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Drugs of abuse, such as cocaine, induce changes in gene expression and epigenetic marks including alterations in histone posttranslational modiﬁcations in striatal neurons. These changes are
thought to participate in physiological memory mechanisms and
to be critical for long-term behavioral alterations. However, the
striatum is composed of multiple cell types, including two distinct
populations of medium-sized spiny neurons, and little is known
concerning the cell-type speciﬁcity of epigenetic modiﬁcations.
To address this question we used bacterial artiﬁcial chromosome
transgenic mice, which express EGFP fused to the N-terminus of
the large subunit ribosomal protein L10a driven by the D1 or D2
dopamine receptor (D1R, D2R) promoter, respectively. Fluorescence
in nucleoli was used to sort nuclei from D1R- or D2R-expressing
neurons and to quantify by ﬂow cytometry the cocaine-induced
changes in histone acetylation and methylation speciﬁcally in
these two types of nuclei. The two populations of medium-sized
spiny neurons displayed different patterns of histone modiﬁcations 15 min or 24 h after a single injection of cocaine or 24 h after
seven daily injections. In particular, acetylation of histone 3 on Lys
14 and of histone 4 on Lys 5 and 12, and methylation of histone 3
on Lys 9 exhibited distinct and persistent changes in the two cell
types. Our data provide insights into the differential epigenetic
responses to cocaine in D1R- and D2R-positive neurons and their
potential regulation, which may participate in the persistent
effects of cocaine in these neurons. The method described should
have general utility for studying nuclear modiﬁcations in different
types of neuronal or nonneuronal cell types.
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n both humans and rodents, repeated self-administration of
addictive substances can lead to a state of addiction characterized by a loss of control over drug use, with compulsive selfadministration despite its severe negative consequences (1). The
addictive state is persistent, with drug craving and relapse occurring even after decades of abstinence. All addictive drugs
share the ability to increase extracellular dopamine (DA) levels
in the ventral striatum (2) and are thought to exert their longlasting effects by “hijacking” the normal reward systems, including the mesolimbic-striatal DA pathway and the nucleus
accumbens (NAc) (3–5).
A single exposure to psychostimulants triggers long-lasting
alterations in behavior and synaptic physiology (6), revealing
their powerful control of neuronal plasticity. Repeated exposures
induce further changes that contribute to the occurrence of addiction (7–10). Growing evidence suggests that long-lasting changes
in the properties of striatal neurons involve epigenetic processes
(11). In particular, histone posttranslational modiﬁcations
(PTMs), including phosphorylation, acetylation, and methylation
play a role in promoting transcriptional alterations following
cocaine administration (12, 13). Acute exposure to cocaine induces
rapid changes in histone phosphorylation and acetylation through
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a variety of signaling pathways activated downstream from DA
and glutamate receptors (14). Moreover, repeated cocaine administration regulates histone-modifying enzymes in the NAc,
including histone deacetylases, acetyltransferases, and methyltransferases (15).
The striatum is composed of multiple cell types, which exhibit
different transcriptional responses to drugs of abuse and mediate distinct aspects of addiction (16). Most (95% in rodents)
striatal neurons are GABAergic medium-sized spiny neurons
(MSNs), which can be further differentiated into D1 DA receptor- (D1R)- and D2R-expressing neurons, broadly corresponding to neurons of the direct (striatonigral) and indirect
(striatopallidal) pathways, respectively (17). Each population of
MSNs expresses its own subset of markers and has different
projections (18). Cocaine-induced signaling cascades (19, 20)
and transcriptional regulation (21) are strikingly different in
the two types of MSNs. Cocaine-induced histone H3 serine-10
phosphorylation occurs in D1 but not in D2 neurons (20);
however, little is known about other potential differences in
histone modiﬁcation in these two populations.
Here we have developed a unique approach, taking advantage
of the speciﬁc labeling of the two types of MSNs by expressing
EGFP fused to the N-terminus of ribosome large subunit protein
L10a (EGFP-L10a) under the control of the D1R or D2R promoters in transgenic mice (21). The high enrichment of EGFP–
L10a in nucleoli allows ﬂuorescence-activated counting and
sorting of nuclei (22). Using ﬂow cytometry, we studied cocaineinduced histone PTMs in the two populations of MSNs separately.
We found some similarities and many differences between the
two populations, with distinct temporal regulations that are likely
linked to speciﬁc patterns of gene expression.
Results
Fluorescence-Activated Puriﬁcation of Nuclei in Drd1a::EGFP-L10a and
Drd2::EGFP-L10a Transgenic Mice. We used bacterial artiﬁcial

chromosome- (BAC)-transgenic mice, which express the EGFP–
L10a fusion protein under the control of either the D1R or D2R
promoter (DA receptor 1a, Drd1a, or 2, Drd2) promoter (21). The
L10a protein is a component of the large subunit of the ribosome and allows the immune afﬁnity puriﬁcation of translating
ribosomes (21). Because ribosomal subunits are assembled in the
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nucleoli before being exported to the cytoplasm, the nuclei of
D1R- or D2R-expressing neurons (from here on referred to as D1
or D2 nuclei) are intensely ﬂuorescent for EGFP–L10a in these
transgenic mice, as previously reported for other types of neurons
(22) and can be isolated by ﬂuorescence-activated sorting. Striata
were dissected from the transgenic mice, and after homogenization and ﬁxation (Experimental Procedures), nuclei were collected
by subcellular fractionation and analyzed by ﬂow cytometry (Fig.
1 A and B). The nuclei were also labeled with DyeCycle ruby
(DCR), an intercalating dye that binds quantitatively to DNA. The
dot plots allowed the distinction of several populations of nuclei
according to the intensity of EGFP and DCR ﬂuorescence. The
majority of nuclei displayed a DNA ﬂuorescence corresponding to
single nuclei (singlets). Debris and aggregates were excluded from
the analysis and only the EGFP-ﬂuorescent singlets were considered (Fig. 1B). The total amount of GFP-positive singlets isolated
was 16.4% ± 1.1% and 7.1% ± 0.7% of the total number of nuclei
counted by the cytometer from the Drd1a::EGFP-L10a and mice
Drd2::EGFP-L10a, respectively (n = 18 experiments, means ±
SEM). FACS-puriﬁed nuclei were examined by ﬂow imaging (Fig.
1C) to verify they were intact, correctly sorted, and pure.
Histone Modiﬁcations in D1 and D2 Nuclei. In initial studies, we
validated the FACS approach to isolate speciﬁc populations of
nuclei and we assessed the stability of PTMs during the isolation
procedure. Using immunoblotting of sorted nuclei, we examined

Fig. 2. Comparison of cocaine-induced histone H3 phosphorylation by
immunoblotting of sorted nuclei and nuclear ﬂow cytometry. Mice
expressing EGFP–L10a in D1 or D2 neurons were treated with saline or cocaine (20 mg/kg) 15 min before tissue collection. (A and B) Immunoblot
analysis of phospho-Ser10 H3 (pS10, A) or phospho-Ser10 acetyl-Lys14 H3
(pS10acK14, B) in lysates from ﬂuorescence-activated sorted D1 or D2 nuclei.
All results were normalized to the total level of H3. (Upper) Representative
blots obtained using antibodies against pS10H3, pS10acK14H3, and total H3.
(Lower) Quantiﬁcation as percentage of saline-treated controls, mean + SEM
(n = 5–8; **P < 0.01 Student t test). (C and D) Flow cytometry analysis of
pS10H3 (C) or pS10acK14H3 (D) immunoﬂuorescence in the singlet GFP-positive nuclei corresponding to D1 or D2 nuclei. The logarithm of the ﬂuorescence intensity is plotted on the x axis and relative nuclei number (percentage
of maximum) on the y axis. (Upper) Representative ﬂow cytometry histograms
after saline (blue line) or cocaine (red line) treatment. (Lower) Quantiﬁcation
of ﬂow cytometry data as percentage of saline-treated controls, mean + SEM
(n = 8–9; *P < 0.05, ***P < 0.001, Student t test).

Fig. 1. Fluorescence-activated sorting of nuclei from Drd1a::EGFP-L10a and
Drd2::EGFP-L10a transgenic mice. (A) Outline of the procedure used to study
histone PTMs in isolated neuronal nuclei populations. Histone PTM changes
were either quantiﬁed using immunolabeling of permeabilized nuclei (+
antibody) and ﬂow cytometry or using immunoblotting of sorted D1 and D2
nuclei (WB) (B) Typical ﬂow cytometry dot plot and gating of D1 or D2 nuclei. Scatterplot of GFP ﬂuorescence versus DyeCycle ruby (DCR) ﬂuorescence
of nuclei isolated from a WT mouse and Drd1a::EGFP-L10a or Drd2::EGFPL10a transgenic mice. DCR binds quantitatively to the DNA and allows discrimination of singlets versus aggregated nuclei. The data from WT mice were
used to set a threshold for the GFP signal background. (C) After sorting,
nuclei are pure and intact as veriﬁed by Amnis ImageStream analysis. Representative results are for pre- and postsort fractions from Drd1a::EGFP-L10a
mice. Bright-ﬁeld and GFP channels are merged; original magniﬁcation 40×.
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the phosphorylation state of histone H3 Ser10 (pS10H3) alone
or in combination with acetylation of K14 (pS10acK14H3). After a
single injection of cocaine or repeated injections, these two
modiﬁcations have previously been shown to be induced in MSNs
expressing the D1R, but not in those expressing the D2R (20). In
the present study, nuclei were prepared from striata of EGFP–
L10a mice, 15 min following a single injection of cocaine (20 mg/
kg) or vehicle (saline). D1 or D2 nuclei were isolated by FACS
and the levels of pS10H3 and pS10acK14H3 were analyzed by immunoblotting. As expected, we observed a robust cocaine-induced
increase in phosphorylation and in phosphoacetylation of H3 in
D1 nuclei, but no change in the D2 nuclei (Fig. 2 A and B).
We carried out an analogous experiment but quantiﬁed the
changes in pS10H3 and pS10acK14H3 using immunolabeling of
permeabilized nuclei combined with the use of a ﬂow cytometer.
The semilogarithmic plot of the number of immunoreactive,
GFP-labeled nuclei as a function of the intensity of the immunoﬂuorescence was rightward shifted for both pS10H3 and
pS10acK14H3 in the D1 nuclei after cocaine treatment (Fig. 2 C
and D, Upper). Comparison of the semilogarithmic plots shows
that cocaine causes the appearance of a small number of highly
ﬂuorescent D1 nuclei for pS10H3 and a small magnitude, homogenous increase in pS10acK14H3 immunoreactivity, illustrating
the sensitivity of the method. The pS10H3 and pS10acK14H3
Jordi et al.

ﬂuorescence quantiﬁed as the percentage of the mean of the
ﬂuorescence in the saline samples was increased in D1 nuclei (Fig.
2 C and D, Lower). In contrast, in the D2 nuclei, cocaine did not
induce any signiﬁcant change (Fig. 2 C and D).
Thus, ﬂow cytometry gave results similar to those obtained
by FACS followed by immunoblotting and could be used to
measure histone PTMs in identiﬁed nuclear populations. Furthermore, these results show that cocaine-induced changes
in phosphorylation are preserved during the procedure that
appeared suitable to study other PTMs, such as acetylation and
methylation, which are presumably as labile as or less labile
than phosphorylation.

ered to be a marker of actively transcribed genes and acute and
chronic cocaine administrations induce histone acetylation in
the striatum (14, 23, 24). Global acetylation of histones H3 and
H4 has been investigated by the use of polyacetylated lysine
antibodies, whereas other studies have focused on speciﬁc gene
promoters using chromatin immunoprecipitation (12, 13, 25),
but little is known concerning the regulation of acetylation of
speciﬁc histone residues in identiﬁed neuronal cell types in
the striatum. We ﬁrst examined the nuclear localization of the
acetylated forms of H3 on K14 and K18 and of H4 on K5, K8, and
K12 in striatal neurons by confocal microscopy of brain sections
(Fig. 3, Left). The immunoﬂuorescence was mostly colocalized
with euchromatin, in support of the proposed role of these
acetylated residues in gene activation (26). Given the high levels
of immunoreactivity in saline-treated mice, we could not observe
reliable quantitative changes after cocaine using tissue sections.
We therefore examined the acetylation changes in D1 and D2
nuclei 15 min after a single injection of cocaine using ﬂow
cytometry. A single injection of cocaine rapidly increased to
various extents acetylation of all studied lysine residues (H3 K14
and K18 and H4 K5, K8, and K12) in D1 nuclei (Fig. 4A). The
effect was much more pronounced for H4 K5 (approximately
threefold increase) than for the other residues (less than twofold,
Fig. 4A). In contrast, in D2 nuclei, only H4 K5 acetylation was

Fig. 3. Immunolocalization of histone PTMs in the nuclei of MSNs. Immunolocalization of histone acetylation (Left) including H3 acetyl-lysine14
(acK14) and acetyl-lysine18 (acK18), H4 acetyl-lysine5 (acK5), acetyl-lysine8
(acK8), and acetyl-lysine12 (acK12) and histone H3 methylation (Right) including lysine4 (H3K4) methylation (men) and lysine9 (H3K9) monomethylation (me), dimethylation (me2), and trimethylation (me3). DNA
stained with DAPI (Center) and merged images (Right) are shown. Intense
DAPI staining in large puncta corresponds to heterochromatin (usually less
actively transcribed). (Scale bar, 5 μm.)
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Fig. 4. Acute and chronic cocaine administration induces distinct patterns
of histone H3 and H4 acetylation in D1 and D2 nuclei. Flow cytometry
analysis of H3 acetyl-lysine14 (acK14) and acetyl-lysine18 (acK18), and of H4
acetyl-lysine5 (acK5), acetyl-lysine8 (acK8), and acetyl-lysine12 (acK12) ﬂuorescence in the GFP-positive nuclear fraction from D1 (A, C, and E) or D2 (B,
D, and F) neurons. EGFP–L10a mice were injected with saline or cocaine (20
mg/kg) and killed 15 min (A and B) or 24 h (C and D) later. Other mice received a daily injection of 20 mg/kg cocaine or saline for 7 d and were killed
24 h after the last injection (E and F). Quantiﬁcation of ﬂow cytometry data
are represented as percentage of saline-treated controls, mean + SEM (n =
8–14; *P < 0.05, **P < 0.01, ***P < 0.001, Student t test).

moderately increased (Fig. 4B). Our data are consistent with the
global increase in acK5H4 immunoﬂuorescence in striatal sections, measured 30 min after a cocaine injection (14).
Because these changes were observed at 15 min, we evaluated
their stability 24 h later. A signiﬁcant increase in H4 K5 and K8
acetylation was still observed in these conditions in D1 nuclei
(Fig. 4C) showing the persistence of this histone modiﬁcation
speciﬁcally in the D1 nuclei. We also observed a moderate increase in H4 K12 and K8 acetylation in the D2 nuclei (Fig. 4D).
Interestingly, H4 K8 displayed a larger increase at 24 h than at 15
min in both cell types (Fig. 4 C and D). These data show that
a single injection of cocaine induces sustained acetylation of
speciﬁc residues that are different in D1 and D2 MSNs.
We next investigated the effects of repeated cocaine injections on lysine acetylation, 24 h after the last injection. In D1
nuclei a strong increase (more than threefold) in H4 K5 acetylation was observed, whereas the acetylation of other residues
was either unchanged or very moderately increased (Fig. 4E).
Interestingly, the effects of repeated treatment with cocaine
were different in D2 nuclei, which displayed an increase in H3
PNAS | June 4, 2013 | vol. 110 | no. 23 | 9513
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Differential Effects of Acute and Chronic Cocaine on Histone
Acetylation in D1 and D2 Nuclei. Histone acetylation is consid-

K14 and K8 acetylation (Fig. 4F). These data show that repeated
cocaine administration resulted in persistent histone acetylation
patterns that were in part different from those observed after
a single injection.
Flow Cytometry Reveals Subsets of D1 and D2 Nuclei with Different
Levels of Histone Acetylation. Flow cytometry allows a quantitative

analysis of heterogeneous samples providing a detailed proﬁle of
complex cells or nuclei populations that cannot be obtained with
other methods such as immunoblotting. Whereas the results
shown in Fig. 3 were based on comparison of mean ﬂuorescence
values, the analysis of the distribution of the ﬂuorescence intensity showed that acK5H4 immunoﬂuorescence was not homogeneously distributed in control (saline treated) mice, but that
two populations of nuclei were identiﬁable with low and high
ﬂuorescence intensity (typical patterns shown in Fig. 5A, Left).
A similar bimodal distribution of acK5H4 immunoﬂuorescence
was observed in the D1 and D2 nuclei from the various groups
of saline-treated mice (Fig. 5B and Fig. S1, Left). This bimodal
distribution was not observed, however, for pS10H3 or pS10acK14H3
in saline-treated mice (Fig. 2 C and D, Upper). Following acute
or repeated cocaine injections, the distribution of ﬂuorescence in
D1 nuclei was dramatically altered, with a shift toward a single
population of highly ﬂuorescent nuclei (Fig. 5A and Fig. S1A,
Center and Right). A similar change was observed in D2 nuclei
from acutely cocaine-treated mice (Fig. 5B, Right). In contrast, in
D2 nuclei from mice treated with chronic cocaine, the pattern
was heterogeneous and the two populations were not consistently changed compared with saline-treated mice (Fig. S1B,
Center and Right), in agreement with the lack of increase in total
ﬂuorescence (Fig. 4D). These results indicate that MSNs are
divided in two populations with different levels of K5H4 acetylation. Cocaine treatment changes this distribution with a shift
towards high acetylation.
D1 and D2 Nuclei Display Opposite Proﬁles of Histone H3 Methylation
After Acute and Chronic Cocaine. Although considered to be rela-

tively stable, histone methylation is emerging as a target for
complex regulation (27). Histone methylation has been correlated with either gene activation (e.g., me2K4H3 and meK9H3)
or repression (me2/me3K9H3) (28). Recent work has demonstrated that cocaine-regulated histone methylation in the striatum is associated with changes in gene transcription (13, 29), but
it is not known in which cell type this posttranslational modiﬁcation takes place. Interestingly, the immunoreactivity for these
various methylations was differently localized in MSN nuclei
(Fig. 3, Right). meK9 immunoreactivity was largely colocalized
with euchromatin, whereas me3K9 labeling was predominantly

found in heterochromatin, consistent with their respective correlation with transcriptional activation and repression (28).
me2K9 and menK4H3 (where n can be 1-3) immunoreactivity was
observed in both euchromatin and heterochromatin.
We then examined the effects of a single injection of cocaine on
these four methylated marks. Cocaine induced rapid and robust
changes in histone methylation as early as 15 min after a single
injection of cocaine. In D1 nuclei H3 K9 trimethylation was increased (Fig. 6A), whereas in D2 nuclei, the three methylated
forms of H3 K9 were increased (Fig. 6B). In both types of nuclei,
methylation of H3 K4 was unchanged (Fig. 6 A and B). A day after
a single injection of cocaine, me3K9 was persistently increased in
D1 nuclei, whereas me2K9 and menK4 were also signiﬁcantly augmented by cocaine (Fig. 6C). In contrast, in D2 nuclei, methylation
appeared to be more transient except for me3K9H3 (Fig. 6D).
Interestingly, the predominance of histone methylation changes
in D1 over D2 nuclei was even more pronounced 24 h after the
last of seven daily injections of cocaine. The three methylated
forms of H3 K9 were increased in D1 nuclei (Fig. 6E), whereas in
D2 nuclei no signiﬁcant difference between cocaine-treated and
saline-treated mice was observed (Fig. 6F). These results show that
the levels of H3 K9 methylation are dynamically and differentially
altered in D1 and D2 nuclei in response to cocaine and that these
alterations are exclusively persistent in the D1 nuclei.
Discussion
To gain better insight into the cell-type–speciﬁc epigenetic marks
induced by cocaine, we validated a ﬂuorescence-activated ﬂow
cytometry procedure for isolating speciﬁc neuronal nuclei and
rapidly and quantitatively analyzing histone PTMs. We showed
that genetically labeled nuclei of D1R- and D2R-expressing
neurons were intact and pure after FACS sorting and that labile
cocaine-induced histone phosphorylation was preserved during
the procedure. We then used ﬂow cytometry to study histone
PTMs in immunolabeled nuclei. This approach revealed the
time-dependent cellular speciﬁcity of cocaine effects on histone
acetylation and methylation in D1 and D2 nuclei.
The use of FACS in neuroscience provides a high-throughput
means to study the phenotypic and functional heterogeneity of
brain cells but is hampered by the intricate cell processes and
interactions. Cells with few processes, such as those in embryonic
tissues, and synaptosomes have been sorted with some success
(30–32). More recently, adult neurons have been isolated by FACS,
taking advantage of genetically encoded ﬂuorescent probes, and
used for gene expression proﬁling studies (33, 34). However, the
entangled nature of mature neurons makes it difﬁcult to separate
cells without causing cellular damage or death. In addition, the
difﬁculty and duration of the procedure used to dissociate

Fig. 5. Flow cytometry reveals the existence of
subsets of D1 or D2 nuclei with different levels of
histone H4 lysine-5 acetylation. AcK5H4 immunoﬂuorescence distribution in D1 (A) and D2 (B) nuclei
15 min after a single cocaine injection (20 mg/kg).
For each condition, representative examples of ﬂow
cytometry plots of acK5H4 immunoﬂuorescence intensity in saline-treated (blue line, Left), cocainetreated (red line, Center), or the superimposition of
the two plots (Right) are shown. On each row, the
bar graph (Right) shows quantiﬁcation of the percentage of total nuclei with high acK5H4 ﬂuorescence
in saline and cocaine-treated mice. The separation of
the two populations is indicated in the representative
plots. Data are means + SEM (n = 8–12; **P < 0.01,
Student t test).
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adult neurons are particularly problematic to study labile
posttranslational modiﬁcations and introduce a risk of artifactual
changes or lack of response. To overcome these limitations, we
took advantage of a recently developed method (22) that used
FACS to purify the nuclei of identiﬁed neuronal populations and
study DNA methylation. A similar methodology has been used
for chromatin immunoprecipitation (35, 36). Here we developed
a unique approach using immunolabeling and ﬂow cytometry of
nuclei to obtain information about the dynamics of histone
PTMs induced by cocaine in the two striatal MSN subtypes. We
ﬁrst compared the results obtained for two previously characterized histone modiﬁcations, pS10H3 and pS10K14H3, with this
method and those obtained by sorting followed by immunoblotting. This comparison validated the nuclear cytometry approach, which is faster and requires less material, allowing
further characterization of histone PTMs.
Among the acetylated residues analyzed, acK5H4 was the most
dramatically altered: K5 acetylation was increased in D1 nuclei in
all cocaine treatment conditions. In contrast, in D2 nuclei it was
increased 15 min after the ﬁrst injection and unaltered 24 h after
the last injection. AcK14H3 was activated in D1 exclusively 15
min following a single injection, whereas it was activated only in
D2 nuclei in chronically treated mice. Additional differences
were noted for acetylation of H4 on K8 and K12. AcK5H4 and to
Jordi et al.

PNAS | June 4, 2013 | vol. 110 | no. 23 | 9515

NEUROSCIENCE

Fig. 6. Acute and chronic cocaine induce distinct patterns of histone
H3 methylation in D1 or D2 nuclei. Flow cytometry analysis of H3 methyllysine4 (menK4H3), H3 monomethyl-lysine9 (meK9H3), H3 bimethyl-lysine9
(H3me2K9) and H3 trimethyl-lysine9 (H3me3K9) ﬂuorescence in the GFPpositive nuclei from either D1 (A, C, and E) or D2 (B, D, and F) MSNs. EGFP–
L10a mice were injected with saline or cocaine (20 mg/kg) and were killed
after 15 min (A and B) or 24 h (C and D) later. Other mice received a daily
injection of cocaine (20 mg/kg) or saline for 7 d and were killed 24 h after the
last injection (E and F). Quantiﬁcation of ﬂow cytometry data are represented as percentage of change from saline control, mean + SEM (n = 8–14;
*P < 0.05, **P < 0.01, Student t test).

a lesser degree acK8H4 were persistent marks that increased in
D1 neurons 24 h after single or repeated cocaine injections, in
agreement with a previous report (37). It is important to note
that the turnover of most acetyl groups is usually high, with
reported half-lives of a few minutes (38). The apparent stability
of some acetylation in vivo is therefore likely to result from
changes in steady-state levels of acetylation, i.e., from stable
changes in acetylation and/or deacetylation rates.
Histone acetylation is controlled by deacetylases (HDACs)
and acetyltransferases (HATs), which have a broad range of
speciﬁcity, with multiple enzyme isoforms being able to target
the same residues. Acetylation of H4 K5 and H4 K12 is increased
in the hippocampus of HDAC2 knock-out mice (39), suggesting
the possible role of HDAC2 in the regulation of these residues.
Interestingly, HDAC isoform expression has been found to be
differentially modulated in D1 and D2 neurons after cocaine
(21) and could explain the differential regulation of H4 acetylation. For instance, HDAC4 expression is increased by about
45% speciﬁcally in D2 neurons after chronic cocaine, possibly
contributing to the observed decrease in H4 K5 and K12 acetylation. Moreover, chronic cocaine up-regulates the class III
HDACs, sirtuins, in the NAc (25), although it is not known in
which cell type. The functional role of histone acetylation is also
indicated by the ability of an HDAC3 inhibitor to enhance extinction of cocaine-induced conditioned place preference, while
promoting memory in an object recognition task (40).
Flow cytometry allowed the separation of two populations of
neurons with high and low acK5H4 immunoﬂuorescence in both
D1 and D2 MSNs. This bimodal distribution was not observed for
all PTMs. The distribution of pS10H3 or pS10acK14H3 immunoreactivity was unimodal in basal conditions (Fig. 2) and the distribution of ﬂuorescence for other acetylated or methylated marks was
variable. Cocaine administration shifted the low acK5H4 immunoﬂuorescence population toward the levels of immunoreactivity of
the high ﬂuorescence population, without increasing the latter.
These data suggest the existence of distinct populations of nuclei in
terms of K5H4 acetylation level, sensitive to cocaine regulation.
Methylation marks are generally considered to be relatively
stable, with a slower turnover than phosphorylation and acetylation and half-lives of 7–24 h (38). Nevertheless, we observed
a rapid increase in methylation as early as 15 min after a single
cocaine injection, suggesting that this PTM is as reactive as the
others. D1 and D2 nuclei displayed contrasted proﬁles of histone
methylation change after acute and chronic cocaine. Previous
reports showed that a single exposure to cocaine increases the
three methylated forms of H3 K9 in the NAc (13, 29). Interestingly, 15 min after a single cocaine injection we found an increase of these modiﬁcations, which was most pronounced for
the three forms in D2 nuclei, as well as for me3K9H3 in D1
nuclei. The differences between meK9H3 and me2K9H3 versus
me3K9H3 highlight the independent regulation of these modiﬁcations. Methylation steady state is controlled through the
action of methyltransferases and demethylases. The heteromeric
methyl transferase G9a/GLP, associating G9a and G9a-like
protein (GLP), speciﬁcally generates meK9H3 and me2K9H3,
whereas me3K9H3 is produced by Suv39h, the murine homologue of Drosophila suppressor of variagation 3-9 (41). Our
results are compatible with activation of Suv39h in both D1 and
D2 MSNs and of G9a/GLP only in D2 MSNs. Suv39h is upregulated in the total striatum after chronic amphetamine (12),
but at the earliest investigated time point (15 min) its regulation
is unlikely to result from changes in expression levels, but is more
probably due to posttranslational mechanisms. In contrast, repeated injections of cocaine have been shown to down-regulate
G9a expression in the NAc, but not Suv39h, via the transcription factor ΔFosB (truncated form of the FBJ murine osteosarcoma viral oncogene homologue B), which is induced in D1
neurons. However, we observed an increase in all three methylated forms of H3 K9 in D1 but not in D2 neurons, suggesting
the existence of other regulations. Differential regulation in
D1 and D2 nuclei may explain apparent contradictions in the

literature. For example, chronic cocaine increases me2K9/
K27H3 associated with the majority of the genes studied (25),
whereas a global decrease in me2K9H3 was reported (13). This
underlines the importance of studying histone PTMs in speciﬁc
cellular populations. It should also be kept in mind that our data
were obtained from the whole striatum, including both caudateputamen and accumbens. Different types of regulations in these
two regions may explain some differences with previous reports
focusing on the accumbens (13, 29).
Our method combining sorting and ﬂow cytometry analysis of
nuclei provides a unique assessment of the speciﬁc regulations of
histone PTMs in the two populations of striatal MSNs. It shows the
speciﬁcity, time dependence, and persistence of these modiﬁcations.
Thus, it provides a strong framework to characterize the epigenetic
changes and better understand the short-term and long-lasting
regulations of transcription in the two neuronal populations, in the
physiology of the basal ganglia and the long-term actions of drugs of
abuse. Moreover it is a multipurpose method, which has the potential to be applied to any other genetically labeled cell types.
Experimental Procedures
Drd1a::EGFP-L10a and Drd2::EGFP-L10a bacTRAP lines that express the
transgene EGFP–L10a were generated as described (21) and were maintained on a C57BL/6J background. Using similar transgenes, it was shown
that virtually all D1R-expressing striatal cells are MSNs, whereas D2Rexpressing cells are mostly MSNs but include also the much less abundant
cholinergic interneurons (20). Mice received either one i.p. injection of 20
mg/kg cocaine·HCl (Sigma) or saline (“acute” regimen) and were killed by
decapitation 15 min or 24 h after this single injection, or one daily injection
of cocaine·HCl or saline for 7 consecutive days and were killed 24 h after the
last injection (chronic regimen). The mouse head was dipped in liquid nitrogen for 5 s immediately after decapitation, the brain was removed, and
the striata were rapidly dissected on a piece of dry ice before being
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homogenized and subjected to nuclear fractionation. Animal procedures
were performed in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were approved by The
Rockefeller University Institutional Animal Care and Use Committee or in
accordance with the guidelines of the French Agriculture and Forestry
Ministry for handling animals (decree 87-848) under the approval of the
“Direction Départementale de la Protection des Populations de Paris” (authorization C-75-828, license B75-05-22).
Nuclear fractionation and sorting were performed as described (22) with
some modiﬁcations (SI Experimental Procedures). For ﬂow cytometry analysis, striatal nuclei (about 500,000) from each animal were permeabilized,
blocked, and aliquoted for single labeling with antibodies targeting histone
posttranslational modiﬁcations. Control samples were incubated with the
appropriate isotype antibody. After washing in PBS, nuclei were sequentially
incubated with the secondary antibodies and Hoechst 33342 ﬂuorescent
DNA stain. Multiparameter analyses of stained nuclear suspensions were
performed on the LSR II (BD) and analyzed with FlowJo software (Tree Star).
Histone PTM indirect ﬂuorescence was quantiﬁed using the geometric
mean of ﬂuorescence of the appropriate channel and expressed as a
ratio to the mean isotype control ﬂuorescence. The data were normalized in each experiment by expression as a percentage of the mean value
in saline-treated mice.
Reagent sources, details of these experimental procedures, and the other
procedures are described in SI Experimental Procedures.
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