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The methyl-DNA binding protein MeCP2 is emerging as an important regulator of drug reinforcement processes. Psychostimulants
induce phosphorylation of MeCP2 at Ser421; however, the functional significance of this posttranslational modification for addictive-like
behaviors was unknown. Here we show that MeCP2 Ser421Ala knock-in mice display both a reduced threshold for the induction of
locomotor sensitization by investigator-administered amphetamine and enhanced behavioral sensitivity to the reinforcing properties of
self-administered cocaine. These behavioral differences were accompanied in the knock-in mice by changes in medium spiny neuron
intrinsic excitability and nucleus accumbens gene expression typically observed in association with repeated exposure to these drugs.
These data show that phosphorylation of MeCP2 at Ser421 functions to limit the circuit plasticities in the nucleus accumbens that underlie
addictive-like behaviors.

Key words: MeCP2; nucleus accumbens; psychostimulants; intrinsic excitability; GABAergic interneurons; cocaine self-administration

Introduction
Repeated exposure to the psychomotor stimulant drugs cocaine
and amphetamine (AMPH) induces changes in mesocorticolim-
bic reward circuit function that can lead to compulsive drug use
(Hyman et al., 2006). Psychostimulant-regulated gene transcrip-
tion is thought to contribute to this process by coupling drug
intake with the expression of gene products that induce structural
and functional plasticity of neurons in the nucleus accumbens
(NAc), a brain region required for the rewarding properties of
these and other addictive drugs (McClung and Nestler, 2008;
Robison and Nestler, 2011).

The methyl-DNA binding protein MeCP2 is required for
the proper development and function of neuronal circuits,
and loss of function mutations in human MECP2 cause the
neurodevelopmental disorder Rett syndrome (Guy et al.,
2011). Conditional deletion of MeCP2 in developing hip-
pocampal or cortical pyramidal neurons impairs excitatory
synaptic transmission (Nelson et al., 2006; Wood et al., 2009),
and loss of MeCP2 during development also disturbs the num-
ber and function of inhibitory GABAergic synapses (Chao et

al., 2010; Deng et al., 2010; Zhang et al., 2010). This evidence
that MeCP2 can regulate brain function via effects on synapses
led us to consider whether MeCP2 also contributes to circuit
plasticity in the mature brain. MeCP2 is highly expressed in
neurons of the adult brain including neurons within the me-
socorticolimbic reward circuitry (Cassel et al., 2006; Deng et
al., 2010; Im et al., 2010). We showed previously that manip-
ulating the expression levels of MeCP2 in the adult NAc by
viral-mediated overexpression or knockdown of MeCP2 in-
versely regulates the rewarding properties of AMPH (Deng et
al., 2010). However, because loss of MeCP2 expression dis-
rupts basic aspects of synaptic function, these studies did not
allow us to determine whether MeCP2 was also important
for regulating AMPH-dependent mesolimbocortical circuit
plasticity.

To address this question, here we take advantage of our obser-
vation that exposure to either cocaine or AMPH induces the
phosphorylation of MeCP2 at Ser421 (pMeCP2) in specific pop-
ulations of neurons within the NAc (Deng et al., 2010; Hutchin-
son et al., 2012b). We hypothesized that Ser421 phosphorylation
provides a mechanism to couple psychostimulants with
MeCP2-dependent control of cellular and behavioral adapta-
tions induced by these drugs. We find that mice lacking Ser421
phosphorylation of MeCP2 have normal responses to an acute
psychostimulant exposure, but display a reduced threshold for
the number of repeated exposures required to induce both be-
havioral and cellular adaptations to these drugs. Our data are the
first to reveal MeCP2 phosphorylation as a mechanism that neg-
atively regulates the expression of behavioral and neural plasticity
in the mesocorticolimbic circuitry.
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Materials and Methods
Animals. We purchased adult (8- to 10-week-
old) male C57BL/6J mice from Jackson Labo-
ratories. We crossed Mecp2Ser421Ala/� female
mice (Cohen et al., 2011) to C57BL/6J males to
generate Mecp2Ser421Ala/Y and Mecp2�/Y male
littermates. Male mice, 2–5 months old, were
used for all experiments. We gave mice free
access to standard laboratory chow and water
and housed them in a humidity- and
temperature-controlled room on a 14/10 h
light/dark cycle, with four or five males to a
cage. Lights went on at 7:00 A.M., and all be-
havioral experiments were conducted between
10:00 A.M. and 3:00 P.M. in the light cycle. We
conducted all experiments following an ap-
proved protocol from the Duke University In-
stitutional Animal Care and Use Committee in
accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory
Animals.

Immunofluorescent staining of brain sections.
For synapse staining, we used adult male MeCP2
wild-type (WT) and Ser421Ala knock-in (KI)
mice. For pMeCP2 induction, we used adult
male C57BL/6J mice 2 h after the final self-
administration (SA) session. For Fos induc-
tion, we used adult male C57BL/6J mice or
MeCP2 WT and Ser421Ala KI mice 2 h after
AMPH injection in the open field. In all cases
we transcardially perfused mice with PBS and
then 4% paraformaldehyde in 0.1 M PBS, post-
fixed brains in 4% paraformaldehyde/PBS
overnight, and then sunk them in 30% sucrose/
PBS overnight. We cut 40 �m coronal sections
on a freezing microtome and identified brain
regions (prelimbic region of the prefrontal cor-
tex, dorsolateral striatum, and nucleus accum-
bens) by anatomical landmarks. We imaged
immunofluorescence on a Leica DMI4000
wide-field microscope with a Cascade 512B
camera using MetaMorph 7.0 software (Mo-
lecular Devices). We used the following anti-
bodies: rabbit anti-vesicular GABA transporter
(VGAT; 1:1000; AB5062P; Millipore Biosci-
ence Research Reagents), guinea pig anti-
vesicular glutamate transporter 1 (VGLUT1;
1:250; AB5905; Millipore), rabbit anti-
phospho-Ser421 MeCP2 (1:15,000; Deng et al.,
2010), mouse anti-glutamic acid decarboxylase
of 67 kDa (GAD67; 1:1000; MAB5406; Millipore), goat anti-dopamine
and cAMP regulated phosphoprotein of 32 kDa (DARPP32; 1:50;
sc31519; Santa Cruz Biotechnology), and rabbit anti-Fos (1:10,000;
Ab-5; Millipore), as well as goat anti-guinea pig Cy3, donkey anti-rabbit
Cy3, donkey anti-goat Cy2, and donkey anti-mouse Cy5 (all at 1:500;
Jackson ImmunoResearch). Nuclei were labeled with Hoechst dye
(Sigma) to facilitate anatomical localization. We quantified the number
and/or immunofluorescence intensity of synapse punctae using the
Count Nuclei module in MetaMorph following our previous published
procedures (Deng et al., 2010). For high-resolution colocalization, we
captured 63� images in a z-stack in MetaMorph and subjected them to
three-dimensional deconvolution processing using AutoQuant X2.1.1
software (Media Cybernetics).

Open field locomotor activity. We weighed mice and moved them to
the open-field room 24 h before testing. We habituated mice to the
open field (Accuscan Instruments) for 1 h to establish baseline loco-
motor activity before intraperitoneal saline (vehicle), cocaine, or
AMPH administration at the doses indicated in the figures or the text.

Following injection, we immediately returned mice to the open field
and recorded locomotor activity (horizontal distance in centimeters)
for 1–2 h as indicated in the figures or the text under 340 lux
illumination.

Behavioral sensitization. We used three different behavioral sensitiza-
tion protocols. In the first, adult male MeCP2 WT or Ser421Ala KI lit-
termates were injected with 3 mg/kg AMPH (i.p.) daily for 5 consecutive
days in the open field. Mice were withdrawn from the drug for 7 d in the
home cage and then challenged with 3 mg/kg AMPH in the open field. In
the second protocol, mice were injected with 3 mg/kg AMPH (i.p.) daily
for only 2 consecutive days in the open field before they were withdrawn
from drug for 7 d in the home cage and challenged in the open field with
3 mg/kg AMPH (i.p.). Mice were then withdrawn for an additional 14 d
before being challenged again in the open field with 3 mg/kg AMPH
(i.p.). Finally, to monitor the induction of Fos, C57BL/6J mice were
injected with either saline or 3 mg/kg AMPH (i.p.) daily following the
time course of the first protocol above, except that the injections were
given in the home cage. All mice received 3 mg/kg AMPH (i.p.) in the
open field on the challenge day.

Figure 1. MeCP2 Ser421Ala KI mice have a reduced threshold for behavioral sensitization to AMPH. a, Quantification of gluta-
matergic (VGLUT1-immunoreactive) and GABAergic (VGAT-immunoreactive) synaptic termini in the NAc of adult MeCP2 WT and
Ser421Ala KI mice. Fields for quantification were taken from the medial part of the rostral NAc and spanned both core and shell.
Scale bar, 10 �m. n � 8 –9 WT, 12 KI mice per group. b, c, Open-field locomotor activities 60 min before [preinjection (Pre-Inj)] or
60 min after a single dose of investigator-administered AMPH. b, *p � 0.05, WT 3 mg/kg versus WT Pre-Inj; #p � 0.05, KI 3 mg/kg
versus KI Pre-Inj or cocaine; n � 6 –9 per group. c, *p � 0.05, WT 20 mg/kg versus WT Pre-Inj; #p � 0.05, KI 20 mg/kg versus KI
Pre-Inj; n � 7 per group. d, Persistent locomotor sensitization induced by 5 d of repeated daily investigator-administered 3 mg/kg
AMPH (i.p.) in MeCP2 WT and Ser421Ala KI mice. n � 10 per genotype. *p � 0.028, WT versus KI on Day 3; #p � 0.031 for KI on
Day1 compared to Day 5; p̂ � 0.026 for WT on Day 1 compared to Day 5. e, Locomotor sensitization after 2 d of investigator-
administered AMPH in MeCP2 Ser421Ala KI, but not WT, mice. n � 6 WT and 8 KI; *p � 0.05, KI versus WT on Days 2, 9, and 23;
#p � 0.05, Day 9 versus Day 1 and Day 23 versus Day 1 in KI group.
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Intravenous cocaine self-administration. We trained mice in operant
chambers (MED Associates) with liquid reinforcers (25% Ensure) deliv-
ered by a dipper. We increased the fixed reward (FR) ratio from FR1 to
FR2 to FR5 until the criterion response (10 rewards in 1 h) was achieved
at each ratio. After each reward, there was a 20 s time-out period (TO20),
during which lever presses were recorded but not reinforced. Mice meet-
ing criteria at FR5 were anesthetized and catheterized in the right jugular
vein. We infused the catheter daily with 50 U/ml heparin to maintain
catheter patency, and patency was verified by assessing for loss of motor
tone upon ketamine/midazolam flush at the conclusion of the experi-
ment. We allowed the mice to recover for 7 d after catheter placement
then trained them to self-administer cocaine at a training dose of 0.6
mg/kg per infusion on an FR1-TO20 schedule. One hundred and twenty
minute sessions were conducted daily until stable drug intake was
achieved. To determine the ability of self-administered cocaine to induce
pMeCP2, a group of 12 C57BL/6J mice were food trained and catheter-
ized, and then half were allowed to self-administer cocaine daily at the
training dose for 18 d, whereas the other half received only saline upon
active lever press. Two hours after the final SA session, mice were per-
fused, and brain tissue was cut for immunolabeling with antibodies
against pMeCP2. To determine the consequences of the MeCP2
Ser421Ala KI mutation on self-administration behavior, KI mice and
their WT littermates were food trained, catheterized, and allowed to
self-administer cocaine at the training dose as described above. One week
later we tested the effects of varying the unit dose of cocaine available to
the mice according to a randomized within-subjects Latin-square design
(0, 0.03, 0.1, 0.3, 1, 3 mg/kg/infusion). We ran each dose for six sessions,
with one 90 min session per day and 1 d off in between doses. Data shown
are the average of the last three sessions for each dose. We verified that the
daily variation over these 3 d was �20% of the mean, as an indication that
we had established stable intake.

Electrophysiology. Seven to 10 d after the final
challenge injection of AMPH in the open field,
AMPH-exposed mice as well as their psych-
ostimulant-naive littermates were taken from
their home cages. Sagittal striatal slices (240
�m thick) containing the NAc shell were pre-
pared as described previously (Kourrich and
Thomas, 2009). After at least 1 h of recovery,
slices were transferred to a recording chamber
where they were continuously perfused with
oxygenated artificial CSF containing the fol-
lowing (in mM): 119 NaCl, 2.5 KCl, 1.25
NaH2PO4, 1 MgCl2, 2 CaCl2, 26 NaHCO3,
and 25 glucose. Whole-cell recordings were
made from medium spiny neuron (MSNs) in
the NAc shell at room temperature (24 –25°C).
Recording pipettes had a resistance of 2–3 M�
when filled with internal pipette solution con-
taining the following (in mM): 120 potassium
gluconate, 20 KCl, 4 NaCl, 10 HEPES, 0.2
EGTA, 4 MgATP, 0.3 Na2GTP, and 10 sodium
phosphocreatine, pH 7.2–7.3, 300 mOsm. No
compensation was made for the liquid junction
potential. After the establishment of whole-cell
configuration, cells were allowed to equilibrate
until the resting membrane potential stabilized
(�3–5 min). To evaluate the excitability of
MSNs, current–voltage relationship experi-
ments were initiated with a membrane poten-
tial of �80 mV and consisted of a series of
current injections (500 ms duration) between
�200 and �400 pA with a 25 pA step incre-
ment. All current-clamp recordings were low-
pass filtered at 2 kHz and sampled at 10 kHz.
Signals were amplified with an Axopatch 200B
amplifier (Molecular Devices), digitally con-
verted with a Digidata 1440A analog-to-digital
converter (Molecular Devices), and stored on a
computer for subsequent off-line analysis.

Spike measurements were made using Clampfit 10.0 (Molecular De-
vices). Rheobase for each cell was defined as the minimal current re-
quired to evoke action potentials. Slices from three mice of each genotype
were used for each recording condition.

Western blotting. To harvest tissue for Western blot analysis, 24 h after
the final SA session we deeply anesthetized mice with isofluorane, rapidly
dissected brains, placed the brains in OCT for flash freezing in an isopen-
tane/dry ice bath, then stored the brains at �80°C. We cut coronal sec-
tions of frozen brains on a freezing microtome and removed tissue
punches from complete NAc (including both core and shell) as identified
by anatomical landmarks. Punches were weighed and lysed in SDS sam-
ple buffer to a final concentration of 100 mg/ml. One milligram of total
cell lysate/sample was run on SDS-PAGE and transferred to nitrocellu-
lose for Western blotting with the following antibodies: rabbit anti-CREB
(1:1000; 06-863; Millipore), mouse anti-actin (1:20,000; MAB1501; Mil-
lipore), and goat anti-rabbit 770 and goat anti-mouse 680 (1:1000; Bi-
otium). Fluorescent immunoreactivity was imaged on a LI-COR
Odyssey and quantified using ImageJ. CREB was normalized to actin
expression in the same lane.

Statistical analyses. We performed all statistical analyses using SPSS
statistical software (version 11.0). The data are depicted as means and
SEMs. We analyzed locomotor and self-administration data with
ANOVA or repeated measures ANOVA as appropriate. We conducted
post hoc analyses using Bonferroni-corrected pairwise comparisons. Im-
munofluorescence intensity, synapse number, normalized CREB expres-
sion, and Fos induction were compared between genotypes or treatments
by a Student’s unpaired t test. Electrophysiology measurements were
compared using ANOVA (current evoked spike generation) or the
Mann–Whitney test (rheobase). Experimenters were blind to geno-

Figure 2. Self-administered cocaine drives MeCP2 Ser421 phosphorylation in select neurons of the NAc. C57BL/6J mice that
were food trained in operant chambers were cannulated and then returned to the operant chambers for daily 2 h intravenous SA
sessions on an FR1-TO20 schedule with either saline or cocaine. Two hours after the final SA session, mice were perfused, and
coronal sections of brain tissue were cut for immunolabeling with antibodies against pMeCP2. a, Representative brain sections
immunolabeled for pMeCP2 in mice that self-administered saline or cocaine. The anterior commissure (AC) is at the top left corner
of each NAc section, medial is to the right, and the border between the core and shell of the NAc is indicated by the dotted white
line. b, Quantification of pMeCP2 immunofluorescence intensity in NAc, dorsolateral striatum (DStr), and the prelimbic region of
the prefrontal cortex (PrL). n � 5 WT, 6 KI; *p � 0.05, cocaine versus saline. The NAc sections were taken from the medial side of
the rostral NAc and comprised both core and shell as shown in a. c, High-magnification image of a pMeCP2-positive neuron in the
NAc shell after cocaine SA. Triple immunofluorescence is shown for pMeCP2 (red), the fast-spiking GABAergic interneuron marker
GAD67 (blue), and the MSN marker DARPP32 (green). Scale bars: a, 60 �m; c, 10 �m.
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type and treatment during experimental and
data collections processes. In all cases, we
considered p � 0.05 statistically significant.

Results
To determine the requirement for
pMeCP2 in neuroadaptive responses to
repeated psychostimulant drug exposure,
we used a strain of KI mice in which a
single amino acid of MeCP2, Ser421, had
been replaced by the nonphosphorylat-
able amino acid Ala (Cohen et al., 2011).
Unlike null, hypomorphic, and deletion
mutations of MeCP2, many of which dis-
turb synapse formation (Deng et al., 2010;
Guy et al., 2011), previous electrophysi-
ological recordings from the MeCP2
Ser421Ala KI strain found no difference in
the frequency of spontaneous mEPSCs or
mIPSCs recorded in cortical slices from
KI mice compared with their WT litter-
mates (Cohen et al., 2011). Consistent
with these observations, we found no
differences in the number of glutamater-
gic (VGLUT1-positive) or GABAergic
(VGAT-positive) synaptic terminals in
the NAc of adult MeCP2 Ser421Ala KI
mice compared with their WT littermates
(p � 0.18 WT vs KI VGLUT1; p � 0.81
WT vs KI VGAT; n � 8 –9 WT and 12 KI
mice per group; Fig. 1a). These data sug-
gest that Ser421 phosphorylation is not
required for MeCP2-dependent aspects
of glutamatergic or GABAergic synapse
formation in the NAc during brain de-
velopment.

We anticipated that the Ser421Ala
mutation of MeCP2 would not affect
the stimulus-independent functions of
MeCP2 under basal conditions. Consis-
tent with this prediction, in the open field
we found that the adult MeCP2 WT mice and their Ser421Ala KI
littermates displayed similar baseline locomotor activity (Fig.
1b,c). Furthermore we found that MeCP2 WT and Ser421Ala KI
littermates showed indistinguishable dose-dependent open-field
locomotor activities following a single investigator-administered
dose of AMPH (Fig. 1b) or cocaine (Fig. 1c). For AMPH, ANOVA
showed a significant effect of dose (F(3,63) � 13.13; p � 0.001),
but not genotype (F(1,63) � 0.009; p � 0.92; n � 6 –9 per group).
For cocaine, ANOVA showed a significant effect of dose (F(3,55) �
29.3; p � 0.001), but not genotype (F(1,55) � 0.564; p � 0.46; n �
7 per group). This evidence that behavioral responses to acute
psychostimulant exposure are unaffected by the Ser421Ala mu-
tation of MeCP2 indicates that we can use this strain to isolate the
requirements for psychostimulant-induced pMeCP2 in the plas-
ticities initiated by repeated exposure to these drugs.

After 5 d of repeated investigator-administered AMPH, both
MeCP2 WT and Ser421Ala KI mice showed locomotor sensitiza-
tion that persisted across a 7 d period of withdrawal (Fig. 1d).
Two-way repeated measures ANOVA showed a significant effect
of days (F(4,72) � 5.91; p � 0.001) and a significant days by geno-
type interaction (F(4,72) � 2.52; p � .049) over the first 5 d. Day 12
was not different from Day 5 for WT (p � 1.0; n � 10) or KI (p �

0.62; n � 10). These data demonstrate that pMeCP2 is not re-
quired for behavioral sensitization. However, whereas locomotor
activity gradually sensitized over 5 d of repeated investigator-
administered AMPH in the WT mice, MeCP2 Ser421Ala KI mice
already showed statistically significant increases in locomotor ac-
tivity after only 2 d of AMPH exposure (p � 0.031 KI mice on
Day 2 vs KI mice on Day1). This finding suggests that long-lasting
AMPH-induced changes in locomotor activities may be more
readily inducible in MeCP2 Ser421Ala KI compared with WT
mice. To test this hypothesis, we used a modified behavioral sen-
sitization protocol in which AMPH administration was repeated
daily for only 2 consecutive days. In the MeCP2 Ser421Ala KI
mice, but not their WT littermates, this protocol produced a
statistically significant increase in locomotor activity compared
with the response to the single acute AMPH injection. A two-way
repeated measures ANOVA showed a significant days by geno-
type interaction (F(3,36) � 3.26; p � 0.05; n � 6 WT, 8 KI; Fig. 1e).
This locomotor sensitization was long lasting, as indicated by the
persistently elevated locomotor response upon AMPH challenge
observed in the KI mice 7 or 21 d after the initial 2 d of repeated
AMPH administration. In contrast, neither the 2 d repeated ex-
posure to AMPH nor subsequent AMPH challenge was sufficient

Figure 3. MeCP2 Ser421Ala KI mice show enhanced intake of self-administered cocaine. a, MeCP2 Ser421Ala KI and WT mice
both rapidly acquire food training in the operant chambers. Food training was performed under FR1, FR2, and FR5 schedules with
a 20 s time-out period after each press on the active lever. The criterion for success at each schedule was defined as obtaining 10
rewards in 1 h. The percentage of individuals reaching this criterion is shown each day (n � 12/genotype). b, c, Number of active
and inactive lever presses (b) and number of rewards received (c) for MeCP2 Ser421Ala KI mice and their WT littermates during each
daily self-administration session at the training dose of cocaine; n � 5 WT, 7 KI. d, Self-administration dose–response curve. Mean
rewards received over the last 3 d are shown for each dose. *p � 0.05, KI versus WT at 0.1 mg/kg per injection; #p � 0.05, KI versus
WT at 0.3 mg/kg per injection; n � 8/group.
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to cause locomotor sensitization in MeCP2 WT littermates (Fig.
1e). These findings indicate that disruption of pMeCP2 decreases
the threshold for psychostimulant drugs to induce long-lasting
behavioral sensitization.

To investigate whether pMeCP2 influences the reinforcing
properties of psychostimulants, which are responsible for estab-
lishing and maintaining the drug-taking habit, we used the
paradigm of intravenous cocaine self-administration. Similar to
our previous observation of the effects of investigator-
administered AMPH or cocaine (Deng et al., 2010), we found
that self-administered cocaine selectively induced the phos-
phorylation of MeCP2 Ser421 in a population of GAD67-
positive and DARPP32-negative neurons in the NAc (Fig. 2).
To determine the requirement for pMeCP2 in self-admini-
stration behavior, MeCP2 WT and Ser421Ala KI littermates
were first trained in two-lever operant chambers to respond
for liquid food rewards (Fig. 3a). Once responding for food
reinforcers was established, all mice were implanted with
intravenous jugular catheters. Mice of both genotypes were
then permitted to respond for cocaine infusions under an
FR1-TO20 reinforcement schedule. Both MeCP2 WT and
Ser421Ala KI mice developed a preference for the active lever
(Fig. 3b) and rapidly established stable levels of responding
with similar levels of intake at the training dose of cocaine (0.6
mg/kg per infusion; Fig. 3c). These data show that pMeCP2 is
not required for the reinforcing effects of cocaine. When we
tested the effects of varying the unit dose of cocaine available
to the mice, as expected, both MeCP2 WT and Ser421Ala KI
mice responded according to an inverted U-shaped dose–re-
sponse curve (Fig. 3d). However, compared to the MeCP2 WT
controls, the Ser421Ala KI mice showed a significant leftward
shift of the dose–response curve. Two-way repeated measures
ANOVA showed a significant dose by genotype interaction

(F(5,70) � 4.52; p � 0.021; n � 8 WT, 8
KI). Such leftward shifts in the cocaine
dose–response curve have been inter-
preted as increases in sensitivity to the
reinforcing properties of the drug (De-
miniere et al., 1989). These findings
demonstrate that disruption of pMeCP2
enhances sensitivity to self-administered
cocaine.

Next we examined whether disrupting
MeCP2 Ser421 phosphorylation altered
neuronal properties commonly associ-
ated with behavioral responses to drugs of
abuse. Modulation of MSN intrinsic ex-
citability in the NAc is one of the key
downstream actions of intracellular sig-
naling cascades involved in regulating re-
sponsiveness to psychostimulant reward
(Zhang et al., 1998, 2002; Hu et al., 2004;
Wolf, 2010). Repeated exposure to either
cocaine or AMPH has been shown to per-
sistently decrease the intrinsic excitability
of MSNs in the NAc shell (Kourrich and
Thomas, 2009), and experimentally de-
creasing MSN excitability in the NAc is
sufficient to induce a phenotype that
mimics locomotor sensitization (Dong et
al., 2006). Thus, we tested whether the
long-lasting behavioral sensitization in-
duced in MeCP2 Ser421Ala KI mice but

not their WT littermates under our 2 d exposure protocol (see
Fig. 1e) was associated with genotype-specific differences in MSN
excitability in the NAc shell. To assess MSN excitability, we de-
termined the number of spikes elicited by depolarizing current
injections, as this measure reflects changes in both passive and
active membrane properties. We first performed whole-cell re-
cordings of NAc shell MSNs in acute slices cut 7–10 d after the last
AMPH challenge in MeCP2 Ser421Ala KI mice and identically
treated WT controls. Compared with MeCP2 WT mice, spike
number as a function of the magnitude of depolarizing current
injected was significantly decreased in MeCP2 Ser421Ala KI mice
(Fig. 4a,b). ANOVA showed a significant effect of genotype
(F(1,37) � 13.34; p � 0.001). Likewise, rheobase, the minimum
current required to induce spiking, was significantly increased in
MeCP2 Ser421Ala KI mice compared with their WT littermates
(p � 0.026 KI vs WT; n � 18 cells from 3 WT mice, 19 cells from
3 KI mice; Fig. 4c). Importantly, similar recordings from
psychostimulant-naive MeCP2 WT and Ser421Ala KI mice did
not reveal genotype differences in either the number of
depolarization-induced spikes (F(1,42) � 0.442; p � 0.51; Fig. 4d)
or rheobase (p � 0.71 KI vs WT; n � 21 cells from 3 WT mice, 21
cells from 3 KI mice; Fig. 4e). These data indicate that differences
in MSN excitability between MeCP2 WT and Ser421Ala KI mice
emerged in response to AMPH exposure.

Repeated cocaine exposure induces the expression of CREB in
the NAc (Riday et al., 2012), and this increase is thought to limit
behavioral sensitivity to psychostimulants at least in part by in-
creasing MSN excitability (Dong et al., 2006; Vialou et al., 2012).
Interestingly, when we examined NAc extracts after chronic co-
caine exposure in the self-administration paradigm, we found
significantly less CREB in the MeCP2 Ser421Ala KI mice com-
pared with their WT littermates (p � 0.016; n � 6 WT, 6 KI; Fig.
5a). These changes depend upon exposure to cocaine, as CREB

Figure 4. DepressedMSNexcitability inMeCP2Ser421AlaKImiceexposedto2dofrepeatedAMPH. a,Representativespiketracesfrom
MSNs in the NAc shell from striatal slices of AMPH-sensitized MeCP2 WT and Ser421Ala KI littermates at the current injections indicated.
Calibration: 10 ms, 20 mV. b, Mean spike number generated for a given magnitude of current injection in AMPH-sensitized MeCP2 WT and
Ser421Ala KI littermates. The mice used for these recordings represent a subset of the mice whose locomotor activities are shown in Figure
1e. c, Rheobase current in AMPH-sensitized MeCP2 Ser421Ala KI mice and their WT littermates. n�18 cells from 3 WT mice; 19 cells from
3 KI mice; *p�0.026 KI versus WT. d, Mean spike number generated for a given magnitude of current injection in psychostimulant-naive
MeCP2 Ser421Ala KI mice and WT littermates. e, Rheobase current in psychostimulant-naive MeCP2 Ser421Ala KI mice and their WT
littermates. p � 0.71 KI versus WT; n � 21 cells from 3 WT mice; 21 cells from 3 KI mice.
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levels in the NAc did not differ between drug-naive MeCP2 WT
and Ser421Ala KI mice (p � 0.54; n � 5 WT, 7 KI; Fig. 5b). These
data are consistent with the increased behavioral sensitivity of the
MeCP2 Ser421Ala KI mice to cocaine in the self-administration
paradigm, and they raise the possibility that dysregulation of
CREB expression in MSNs of the NAc may contribute to this
behavioral phenotype. Together, our data suggest that pMeCP2
negatively regulates behavioral responses to psychostimulants by
engaging cellular and molecular processes in the NAc that oppose
psychostimulant-induced changes in MSN function.

Last, although we readily observe changes in NAc MSN
properties in MeCP2 Ser421Ala KI mice, it is notable that these
neurons are not the neurons in which MeCP2 phosphorylation is
induced by AMPH or cocaine (Fig. 2c; Deng et al., 2010). Instead,
both AMPH and cocaine selectively induce pMeCP2 in a specific
population of DARPP32-negative NAc interneurons that express
the lineage-specifying transcription factor Lhx6 (Deng et al.,
2010) and show intense cytoplasmic immunoreactivity for the
GABA synthesizing enzyme GAD67 (Fig. 2c), suggesting they are
fast-spiking interneurons (FSIs; Kawaguchi et al., 1995; Tepper et
al., 2004; Gittis et al., 2010). Psychostimulant-induced plasticity
of these local NAc circuit interneurons could modulate adapta-
tions of the MSNs with which they synapse. Thus, we used im-
munofluorescent detection of the immediate-early gene product
Fos in GAD67-positive neurons in the NAc as a proxy for the in
vivo activity of FSIs to determine whether these neurons undergo
psychostimulant- and pMeCP2-dependent adaptations. Fos is
robustly induced in both MSNs and in GAD67-positive interneu-
rons of the NAc upon acute exposure to AMPH (Deng et al.,
2010). When AMPH exposure is repeated, overall Fos induction
in the NAc falls to �25% of the levels achieved after the initial
dose in correlation with the sensitization of locomotor activity

(Moratalla et al., 1996; Renthal et al., 2008; Deng et al., 2010). We
found that Fos induction in GAD67-positive neurons of the NAc
was also significantly reduced after repeated AMPH exposure
(acute, 100 	 30%; repeated, 25.2 	 8.5%; n � 6 per genotype,
p � 0.046), raising the possibility that adaptations in the function
of these interneurons could contribute to the locomotor sensiti-
zation induced by repeated AMPH exposure.

To determine whether FSI adaptations correlate with the ac-
celerated behavioral sensitization we see in the MeCP2 Ser421Ala
KI mice, we compared Fos induction in GAD67-positive neurons
of the NAc in both MeCP2 WT mice and their Ser421Ala KI
littermates. Following a single dose of 3 mg/kg AMPH, which
induces statistically indistinguishable locomotor activities in WT
and KI mice (Fig. 1e), Fos was induced in GAD67-positive neu-
rons of the NAc in both WT and KI mice (Fig. 6a), and there was
no significant difference in Fos expression between the genotypes
(p � 0.42; n � 5 WT, 4 KI; Fig. 6b). However, when we assayed
Fos following the second in a series of two daily exposures to
AMPH, which is associated with a significantly greater locomotor
response in the KI mice compared with their WT littermates (Fig.
1e), significantly less Fos was induced in NAc FSIs of the KI mice
compared with their WT littermates (p � 0.008; n � 6 WT, 8 KI;
Fig. 6b). Interestingly at this time point, we found no significant
difference in Fos expression between MeCP2 WT and Ser421Ala
KI mice when all neurons of the NAc were considered (p � 0.37;
n � 6 WT, 8 KI; Fig. 6c). These data demonstrate a correlation
between the psychostimulant-induced adaptations of NAc FSIs in
the MeCP2 Ser421Ala KI mice and behavioral sensitization to re-
peated AMPH exposure, raising the possibility that pMeCP2-
dependent effects on the plasticity of these GABAergic interneurons
in the NAc may regulate the sensitivity to psychostimulant-induced
MSN adaptations and behavioral plasticity.

Discussion
We have demonstrated that phosphorylation of MeCP2 at Ser421
is functionally important for limiting behavioral and cellular sen-
sitivity to repeated psychostimulant exposure. At the behavioral
level, we found that MeCP2 Ser421Ala KI mice displayed both a
reduced threshold for the induction of long-lasting locomotor
sensitization to repeated experimenter-administered AMPH and
an increased sensitivity to chronically self-administered cocaine.
Physiologically, under conditions sufficient to induce locomotor
sensitization in MeCP2 Ser421Ala KI mice, but not their WT
littermates, MSNs in the NAc shell of the Ser421Ala KI mice
showed a reduced excitability that is characteristic of the circuit
plasticities shown previously to accompany sensitization follow-
ing prolonged repeated drug exposures in C57BL/6J mice (Kour-
rich and Thomas, 2009). Our data are the first to implicate
pMeCP2 as a regulator of psychostimulant-dependent behav-
ioral and circuit plasticity, and they demonstrate a cellular
mechanism through which this chromatin regulatory protein
can modulate addictive-like behaviors. We propose that
psychostimulant-dependent regulation of MeCP2 phosphoryla-
tion may play a role in limiting vulnerability to the long-term
consequences of exposure to psychostimulant drugs of abuse.

Our data both complement and extend previous findings in-
vestigating functions of MeCP2 in behavioral responses to drugs
of abuse. By using a knock-in model to selectively interrupt
Ser421 phosphorylation of MeCP2, while leaving expression of
MeCP2 intact, in this study we were able to isolate and identify
pMeCP2-dependent effects on psychostimulant-induced circuit
plasticity. Previously, we showed that knocking down MeCP2 in
the adult NAc enhanced sensitivity to repeated AMPH exposure

Figure 5. Reduced CREB expression in the NAc MeCP2 Ser421Ala KI mice after cocaine self-
administration. a, Western blot of CREB expression after chronic cocaine SA in the NAc of MeCP2
Ser421Ala WT and KI mice. Actin was used as a loading control to normalize CREB expression.
n � 6 WT and 6 KI mice; *p � 0.016. b, Western blot of CREB expression in the NAc of
psychostimulant-naive MeCP2 Ser421Ala WT and KI mice. Actin was used as a loading control to
normalize CREB expression. n � 5 WT and 7 KI mice.
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in a conditioned place preference test (Deng et al., 2010). Our
evidence that MeCP2 Ser421Ala KI mice show similarly increased
behavioral sensitivity to repeated psychostimulant exposure sug-
gests that Ser421 phosphorylation is required to mediate these
aspects of MeCP2 function in the NAc. However, knocking down
MeCP2 in the adult NAc also enhanced the locomotor response
to a single dose of acute AMPH (Deng et al., 2010). In contrast, we
observed normal locomotor-stimulating responses to a single
dose of cocaine or AMPH exposure in the MeCP2 Ser421Ala
KI mice (Fig. 1b,c). Together with the evidence that loss of
MeCP2 Ser421 phosphorylation fails to phenocopy develop-
mental synaptic defects seen in MeCP2 null mice (Fig. 1a;
Cohen et al., 2011), these data reveal that there are both Ser421
phosphorylation-dependent and -independent functions of
MeCP2.

As a methyl-DNA binding protein, MeCP2 is presumed to
impact neuronal physiology by regulating gene transcription.
How Ser421 phosphorylation may influence MeCP2 function re-
mains unknown, though it is possible that Ser421, like other
MeCP2 phosphorylation sites (Gonzales et al., 2012; Ebert et al.,
2013), influences MeCP2’s protein–protein interactions with
other transcriptional coregulators. MeCP2 is globally bound
across the genome (Skene et al., 2010; Cohen et al., 2011), which
suggests that MeCP2 may play a permissive role for the regulation
of transcription, rather than an instructive role in turning specific
genes on or off. Ser421-phosphorylated MeCP2 has a similar
genomewide distribution compared with total MeCP2 in mem-

brane depolarized cultured neurons (Co-
hen et al., 2011). However, in vivo, we
showed that Ser421 phosphorylation of
MeCP2 is induced only within specific
subsets of neurons in brain regions that
are relevant to the behavioral plasticities
induced by environmental exposures
(Zhou et al., 2006; Deng et al., 2010;
Hutchinson et al., 2012a,b). For example,
in this study, we showed induction of
pMeCP2 after cocaine self-administration
to be selective for the NAc; psychostimu-
lants did not significantly induce pMeCP2
in neurons of the dorsal striatum (Fig.
2a,b). This regionally selective phosphor-
ylation is likely to be relevant to the
functions of MeCP2 in addictive-like be-
haviors because, unlike its reward-
limiting functions in the NAc, the
cocaine-induced upregulation of MeCP2
expression in the dorsal striatum is re-
quired for the escalating cocaine intake
seen in an extended-access self-admini-
stration protocol in rats that models com-
pulsive drug-taking behavior (Im et al.,
2010). Thus region-specific induction of
Ser421 phosphorylation of MeCP2 may
provide a mechanism to rapidly regulate
MeCP2-dependent effects on local circuit
plasticity.

A major finding in this study is our ob-
servation that within the NAc, the MeCP2
Ser421Ala KI mutation reduced the thresh-
old for triggering AMPH-dependent plas-
ticity of intrinsic MSN excitability. These
data offer a circuit-level explanation for

the increased behavioral sensitivity of MeCP2 Ser421Ala KI mice
to psychostimulants and represent the first evidence of a selective
biological function for pMeCP2 in stimulus-induced circuit plas-
ticity. MSNs of the NAc shell are critically important for both the
rewarding and the reinforcing properties of psychostimulants
(Di Chiara, 2002). Decreased intrinsic excitability of these MSNs,
mediated by increased plasma membrane potassium conduc-
tance as well as decreased sodium and calcium conductance, is
both required for cocaine-induced psychomotor sensitization
and sufficient to induce a sensitized-like locomotor response to
psychostimulants (Zhang et al., 1998, 2002; Hu et al., 2004; Dong
et al., 2006; Kourrich et al., 2013). In vivo electrophysiological
recording of NAc MSNs in awake behaving rats has further sug-
gested that MSN inhibition permissively gates appetitive and
consummatory behaviors (Taha and Fields, 2006). CREB-
dependent transcription plays an important role in increasing
MSN excitability, and similar to what we have shown for
pMeCP2, expression of CREB in the NAc is thought to limit
behavioral sensitivity to psychostimulants (Carlezon et al., 1998;
Walters and Blendy, 2001; Dong et al., 2006). Our evidence for
reduced CREB expression in the NAc of the MeCP2 Ser421Ala KI
mice compared with their WT littermates after cocaine self-
administration thus raises the possibility that abnormalities in
CREB-dependent transcription may contribute to aberrant reg-
ulation of MSN excitability in these mice, although it is also pos-
sible that reduced excitability of MSNs could drive the reduction
in CREB expression. In either case, the fact that we find specific

Figure 6. Decreased Fos expression after repeated AMPH exposure in GAD67-positive neurons of the NAc. a, Representative
images of Fos (red) and GAD67 (green) immunoreactivity in the NAc (core and shell) of MeCP2 WT mice and their Ser421Ala KI
littermates 2 h after a single dose of either saline (Veh) or 3 mg/kg AMPH in the open field. AC, Anterior commissure. The dotted
boxes show the regions enlarged in the overlay images to the right. Arrows indicate Fos and GAD67 double-positive neurons. Scale
bars: left, 100 �m; right, 20 �m. b, Quantification of Fos immunoreactivity in GAD67-positive neurons of the NAc (core and shell)
2 h after either a single dose or 3 mg/kg AMPH (i.p.), or the second in a 2 d series of AMPH injections in the open field. The animals
used for this study represent an independent cohort from those used for the quantification of behavioral sensitization in Figure 1e.
Data are graphed as the percentage of integrated Fos intensity in each condition relative to the induction of Fos in GAD67-positive
neurons of the WT mice on Day 1. n � 6 WT and 8 KI mice; *p � 0.008, WT versus KI on Day 2. c, Quantification of Fos
immunoreactivity in all cells of the NAc from the same mice shown in b.
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cellular changes previously associated with behavioral sensitivity
to psychostimulants to be altered in the MeCP2 Ser421Ala KI
mice suggests that these mice present a useful model for uncov-
ering fundamental circuit mechanisms underlying behavioral re-
sponses to these drugs of abuse.

Finally if, as our data suggest, pMeCP2 acts within the NAc to
limit behavioral and cellular plasticity upon repeated psycho-
stimulant exposure, the selective induction of pMeCP2 in
strongly GAD67-positive neurons of the NAc suggests that
pMeCP2 may impact MSN plasticity via its effects on FSIs. Stri-
atal FSIs fire robustly in vivo following acute investigator-
administered AMPH (Wiltschko et al., 2010), which correlates
with our observation that acute AMPH induces expression of the
activity-regulated gene Fos in these neurons. No studies have
reported data on FSI firing in vivo after repeated AMPH expo-
sures, but our evidence that Fos induction in NAc FSIs falls as
AMPH exposure is repeated suggests that the activity of these
neurons may adapt over time. Changes in the firing properties of
FSIs have been shown to contribute to circuit-level and behav-
ioral plasticity both during development (Kuhlman et al., 2013)
and in the adult brain (Letzkus et al., 2011; Donato et al., 2013).
Although the cellular mechanisms by which FSIs regulate learn-
ing are not well known, modulation of FSI synapses has been
shown to influence spike timing in their postsynaptic targets
(Owen et al., 2013), which could induce long-lasting effects on
circuit function via plasticity of projection neurons. Our evidence
that repeated AMPH exposure induces a functional adaptation in
NAc GABAergic interneurons that is both pMeCP2 dependent
and correlated with the threshold for the induction of behavioral
sensitization raises the possibility that FSIs may modulate
psychostimulant-induced plasticity of MSNs in the NAc. We an-
ticipate that future testing of this hypothesis will advance under-
standing of the cellular mechanisms that underlie the long-lasting
behavioral plasticities induced by psychostimulant drugs of
abuse.
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