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Evidence indicates that broad, nonspecific histone deacetylase (HDAC) inhibition enhances learning and memory, however,
the contribution of the various HDACs to specific forms of learning is incompletely understood. Here, we show that the
Class | HDAC inhibitor, RGFP263, enhances consolidation of cued fear extinction. However, RGFP%66, a strong inhibitor
of HDACS3, does not significantly enhance consolidation of cued fear extinction. These data extend previous evidence that
demonstrate the Class | HDACs play a role in the consolidation of long-term memory, suggesting that HDACI and/or
HDAC2, but less likely HDAC3, may function as negative regulators of extinction retention. The development of specific
HDAC inhibitors, such as RGFP963, will further illuminate the role of specific HDACs in various types of learning and
memory. Moreover, HDAC inhibitors that enhance cued fear extinction may show translational promise for the treatment
of fear-related disorders, including post-traumatic stress disorder (PTSD) .

Post-traumatic stress disorder (PTSD) and other fear-related dis-
orders are characterized by pathological fear and anxiety. An
inability to control fear has led researchers and clinicians to hy-
pothesize that PTSD is a disorder in the inhibition, or extinction,
of fear. Evidence suggests that extinction learning establishes a
new, inhibitory memory trace that suppresses previously estab-
lished fear memories (Myers and Davis 2007). Numerous studies
implicate the amygdala, hippocampus, and medial prefrontal cor-
tex in the acquisition and extinction of aversive memories
(Goosens and Maren 2001; Milad and Quirk 2002; Akirav et al.
2006; Heldt et al. 2007; Herry et al. 2008).

At the molecular level, cued fear and extinction are forms of
long-term memory that are consolidated via changes in the ex-
pression of specific genes in the amygdala and other associated re-
gions (Josselyn et al. 2001; Ressler et al. 2002; Ploski et al. 2008,
2010). During the consolidation window, generally thought to oc-
cur minutes to hours after learning, transcription of specific genes
is associated with the activity of various histone deacetylase en-
zymes (HDACs) (Dudai 2004).

Broad, nonspecific HDAC inhibition enhances emotional
learning and cued fear extinction (Bredy et al. 2007; Bredy and
Barad 2008). The Class I HDACs, which include HDACI,
HDAC2, HDAC3, and HDACS, are associated with learning and
memory (Bredy et al. 2007; Bredy and Barad 2008; Whittle et al.
2013; Hait et al. 2014; Whittle and Singewald 2014). Specifically,
HDACS3 appears to be a negative regulator of long-term memory
for spatial learning and extinction of drug-seeking behavior
(McQuown et al. 2011; McQuown and Wood 2011; Malvaez
et al. 2013). Overexpression of HDAC2 causes deficits in context
and cue-dependent fear learning in mice. Conversely, HDAC2
knockout mice exhibit enhanced context and cued fear memory
(Guan et al. 2009). Similarly, forebrain-specific knockout of
HDAC2 enhances context fear and cued fear extinction (Morris
et al. 2013). Furthermore, modulation of HDAC1 expression or
activity alters extinction of context fear extinction, where
overexpression of HDAC1 enhances extinction and siRNA knock-
down or inhibition of HDAC1 blocks extinction (Bahari-Javan
et al. 2012). However, others demonstrate little to no effect on
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memory consolidation by HDAC1 (Guan et al. 2009; Morris
et al. 2013).

As the Class I HDACs have been increasingly implicated in
learning and memory processes, the need for specific HDAC in-
hibitor compounds has increased. Two compounds with unique
inhibitory properties have been developed—RGFP966 and
RGFP963. To elaborate on previous studies which have demon-
strated a role for Class I HDACs in memory consolidation and to
determine whether RGFP966 and/or RGFP963 show translational
potential for the treatment of post-traumatic stress disorder, we
administered RGFP966 and RGFP963 after extinction training in
a mouse model. The results of this study and others will be crucial
to identify and develop HDAC inhibitors that could ameliorate
specific symptoms of fear-related disorders.

RGFP966 and RGFP963 were developed by RepliGen Corp.
and sent to Reaction Biology Corp. to determine inhibitory poten-
cy againstall 11 HDAC enzymes. RGFP963 and RGFP966 were pre-
pared in HDAC assay buffer (25 mM Tris/HCI, 137 mM NacCl, 2.7
mM KCl, 1 mM MgCl,, pH 8.0) in 96-well assay plates from DMSO
stock solutions. RGFP963 and RGFP966 were preincubated for
2 h at room temperature in the presence of 100 mg/mL BSA
and purified recombinant HDAC enzymes at specific concentra-
tions. Compounds were tested in 10-dose ICso mode in duplicate
with threefold serial dilution starting at 20 pM. The half-maximal
inhibitory concentration (ICsp) was used to measure the inhibito-
ry potency of each compound against all 11 HDAC enzymes.
Following preincubation, fluorogenic HDAC substrate was added
and plates were incubated for 30 min at room temperature. The
enzymatic reaction was stopped by addition of Trichostatin A
and trypsin. After a 15-min incubation at room temperature, fluo-
rescence was recorded using a Spectramax M2 fluorometer with
excitation at 365 nm and emission at 460 nm. ICs, values were
calculated using a sigmoidal dose—response (variable slope) equa-
tion in GraphPad Prism 5. RGFP966 and RGFP963 show effec-
tive inhibitory potency for the Class I HDAC enzymes (Fig. 1A).
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RGFP963 enhances extinction retention

RGFP966 exhibited specific inhibition of HDAC3, while RGFP963
broadly inhibited HDAC1, HDAC2, and HDAC3. RGFP963 also
showed weak inhibition of HDAC10 with an ICsq value of 10
uM. RGFP963 and RGFP966 did not inhibit any other HDACs be-
sides HDAC1, HDAC2, HDAC3, and HDAC10.

To better understand how RGFP963 and RGFP966 act
in vivo, we performed pharmacokinetic studies. Adult male
C57BL/6] mice 8-12 wk old were dosed intraperitoneally (IP)
with RGFP963 or RGFP966. RGFP963 and RGFP966 were dissolved
in DMSO (calculated to be 5% of the final volume) and diluted
with 30% Hydroxypropyl Beta-Cyclodextran, 0.1 M acetate, pH
5.4. Both drugs were administered at a dose of 10 mg/kg. Animals
were sacrificed 0.25, 1, or 2 h after drug administration. Blood was
collected via cardiac puncture and stored in EDTA tubes. Brains
were flash frozen. Samples were shipped to RepliGen for analysis.
Brains were homogenized, followed by protein precipitation with
a solution of internal standard in acetonitrile. Samples were fil-
tered and analyzed by LC/MS/MS. The LC/MS/MS system consist-
ed of an Agilent 1100 series quaternary pump and micro degasser
(Agilent), a CTC PAL autosampler (Leap Technologies), and an API
4000 triple quadrupole mass spectrometer equipped with an ESI
TurboV source (AB Sciex). The system is controlled by Analyst
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Figure 1.

1.5.2 (AB Sciex) running on Windows XP Professional SP3 (Micro-
soft). Compound concentrations were determined by calibration
curves, which consist of MS response ratios of compounds to an
internal standard versus concentration, prepared for each com-
pound in each tissue type using the same sample preparation pro-
tocol. Brain and plasma concentrations (in nanograms/gram and
nanograms/milliliter, respectively) were averaged according to
compound, tissue, and time point. An n of 3 animals were used
for each time point (per compound).

RGFP966 and RGFP963 were able to cross the blood brain
barrier, however, RGFP966 exhibited lower brain penetrance com-
pared with RGFP963. Maximum brain concentrations were ob-
served at early time points (15 min post-drug administration).
Concentration of each compound decreased with an estimated
elimination half-life of ~45 min. Central nervous system (CNS)
concentration of RGFP963 was 20- to 80-fold more than the
1Cso of RGFP963 required to inhibit HDAC1. For RGFP966, CNS
concentration was twofold lower than its respective HDAC1
and HDAC2 ICso. However, maximal brain concentrations of
RGFP963 and RGFP966 were 160- and 110-fold their respective
HDAC3 ICsq values. We conclude that RGFP963 was able to access
the brain and reach a concentration capable of inhibiting HDACI,
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RGFP963 and RGFP966 compound properties in vitro and in vivo. (A) RGFP966 exhibits specific inhibition of HDAC3, while RGFP963 broadly

inhibits HDAC1, HDAC2, and HDACS3 in vitro. (B) Chemical structures of RGFP963 and RGFP966. (C,D) Of note, 10 mg/kg RGFP966 and RGFP963 are
detected 0.25, 1, and 2 h post-IP injection (n = 3/group). Of note, 10 mg/kg RGFP966 is capable of inhibiting HDAC3, while minimally inhibiting HDACT
and HDAC2, at the various time points assessed. Of note, 10 mg/kg RGFP963 is capable of inhibiting HDAC1, HDAC2, and HDAC3 at the various time
points assessed. (E-P") Vehicle, 10 mg/kg RGFP966, and 10 mg/kg RGFP963 were administered IP (n = 2/group). Subjects were perfused 1 h after drug
administration and then tissue was processed for immunocytochemistry to determine an effect of drug on global H3 and H4 acetylation levels in the baso-
lateral amygdala (BLA) and dentate gyrus (DG) region of the hippocampus. (E-E”) Photomicrographs showing colocalization of DAPI (E) and global acetyl
H3 (F) in the BLA with vehicle administration (£ merged). (F-F”") Photomicrographs showing colocalization of DAPI (F) and global acetyl H3 (F) in the
BLA with 10 mg/kg RGFP966 administration (F’ merged). (G-G"”) Photomicrographs showing colocalization of DAPI (G) and global acetyl H3 (C’) in the
BLA with 10 mg/kg RGFP963 administration (G” merged). (H-H") Photomicrographs showing colocalization of DAPI (H) and global acetyl H3 (H') in the
DG with vehicle administration (H” merged). (/-/") Photomicrographs showing colocalization of DAPI (/) and global acetyl H3 (/) in the DG with 10 mg/
kg RGFP966 administration (/” merged). (J-/”) Photomicrographs showing colocalization of DAPI (J) and global acetyl H3 (/') in the DG with 10 mg/kg
RGFP963 administration (/* merged). (K—K”) Photomicrographs showing colocalization of DAPI (K) and global acetyl H4 (K') in the BLA with vehicle ad-
ministration (K’ merged). (L—L") Photomicrographs showing colocalization of DAPI (L) and global acetyl H4 (L") in the BLA with 10 mg/kg RGFP966 ad-
ministration (L” merged). (M—M") Photomicrographs showing colocalization of DAPI (M) and global acetyl H4 (M) in the BLA with 10 mg/kg RGFP963
administration (M” merged). (N-N") Photomicrographs showing colocalization of DAPI (N) and global acetyl H4 (N') in the DG with vehicle adminis-
tration (N” merged). (O-0") Photomicrographs showing colocalization of DAPI (O) and global acetyl H4 (O’) in the DG with 10 mg/kg RGFP966 admin-
istration (O” merged). (P-P") Photomicrographs showing colocalization of DAPI (P) and global acetyl H4 (P) in the DG with 10 mg/kg RGFP963
administration (P” merged).
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HDAC?2, and HDAC3 when administered systemically at a dose of
10 mg/kg. At the same dose, RGFP966 was able to specifically in-
hibit HDAC3, while minimally inhibiting HDAC1 and HDAC2
(Fig. 1C,D). These data suggest that 10 mg/kg RGFP963 and
RGFP966 would be active during the consolidation window
when administered after learning, exhibiting selective inhibition
of HDAC1, HDAC2, and HDACS3 activity.

To determine whether 10 mg/kg RGFP966 and 10 mg/kg
RGFP963 differentially affect histone acetylation in vivo, subjects
were perfused 1 h after drug administration. Tissue was then
processed for immunocytochemistry to determine an effect of
drug on global histone H3 (anti-acetyl histone H3 antibody Milli-
pore 06-599) and histone H4 (anti-acetyl histone H4 Millipore
06-598) acetylation levels in the basolateral amygdala (BLA) and
dentate gyrus (DG) region of the hippocampus, two areas critical
for consolidation of emotional long-term memory. Immunofluo-
rescence experiments were performed as described previously
(Bowers and Ressler 2015). While 10 mg/kg RGFP966 seems to in-
crease global acetylation of histone H3 in the BLA compared with
vehicle and 10 mg/kg RGFP963 (Fig. 1E-G”), both RGFP963 and
RGFP966 seem to decrease global acetylation of histone H3 and
H4 in the dentate gyrus (Fig. 1H-]J”, N-P”). Neither RGFP966
nor RGFP963 appear to alter global H4 acetylation in the BLA
(Fig. 1K-M"). While future experiments should more quantita-
tively examine the effect of these HDACi compounds on global
acetylation of histone H3 and H4 (as well as other histones and
specific histone residues), these experiments demonstrate differ-
ential in vivo effects of RGFP963 and RGFP966 on global histone
H3 acetylation in the BLA, which could underlie differences in ob-
served behavioral effects of these drugs.

For behavioral experiments, adult male C57BL/6] mice 8-12
wk old were group-housed 1 wk prior to testing. Subjects were kept
in a temperature-controlled (24°C) animal colony, with ad libitum
access to food and water, on a 12-h light—dark cycle. All behavio-
ral procedures were performed during the light cycle. Subjects
were handled once per day for 2 d. Twenty-four hours after the
last day of handling and 1 d prior to fear conditioning, subjects
were habituated to the test chambers. Associative fear condition-
ing occurred over 2 d and consisted of 10 conditioned stimulus
(CS) tones (30 sec, 6 kHz, 75 dB) coterminating with uncondi-
tioned stimulus (US) footshocks (500 msec, 1 mA) with a 3-min
inter-trial interval (ITI) in “Context A” (MED Associates, standard
fear conditioning chambers, Product Number VFC-008). As we hy-
pothesized that RGFP966 and RGFP963 would enhance extinc-
tion memory consolidation (as measured by lower levels of
freezing behavior during extinction retention tests), we trained
subjects to 2 d of associative fear conditioning to maximize freez-
inglevels and avoid a floor effect of extinction training on freezing
during extinction retention tests (Bredy and Barad 2008).

Twenty-four hours prior to extinction training and 48 h after
fear conditioning, subjects were tested to three CS trials (“group-
ing”) in a novel context, “Context B”. “Context B” consisted of
the same experimental chambers as in “Context A” with changes
to visual, tactile, and olfactory cues—PLEXIGLAS covered the
shock bars and subjects were exposed to red light and a 1% am-
monium hydroxide scent. Freezing to the three trials was aver-
aged and used to sort subjects into three groups (n = 12/group)
with equivalent freezing levels. Freezing (the absence of move-
ment except for respiration) in response to the CS was measured
using FreezeView software (Coulbourn Instruments). Twenty-
four hours following the three CS test, subjects were extinction
trained. Extinction training consisted of 30 presentations of the
CS (30 sec, 6 kHz, 75 dB) separated with a 30 sec ITI. Vehicle or
drug was administered intraperitoneally (IP) 5 min after the last
CS trial of extinction training, to explicitly examine an effect of
drug on consolidation.
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Using a repeated-measures ANOVA, we did not observe a
significant main effect of group on freezing across 3 CS or 30 CS
trials during grouping (F(,,33) = 0.01, NS) or extinction training
(F(2,33y = 1.97, NS). Furthermore, we did not observe an interac-
tion between group and CS trial during grouping (F4 66 = 0.56,
NS) or extinction training (F(19.17,316.23) = 0.63, NS), suggesting
that freezing behavior of vehicle, RGFP963, and RGFP966 did
not significantly differ from one another at any specific CS trial
(Fig. 2C). However, we did observe a significant effect of CS
trial on freezing (F9.s8316.23) = 3.95, P < 0.05) during extinction
training, indicating that all groups exhibited within-session ex-
tinction. Twenty-four and 48 h later, subjects were tested for
retention of extinction training with 15 CS trials. Extinction re-
tention was defined as average freezing to the first 5 CS trials of
the 15 CS test. Repeated-measures ANOVA revealed a significant
main effect of drug on freezing across extinction retention days
land 2 (F(2 33y = 4.33, P < 0.05). A post hoc least significant differ-
ence (LSD) test revealed significant differences between 10 mg/kg
RGFP963 versus vehicle and 10 mg/kg RGFP963 versus 10 mg/kg
RGFP966 (P < 0.05) across extinction retention days (Fig. 2B). We
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Figure 2. Systemic administration of 10 mg/kg RGFP963 enhances

consolidation of cued fear extinction. (A) Fear conditioning and extinction
paradigm. No significant differences in freezing behavior between groups
prior to drug administration were observed during grouping or extinction
training (n = 12/group). Twenty-four and 48 h later, subjects were tested
for retention of extinction training with 15 CS trials. Extinction retention
was defined as average freezing to the first 5 CS trials of the 15 CS test. (B)
Repeated-measures ANOVA revealed a significant main effect of drug on
freezing across extinction retention days 1 and 2 (P < 0.05). A post hoc
least significant difference (LSD) test revealed significant differences
between 10 mg/kg RGFP963 versus vehicle and 10 mg/kg RGFP963
versus 10 mg/kg RGFP966 (P < 0.05). (C) No significant differences in
within-session extinction were detected between groups on extinction
training, extinction retention 1, or extinction retention 2 test days.
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Table 1. Mean and SEM for data in Figure 2B

10 mg/kg 10 mg/kg
Vehicle RGFP966 RGFP963
Mean SEM Mean SEM Mean SEM
Pre-CS 6.46 3.07 5.09 222 7.80 2.23
Grouping (avg. 3 CS) 70.08 5.38 70.33 493 69.18 4.95
Extinction training 66.53 4.06 70.25 4.23 5793 5.12
(avg. 30 CS)
Extinction retention 1 73.08 586 73.40 6.21 5836 7.06
(avg. CS 1-5)
Extinction retention 2 61.15 7.78 55.88 7.40 4056 7.71
(avg. CS 1-5)

did not detect a significant interaction between drug and extinc-
tion retention day (F(2,33, = 0.10, NS). Using a repeated-measures
ANOVA, and defining drug as a between-subjects factor and CS as
a within-subjects factor, we did not observe a significant main
effect of drug across all 15 CS trials on extinction retention day
1 or extinction retention day 2 (extinction retention 1: F(5 33) =
2.81, NS; extinction retention 2: F,33) = 1.74, NS) (Fig. 2C).
Additionally, we did not observe a significant difference between
groups (F,33 = 2.32, NS), or an interaction between group and
day (F,33y= 0.1, NS), when comparing average freezing to the
last five CS of extinction training and the first five CS of extinction
retention test 1 (repeated-measures ANOVA, between-subjects fac-
tor: drug group, within-subjects factor: average freezing to the last
five CS of extinction training and average freezing to the first five
CS of extinction retention test 1). We conclude that RGFP963, and
not RGFP966, enhances consolidation of extinction learning at a
dose of 10 mg/kg (Tables 1,2).

To test whether RGFP963 nonspecifically enhances extinc-
tion retention, we: (1) fear conditioned subjects, (2) grouped sub-
jects for equivalent freezing levels 48 h after the last day of fear
conditioning, (3) administered drug systemically (IP) without ex-
tinction training 24 h after grouping, and (4) tested subjects to ex-
tinction retention tests 24 and 48 h after drug administration (Fig.
3). The same training paradigm from the previous experiment was
maintained, where subjects received 2 d of 10 CS—-US pairings dur-
ing fear conditioning in “Context A”, 3 CS trials during grouping,

Table 2. Mean and SEM for data in Figure 2C

10 mg/kg 10 mg/kg
Vehicle RGFP966 RGFP963

Mean SEM Mean SEM Mean SEM
Pre-CS 6.46 3.07 5.10 2.22 7.80 2.23
CS1 67.74 4.92 60.93 4.38 63.96 4.01
CS2 72.56 5.40 74.59 6.05 72.43 4.73
CS3 69.97 8.37 75.49 7.89 71.17 7.92
CS1-5 87.25 3.26 82.86 3.58 73.42 4.72
CS6-10 69.56 7.59 72.02 6.04 59.86 8.63
CS11-15 54.58 6.99 71.13 5.80 49.48 8.41
CS 16-20 57.14 7.78 58.60 8.20 54.05 7.61
CS 21-25 67.56 5.82 73.34 7.00 56.66 9.04
CS 26-30 63.13 7.31 63.54 6.13 54.17 7.61
CS1-3 76.46 6.94 75.89 5.53 61.55 7.42
CS 3-6 63.99 6.79 68.83 8.90 52.05 7.96
CS 6-9 52.91 7.97 65.89 7.46 40.40 8.60
CS9-12 63.82 7.27 53.91 7.83 36.48 7.79
CS12-15 54.97 9.48 41.00 7.73 31.92 5.30
CS1-3 66.54 8.35 59.64 7.55 42.43 9.11
CS 3-6 52.38 9.46 50.42 7.63 38.49 7.36
CS 6-9 48.54 7.66 40.58 7.86 31.53 5.09
CS9-12 38.82 9.26 42.71 6.91 25.62 4.90
CS12-15 30.60 5.79 30.10 6.19 24.68 5.69
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and 15 CS trials during extinction retention (all extinction tests
were performed in “Context B”), however, only one group, “ex-
tinction” underwent a 30 CS trial extinction training between
grouping and extinction retention tests. The following groups
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Figure 3. Systemic administration of 10 mg/kg RGFP963 and 10 mg/
kg RGFP966 does not nonspecifically affect extinction retention, motor,
or exploratory behavior. (A) To test whether RGFP963 and RGFP966 non-
specifically affect extinction retention, subjects received 2 d of 10 CS-US
pairings during fear conditioning in “Context A,” 3 CS trials during group-
ing, and 15 CS trials during extinction retention (all extinction tests
were performed in “Context B”), however, only one group, “extinction”
underwent a 30 CS trial extinction training between grouping and extinc-
tion retention tests. The following groups were tested: “home cage
(HC),” “extinction,” “vehicle-no extinction,” “10 mg/kg RGFP963-no
extinction,” “10 mg/kg RGFP966-no extinction” (n = 10/group). No sig-
nificant differences were observed on extinction retention day 1 or ex-
tinction retention day 2. A significant effect of CS on freezing during
extinction training in the “extinction group” was observed (P < 0.05),
suggesting that within-session extinction was maintained, despite a lack
of effect on extinction retention. These data suggest that extinction train-
ing consisting of 30 CS trials does not significantly diminish freezing after
arelatively robust fear conditioning paradigm of 2 d of 10 CS—US pairings
and that 10 mg/kg RGFP963 and RGFP966 does not nonspecifically
enhance extinction retention. (B,C) Thirty minutes prior to testing,
RGFP963 and RGFP966 were administered IP at a dose of 10 mg/kg.
No significant effect of drug on time spent in the center (sec) or distance
traveled (cm) was observed (n = 8/group).
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were tested: “home cage (HC),” “extinction,” “vehicle-no extinc-
tion,” “10 mg/kg RGFP963-no extinction,” “10 mg/kg RGFP966-
no extinction” (n = 10/group). Interestingly, we did not observe
a significant difference between groups on extinction retention
day 1 (F4,4s) = 0.47, NS) or extinction retention day 2 (F(4 45 =
1.11, NS) using a repeated-measures ANOVA and defining
drug as a between-subjects factor and CS as a within-subjects fac-
tor. Furthermore, we did not observe a significant difference
(F(4,45) = 1.00, NS) between groups when we define extinction re-
tention as the first 5 CS of the 15 CS test and look across extinction
retention days 1 and 2, as in the previous experiment. This sug-
gested that extinction training consisting of 30 CS trials does
not significantly diminish freezing after a relatively robust fear
conditioning paradigm of 2 d of 10 CS-US pairings, rather than
a nonspecific enhancement of extinction retention by RGFP966
or RGFP963 (as we did not detect a significant difference between
either HDACi group and vehicle or home cage groups). This con-
clusion was supported by analysis comparing average freezing to
all three CS during grouping to average freezing to the first three
CS during extinction retention test 1. We did not observe a sig-
nificant interaction (F(4,4s) = 1.24, NS) between group and day
(grouping and extinction retention day 1). Importantly, we
did observe an effect of CS on freezing during extinction training
in our “extinction group” (F9,261) = 1.97, P < 0.05), suggesting
that within-session extinction was maintained, despite a lack of
effect of extinction training on extinction retention (Fig. 3A)
(Table 3).

To test whether RGFP963 or RGFP966 have an effect on ex-
ploratory behavior (which can indicate an effect on anxiety-like
behavior) and/or locomotion that could confound the observed
effect on extinction retention, we performed an open-field test
on a separate cohort of C57BL/6] mice (n= 8/group). Subjects
were handled once per day for 2 d prior to testing. The open field
consisted of an open box (27.9 x 27.9 cm) made of PLEXIGLAS.
Subjects were placed in the apparatus to explore for 5 min, and
then returned to their home cage. All testing was conducted under
standard room lighting. Activity data were analyzed using the
Open Field Activity Software (Med Associates Inc.) for locomotor
activity (distance traveled in centimeters) and exploratory behav-
ior (time spent in center of chamber in seconds, where center is

Table 3. Mean and SEM for data in Figure 3A

defined as 6 cm from the perimeter of chamber walls). Thirty min-
utes prior to testing, RGFP963 and RGFP966 were administered IP
at a dose of 10 mg/kg. No significant effect of drug on distance
traveled (F(323) = 1.06, NS) or time spent in the center (F 23 =
0.22, NS) was observed (Fig. 3B,C) (Table 4).

In this brief report, we describe two Class I HDAC inhibitors,
RGFP966 and RGFP963. At a dose of 10 mg/kg, RGFP966 is a
potent inhibitor of HDAC3, while 10 mg/kg RGFP963 broadly in-
hibits HDAC1, HDAC2, and HDAC3. In vivo experiments demon-
strate that 10 mg/kg RGFP963 and RGFP966 are able to access the
brain. Furthermore, 10 mg/kg RGFP963 reaches a concentration
capable of inhibiting brain HDAC1, HDAC2, and HDAC3 15
min after systemic administration. For RGFP966, CNS concentra-
tion is sufficient to inhibit HDAC3, but not HDAC1 or HDAC2.
Importantly, RGFP966 has been shown to enhance acetylation
of lysine 8 on H4—a site regulated by HDAC3, supporting our in
vitro and in vivo data suggesting that RGFP966 strongly inhibits
HDAC3 (Malvaez et al. 2013).

Immunocytochemistry data demonstrate increased global
histone H3 acetylation in the BLA 1 h after IP administration
with 10 mg/kg RGFP966. Paradoxically, we observe a decrease in
global histone H3 and H4 acetylation in the dentate gyrus 1 h after
administration with 10 mg/kg RGFP966 and RGFP963. This result
is unexpected given the behavioral effect of RGFP963. We would
predict that RGFP963, which enhances extinction consolidation,
would increase acetylation. Furthermore, given the lack of a
behavioral effect by RGFP996, we would not have expected an
increase in acetylation in the amygdala with RGFP966 administra-
tion. While these data are unexpected, the results of this experi-
ment might be explained by a complex interaction occurring
between RGFP963 and RGFP966 and histone acetyltransferase en-
zymes (HATs), which acetylate lysine residues on histone proteins.
A previous study demonstrates inhibition of HAT activity by tri-
chostatin A (TSA), a Class I and II HDAC inhibitor (Nair et al.
2001). The data presented here should be quantitatively replicated
and extended to other brain regions, in particular the infralimbic
cortex, as increased histone acetylation in this area is associated
with enhanced extinction (Stafford et al. 2012). Future studies
will be needed to more directly address, in vivo, RGFP963 and
RGFP966 effects on Class | HDAC activity and downstream effects

10 mg/kg 10 mg/kg
HC Ext Veh-No ext RGFP966-No ext RGFP963-No ext
Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Pre-CS 3.04 1.19 2.77 1.02 3.32 0.88 1.60 0.42 3.63 0.91
CS1 58.76 6.10 47.23 5.59 62.91 5.07 39.30 6.35 48.69 5.56
CS2 58.33 8.13 63.76 4.67 55.65 6.12 43.22 6.42 61.20 5.78
CS3 48.95 8.42 53.48 8.38 44.29 7.07 39.40 6.86 50.92 6.88
CS1-5 48.14 5.28
CS6-10 31.34 5.19
CS11-15 2597 4.50
CS16-20 34.60 7.18
CS 21-25 29.23 6.48
CS 26-30 29.18 5.40
CS1-3 46.35 7.78 43.71 5.96 59.60 4.91 41.83 7.80 52.34 5.72
CS 3-6 33.23 6.83 29.14 6.68 38.68 4.25 28.68 5.92 32.62 5.25
CS 6-9 29.83 6.79 24.02 6.91 28.24 4.27 30.38 6.48 29.50 2.81
CS9-12 23.56 6.57 23.55 5.34 26.97 4.33 17.19 3.97 29.64 4.10
CS12-15 17.93 4.94 22.14 7.28 20.03 4.09 20.73 5.70 25.71 5.73
CS1-3 40.60 7.92 28.10 4.18 33.38 2.84 28.11 5.24 42.11 4.33
CS 3-6 18.66 5.74 20.39 3.79 20.81 3.57 15.98 4.12 24.34 4.10
CS 6-9 19.42 5.77 14.58 3.37 13.89 2.36 15.78 6.19 24.21 3.36
CS9-12 22.31 6.62 13.45 2.55 12.87 2.21 17.38 4.40 19.14 4.35
CS12-15 17.54 4.10 12.43 291 16.30 3.64 13.22 4.36 2291 4.49
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Table 4. Mean and SEM for data in Figure 3B,C

tion. Forebrain-specific knockout of

HDAC2 enhances contextual fear learn-

Vehicle 10 mg/kg RGFP966 10 mg/kg RGFP963 ing and cued fear extinction (Morris
Mean SEM Mean SEM Mean SEM et al. 2013). Systemic HDAC3 inhibi-
tion enhances long-term object memor
Distance Traveled (cm) 1066.196 89.44414 1044.029 94.6428 876.51 116.1852 and facilitates eXtiIglctiOIl of locaine-con}i
Time in center (s) 77.84375  4.670973 70.625 9.793848 69.10625 13.585

ditioned place preference (McQuown

on histone acetylation, particularly over a time course and at a va-
riety of doses.

Behaviorally, 10 mg/kg RGFP963 enhances consolidation of
cued fear extinction. RGFP966 has no effect on consolidation of
cued fear extinction at the same dose. RGFP966 strongly inhibits
HDACS3, while RGFP963 more broadly inhibits HDAC1, HDAC2,
and HDAC3. Behavioral dose-response studies with RGFP963
and RGFP966 will need to be conducted to assess the full range
of potential extinction effects of these compounds. The ICs, val-
ues of RGFP963 and RGFP966 suggest that at higher doses, differ-
ent behavioral effects might be observed. Additionally, given that
RGFP963 and RGFP966 have different pharmacokinetic proper-
ties—where RGFP966 exhibits lower brain penetrance compared
with RGFP963 at the same systemically administered dose—it
would be interesting to determine whether differential behav-
ioral effects than those observed could be achieved with a dose
of drug that resulted in equivalent levels of brain penetrance. As
RGFP966 strongly inhibits HDAC3, while RGFP963 more broadly
inhibits HDAC1, HDAC2, and HDACS3, further data on the behav-
ioral effects of RGFP963 and RGFP966 could be gleaned if both
drugs were administered at doses achieving comparable levels of
HDACS3 inhibition.

Furthermore, the behavioral effect of RGFP963 may be diffi-
cult to interpret based on the current set of experimental controls.
Future studies should replicate a similar paradigm as depicted in
Figure 3A with “vehicle-extinction,” “10 mg/kg RGFP963-extinc-
tion,” “10 mg/kg RGFP966-extinction,” “vehicle-no extinction,”
“10 mg/kg RGFP963-no extinction,” and “10 mg/kg RGFPI66-
no extinction” groups, perhaps with more extensive extinction
training, to further clarify an effect of RGFP963 on extinction
consolidation.”

Our data suggest that when subjects receive relatively strong
fear conditioning (2 d of 10 CS-US pairings), a 30 CS trial extinc-
tion training is insufficient to diminish freezing behavior on a
subsequent extinction retention test—despite subjects exhibiting
within-session extinction—compared with control groups which
did not receive extinction training. Future studies should address
whether more extensive extinction training (e.g., 50 CS trials)
would enhance extinction retention after a similarly robust fear
conditioning. Furthermore, as studies demonstrate that the abili-
ty of an HDAC inhibitor to modify long-term memory critically
depends on the parameters of the learning event and its neu-
ral substrates, experiments should address whether RGFP966
would enhance consolidation of extinction learning with alter-
native training protocols. Interestingly, the data indicate that
10 mg/kg RGFP963 enhances consolidation of extinction memo-
ry when paired with a weaker training paradigm that would not
normally result in long-term memory formation. This is in line
with previous evidence suggesting that HDAC inhibition can
transform and strengthen weak learning events to produce long
lasting memories (Federman et al. 2009; Stefanko et al. 2009;
Stafford et al. 2012). Future studies should determine the strength
of RGFP963’s effect on long-term extinction memory by assessing
measures of fear recovery, including renewal, spontaneous recov-
ery, and reinstatement.

Importantly, previous studies find similar effects for the Class
I HDACs HDAC2 and HDAC3 in long-term memory consolida-
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et al. 2011; Malvaez et al. 2013). Knock-

out of HDAC1, however, does not have
an effect on measures of contextual or cued fear learning and
extinction (Morris et al. 2013), or, conversely, HDAC1 inhibition
blocks extinction of contextual fear (Bahari-Javan et al. 2012).

While a number of well-known “positive” regulators (their
activity is memory-promoting, e.g., CREB) have been extensively
studied in learning and memory, the literature suggests that there
is a concomitant increase in the activity of “negative” regulators
(i.e., their activity suppresses learning and memory), such as the
HDAGC:s. Global and site-specific inhibition or knockdown of spe-
cific HDACs indicate that they might be crucial for resisting exces-
sive new learning. This balance in activity between positive and
negative regulators likely allows for a more finely graded balance
between new learning and memory maintenance (Abel et al.
1998; Akers et al. 2014). This balance might be particularly cru-
cial in fear versus extinction learning, requiring the differential
activity of specific HDACs, as fear is quickly learned and long-
remembered. Extinction, however, requires extensive training
and even then, the fear response often returns. This “fear-promot-
ing” imbalance is thought to be an evolutionarily conserved sur-
vival tool.

In summary, the present study suggests that HDACs are
involved in long-term amygdala-dependent learning and memo-
ry. Our findings contribute to growing evidence that the Class I
HDAGC: play arole in the extinction of cued fear—an analog of ex-
posure therapy in humans. Future studies are necessary to deter-
mine the therapeutic potential of specific HDAC inhibitors.
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