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ABSTRACT

BACKGROUND: Optimal behavior and decision making result from a balance of control between two strategies, one
cognitive/goal-directed and one habitual. These systems are known to rely on the anatomically distinct dorsomedial
and dorsolateral striatum, respectively. However, the transcriptional regulatory mechanisms required to learn and
transition between these strategies are unknown. Here we examined the role of one chromatin-based
transcriptional regulator, histone modification via histone deacetylases (HDACSs), in this process.

METHODS: We combined procedures that diagnose behavioral strategy in rats with pharmacological and viral-
mediated HDAC manipulations, chromatin immunoprecipitation, and messenger RNA quantification.

RESULTS: The results indicate that dorsal striatal HDAC3 activity constrains habit formation. Systemic HDAC inhi-
bition following instrumental (lever press — reward) conditioning increased histone acetylation throughout the dorsal
striatum and accelerated habitual control of behavior. HDAC3 was removed from the promoters of key learning-
related genes in the dorsal striatum as habits formed with overtraining and with posttraining HDAC inhibition.
Decreasing HDACS function, either by selective pharmacological inhibition or by expression of dominant-negative
mutated HDACS, in either the dorsolateral striatum or the dorsomedial striatum accelerated habit formation, while
HDACS3 overexpression in either region prevented habit.

CONCLUSIONS: These results challenge the strict dissociation between dorsomedial striatum and dorsolateral
striatum function in goal-directed versus habitual behavioral control and identify dorsostriatal HDAC3 as a critical
molecular directive of the transition to habit. Because this transition is disrupted in many neurodegenerative and
psychiatric diseases, these data suggest a potential molecular mechanism for the negative behavioral symptoms

of these conditions and a target for therapeutic intervention.
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Humans and animals rely on two distinct strategies for deci-
sion making (1,2). The deliberative, goal-directed strategy
requires prospective evaluation of potential actions and their
anticipated consequences, via a learned association between
these variables, and therefore supports behavior that can
readily adapt when circumstances change (3). Repetition of
successful actions promotes less cognitively taxing habits, in
which behavior is more automatically triggered by antecedent
events (4). The balance between these two forms of learning
promotes adaptive and efficient behavior, but disruptions can
lead to the symptoms that underlie myriad neurodegenerative
and psychiatric diseases (5,6).

The goal-directed and habit strategies have been demon-
strated to rely on largely distinct corticobasal ganglia circuits
centered on the dorsomedial striatum (DMS) (7-10) and
dorsolateral striatum (DLS) (11,12), respectively. Although gene
transcription has been implicated (13-18), the mechanisms that
regulate transcriptional events to support the acquisition of and
transition between these behavioral control strategies are un-
known. Posttranslational modifications of core histone proteins

alter accessibility to DNA for transcriptional machinery to co-
ordinate gene expression and have been implicated in the
regulation of neuronal plasticity and memory (19-21), and thus
could regulate goal-directed and/or habit learning. But the
function of such mechanisms in instrumental learning or in the
dorsal striatum is not known. Histone deacetylases (HDACs)
are particularly interesting because they are removed from
gene promoters after salient behavioral events, allowing his-
tone acetyltransferases (HATs) to promote histone acetylation,
which in turn allows transcriptional processes supporting the
long-lasting changes in neuronal function that ultimately give
rise to learning (22-24). Here we evaluated the role of HDACs in
instrumental learning using procedures that diagnose behav-
ioral strategy combined with pharmacological or viral-mediated
manipulation of HDAC function and molecular analysis.

METHODS AND MATERIALS

A detailed description of the methods is provided in the
Supplement. Specific experiments are described below. All
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procedures were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the UCLA Institutional Animal
Care and Use Committee.

RESULTS

Effect of Posttraining HDAC Inhibition on
Instrumental Learning and Behavioral Strategy

We first examined the function of HDACs in goal-directed and
habit learning by systemically inhibiting HDAC activity following
instrumental conditioning and then probing the behavioral strat-
egy off drug. Adult male rats were trained to lever press to earn
delivery of a food-pellet reward on a random-interval 30-second
reinforcement schedule. Rats were given either limited (3 days) or
intermediate (4 days) training, known to preserve goal-directed
control, or extended (6 days) training, known to allow habits to
dominate (4) (Figure 1A). Rats were administered the nonspecific
class | HDAC inhibitor sodium butyrate (25) (NaBut) [1.0 g/kg,
intraperitoneal (26-30)] or sterile-water vehicle immediately after
each training session to examine the function of HDACs in
consolidation of the learning underlying instrumental perfor-
mance. All rats acquired the behavior; both vehicle- and NaBut-
treated rats increased their lever-press rate across training
(Figure 1B-D) (training day: limited [F3gp = 92.59, p < .0001],
intermediate [F4 g0 = 50.69, p < .0001], extended [Fg 95 = 18.64,
p < .0001]), though the NaBut group plateaued at a lower rate
than the vehicle control group with limited (drug X day [F3e0 =
3.63, p = .02)) or intermediate (F4 g0 = 5.49, p < .001) training, but
not with extended (Fs g5 = 0.42, p = .86) training.

Behavioral strategy cannot be determined from simple
lever-press performance. To identify the degree of goal-
directed versus habitual control, rats were given a 5-minute,
drug-free, outcome-specific devaluation test (Figure 1A).
Nonreinforced lever pressing was assessed following sensory-
specific satiation (1-hour prefeeding) on the food pellet earned
by lever pressing (devalued state). This was compared with
pressing after satiation on an alternative food pellet that had
been noncontingently provided daily outside of the training
context (valued state). Each rat was tested under both condi-
tions, and data were normalized between valued and devalued
conditions to provide an index of the extent to which behavior
was under goal-directed versus habitual control and to control
for variability in press rates between subjects (for raw press
rates, see Supplemental Figure S1). If subjects are using a
goal-directed strategy and therefore considering the conse-
quences of their actions, they should downshift pressing in the
devalued state (sensitivity to devaluation). Habits are marked
by insensitivity to devaluation. As expected, in vehicle-treated
subjects we observed a reduction in lever pressing in the
devalued state relative to the valued state in the limited training
group (Figure 1E) (devaluation [Fy 20 = 19.68, p = .003]) and a
failure to reduce responding following devaluation in the
extended training group (Figure 1G) (F1 16 = 0.62, p > .999).
This was not altered by posttraining HDAC inhibition (drug:
limited [F1 20 = 0.00, p > .999], extended [F1 16 = 1.88, p = .19];
drug X devaluation: limited [F 20 = 0.41, p = .53], extended
[F1.16 = 0.06, p = .80]), suggesting that HDAC inhibition neither
disrupted initial goal-directed learning, nor prevented habit

384

Dorsal Striatal HDAC3 Regulates Habit

A Training Devaluation Test
3,4,0r6d 2 d
(D 1hI d d
evalued day
LP=Pell 1—>F —rrFen L=
(Valued day)
Veh or NaBut
B Limited C Intermediate Extended
-&Vehicle

N
[=]

30 * 30 -2-NaBut
20
10 10 10 f.‘ﬁ&l
0 0

©
2
3
c
£
=
B
ot
12}
173
o
4
o

CRF1 2 3 CRF1 2 3 4 CRF123456
Training day Training day Training day
E O/@Valued
@ HA/ODevalued
17
[0}
a
el
[0}
N
©
£
2 oollx olLk ollLE
Vehicle NaBut Vehicle NaBut Vehicle NaBut
H Training (4 d
1hr| Tissue
UP=ire Collection
Veh or NaBut
| DLS 2.0, OVehicle
ENaBut
% g * *
= é 15 o
@ O
= 3 S :
3° -
5 28
3B ES
z S
z

DLS DMS

anti-H4K8Ac

Figure 1. Effect of posttraining histone deacetylase inhibition on instru-
mental learning, behavioral strategy, and acetylation at histone H4. (A)
Schematic representation of procedures. (B-D) Instrumental (lever press —
reward) training performance for rats given (B) limited (n = 11 per group), (C)
intermediate (n = 11-12 per group), or (D) extended (n = 9 per group)
instrumental training (data presented as mean + SEM). On the first training
day lever pressing was continuously reinforced (CRF) with food-pellet de-
livery. A random-interval 30-second reinforcement schedule was in place
thereafter. (E-G) Lever presses during the subsequent devaluation tests
normalized to total presses across both tests for the valued [valued state
presses/(valued + devalued state presses)] and devalued [devalued state
presses/(valued + devalued state presses)] states for rats that received (E)
limited, (F) intermediate, or (G) extended training. Dashed line indicates
point of equal responding between tests (data presented as mean + scat-
ter). (H) Schematic representation of procedures. (I, J) Representative
immunofluorescent image and quantification of acetylation of histone H4
lysine 8 (H4K8Ac) (n = 4-6 per condition) 1 hour following instrumental
training/drug treatment. Scale bar = 20 um. Data normalized to vehicle
control (dashed line). *p < .05; **p < .01. d, days; DLS, dorsolateral striatum;
DMS, dorsomedial striatum; LP, lever press; NaBut, sodium butyrate; Pel,
pellet; Veh, vehicle.

formation with overtraining. NaBut-treated subjects did show
more variable performance following overtraining, which might
have resulted from off-target effects of extended NaBut
treatment.

Posttraining HDAC inhibition did, however, accelerate the
rate at which habit came to dominate behavioral control. With
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intermediate training, NaBut-treated animals became insensi-
tive to devaluation of the earned reward, failing to reduce
responding in the devalued versus valued state, while lever
pressing in vehicle-treated subjects remained sensitive to
devaluation (Figure 1F) (devaluation [F4 20 = 1.68, p = .21], drug
[Fio0 = 0.74, p = .40], drug X devaluation [Fy5 = 4.85,
p = .04)). In separate groups, we found that posttraining HDAC
inhibition accelerated habit formation when behavioral strategy
was assayed by reversal of the action-outcome contingency
(Supplemental Figure S2), which does not involve a value or
satiety manipulation, and occurred even when rats were trained
on a random-ratio reinforcement schedule (Supplemental
Figure S3) known to promote goal-directed control (1). Impor-
tantly, this effect did not manifest if NaBut was administered
outside the memory-consolidation window (Supplemental
Figure S4). These data reveal that inhibition of class | HDACs
following instrumental conditioning facilitates the transition to
habitual control of behavior, allowing habits to dominate at a
point in training that behavior would normally remain primarily
goal directed.

Effect of Posttraining HDAC Inhibition on
Dorsostriatal Histone Acetylation and Neuronal
Activation

HDACSs constrain histone acetylation levels by removing acetyl
groups from histone tails, and HDAC inhibition can prevent the
rapid deacetylation of histone proteins (19); therefore, HDAC
inhibitor treatment should cause increased histone acetylation
in brain regions in which HATs are activated (21). In a separate
group of subjects, we next used immunofluorescence
(26,31,32) to determine the brain region-specific effects of
peripheral NaBut treatment following instrumental training
(Figure 1H). We hypothesized that histone acetylation would be
increased in the DLS, a region critical for habit formation (11)
and demonstrated to be transcriptionally active during habit
learning (17). We focused on histone H4 lysine 8 (H4K8Ac), a
histone acetylation mark implicated in memory formation
(33,34). One hour after the last intermediate training session
and drug delivery, H4K8Ac was significantly higher in the DLS
(ts = 3.08, p = .02) of NaBut-treated subjects compared with
control subjects (Figure 1l-J, see also Supplemental
Figure S5). HAK8Ac was also elevated in the DMS (tg = 2.41,
p = .04), but there were no significant differences detected in
any other regions examined (see Supplemental Table S1). This
increase in histone acetylation was restricted to neurons in the
DMS and occurred in both neuronal and nonneuronal cells in
the DLS (Supplemental Figure S6). Using real-time quantitative
polymerase chain reaction (QPCR), we found that both the
DMS and DLS were engaged (as measured by immediately
early gene expression) during instrumental conditioning and
this was not significantly altered by posttraining HDAC inhibi-
tion (Supplemental Figure S7).

Effect of Training and Posttraining HDAC Inhibition
on HDACS3 Occupancy at Learning-Related Gene
Promoters and Gene Expression in the DLS

By removing acetyl groups, HDACs typically repress gene tran-
scription (19). That posttraining HDAC inhibition accelerated the
transition to habit suggests that HDACs may normally be
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engaged early in learning to restrain gene expression supporting
habit formation. If this is true, then HDAC occupancy at the
promoters of key learing-related genes may be enriched with
intermediate instrumental training to prevent dominance by the
habit strategy, but removed back to baseline levels when condi-
tions are ripe for habit to dominate, e.g., overtraining, or by HDAC
inhibition. To test this, we used chromatin immunoprecipitation
coupled with gPCR to examine HDAC occupancy at the promoter
regions of Bdnf1, Nrdal, and Nrd4a2. These genes were selected
because they have been shown to be regulated by histone
acetylation and involved in long-term memory formation
(30,31,33-35), and are regulated by cyclic adenosine mono-
phosphate response element binding protein (CREB) (36-38), a
transcription factor implicated in habit-like behaviors (13,16,17).
We focused on the DLS, given its crucial role in habit formation
and findings of training-related activity and NaBut regulation of
H4K8Ac in this region, and HDACS, the most highly expressed
class | HDAC in the striatum (39).

One hour following the last intermediate training session
(Figure 2A), HDACS3 occupancy at the Bdnf exon 1 promoter
was enriched relative to home-cage control animals (p < .001),
but returned to control levels with extended training and was
not elevated above control levels when intermediate training
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Figure 2. Effect of training and posttraining histone deacetylase (HDAC)
inhibition on HDAC3 occupancy at learning-related gene promoters and
gene expression in the dorsolateral striatum (DLS). (A) Schematic repre-
sentation of procedures. (B-D) Chromatin immunoprecipitation was per-
formed with anti-HDACS3 followed by quantitative polymerase chain reaction
to identify HDAC3 binding to the (B) Bdnf1, (C) Nr4a1, or (D) Nr4a2 pro-
moters in the DLS of home-cage (HC) control subjects or following either
intermediate (INT) or extended (EXT) training in vehicle-treated rats, or so-
dium butyrate (NaBut) treatment post-intermediate training. Data presented
as fold change relative to immunoglobulin G (% input/immunoglobulin G).
(E-G) Messenger RNA (mRNA) expression of (E) Bdnf1, (F) Nr4a1, and (G)
Nr4a2 in the DLS. *p < .05, **p < .01, between groups; **o < .01 relative to
HC group. d, days; IP, immunoprecipitation; LP, lever press; Pel, pellet; Veh,
vehicle.
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was followed by NaBut treatment (Figure 2B) (F3,12 = 18.53,p <
.001). A similar pattern was detected for HDAC3 occupancy at
the promoter for Nr4a2 (Figure 2D) (F312 = 5.74, p = .01).
Although there was an overall effect of training/treatment group
on HDAC3 occupancy at the Nr4a1l promoter (Figure 2C)
(F321=238.12, p = .05), in no case was HDAC3 enrichment at this
promoter significantly different from the control group (p > .05).
Expression of Bdnf1 (Figure 2E), quantified with gPCR, was
significantly elevated 1 hour following intermediate training with
NaBut treatment relative to home-cage control subjects (t13 =
2.41, p = .08), the intermediate trained control group (t13 = 3.02,
p =.01), and control subjects following extended training (t13 =
3.23, p = .01). A similar pattern was detected in Bdnf9
expression (Supplemental Figure S8). Nr4al and Nrda2
expression (Figure 2F, G) was not significantly different from the
control subjects in any condition.

These data suggest that HDAC3 occupancy at the Bdnf1
and Nrda2 promoters in the DLS is normally enriched during
early instrumental learning, but becomes dissociated from
these gene promoters as habits dominate behavioral control.
Posttraining HDAC inhibition accelerates both habit formation
and removal of HDACS3 from the promoters of these key
learning genes, and also induces Bdnf expression. Therefore,
HDAC inhibition immediately following instrumental training
caused a transcriptionally permissive, hyperacetylated histone
state, disengaged HDACS3 from specific gene promoters in the
DLS, and facilitated behavioral control by the habit system.

Effect of HDAC3 Manipulation in DLS on Habit
Formation

That HDACS3 is engaged in the DLS during early learning and
then disengaged with the overtraining that promotes habit,
suggests that decreasing DLS HDAC3 activity may promote
habit formation. We tested this hypothesis in two ways: first, by
pharmacologically inhibiting HDAC3 activity specifically in the
DLS immediately after each instrumental training session; and,
second, by expressing a dominant negative HDAC3 point
mutant (34) in the DLS before all training to selectively disrupt
HDACS3 enzymatic activity, without affecting protein-protein
interactions (40,41) (Figure 3A). In both cases, habit forma-
tion was potentiated, recapitulating the systemic HDAC inhi-
bition result. Posttraining intra-DLS infusion of the selective
HDACS inhibitor RGFP966 (1.0 ng X 0.5 pL X side) (31,42,43)
elevated H4K8Ac in the DLS (Figure 3B, C; see also
Supplemental Figure S9) (tg = 3.15, p = .014), but not the
adjacent DMS (Figure 3B) (normalized H4K8Ac optical density:
vehicle, 1.011 = 0.10; RGFP966, 1.00 = 0.27 [t = 0.06,
p = .954]) compared with vehicle-treated control subjects. This
treatment did not alter the acquisition of instrumental lever-
press behavior (Figure 3D) (training day [Fses = 32.61,
p< 001], drug [F1,17 =0.95, p= 34], drug X day [F4,68 =2.32,
p =.07]), but did render this behavior insensitive to devaluation
of the earned reward under conditions in which intermediate-
trained control subjects remained sensitive (Figure 3E) (deval-
uation [F; 17 = 10.83, p = .004], drug [F1 17 = 1.12, p = .31],
drug X devaluation [F4 17 = 7.25, p = .02]). Similarly, expressing
a dominant negative point mutant of HDAC3 (AAV2/1-CMV-
HDAC3Y298H-V5) in the DLS produced H4K8 hyper-
acetylation (Figure 3F, G) (t10 = 3.91, p = .003) and insensitivity
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to outcome devaluation (Figure 3l) (devaluation [Fq 14 = 3.74
p = .07], virus [Fy44 = 0.47, p = .506], virus X devaluation
[F117 = 6.19, p = .08]), without altering lever-pressing acqui-
sition (Figure 3H) (training day [F4 56 = 29.21, p < .001], virus
[F114<0.01, p=.99], virus X day [F4 56 = 0.56, p = .69]). These
results demonstrate that attenuating DLS HDAC3 activity
promotes habit formation.

The combined data strongly suggest that in the DLS HDAC3
may normally be engaged to restrain habits when sufficient
action repetition has not yet occurred. If this is true, then
increasing HDAC3 activity in the DLS should slow or prevent
habit formation. To test this, we overexpressed HDACS3 in the
DLS (AAV2/1-CMV-HDAC3S-V5), used immunofluorescence to
confirm that this reduced H4K8Ac in the DLS (Figure 3J, K)
(tg = 2.29, p = .048), and gave subjects extended instrumental
training known to promote habit. All subjects similarly acquired
the lever-press behavior (Figure 3L) (training day [Fs 126 =
81.44, p < .001], virus [Fy2¢ = 0.06, p = .81], virus X day
[Fs.126 = 0.44, p = .85]). As expected, control subjects showed
evidence of habits (insensitivity to devaluation), whereas sub-
jects with HDAC3 overexpressed in the DLS were unable to
form behavioral habits and continued to show sensitivity to
devaluation (Figure 3M) (devaluation [F12¢ = 2.24, p = .15],
virus [F121 = —8.17, p > .999], virus X devaluation [Fq 21 =
6.45, p = .02]), even after extensive overtraining (Supplemental
Figure S10). Together, these data demonstrate that in the DLS
HDACS is a critical negative regulator of habit formation.

Effect of HDAC3 Manipulation in DMS on Habit
Formation

We found that systemic post-instrumental-training HDAC in-
hibition increased H4K8Ac in not only the DLS, but also the
DMS. To further understand how altered regulation of gene
transcription in these dissociable brain systems contributes to
a transition in behavioral control, we next asked whether
manipulating HDACS3 in the DMS would modify the progression
of instrumental strategy (Figure 4A). Both posttraining intra-
DMS HDACS3 inhibition (RGFP966, 1.0 ng X 0.5puL X side;
DMS [t; = 2.54, p = .04], DLS [vehicle, 1.00 = 0.02 normalized
H4K8Ac optical density versus RGFP966 1.09 + 0.07; t; =
1.30, p = .23)) (Figure 4B, C; see also Supplemental Figure S11)
and expression of the dominant negative HDAC3 point mutant
in the DMS (Figure 4F, G) (t; = 4.32, p = .004) induced a
hyperacetylated H4K8 state that was restricted to the DMS.
Neither treatment affected acquisition of the lever-press
behavior (RGFP966: Figure 4D; HDAC3 point mutant:
Figure 4H) (RGFP966: training day [F4 4 = 45.38, p < .001],
drug [F1,16 = 0.06, p = .81], drug X day [F464 = 0.12, p = .98];
HDAC3 point mutant: day [F4ss = 32.38, p < .001], virus
[F121=0.19 p = .67], virus X day [F4,84 = 0.44, p = .78]). To our
surprise, given the canonical function of the DMS in goal-
directed, not habit, learning (7,8), both posttraining intra-DMS
RGFP966 (Figure 4E) (devaluation [F116 = 1.16 p = .298],
drug [F1,16 = 0.00, p > .999], drug X devaluation [F 16 = 4.79,
p = .04]) and DMS HDAC3 point mutant expression (Figure 4l)
(devaluation [Fio1 = 1.94, p = .18], virus [F1o1 = 17.61,
p < .001], virus X devaluation [F; 21 = 5.52, p = .03]) potenti-
ated habit formation, as indicated by insensitivity to devalua-
tion of the earned reward following intermediate training.
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Figure 3. Effect of histone deacetylase 3 (HDAC3)
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Conversely, DMS HDAC3 overexpression reduced H4K8Ac
(Figure 4J, K) (tg = 3.27, p = .01), did not alter lever-pressing
acquisition (Figure 3L) (day [Fs 132 = 61.69, p < .001], virus
[F1 22 = 1.36, p= 26], virus X day [F6,132 =2.01, p = 07]), but
prevented habit formation (Figure 4M) (devaluation [Fq 20 =
7.06, p = .01], virus [F1 22 = 2.68, p = .12], virus X devaluation
[F120 4.34, p = .049]), even with extensive overtraining
(Supplemental Figure S12). These unexpected results
demonstrate that, as in in the DLS, DMS HDACS3 negatively
regulates the transition to habit.
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Given this surprising finding, we next examined normal
HDAC3 engagement in the DMS with instrumental training.
Using chromatin immunoprecipitation coupled with gPCR
(Figure 5A), we found that, unlike in the DLS, HDAC3 occu-
pancy at Bdnf1 was not significantly altered 1 hour following
instrumental training or intermediate training followed by sys-
temic NaBut treatment (Figure 5B) (F30. = 1.87, p = .16).
Similarly, in no case was HDAC3 enrichment at the Nr4a2
promoter significantly different from the control subjects
(Figure 5D) (F3 21 = 2.74, p = .07). Instead, HDAC3 occupancy
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at the Nr4a1 promoter (Figure 5C) (F512 = 7.76, p = .004) was
increased relative to home-cage control subjects with inter-
mediate training (p < .05) and returned to control levels
following extended training, and was not elevated following
intermediate training with systemic NaBut treatment. Follow-
up messenger RNA analyses (Figure 5E-G) revealed that
Nr4a2 expression (Figure 5G) (Fz31 = 3.45, p = .03) was
attenuated relative to home-cage control subjects with inter-
mediate training (p < .01) and intermediate training with sys-
temic NaBut treatment (p < .05). Bdnf1 and Nrdal were not
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striatum (DLS) (right) 1 hour following instrumental
training/intra-DMS (top) vehicle or RGFP966 (bottom)
infusion. Scale bar = 20 um. (F, J) Top panel: sche-
matic representation of (F) HDAC3 point mutant
(HDAC3pm) or (J) HDAC3 expression in the DMS for
all subjects. Middle panel: representative immuno-
fluorescent images of (F) HDAC3pm or (J) HDAC3
expression in the DMS. Bottom panel: representative
immunofluorescent images of H4K8Ac in rats
expressing the (F) HDAC3pm or (J) HDAC3 either
outside (left) or inside (right) of the expression zone.
(C, G, K) Quantification of H4K8Ac for rats receiving
(C) intra-DMS vehicle or RGFP966 infusion (n = 4-5
per group), (G) intra-DMS empty vector (EV) or
HDAC3pm (n = 4-5 per group), or (K) intra-DMS EV
or HDAC3 overexpression (n = 4-6 per group; data
presented as mean + scatter). (D, H, L) Instrumental
training performance for rats given posttraining (D)
intra-DMS vehicle or RGFP966 infusions (n = 9 per
group), (H) intra-DMS EV or HDAC3pm (n = 11-12
per group), or (L) intra-DMS EV or HDAC3 (n = 12 per
group; data presented as mean + SEM). (E, I, M)
Normalized lever presses during the subsequent
devaluation tests for rats given posttraining (E) intra-
DMS vehicle or RGFP966 infusions, (I) intra-DMS EV
or HDAC3pm, or (M) intra-DMS EV or HDAC3. *p <
.05; *p < .01. CRF, continuous reinforcement; d,
days; Exp, experiment; LP, lever press; Pel, pellet;
Veh, vehicle.

anti-H4K8Ac

EV  HDAC3

-oEV
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§

significantly altered (Figure 5E; see also Supplemental
Figure S8) (Bdnf1 [F316 = 1.57, p = .24], Nrdal [F5 5 = 1.87,
p = .55]). These results suggest that HDAC3 activity in the DMS
and DLS is differentially regulated by instrumental training as
habits form.

DISCUSSION

Reward seeking and decision making are controlled by a bal-
ance between two systems, one reflective, involving prospective
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Figure 5. Effect of training and posttraining histone deacetylase (HDAC)
inhibition on HDAC3 occupancy at learning-related gene promoters and
gene expression in the dorsomedial striatum (DMS). (A) Schematic repre-
sentation of procedures. (B-D) Chromatin immunoprecipitation was per-
formed with anti-HDACS3 followed by quantitative polymerase chain reaction
to identify (B) HDAC3 binding to the Bdnf1, (C) Nr4al, or (D) Nr4a2 pro-
moters in the DMS of home-cage (HC) control subjects or following either
intermediate (INT) or extended (EXT) training in vehicle-treated rats, or so-
dium butyrate (NaBut) treatment post-intermediate training. (E-G) Data
presented as fold change relative to immunoglobulin G (% input/immuno-
globulin G) messenger RNA (mRNA) expression of (E) Bdnf1, (F) Nr4a1, and
(G) Nr4a2 in the DMS. **p < .01, between groups; *p < .01 relative to HC
control group. d, days; IP, immunoprecipitation; LP, lever press; Pel, pellet;
Veh, vehicle.

consideration of learned action consequences, and one reflex-
ive, allowing common behaviors to be automatically triggered by
antecedent events on the basis of their past success. The data
here provide converging evidence in support of dorsostriatal
HDAC3 as a critical molecular regulator of the transition of
behavioral control to the habit strategy. Systemic HDAC inhibi-
tion during instrumental acquisition increases histone acetyla-
tion in the dorsal striatum and accelerates habitual control of
behavior. HDAC3 occupancy at specific learning-related gene
promoters in the dorsal striatum is reduced, relative to early
training, when habits form with overtraining, and this is
mimicked by HDAC inhibition. Using local pharmacological and
viral manipulations, HDACS3 activity was found to constrain habit
learning in the DLS, previously implicated in habit (11), and also
in the DMS, which has been canonically ascribed a role in the
opposing, goal-directed, strategy (7,8).

HDACS in the dorsal striatum functions as a negative
regulator of habit, as evidenced by its disruption accelerating
the rate at which behavioral control transitioned to dominance
by habit, and its overexpression in the dorsal striatum pre-
venting subjects from forming habits under conditions that
would normally promote them to do so. The temporally
restricted effect of posttraining HDAC inhibition suggests that
HDAC3 negatively regulates the consolidation of habit
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memories. Habits are slow to form, being gradually acquired
with repetition of successful actions in the presence of
consistent stimuli, but once fully formed habits can be
executed almost automatically, freeing attention to be focused
elsewhere (1,2). The current data suggest that in the dorsal
striatum the repressive enzyme HDACS3 could be a molecular
“brake” (22,23) on this type of learning, being engaged to slow
habit formation and preserve behavioral control by the more
cognitively taxing, but less error-prone, goal-directed system
until enough successful repetition has proceeded to ensure
sufficient accuracy of the habit. In support of this, early in
training, when habits do not yet dominate behavioral control,
HDAC3 occupancy at the Bdnf1 and Nr4a2 promoters in the
DLS and at the Nr4a1 promoter in the DMS is enriched and
then returns to baseline levels with the repeated training that
promotes habit. That overexpression of HDACS in the dorsal
striatum prevented habit formation further suggests that, under
suitable conditions (e.g., repeated success), an instrumental
learning opportunity triggers activity-dependent signaling that
removes HDAC3 to create the transcriptionally permissive
state that allow habits to strengthen and, eventually, come to
control behavior. Dorsal striatal HDACS, therefore, normally
curtails habit.

Consolidation of long-term memories, such as habits, de-
pends on gene transcription (44). HDAC3 may, therefore,
function to curtail the gene transcription underlying habit.
Transcription regulated by CREB has been shown to be
essential for long-term memory (45-48), and CREB function in
the dorsal striatum is crucial for habit learning (13). The
enhancement of memory by HDAC inhibition has been
demonstrated to occur through regulation of CREB-regulated
genes (33,36), including Bdnf, Nr4a1, and Nr4a2 (36,49), genes
themselves implicated in learning (33,35-37,50-52). Here we
found that as habits formed, HDAC3 was disengaged (relative
to its enriched state during early learning) from the Bdnf1 and
Nr4a2 promoters in the DLS and the Nr4a1 promoter in the
DMS. HDAC inhibition, which accelerated habit formation,
similarly altered HDAC3 occupancy at these promoters, and, in
some cases, induced the expression of these genes. These
data suggest that a probable mechanism for striatal HDAC3
moderation of habit formation is via regulation of CREB-
regulated genes. HDAC3 represses transcription by removing
acetylation and recruiting complementary repressive enzymes,
such as methyltransferases or phosphatases. HDAC removal
allows HATSs to promote histone acetylation, which decreases
affinity of histone tails for DNA and serves as a recruitment
signal for transcriptional coactivators (19) that can promote
active gene expression subserving synaptic plasticity and
learning (22-24). Although the data show that H4K8Ac is
increased in the dorsal striatum by posttraining HDAC inhibi-
tion, the precise mechanisms of HDACS3 regulation of CREB-
regulated genes in the dorsal striatum, e.g., whether it is via
acetylation at H4K8, other histone sites, a combination of
marks, and/or through corepressor mechanisms, remains to be
explored.

Interestingly, HDACS3 binding at gene promoters and gene
expression did not always perfectly match. This discrepancy
could be due to differential temporal dynamics between tran-
scriptional activation and HDAC3-promoter interactions (34),
but it also likely indicates that HDAC3 binding is not the sole
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determinant of expression of the genes examined here. Indeed,
gene expression is regulated by a complex concert of factors,
including repressive enzymes, such as HDACS, and activating
enzymes, such as transcription factors and HATs. Recruitment
of HATs, such as CREB (28,36), are required for HDAC3
regulation of gene transcription and memory. Moreover, it is
also possible that the nonspecific class | HDAC inhibition
treatment engaged repressive mechanisms (53) additional to
those normally engaged to regulate gene expression by
learning alone, perhaps suggesting alternative, nonnatural
routes to habit. Future experiments assessing other tran-
scriptional regulators and/or using genome-wide approaches
are needed to further elucidate the molecular mechanisms
supporting habit.

Surprisingly, HDAC3 was found to negatively regulate habit
in both the DLS and DMS. HDACS inhibition restricted to the
DMS potentiated habit formation, whereas DMS-specific
HDAC3 overexpression, while not affecting instrumental
learning per se, prevented behavioral control from transitioning
to dominance by the habit system, completely recapitulating
the effect found with identical DLS manipulations. The over-
expression result, along with data demonstrating HDAC3
enrichment early in training and removal back to baseline with
overtraining at the Nr4a1 promoter in the DMS, provides evi-
dence that DMS HDACS3 activity functions normally to repress
habit. These results were unexpected in light of the canonical
view that the DMS is crucial for action-outcome learning
(54,55) and evidence that DMS lesions force behavioral control
by the habit system (7-9). Potential functional differences be-
tween the anterior and posterior DMS may help to understand
these surprising results. The anterior DMS was targeted here
based on the locus of systemic HDAC inhibition-induced
increase in histone acetylation, whereas seminal lesion re-
sults implicated the posterior DMS in goal-directed learning (8).
More recent work, however, has demonstrated that both the
anterior and posterior DMS are crucial for the action-outcome
learning underlying goal-directed control (9). Previous data
suggest that DLS circuits might store habit-related information
(56-59), with memories vital for goal-directed control stored in
the DMS (60-62). One possibility is that HDAC3 may regulate
the formation and storage of habit memories in the DLS, while
in the DMS it depotentiates the action-outcome memories
underlying goal-directed control as deliberation becomes less
required and actions become chunked (63,64) into stereotyped
units. Indeed, neurons in the DLS will show chunking-related
activity that strengthens with training, while simultaneously
DMS neurons show activity at deliberation points that wanes
with extended training (65). It is also possible that HDAC3
regulates DMS indirect-pathway projections, activity that has
been shown to promote habit (66). In either case, the distinct
HDAC3 occupancy patterns at learning-related gene pro-
moters in the DLS versus DMS suggest differential transcrip-
tional regulation by HDACS in these subregions. Importantly,
these results challenge the strict dissociation between DMS
and DLS function in goal-directed and habitual control of
behavior.

These data reveal a new molecular directive of habit for-
mation. Striatal HDAC3 functions as a molecular brake over
habit, being engaged to slow the transition to habit and
removed when the conditions are ripe for habits to dominate.
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Epigenetic dysfunction has been implicated in the etiology of
many psychiatric disease states (67-71). The balance between
goal-directed and habitual control is also disrupted in these
conditions. Indeed, deficits in the acquisition and execution of
behavioral habits are symptoms of both Huntington’s disease
(72) and Parkinson’s disease (73-75). An overreliance on habit
has been associated with the compulsivity that manifests
across a range of psychiatric diseases (6,76), including
obsessive-compulsive disorder (77,78), autism spectrum dis-
order (79), schizophrenia (80,81), addiction (82), alcoholism
(83,84), and compulsive overeating (85). Moreover, stress, a
predisposing condition to many psychiatric illnesses, can lead
to abnormal HDAC activity (68,86), which could, given the
current result, lead to its ability to potentiate habits (87-89) and
thereby promote maladaptive compulsive behavior (90). The
current data, therefore, suggest a potential molecular mecha-
nism for such maladaptive behavior (90) and support notions of
HDACS3 as a promising target for therapeutic intervention
(23,67,91-95). These data also highlight the potential for un-
intended effects on habit learning by HDAC3 therapeutic
manipulations.
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