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Calcineurin is a serine/threonine phosphatase that contributes to the effects of nicotine on calcium signaling in cultured cortical neurons;
however, the role of calcineurin in behavioral responses to nicotine in vivo has not been examined. We therefore determined whether
calcineurin blockade could alter nicotine-mediated locomotor sensitization in Sprague Dawley rats using systemic or brain region-
specific administration of the calcineurin inhibitors cyclosporine or FK506. Systemic cyclosporine administration decreased calcineurin
activity in the brain, attenuated nicotine-mediated locomotor sensitization, and blocked the effects of nicotine on DARPP32 (dopamine-
and cAMP-regulated phosphoprotein-32) activation in the striatum. Direct infusion of calcineurin inhibitors cyclosporine or FK506 into
the ventral tegmental area (VTA) also attenuated nicotine-mediated locomotor sensitization, whereas infusion of rapamycin, which
binds to FK-binding protein but does not inhibit calcineurin, did not affect sensitization. Together, the data suggest that activation of
calcineurin, particularly in the VTA, is a novel signaling event important for nicotine-mediated behavior and intracellular signaling.
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Introduction
Recent estimates indicate that there are 46.2 million smokers in
the United States alone, with smoking-related deaths numbering
�440,000 each year (Centers for Disease Control and Prevention,
2006). Nicotine, which is the primary reinforcing agent in to-
bacco, activates nicotinic acetylcholine receptors (nAChRs) that
are located throughout the brain (McGehee and Role, 1995; Pic-
ciotto, 1998; Laviolette and Van der Kooy, 2004). Specifically, the
effects of nicotine in the mesolimbic dopamine system, consist-
ing of dopamine projections from the ventral tegmental area
(VTA) to nucleus accumbens (NAc), are thought to contribute to
the behavioral changes associated with nicotine administration
(Kita et al., 1992; Panagis et al., 1996; Mansvelder et al., 2002;
Laviolette and Van der Kooy, 2004). Nicotine-induced plasticity
within the VTA itself has been clearly demonstrated (Fu et al.,
2000; Mansvelder et al., 2002; Saal et al., 2003; Laviolette and Van
der Kooy, 2004), and the VTA is known to play a critical role in
nicotine-mediated behaviors (Corrigall et al., 1994; Ferrari et al.,
2002) that likely contribute to nicotine craving in humans.

Within the VTA, however, there is a need for a greater under-
standing of the role of effector proteins important for both
nicotine-mediated plasticity and behavior. One protein that may
play an important role in the VTA is calcineurin, a serine/threo-
nine phosphatase that has been shown to mediate nicotinic ef-

fects on calcium dynamics in cultured cortical neurons (Stevens
et al., 2003). Calcineurin, when activated, dephosphorylates tar-
get proteins including calcium channels, AMPA receptors,
NMDA receptors, synapsin I, the dopamine- and cAMP-
regulated phosphoprotein-32 (DARPP32), and the cAMP re-
sponse element-binding protein (CREB) (Greengard et al., 1999;
Jovanovic et al., 2001; Winder and Sweatt, 2001), all of which can
modulate plasticity. The involvement of calcineurin in hip-
pocampal plasticity has been clearly demonstrated. Calcineurin
activity modulates both glutamatergic and GABAergic tone
(Yakel, 1997; Groth et al., 2003) as well as long-term potentiation,
long-term depression (LTD), and learning (Lisman, 1989; Lu et
al., 2000; Wang et al., 2003; Lee and Ahnn, 2004). In these studies,
we address the hypothesis that calcineurin activity modulates
VTA plasticity as well. Given the critical role of the VTA in
nicotine-mediated plasticity and behavior, along with the ability
of calcineurin to alter synaptic plasticity, we examined the con-
tribution of calcineurin to locomotor sensitization, a nicotine-
mediated behavior that is thought to result from plasticity in the
VTA (Kita et al., 1992; Panagis et al., 1996). We also examined the
effect of calcineurin blockade on intracellular signaling down-
stream of nAChR activation to further elucidate the underlying
mechanisms of the effects of nicotine on behavior. Our results
demonstrate that calcineurin activity contributes to the behav-
ioral responses to repeated nicotine administration and to down-
stream intracellular signaling, and suggest a novel role for cal-
cineurin activity in the VTA for nicotine-mediated plasticity.

Materials and Methods
Subjects. Male Sprague Dawley rats weighing between 200 and 250 g on
arrival were obtained from Charles River Laboratories (Wilmington,
MA). Animals were placed on ad libitum food and water and were housed
two to three per cage on a 12 h light/dark cycle with lights on at 7:00 A.M.
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All experiments were conducted according to the Guide for the Care and
Use of Laboratory Animals and were approved by the Yale University
Animal Care and Use Committee.

Locomotor activity. Locomotor activity was assessed using Micro Pro
software (version 1.3; Omnitech Electronics, Dartmouth, Nova Scotia,
Canada) and was quantified by infrared beam breaks. During each ses-
sion, animals received a 30 min habituation period in the testing cage,
followed by a subcutaneous injection and subsequent assessment of lo-
comotor activity for up to 60 min.

Drug administration. Repeated oral administration of cyclosporine (15
mg/kg) has been demonstrated to increase plasma cyclosporine levels in
rats (Donatsch and Ryffel, 1986). Furthermore, cyclosporine administra-
tion at a higher dose (50 mg/kg) led to greater plasma cyclosporine levels
when administered by intraperitoneal injection compared with oral ad-
ministration (Donatsch and Ryffel, 1986). Thus, for systemic adminis-
tration studies, animals received daily intraperitoneal injections of 15
mg/kg cyclosporine (Sandimmune Oral Solution; Novartis, East
Hanover, NJ) or olive oil vehicle (ICN Biochemicals, Cleveland, OH) in
combination with a subcutaneous injection of 0.35 mg/kg free base nic-
otine (pH set to 7 with NaHCO3; Sigma-Aldrich, St. Louis, MO) or saline
vehicle (0.9% sodium chloride; Hospira, Lake Forest, IL). All drugs were
injected in a volume of 2 ml/kg body weight. Cyclosporine or olive oil
vehicle was injected 1 h before the habituation period, and nicotine or
saline was injected immediately after the 30 min habituation period. For
intracranial infusion, cyclosporine (Sandimmune Injection; Novartis)
dissolved in PBS (Invitrogen, Carlsbad, CA), FK506 (Sigma-Aldrich)
dissolved in dimethylsulfoxide (DMSO; Sigma-Aldrich), rapamycin (Bi-
omol, Plymouth Meeting, PA) dissolved in 75% Tween 20 and 25%
DMSO (Sigma-Aldrich), or vehicle was bilaterally infused at a dose of 1
�g per side per day at the rate of 0.25 �l/h with an Alzet osmotic
minipump (model 2004; Durect Corporation, Cupertino, CA). The ve-
hicle drug in the cyclosporine experiments consisted of 30% EtOH/70%
Cremaphor (Sigma-Aldrich) added to PBS at a volume equal to that of
Sandimmune Injection added to PBS for cyclosporine infusion. In the
FK506 study, vehicle consisted of DMSO added to PBS at a volume equal
to that of FK506 added to PBS for FK506 infusion. In the rapamycin
study, vehicle consisted of 75% Tween 20/25% DMSO added to PBS at a
volume equal to that of rapamycin added to PBS for the infusion.

Surgical procedure. Before drug infusion, surgery was performed to
implant intracranial cannulas directed at either the VTA or NAc for
chronic drug infusion. Animals were anesthetized with Equithesin in-
jected at a volume of 4.32 ml/kg. Subjects were then secured in a stereo-
taxic apparatus (David Kopf Instruments, Tujunga, CA) where surgery
was performed under aseptic conditions. Bilateral cannulas (Plastics
One, Roanoke, VA) were inserted and aimed at the VTA [anteroposterior
(A/P), �5.3 mm; mediolateral (M/L), �1.0 mm; dorsoventral (D/V),
�7.0 mm; bite bar, 0.0 mm] or NAc (A/P, �1.7 mm; M/L, �1.5 mm;
D/V, �6.0 mm; bite bar, �3.3 mm). Before insertion, cannulas were
connected, via polyethylene tubing (Plastics One), to an Alzet osmotic
minipump containing cyclosporine, FK506, or vehicle (PBS) in the doses
mentioned above. Animals were allowed to recover for 4 –7 d before
locomotor testing began.

Brain dissection and histology. At the completion of the behavioral
studies, animals were killed by rapid decapitation 15 min after subcuta-
neous injection with nicotine or saline, and the entire head was immedi-
ately frozen in chilled 2-methyl butane (VWR International, West Ches-
ter, PA). Each brain was later removed and sliced into 1–2 mm sections
using a chilled matrix (Zivic Labs, Pittsburgh, PA). Cannula placement in
surgerized animals was visually assessed in brain tissue slices, and sub-
jects with cannula placements outside of the target region were excluded
from analysis. Region-specific dissections of prefrontal cortex (PFC),
striatum, NAc, VTA, and hippocampus were performed using mi-
cropunch tools made from 16 or 18 gauge needles.

Western blot analysis. Tissue samples were prepared for Western blot
analysis and run on a 10% polyacrylamide gel at a protein concentration
of 5 or 10 �g per sample, as described previously (Brunzell et al., 2003).
Nitrocellulose blots were then briefly washed in Tris-buffered saline
(TBS; 20 mM Tris base and 137 mM NaCl adjusted to pH 7.6) and blocked
in TBS with 0.05% Tween 20 (Sigma-Aldrich) and 5% skim milk. Mem-

branes were then incubated overnight at 4°C with primary antibodies
against the following proteins: calcineurin (1:1000; BD Biosciences, San
Jose, CA), DARPP32 (1:1000; Cell Signaling, Danvers, MA), Synapsin I
(1:1000; Cell Signaling), actin (1:4000; Sigma-Aldrich), glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; 1:30,000; Advanced Immuno-
chemical, Long Beach, CA), and pDARPP32 (Thr 34), pDARPP32 (Thr
75), pSynapsin I (Ser 62/Ser 67), or pSynapsin I (Ser 9) (1:500; all cour-
tesy of A. Nairn, Yale University, New Haven, CT).

Blots were then briefly washed in TBS with 0.05% Tween, followed by
a 1 h incubation at room temperature with one of the following second-
ary antibodies: anti-rabbit IgG (1:2000; Vector Laboratories, Burlin-
game, CA), anti-mouse IgG (1:2000; Vector Laboratories), anti-rabbit
IgG Rockland IR Dye 780 (1:5000; Rockland Immunochemicals, Gil-
bertsville, PA), or anti-mouse IgG Alexa Fluor 680 (1:5000; Invitrogen).
After incubation, blots were washed three times with TBS–Tween, im-
mersed for 1 min in enhanced chemiluminescence reagents (Amersham
Biosciences, Piscataway, NJ), and exposed and developed on X-OMAT
AR or Biomax MR film (Eastman Kodak, Rochester, NY). Blots incu-
bated with fluor antibodies (Rockland IR dye and Alexa Fluor) were not
immersed in chemiluminescence reagents but were instead scanned us-
ing an Odyssey scanner (version 1.2; LI-COR Biosciences, Lincoln, NE).
Protein bands were then analyzed and quantified using either NIH Im-
ageJ software (http://rsb.info.nih.gov/ij/download.html) or Odyssey
software (version 1.2; LI-COR Biosciences).

Data analysis. Locomotor activity was quantified by the total number
of beam breaks during the testing session. The data were then analyzed by
a repeated-measures ANOVA with testing day as the repeated measure,
beginning on day 1 of treatment. If there was a significant interaction
between testing day and drug treatment, we then performed a Tukey’s
post hoc test. Locomotor activity after an acute nicotine or saline chal-
lenge was compared with activity on the day before the challenge and
assessed for significance using a univariate ANOVA. For Western blot
analysis, band intensity for each protein was normalized to that of
GAPDH or actin, which served as protein loading controls. In addition,
all quantifications were normalized to control animals set at 100%. Sta-
tistical significance was determined using a univariate ANOVA with a
post hoc independent-samples t test. For every statistical test presented
here, significance was determined with a p value of �0.05. All statistical
tests were performed using SPSS 12.0 software (SPSS, Chicago, IL).

Results
Chronic systemic cyclosporine administration attenuates
nicotine-mediated locomotor sensitization
To determine whether calcineurin activity plays a role in
nicotine-mediated locomotor sensitization, we observed loco-
motor activity during daily administration of nicotine (0.35 mg/
kg, s.c.) or saline in combination with cyclosporine (15
mg�kg�1�d�1, i.p.) or vehicle (Fig. 1A). Peak locomotor activity
was observed in the first 15 min after nicotine administration in
each testing session (supplemental Fig. 1A, available at www.
jneurosci.org as supplemental material); thus total activity in this
15 min bin was compared across treatment days (Fig. 1C). This
analysis revealed a significant effect of treatment across testing
days (F(8,480) � 27.064; p � 0.001) (Fig. 1C) along with a signifi-
cant effect of drug treatment (F(3,60) � 105.361; p � 0.001)
(Fig. 1C) and interaction between test day and drug treatment
(F(8,480) � 27.064; p � 0.001) (Fig. 1C). Animals receiving daily
nicotine administration showed a sensitized increase in locomo-
tor activity compared with control animals ( p � 0.001) (Fig. 1C).
Furthermore, coadministration of the calcineurin inhibitor cy-
closporine attenuated nicotine sensitization ( p � 0.005) (Fig.
1C), suggesting that calcineurin activity contributes to nicotine-
mediated locomotor sensitization, although it did not abolish the
increase in nicotine-mediated locomotor activation (Fig. 1C).
We also determined whether calcineurin was necessary for acute
effects of nicotine by administering a nicotine challenge (0.35
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mg/kg, s.c.) after an 18 d pretreatment with cyclosporine (15
mg/kg, i.p.) or vehicle. In this experiment, both groups showed
increased locomotor activation in response to the acute nicotine
challenge on day 19 (F(3,60) � 36.873; p � 0.001), with no signif-
icant difference between the two groups (F(3,60) � 0.387; p �
0.536) (Fig. 1D). Thus, although calcineurin activity contributes
to the locomotor sensitization observed with repeated nicotine
exposure, it does not appear to play a role in acute nicotine-
induced locomotor activation, consistent with the possibility that
calcineurin is important for nicotine-induced locomotor plastic-
ity but not acute signaling.

Although all animals gained weight over the course of the
behavioral experiments, repeated-measures analysis revealed an
overall effect of treatment (F(3,60) � 6.421; p � 0.005; data not
shown) with decreased weight gain in the cyclosporine group and
the nicotine and cyclosporine coadministration group compared
with control and nicotine subjects ( p � 0.05; data not shown).
These differences were likely attributable to peripheral immuno-

suppressive effects of cyclosporine administration, which were
bypassed in subsequent experiments in which cyclosporine was
infused directly into the brain. In addition, despite this difference
in weight gain with systemic cyclosporine administration, we ob-
served no significant difference in habituation activity between
the nicotine group and the nicotine plus cyclosporine coadmin-
istration group (Fig. 1B).

Systemic cyclosporine administration alters calcineurin
activity in the brain
To verify that systemic cyclosporine administration inhibited cal-
cineurin activity in the brain, we used Western blot analysis to
examine the levels and phosphorylation state of calcineurin target
proteins. We hypothesized that cyclosporine administration
would decrease calcineurin-mediated dephosphorylation of its
target protein, phospho-synapsin I, at calcineurin-sensitive Ser
62/Ser 67 and Ser 549 sites (Jovanovic et al., 2001) and lead to
higher levels of this phospho-protein. The results demonstrated
that cyclosporine administration (15 mg�kg�1�d�1, i.p.) in-
creased levels of phospho-synapsin I S62/67 (pSynI S62/67) and
S549 (pSynI S549) in the NAc (F(3,20) � 54.193; p � 0.001) (Fig.
2B), striatum (F(3,24) � 16.261; p � 0.001) (Fig. 2B), and hip-
pocampus (F(3,25) � 12.721; p � 0.005) (Fig. 2B). The
cyclosporine-induced increase was also observed when compar-
ing the ratio of pSynI S62/67 to total synapsin I and the ratio of
pSynI S549 to total synapsin I (Table 1), with no changes in total
synapsin I levels in these regions (Fig. 2D). Furthermore, the
effects of calcineurin inhibition on synapsin were specific to
calcineurin-mediated dephosphorylation because no significant
differences were observed in phosphorylation of synapsin I at Ser
9 (Fig. 2C, Table 1), which is less sensitive to dephosphorylation
by calcineurin (Jovanovic et al., 2001). In contrast to subcortical
regions, changes in phospho-synapsin I were not observed in the
PFC (Fig. 2B). This likely reflects a lack of bioavailability of sys-
temically administered cyclosporine to cortical regions and sug-
gests that the attenuation of nicotine-mediated behavior resulted
from subcortical calcineurin inhibition.

Opposing effects of nicotine and cyclosporine on DARPP32
phosphorylation in the striatum
Intracellular signaling pathways involving DARPP32 are known
to be important for cellular plasticity in response to repeated
exposure to drugs of abuse (Greengard et al., 1999). We therefore
determined whether DARPP32 levels and phosphorylation state
were altered in parallel with the behavioral response to nicotine.
DARPP32 is phosphorylated as a result of dopamine receptor
activation in the striatum and NAc (Greengard et al., 1999), and
this phosphorylation can be modulated by nicotine administra-
tion (Hamada et al., 2004; Zhu et al., 2005). In the striatum, we
observed an increase in levels of phospho-DARPP32 Thr 34
(pDARPP32 T34) after 40 d exposure to nicotine (F(3,29) � 4.106;
p � 0.05, ANOVA) (Fig. 3A, Table 1). Because phosphorylation
at the Thr 34 site is downstream of dopamine receptor activation,
this increase in pDARPP32 T34 likely reflects an increase of do-
pamine availability in the striatum after repeated nicotine expo-
sure. In contrast to nicotine, 40 d exposure to systemic cyclospor-
ine (15 mg/kg) led to decreased levels of pDARPP32 T34 in the
striatum (F(3,29) � 4.113; p � 0.05) (Fig. 3A, Table 1). Thus,
nicotine and cyclosporine administration led to opposing effects
on DARPP32 phosphorylation at the Thr 34 site. In addition,
subjects that received 40 d coadministration of nicotine and cy-
closporine showed decreased pDARPP32 T34 compared with
nicotine-exposed subjects ( p � 0.05) (Fig. 3A, Table 1). Thus,

Figure 1. Chronic cyclosporine administration attenuates nicotine-induced locomotor sen-
sitization. Repeated nicotine administration to Sprague Dawley rats (n � 16 per group) leads to
locomotor sensitization that is attenuated by chronic systemic cyclosporine coadministration.
A, Locomotor testing paradigm and timeline. B, Total activity during the 30 min habituation
period across the 17 d treatment period. Statistical analysis revealed an effect of treatment
(F(3,60) � 3.080; p � 0.05, repeated-measures analysis) as well as differences in control versus
cyclosporine or nicotine plus cyclosporine-cotreated subjects ( p � 0.05, least significant dif-
ference post hoc). C, Total locomotor activity in the initial 15 min period after a subcutaneous
injection of saline or nicotine (0.35 mg/kg) revealed a significant effect of testing day (F(8,480) �
27.064; p � 0.001) and drug treatment (F(3,60) � 105.361; p � 0.001) with an interaction
between test day and drug treatment (F(8,480) � 27.064; p � 0.001). Coadministration of
nicotine and cyclosporine attenuated the locomotor sensitization observed with nicotine ad-
ministration alone ( p � 0.005, Tukey’s post hoc analysis). D, Subjects that received subcuta-
neous saline injections throughout the 17 d testing period showed increased locomotor activity
in response to an acute nicotine challenge (Nicotine Chall; 0.35 mg/kg) on day 19 (F(3,60) �
36.873; p � 0.0001) with no significant difference between groups that were pretreated with
vehicle or cyclosporine (F(3,60) � 0.387; p � 0.536). Data are presented as the mean � SEM.
Cyclo, Cyclosporine; Nic, nicotine; Veh, vehicle.

Addy et al. • Role of Calcineurin in Nicotine Locomotor Sensitization J. Neurosci., August 8, 2007 • 27(32):8571– 8580 • 8573



cyclosporine administration reversed the
nicotine-mediated increase of pDARPP32
T34 in the striatum, suggesting that cal-
cineurin activity normally contributes to
this nicotine-mediated increase. The ob-
servation that cyclosporine led to in-
creased phosphorylation of the presynap-
tic calcineurin target pSynI S62/67 and did
not increase levels of the postsynaptic cal-
cineurin target pDARPP32 T34 suggests
calcineurin inhibition at terminals in the
striatum and in cell bodies in subcortical
structures such as the VTA contributed to
the blockade of the nicotinic effects. In
light of these data, we subsequently exam-
ined the role of calcineurin activity in the
VTA, which sends projection to the stria-
tum and NAc.

Calcineurin inhibition in the VTA
attenuates nicotine-mediated
locomotor sensitization
To examine the contribution of cal-
cineurin activity in the VTA to nicotine-
mediated behavioral changes, we observed
locomotor activity in subjects receiving
daily administration of nicotine (0.35
mg�kg�1�d�1, s.c.) or saline in combina-
tion with chronic bilateral VTA infusion of
cyclosporine (1 �g per side per day) or PBS
vehicle (Fig. 4A). As in our previous ex-
periments, peak activity was observed in
the initial 15 min after saline or nicotine
administration (supplemental Fig. 1B,
available at www.jneurosci.org as supple-
mental material). Analysis of locomotor
activity in this initial 15 min bin across
treatment days revealed a significant dif-
ference in activity across testing days
(F(7,273) � 4.955; p � 0.001) (Fig. 4C) and
a significant effect of drug treatment
(F(3,39) � 74.109; p � 0.001) (Fig. 4C) as
well as a significant interaction between
day and treatment (F(21,273) � 2.228; p �
0.005) with no differences in habituation
activity (F(3,39) � 1.125; p � 0.351) (Fig.
4B). Furthermore, subjects exposed to
nicotine showed a sensitized increase in lo-
comotor activity over the 16 d testing pe-
riod ( p � 0.001 vs control) (Fig. 4C). As
with systemic cyclosporine administra-
tion, infusion of cyclosporine directly into the VTA did not pre-
vent the development of nicotine-mediated locomotor sensitiza-
tion ( p � 0.001 vs control) (Fig. 4C), but it did attenuate the
nicotine-mediated sensitization ( p � 0.05) (Fig. 4C), demon-
strating that calcineurin activity within the VTA is important for
a nicotine-mediated change in behavior, although it did not com-
pletely prevent the development of nicotine-mediated locomotor
sensitization ( p � 0.001 vs control) (Fig. 4C). After local infusion
of cyclosporine in the VTA, we again administered an acute nic-
otine challenge (0.35 mg/kg, s.c.) after 16 d of cyclosporine or
vehicle infusion into the VTA. In response to acute nicotine on
day 17, both vehicle- and cyclosporine-exposed animals showed

increased locomotor activity (F(1,38) � 42.569; p � 0.001,
ANOVA) (Fig. 4D) with no significant difference between the
two groups (F(1,38) � 0.059; p � 0.810, ANOVA) (Fig. 4D). Thus,
calcineurin activity within the VTA contributes to chronic but
not acute nicotine locomotor effects.

Cyclosporine treatment did not alter activity in the 30 min
habituation period before saline or nicotine administration when
the data were combined; however, the drug could potentially
decrease baseline activity in specific time bins, perhaps influenc-
ing the subsequent response to nicotine. To address this possibil-
ity, we analyzed activity during the habituation period in 5 min
bins across each 30 min session. Peak activity occurred during the

Figure 2. Chronic cyclosporine administration increases the phosphorylation state of calcineurin target proteins in the brain.
Levels of calcineurin and the calcineurin target synapsin I after nicotine and cyclosporine administration are shown. A, Chronic
systemic administration of nicotine (0.35 mg�kg�1�d�1, s.c.) and cyclosporine (15 mg�kg�1�d�1, i.p.) did not alter calcineurin
levels in the PFC, NAc, striatum, or hippocampus. B, Chronic systemic cyclosporine (15 mg�kg�1�d�1, i.p.) led to increased levels
of phospho-Synapsin S62/S67 in the NAc (F(3,24) � 54.193; p � 0.001), striatum (F(3,28) � 16.261; p � 0.001), and hippocampus
(F(3,29) � 12.721; p � 0.005, ANOVA). *p � 0.05. C, Chronic systemic cyclosporine (15 mg�kg�1�d�1, i.p.) did not alter levels of
phospho-Synapsin S9 in any of the regions tested. D, Chronic nicotine (0.35 mg�kg�1�d�1, s.c.) administration led to decreased
total synapsin in the PFC (F(1,13) � 0.108; p � 0.05, independent-samples t test). Data are presented as the mean � SEM. Ct,
Control; Nic, nicotine; Cyclo, cyclosporine; Nuc Acc, nucleus accumbens; Hipp, hippocampus.
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first 5 min of each habituation session and decreased over the
subsequent 25 min, with no effect of cyclosporine treatment
(supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material). In addition, cyclosporine infusion had no effect
on animal weight throughout the duration of the experiment
(F(3,39) � 0.623; p � 0.604; data not shown), suggesting that the
effects of systemic cyclosporine administration were not due to
peripheral effects or sickness behavior.

To confirm that the behavioral effects observed with cyclo-
sporine were attributable to calcineurin inhibition, we performed
a second experiment using another calcineurin inhibitor, FK506
(1 �g per side per day). Although cyclosporine and FK506 both
inhibit calcineurin, they do so by interacting with distinct molec-
ular targets. Specifically, cyclosporine binds to cyclophilin to
form a complex that inhibits calcineurin, whereas FK506 inhibits
calcineurin by binding to the FK506-binding protein 12 (FKBP)
(Liu et al., 1991). Because cyclosporine-mediated attenuation of
nicotine locomotor sensitization was observed during the first 5 d
of testing, locomotor sensitization in the FK506 experiment was
examined over a 7 d period. Peak activity was once again observed
in the initial 15 min after nicotine administration, and analysis
across testing days revealed a significant effect of treatment
(F(3,25) � 25.015; p � 0.001) (Fig. 5B). Repeated-measures
ANOVA showed that nicotine-treated animals demonstrated a
significant increase in locomotor activity across testing days
(F(3,45) � 5.335; p � 0.005) (Fig. 5B). Consistent with the data in
experiments using cyclosporine, FK506 infusion (1 �g per side
per day) into the VTA attenuated this nicotine-mediated loco-
motor sensitization (F(1,15) � 5.555; p � 0.05; repeated-measures
ANOVA in nicotine-treated animals) (Fig. 5B). Furthermore, an
acute nicotine challenge in vehicle or FK506-pretreated animals
led to increased locomotor activity (F(3,6) � 6.061; p � 0.05; data
not shown) with no difference between the two groups, as was
previously observed with cyclosporine infusion.

To further confirm that these behavioral effects were specific
to calcineurin inhibition, we performed a negative control exper-

iment with rapamycin, which binds to
FKBP but does not inhibit calcineurin ac-
tivity (Liu et al., 1991; Yu et al., 2006).
Once again, nicotine administration led to
locomotor sensitization across testing days
(F(3,27) � 2.944; p � 0.05) (Fig. 5D); how-
ever, rapamycin (1 �g per side per day)
infusion into the VTA did not alter this
nicotine-mediated locomotor sensitiza-
tion (Fig. 5D). Consistent with the previ-
ous experiment, animals challenged with
nicotine (0.35 mg/kg) on treatment day 8
showed increased locomotor activity
(F(3,6) � 9.669; p � 0.05; data not shown)
with no difference between groups pre-
treated with vehicle or rapamycin. To-
gether, the results with these three com-
pounds suggest that observed attenuation
of nicotine-mediated locomotor sensitiza-
tion is the result of calcineurin inhibition.

Calcineurin inhibition in the NAc does
not alter nicotine-mediated
locomotor sensitization
It was not clear from this experiment
whether the effects of calcineurin blockade
on nicotine-induced locomotor sensitiza-

tion were specific to the VTA or could be observed in target
regions responsive to DA stimulation as well. We therefore mea-
sured locomotor activity during daily exposure to nicotine (0.35
mg/kg, s.c.) or saline in combination with chronic bilateral NAc
infusion of cyclosporine (1 �g per side per day) or PBS vehicle.
Consistent with experiments infusing cyclosporine into the VTA,
we observed a significant difference in locomotor activity across
testing day (F(7,112) � 2.978; p � 0.01) (Fig. 5F) and a significant
effect of drug treatment (F(3,16) � 68.533; p � 0.001) (Fig. 5F)
along with a significant interaction between day and treatment
(F(21,112) � 2.417; p � 0.005) (Fig. 5F); however, nicotine expo-
sure led to a sensitized increase in locomotor activity ( p � 0.005
vs control) (Fig. 5F) that was not altered by cyclosporine infusion
into the NAc. Thus, calcineurin activity in the NAc does not
appear to play a critical role in nicotine-induced sensitization.
Furthermore, subjects that were exposed to cyclosporine or vehi-
cle for 16 d both showed increased locomotor activity in response
to an acute nicotine challenge on day 17 (F(1,14) � 31.925; p �
0.001; data not shown) with no difference between the two
groups (F(1,14) � 0.750; p � 0.401; data not shown). Together,
these results suggest that the effects of calcineurin inhibition on
locomotor sensitization are specific to the VTA.

Systemic nicotine and VTA cyclosporine effects on levels of
calcineurin target proteins
We used Western blot analysis to examine levels of the cal-
cineurin target protein pSynI S62/67 to determine whether cyclo-
sporine altered calcineurin activity in the VTA and in target re-
gions of dopamine projections, potentially through action of
cyclosporine on proteins in dopaminergic terminals. Cyclospor-
ine administration into the VTA did not alter pSynI S62/67 (Ta-
ble 2); however, tissue was examined after cannulation and
chronic drug infusion. Thus, the effect of minimal tissue damage
could not be negated. Nonetheless, a significant decrease in pSynI
S62/67 was observed in rats treated with nicotine compared with
subjects receiving nicotine in combination with cyclosporine in-

Table 1. Ratio of phosphorylated-to-total protein for calcineurin target proteins in different brain regions after
systemic nicotine (Nic) and cyclosporine (Cyclo) administration

pSynapsinI/ SynapsinI pDarpp32/ Darpp32

Ser 62/67 Ser 549 Ser 9 Thr 34 Thr 75

PFC
Control 100 � 16.0 100 � 19.8 100 � 17.9
Nic 121.1 � 32.3 120.8 � 29.7 99.2 � 26.5
Cyclo 113.2 � 10.4 103.5 � 18.6 95.1 � 13.2
Cyclo � Nic 77.3 � 14.8 129 � 25.0 125.6 � 17.8

NAc
Control 100 � 6.4 100 � 7.5 100 � 30.5 100 � 8.2 100 � 11.1
Nic 97.8 � 20.4 94.9 � 5.9 93.3 � 17.2 109.2 � 18.4 93.6 � 15.9
Cyclo 182.2 � 9.9*** 150.1 � 10.1*** 78.5 � 5.9 69.8 � 10.7* 86 � 11.1
Cyclo � Nic 193.6 � 29.7*** 159.6 � 14.4*** 105.3 � 25.1 79.1 � 18.2* 98.8 � 34.8

Striatum
Control 100 � 17.5 100 � 7.8 100 � 10.6 100 � 14.9 100 � 6.8
Nic 117.2 � 18.3 114.4 � 11.0 93 � 7.7 157.7 � 24.3**** 126.2 � 22.6
Cyclo 170.7 � 15.9** 123 � 11.1 98.3 � 7.0 103.7 � 12.7 179.7 � 17.1*
Cyclo � Nic 175.3 � 11.8** 122.2 � 8.7 96.4 � 5.6 106.6 � 8.3 141.9 � 23.6*

Hipp
Control 100 � 14.2 100 � 23.4 100 � 24.6
Nic 85.3 � 15.1 91.4 � 21.7 131.7 � 41.1
Cyclo 282.2 � 82.0** 326.5 � 75.3*** 92.4 � 31.5
Cyclo � Nic 264 � 70.8** 316.5 � 54.5*** 100.9 � 26.4

Shown are protein levels and ratios of phosphorylated-to-total proteins in the PFC, NAc, striatum, and hippocampus (Hipp) of rats after systemic adminis-
tration of saline vehicle or Nic (0.35 mg/kg, s.c.) in combination with systemic administration of vehicle or Cyclo (15 mg/kg, i.p.) for 40 d. *p � 0.05 versus
non-Cyclo-treated animals (univariate ANOVA); **p � 0.01 versus non-Cyclo-treated animals (univariate ANOVA); ***p � 0.001 versus non-Cyclo-treated
animals (univariate ANOVA); ****p � 0.08 versus control (t test). Data are presented as mean � SEM.
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fusion into the VTA ( p � 0.05) (Table 1).
Thus, calcineurin inhibition in the VTA
appears to block a nicotine-mediated de-
crease in pSynI S62/67. The decrease in
levels of presynaptic synapsin I, which is
known to modulate neurotransmitter re-
lease and endocytosis (Cousin and Robin-
son, 2001; Hilfiker et al., 2005) could im-
pact release of neurotransmitters in the
VTA, suggesting a potential mechanism
through which calcineurin activity in the
VTA might contribute to nicotine-
mediated plasticity.

There was a trend toward an increase in
calcineurin levels in the VTA after chronic
cyclosporine exposure (F(3,33) � 3.301;
p � 0.08, ANOVA) (Table 2); however, it
is unlikely that this led to an increase in
VTA calcineurin activity, because cyclo-
sporine was continuously infused into this
region. In addition, intra-VTA cyclospor-
ine administration did not alter synapsin I
phosphorylation in the NAc, providing
further evidence that the behavioral effects
of cyclosporine administration are specific
to the VTA. Although these data do not
rule out the possibility that infused cyclo-
sporine may have diffused outside of the
VTA to some extent, they suggest that cy-
closporine infusions did, in fact, penetrate
into the VTA and was not acting in the
NAc.

Discussion
Our findings provide the first demonstra-
tion that calcineurin activity contributes
to behavioral changes after repeated nico-
tine administration. The fact that cal-
cineurin inhibitors attenuate nicotine-
induced behavioral sensitization, but not
acute nicotine locomotor activation, sug-
gests that calcineurin plays a role in the
long-term changes associated with re-
peated nicotine exposure. In addition, the
opposing effects of nicotine and cyclo-
sporine on pDARPP32 T34 in the striatum
reveals a potential mechanism by which
calcineurin could promote nicotine-
mediated locomotor sensitization. The
ability of calcineurin inhibitors in the VTA
to attenuate nicotine-mediated behavior
provides additional evidence for the role of
calcineurin as a modulator of nicotine-
mediated plasticity within the VTA. To-
gether, the findings demonstrate a novel
role for VTA calcineurin activity in the
plastic and behavioral changes associated with repeated nicotine
exposure.

Although the critical role of the mesolimbic dopamine system
in nicotine-mediated behavior has been highlighted in several
studies (Corrigall et al., 1994; Fu et al., 2000; Ferrari et al., 2002),
the intracellular signaling pathways, such as those involving cal-
cineurin, important for these behavioral effects have not been

identified. Nicotine could potentially lead to changes in synaptic
strength through modulation of glutamate and dopamine release
(Imperato et al., 1986; Toth et al., 1992; Fu et al., 2000) and
through actions at a number of identified intracellular signaling
molecules such as protein kinase A (PKA) and its downstream
targets including DARPP32, ERK (extracellular signal-regulated
protein kinase), and CREB (Nakayama et al., 2001; Brunzell et al.,

Figure 3. Chronic cyclosporine administration blocks the ability of chronic nicotine to activate DARPP32. DARPP32 levels after
chronic or acute nicotine and cyclosporine administration are shown. A, Chronic nicotine (0.35 mg�kg�1�d�1, s.c.) leads to
increased pDARPP32 T34 in the striatum (F(3,30) � 4.106; p � 0.05, ANOVA), whereas cyclosporine (15 mg�kg�1�d�1, i.p.) leads
to decreased pDARPP32 T34 in the striatum (F(3,30) � 4.113; p � 0.05, ANOVA). Coadministration of nicotine (0.35
mg�kg�1�d�1, s.c) and cyclosporine (15 mg�kg�1�d�1, i.p.) decreases pDARPP32 T34 levels in the striatum compared with
nicotine (0.35 mg�kg�1�d�1, s.c.)-treated subjects ( p � 0.05, independent-samples t test). Cyclosporine administration (15
mg�kg�1�d�1, i.p.) also increased levels of pDARPP32 T75 in the NAc (F(3,30) � 5.134; p � 0.05, ANOVA). *p � 0.05. B, Chronic
drug treatment did not alter DARPP32 levels in the NAc or striatum. C, D, Acute administration of nicotine (0.35 mg/kg, s.c.) and
cyclosporine (15 mg/kg, i.p.) did not alter levels of pDARPP32 T34, pDARPP32 T75, or total DARPP32 in the NAc or striatum. Data
are presented as the mean � SEM. Ct, Control; Nic, nicotine; Cyclo, cyclosporine; Nuc Acc, nucleus accumbens.
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2003; Hamada et al., 2004; Valjent et al., 2005). Interestingly,
calcineurin can alter the activity of a majority of these proteins.
Calcineurin downregulates several PKA targets including
DARPP32 and CREB, as well as AMPA and NMDA receptors and
sodium and calcium channels (Greengard et al., 1999; Winder
and Sweatt, 2001; Day et al., 2002; Hu et al., 2005). This regula-
tion can occur through direct calcineurin-mediated dephosphor-
ylation of these proteins (King et al., 1984; Chen et al., 1995; Day
et al., 2002) and through calcineurin-mediated disinhibition of
protein phosphatase 1 (Greengard et al., 1999).

The majority of the research addressing the contribution of
calcineurin to the mechanisms underlying drug abuse has fo-
cused on the effects of the calcineurin target, DARPP32, in the
striatum and NAc (Greengard et al., 1999; Hamada et al., 2004).
Several drugs of abuse, including cocaine and nicotine, can in-
crease phosphorylation of DARPP32 at the T34 site (Zhu et al.,
2005; Lynch et al., 2006), and this phosphorylation appears to be
critical for behavioral responses to cocaine (Zachariou et al.,
2006). Although nicotine-mediated DARPP32 activation was not

observed in the NAc in the current work, this may have resulted
from tissue sampling that did not distinguish between core and
shell subregions. Because DARPP32 T34 phosphorylation occurs
downstream of dopamine D1 receptor activation (Greengard et
al., 1999), and nicotine leads to sensitization of dopamine release
in the core and not the shell (Iyaniwura et al., 2001), nicotine-
mediated DARPP32 activation would be more likely to occur in
the NAc core. Thus, samples containing both NAc core and shell
tissue may have diluted the effect of a core-specific increase in
phosphorylated DARPP32. Nevertheless, the observed blockade

Figure 4. Intra-VTA cyclosporine administration decreases nicotine-induced locomotor sen-
sitization. Repeated systemic nicotine administration leads to locomotor sensitization in
Sprague Dawley rats that is attenuated by chronic cyclosporine infusion into the VTA (n�9 –12
per group). A, Locomotor testing paradigm and timeline. B, Total activity during the 30 min
habituation period before saline or nicotine (0.35 mg/kg, s.c.) administration during testing
days 1–16 revealed no effect of treatment on prechallenge lomocotor activity. C, Total locomo-
tor activity during a 15 min period after a subcutaneous injection of saline vehicle or nicotine
(0.35 mg/kg) revealed a significant effect of testing day (F(7,273) � 4.955; p � 0.001) and drug
treatment (F(3,39) � 74.109; p � 0.001) as well as a significant interaction between day and
treatment (F(21,273) � 2.228; p � 0.005). Coadministration of systemic nicotine (0.35
mg�kg�1�d�1) with cyclosporine infusion into the VTA (1 �g per side per day) attenuated the
locomotor sensitization observed with nicotine administration alone ( p � 0.05, Tukey’s post
hoc analysis). D, Subjects that received daily saline administration for 16 d showed increased
locomotor activity in response to an acute nicotine challenge (Nicotine Chall) on day 17 (F(1,38)

� 42.569; p � 0.001, ANOVA) with no significant difference between those that had had
received chronic cyclosporine (1 �g per side per day) or vehicle infusions into the VTA. Data are
presented as the mean � SEM. Veh, Vehicle; Nic, nicotine; Cyclo, cyclosporine.

Figure 5. VTA FK506 decreases, whereas VTA rapamycin and NAc cyclosporine do not alter,
nicotine-induced locomotor sensitization. Repeated, systemic nicotine administration leads to
locomotor sensitization in Sprague Dawley rats that is attenuated by chronic FK506, but not
rapamycin, infusion into the VTA (n � 4 – 8 per group) and is not altered by chronic cyclospor-
ine infusion into the NAc (n � 4 – 8 per group. A, FK506 into VTA. Total activity during the 30
min habituation period before saline or nicotine (0.35 mg/kg, s.c.) administration on each day
of testing demonstrated no effect of treatment. B, FK506 into VTA. Total locomotor activity
during the initial 15 min period after saline vehicle or nicotine (0.35 mg/kg) administration
revealed locomotor sensitization in nicotine-treated animals (F(3,45) � 5.335; p � 0.005).
FK506 (1 �g per side per day) infusion into the VTA significantly attenuated this locomotor
sensitization (F(1,15) � 5.555; p � 0.05). C, Rapamycin into VTA. Total activity during the
habituation period before nicotine or saline administration on each day of testing revealed no
effect of treatment. D, Rapamycin into VTA. Total locomotor activity in the 15 min after saline or
nicotine (0.35 mg/kg) revealed locomotor sensitization in nicotine-treated animals (F(3,27) �
2.944; p � 0.05) with no effect of rapamycin coadministration. E, Cyclosporine into NAc. Total
activity during the 30 min habituation period before saline or nicotine (0.35 mg/kg, s.c.) admin-
istration on each day of testing demonstrated no effect of treatment. F, Cyclosporine into NAc.
Total locomotor activity in the 15 min period after subcutaneous injection of saline vehicle or
nicotine revealed a significant effect of testing day (F(7,112) � 2.978; p � 0.01) and drug
treatment (F(3,16) � 68.533; p � 0.001) along with a significant interaction between day and
treatment (F(21,112) � 2.417; p � 0.005). In addition, nicotine administration led to locomotor
sensitization ( p � 0.005 vs control) that was not altered by intra-NAc infusion of cyclosporine
(1 �g per side per day). Nic, nicotine; Cyclo, cyclosporine; Nuc Acc, nucleus accumbens; Veh,
vehicle.
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of nicotine-mediated DARPP32 in the
striatum after calcineurin inhibition dem-
onstrates a role for calcineurin in nicotine-
mediated intracellular signaling in dopa-
minergic target regions and provides one
potential mechanism for the complex con-
tributions of calcineurin to nicotine-
mediated behavior.

Because calcineurin can dephosphory-
late DARPP32, one would predict that cal-
cineurin inhibition would increase
DARPP32 phosphorylation. Instead, we
saw that nicotine increased DARPP32
phosphorylation, and this was reversed by
inhibiting calcineurin. These results sug-
gest that calcineurin is not activated in the
striatum after nicotine administration but,
rather, that calcineurin activity in other re-
gions of the mesolimbic circuit is involved
in nicotine-mediated locomotor sensitiza-
tion. For example, systemic cyclosporine
administration inhibited calcineurin ac-
tivity in presynaptic terminals because
phosphorylation of the synaptic cal-
cineurin target protein synapsin I was in-
creased at the S62/67 and S549 sites after
calcineurin blockade. An increase in syn-
apsin I phosphorylation has been shown to
increase both the number of vesicles in the readily releasable pool
and the likelihood of neurotransmitter release during stimulation
(Huttner et al., 1983; Bahler and Greengard, 1987; Greengard et
al., 1993; Jovanovic et al., 2000). Thus, calcineurin inhibition
could potentially increase the release of neurotransmitters such
as glutamate, dopamine, and GABA in multiple brain regions.
Our data, in particular, suggest that calcineurin inhibition at dif-
ferent sites within the mesolimbic circuit attenuated nicotine-
mediated dopaminergic responses, thus reversing nicotine-
mediated DARPP32 activation. One potential mechanism by
which this could occur is through increased GABA release in
regions that project to the dorsal and ventral striatum to limit
DARPP32 activation. Specifically, we demonstrate an important
role for calcineurin activity in the VTA, where such activity can
contribute to the plasticity associated with nicotine
administration.

Nicotine is thought to induce synaptic plasticity in the VTA
through modulation of glutamatergic activity. Nicotine adminis-
tration in vivo leads to increased glutamate release in the VTA (Fu
et al., 2000; Ferrari et al., 2002), whereas nicotine application to
VTA slices leads to increased glutamatergic transmission (Mans-
velder et al., 2002). In addition, nAChRs on glutamatergic termi-
nals desensitize more slowly than those on GABAergic terminals,
leading to a shift toward glutamatergic drive in the VTA after
repeated nicotine exposure (Mansvelder et al., 2002). The ability
of nicotine to regulate glutamatergic tone is likely to have behav-
ioral consequences, because nicotine administration into the
VTA leads to increased locomotor activity (Ferrari et al., 2002),
and nicotine self-administration increases GluR2 and GluR3 glu-
tamate receptor subunit levels in the VTA (Wang et al., 2007).
Systemic administration of NMDA antagonists, in contrast, at-
tenuates nicotine-mediated locomotor sensitization (Shoaib et
al., 1994), whereas NMDA receptor antagonist administration
into the VTA attenuates nicotine-mediated dopamine release in
the accumbens (Svensson et al., 1998) and attenuates the excita-

tory effects of nicotine in midbrain slices (Grillner and Svensson,
2000). Together, these data demonstrate an important role for
glutamatergic and excitatory tone in the VTA in response to nic-
otine administration and suggest that these effects play an impor-
tant role in nicotine-mediated behavior.

Calcineurin could be involved in modulating nicotine-
induced glutamatergic effects in the VTA through several differ-
ent mechanisms. For instance, calcineurin inhibition by cyclo-
sporine in cultured cortical neurons increases the rate of recovery
from desensitization of �4�2 nAChRs (Marszalec et al., 2005).
This nAChR subtype is thought to be located on GABAergic ter-
minals (Mansvelder et al., 2002) and cell bodies (Klink et al.,
2001) in the VTA. Together, these data suggest that calcineurin
could contribute to the profound desensitization of �4�2

nAChRs at GABAergic terminals after nicotine exposure, thus
promoting the shift from mixed glutamatergic/GABAergic re-
sponses to acute nicotine in the VTA to decreased GABAergic
response to chronic nicotine. In addition, calcineurin can also
inhibit GABAergic transmission through direct actions at
GABAA receptors. In fact, calcineurin-mediated dephosphoryla-
tion of GABAA channels leads to decreased GABAA receptor ac-
tivity, increased GABAA receptor desensitization rates, and LTD
of inhibitory transmission (Yakel, 1997; Groth et al., 2003; Wang
et al., 2003). This calcineurin-mediated dephosphorylation of
GABAA receptors is also necessary for EPSP–spike coupling,
whereby an EPSP is more likely to elicit an action potential (Lu et
al., 2000). Through these potential mechanisms, calcineurin ac-
tivity may be able to support increased excitatory tone in the VTA
that could then promote a nicotine-mediated increase in dopa-
mine release and locomotor sensitization.

The ability of nicotine to activate calcineurin activity in the
VTA could be attributable to many nicotine-mediated signaling
pathways. Whereas nicotine-induced calcium influx through
nAChRs and L-type calcium channels (LTCCs) results in cal-
cineurin activation in cultured cortical neurons (Stevens et al.,

Table 2. Calcineurin and synapsin I levels in different brain regions after systemic nicotine (Nic) and intra-VTA
cyclosporine (Cyclo) administration

Ser 62/67

Calcineurin pSynapsinI SynapsinI
pSynapsinI/
SynapsinI

PFC
Control 100 � 6.1 100 � 10.1 100 � 17.0 100 � 23.3
Nic 107.8 � 10.0 93 � 14.3 89.3 � 18.0 101 � 13.9
Cyclo 107 � 7.9 92.8 � 11.5 99.5 � 12.7 86.1 � 11.5
Cyclo � Nic 116.6 � 9.9 150.8 � 19.3* 111.2 � 10.5 125 � 22.3

NAc
Control 100 � 11.4 100 � 12.5 100 � 14.1 100 � 12.2
Nic 106 � 6.5 105.1 � 16.8 76.1 � 7.3** 109.7 � 14.0
Cyclo 110.4 � 6.9 104.9 � 17.3 87.1 � 10.5 106.5 � 21.8
Cyclo � Nic 115.4 � 9.8 138.6 � 27.0 107 � 15.83 112.2 � 22.3

Striatum
Control 100 � 12.7 100 � 11.5 100 � 7.4 100 � 12.6
Nic 95.2 � 10.2 99.9 � 9.4 107 � 9.8 93.7 � 7.2
Cyclo 104.5 � 11.4 105.3 � 10.8 115.2 � 17.0 96.2 � 12.3
Cyclo � Nic 107.2 � 13.6 136.6 � 21.1 116.8 � 13.1 117.2 � 16.5

VTA
Control 100 � 7.0 100 � 12.4 100 � 14.4 100 � 18.3
Nic 91.4 � 6.4 77.9 � 4.9*‡ 102.8 � 13.8 77.4 � 8.7
Cyclo 122.4 � 15.3� 102.1 � 9.6 117 � 20.4 87.3 � 9.5
Cyclo � Nic 110.2 � 16.3� 108.0 � 16.8 121.7 � 19.0 85.9 � 15.5

Shown are protein levels and ratios of phosphorylated-to-total proteins in the PFC, NAc, striatum, and VTA after systemic administration of saline vehicle or
Nic (0.35 mg/kg, s.c.) in combination with intra-VTA infusion of vehicle or Cyclo (1 �g per side per day) for 20 d. �p � 0.08 versus non-Cyclo (univariate
ANOVA); *p � 0.05 versus Nic or Cyclo (t test) and versus Cyclo � Nic (t test); ‡p � 0.05 versus Cyclo � Nic (t test) and p � 0.08 versus control (t test); **p �
0.08 versus Cyclo � Nic (t test). Data are presented as mean �SEM.
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2003), these mechanisms have not been examined in the VTA.
Calcium influx through LTCCs is an attractive mechanism for
nicotine-dependent calcineurin activation because these calcium
channels are critical for several nicotine-mediated behaviors.
LTCC antagonists block acute nicotine-dependent locomotor ac-
tivation and attenuate chronic nicotine-mediated locomotor
sensitization (Hart et al., 1996; Biala, 2003). In addition, chronic
nicotine administration increases the expression of various
LTCC subunits in the cortex (Hayashida et al., 2005). Thus, cal-
cineurin may serve as one of the critical effector proteins down-
stream of chronic nicotine-mediated LTCC activation to support
nicotine-mediated behavior.

This study provides the first evidence that VTA calcineurin
activity contributes to nicotine-mediated behavior and highlights
the need for additional research to further examine the mecha-
nism of action of calcineurin in this region. Although calcineurin
could promote excitation in the VTA through several different
mechanisms, additional experimentation is necessary to deter-
mine which of these mechanisms are crucial for nicotine-
mediated plasticity within this region. Although our examination
focused on nicotine-mediated locomotor sensitization, we sug-
gest that calcineurin within the VTA could also contribute to
other nicotine-mediated behaviors. Given that plasticity within
the VTA modulates nicotine conditioned place preference
(Laviolette and Van der Kooy, 2003) and self-administration
(Corrigall et al., 1994), calcineurin-mediated plasticity could
contribute to these behaviors as well. Together, such research will
provide new insights into the underlying mechanisms of nicotine
signaling contributing to reward and reinforcement.
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