as a percentage of saline baseline.

4. Discussion
The goal of these biochemical studies was to complement previously published behavioral
pharmacology studies from our lab implicating an important role for calcium-dependent
signaling in nicotine dependence and withdrawal (Damaj, 2005; Jackson et al., 2009a) and
expand on previously published studies indicating the relevance of calcium-dependent
mechanisms in acute nicotine responses (Damaj, 2000; Damaj, 2007; Jackson et al., 2009d)
by examining the post-receptor calcium-dependent mechanisms that mediate nicotine
responses after chronic nicotine exposure and nicotine withdrawal. We measured the
phosphorylated, or activated, state of CaMKII (pCaMKII) and synapsin I (p603), which is
an indication of protein activity, as well as the total protein levels (CaMKII, synapsin I),
which reflect the total protein expression in the system after precipitated and spontaneous
nicotine withdrawal. Together, our studies suggest that β2-containing, but not α7 nicotinic
receptors are involved in nicotine induced changes in CaMKII and synapsin I function in the
nucleus accumbens after nicotine withdrawal.

Our chronic nicotine assessment revealed a significant increase in phosphorylated and total
CaMKII and synapsin I protein levels after 14 days of chronic nicotine exposure, suggesting
that tolerance does not develop to the acute nicotine-induced increases in phosphorylated
CaMKII and synapsin I levels in the nucleus accumbens (Jackson et al., 2009d). Both
CaMKII and synapsin I are important markers for neurotransmitter release, and many
studies support the vital role of the neurotransmitter dopamine in nicotine dependence.
Indeed, the nicotine induced increase in ventral tegmental area dopamine neuron firing rate
(Grenhoff et al., 1986), and subsequent dopamine release in the nucleus accumbens is a
process thought to underlie the addictive properties of nicotine (Ponteiri et al., 1996).
Compatible with the current studies, acute nicotine increases dopamine release in the
nucleus accumbens, and tolerance does not develop to chronic-nicotine induced increases in
dopamine release (Damsma et al., 1989; Nisell et al., 1997). In our withdrawal assessment,
DHβE (2 mg/kg, s.c.) at a dose that precipitates significant nicotine withdrawal-induced
aversion in mice (Jackson et al., 2009b), but not MLA, precipitated a significant decrease in
CaMKII and synapsin I activity in the nucleus accumbens. In support of our precipitated
studies, CaMKII and synapsin I activity were also significantly decreased 24 h after
cessation of chronic nicotine, and the ratios of pCaMKII:CaMKII and p603:syanpsin I were
decreased, though total protein levels were unchanged. A significant reduction in total
protein levels may be observed after longer periods of withdrawal. Studies report decreased
dopamine neuronal activity in the ventral tegmental area (Liu and Jin, 2004) and decreased
dopamine output in the nucleus accumbens after precipitated and spontaneous nicotine
withdrawal (Hildebrand et al., 1998; Rada et al., 2001). It has been proposed that this
deficient dopamine release in the nucleus accumbens contributes to the mood disorders and
overall negative affective state that accompanies nicotine withdrawal (Benowitz, 2008).
Taken together, we propose that the nicotine withdrawal-induced decrease in CaMKII and
synapsin I function in the nucleus accumbens may contribute in part to the decrease in
dopamine release following nicotine withdrawal, as decreases in CaMKII function may also
be relevant to affective nicotine withdrawal behaviors (Jackson et al., 2009a).

While both the precipitated and spontaneous models support a significant decrease in
CaMKII and synapsin I function after nicotine withdrawal, in the spontaneous withdrawal
study, pCaMKII and p603 levels were significantly reduced below saline baseline. One
explanation is that this additional decrease in the spontaneous assessment may be attributed
to contributions of additional non-β2 containing nicotinic receptor subtypes, which are not
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blocked by DHβE, such as the α3β4* nicotinic receptor subtype (where * denotes the
possible inclusion of additional nAChR subunits). While this receptor combination is not
present in the nucleus accumbens, it is expressed in small amounts in the ventral tegmental
area (Perry et al., 2002), which contains dopaminergic projections to the nucleus accumbens,
and in the medial habenula and interpeduncular nucleus, where α3β4*/α3β4α5* nicotinic
receptors dominate function (Quick et al., 1999). Indeed, α3β4* nicotinic receptors in these
two brain regions mediate nicotine-induced dopamine function in the nucleus accumbens
(Taraschenko et al., 2007; McCallum et al., 2012), and incorporation of the α5 nicotinic
receptor subunit in the α3β4* subtype increases calcium permeability (Gerzanich et al.,
1998). Further, we cannot completely rule out the possibility of stress-related changes in
pCaMKII and p603 resulting from mini pump removal surgery.

It was surprising that DHβE precipitated a significant decrease in CaMKII and synapsin I
total protein level after 20 minutes. It is possible that rather than reducing total CaMKII and
synapsin I protein level, blockade of β2-containing nicotinic receptors by DHβE in the
presence of nicotine induces translocation of the proteins to a different brain region. In
support of this hypothesis, activation of CaMKII is known to involve translocation of the
protein to the postsynaptic density (Shen and Meyer, 1999; Shen et al., 2000). Withdrawal
from the benzodiazepine flurazepam significantly reduces total CaMKII protein localization
in the postsynaptic density due to removal of total protein from the region (Earl et al., 2012).
Thus, future immunohistochemistry studies assessing CaMKII and synapsin I after nicotine
withdrawal are necessary determine if translocation of the proteins out of the nucleus
accumbens provides a valid explanation for the results. It is also noted that DHβE
precipitated a significant reduction in total syanpsin I protein level below saline baseline,
while appearing to precipitate a return to baseline saline levels for the other proteins
assessed. The implications of this decrease in the synapsin I DHβE group are unclear;
however, because there were no experimental differences between precipitated withdrawal
groups, we speculate that this decrease is attributed to random variability between
experiments. The p603:syanpsin I ratio was also unchanged in the nicotine-DHβE, further
supporting this notion.

Previous studies from our lab revealed a role for β2-containing receptors, specifically α6β2*
and/or α4α6β2* nicotinic receptor subtypes in affective nicotine withdrawal behaviors
(Jackson et al., 2009b,c; Jackson et al., 2010). The α6β2* and α4α6β2* nicotinic receptor
subtypes are also located on presynaptic dopamine and γ-aminobutyric acid neurons in the
ventral tegmental area and are involved in nicotine-stimulated dopamine release in the
striatum (Champtiaux et al., 2003; Salminen et al., 2004; Lai et al., 2005). Further, the
increased spinal CaMKII activity observed after acute and chronic nicotine is mediated
through β2-containing nicotinic receptors and is relevant to acute nicotine behaviors and
nicotine tolerant behaviors in mice (Damaj, 2000; Damaj, 2005; Damaj, 2007). In a nicotine
withdrawal behavioral assessment, the CaMKII inhibitor KN-93, significantly enhanced the
nicotine withdrawal-induced anxiety-related response and showed a strong trend for
enhancement of nicotine conditioned place aversion (Jackson et al., 2009a). The CaMKII
antagonist-induced exacerbation of affective nicotine withdrawal signs suggests a decrease
in CaMKII function after nicotine withdrawal. Based on our behavioral and biochemical
results on β2-containing nicotinic receptors, CaMKII, and nicotine withdrawal, we propose
that decreases in CaMKII and synapsin I function in the nucleus accumbens after nicotine
withdrawal are mediated through β2-containing nicotinic receptors and are relevant to
affective nicotine withdrawal behaviors. Overall, these studies identify receptor (β2-
containing nicotinic receptors) and post-receptor calcium-dependent (CaMKII and synapsin
I) mechanisms and brain regions (nucleus accumbens) which likely contribute to the
nicotine withdrawal syndrome. Future studies will focus on clarifying a more direct
correlation between our biochemical and behavioral findings by measuring the nicotine
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withdrawal syndrome in mice following intraaccumbal injections of CaMKII antagonists
and DHβE, as well as assessment of CaMKII and synapsin I function following
measurement of affective nicotine withdrawal signs.
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Fig. 1. DHβE, but not MLA, precipitates a reduction in CaMKII activity and protein level in the
nucleus accumbens
Mice were chronically infused with nicotine or saline for 14 days, and treated with vehicle,
DHβE (2 mg/kg, s.c.) or MLA (10 mg/kg, s.c.) on the morning of day 15. Western blot
analysis shows that CaMKII activity (pCaMKII) and total protein level (CaMKII) were
significantly reduced in the nucleus accumbens after treatment with A. DHβE, but not B.
MLA. Results from two independent blots were combined, normalized, and represented as a
percentage of saline baseline. The x-axis represents the protein analyzed. the y-axis
represents the percent expression compared to saline baseline. Each point represents the
mean ± S.E.M of 4–8 mice per group. * denotes P < 0.05 vs. saline and nicotine-antagonist
groups. + denotes P < 0.05 vs. chronic nicotine groups. veh, vehicle; SV, saline-vehicle; SD,
saline-DHβE; SM, saline-MLA; NV, nicotine-vehicle; ND- nicotine-DHβE; NM-nicotine-
MLA
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Fig. 2. DHβE, but not MLA, precipitates a reduction in synapsin I activity and protein level in
the nucleus accumbens
Mice were chronically infused with nicotine or saline for 14 days, and treated with vehicle,
DHβE (2 mg/kg, s.c.) or MLA (10 mg/kg, s.c.) on the morning of day 15. Western blot
analysis shows that synapsin I activity (p603) and total protein level (synapsin I; SI) were
significantly reduced in the nucleus accumbens after treatment with A. DHβE, but not B.
MLA. Results from two independent blots were combined, normalized, and represented as a
percentage of saline baseline. The x-axis represents the protein analyzed. the y-axis
represents the percent expression compared to saline baseline. Each point represents the
mean ± S.E.M of 4–8 mice per group. * denotes P < 0.05 vs. saline and nicotine-antagonist
groups. + denotes P < 0.05 vs. chronic nicotine groups. ** denotes P < 0.05 vs. SV, SD, and
chronic nicotine groups. veh, vehicle; SV, saline-vehicle; SD, saline-DHβE; SM, saline-
MLA; NV, nicotine-vehicle; ND- nicotine-DHβE; NM-nicotine-MLA
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Fig. 3. CaMKII and synapsin I activity levels are reduced 24 hr after cessation of nicotine
treatment
Mice were chronically infused with nicotine for 14 days. Mini pumps were removed on the
evening of day 14, approximately 24 hr prior to dissection of the nucleus accumbens. A.
Synapsin I and B. CaMKII activity were significantly reduced 24 hr after cessation of
nicotine treatment. Total protein levels were unchanged. Results from two independent blots
were combined, normalized, and represented as a percentage of saline baseline. The x-axis
represents the protein analyzed. The y-axis represents the percent expression compared to
saline baseline. Each point represents the mean ± S.E.M of 4 mice per group. * denotes P <
0.05 vs. the corresponding saline group.
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Table 1

Ratio of phosphorylated to total protein levels after nicotine-DHβE treatment and 24 hr after spontaneous
nicotine withdrawal. Ratios are expressed as a percentage of saline control.

Groups pCaMKII:CaMKII p603:synapsin I

Veh-veh precipitated 99.96 ± 2.57 100 ± 12.24

Chronic nicotine 128.74 ± 41.6 112.48 ± 27.6

Nic-DHβE precipitated 95.86 ± 8.25 105.39 ± 12.62

Nic-MLA precipitated 103.36 ± 15.67 90.5 ± 8.82

Saline spontaneous 100 ± 7.78 100 ± 6.94

Nicotine spontaneous 61.66 ± 10.9a 72.11 ± 7.85a

a
denotes P < 0.05 vs. corresponding spontaneous saline control. Veh, vehicle; nic, nicotine
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