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Abstract
Background—A key finding from recent studies of epigenetic mechanisms of memory is that
increasing histone acetylation after a learning experience enhances memory consolidation. This
has been demonstrated in several preparations, but little is known about whether excitatory and
inhibitory memories are equally sensitive to drugs that promote histone acetylation and how
transcriptional changes in the hippocampal-medial prefrontal cortex (mPFC) network contribute to
these drug effects.

Methods—We compare the long-term behavioral consequences of systemic, intra-hippocampal
and intra-medial-prefrontal cortex (mPFC) administration of the histone deacetylase (HDAC)
inhibitor sodium butyrate (NaB) after contextual fear conditioning and extinction 1 and/or 14 d
later in male c57BL/6J mice (n=302). Levels of histone acetylation and expression of the
immediate-early gene c-Fos were assessed by immunohistochemistry following infusion of NaB
into the hippocampus (n=26).

Results—Across a variety of conditions, the effects of NaB on extinction were larger and more
persistent compared to the effects on initial memory formation. NaB administered following weak
extinction induced behavioral extinction and infralimbic histone acetylation and c-Fos expression
consistent with strong extinction. No similar effect was seen in the prelimbic cortex. The
involvement of the infralimbic cortex was confirmed as infusions of NaB into the infralimbic, but
not prelimbic cortex, induced extinction enhancements.

Conclusions—These studies show that the memory modulating ability of drugs which enhance
acetylation is sensitive to a variety of behavioral and molecular conditions. We further identify
transcriptional changes in the hippocampal-infralimbic circuit associated with extinction
enhancements induced by the HDAC inhibitor NaB.
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Current behavioral therapies for many anxiety disorders, including post-traumatic stress
disorder (PTSD), attempt to dampen the powerful and often debilitating affective responses
to trauma related cues [1]. This is often achieved through behavioral extinction, in which
repeated clinical re-exposure to the anxiety-inducing cues suppresses the original fearful
memory. However, extinction is often incomplete and the cue-induced affective response
spontaneously recovers over time [2,3]. Thus, a major goal of extinction research is to
determine combinations of pharmacotherapy and behavioral interventions that enhance
extinction memory formation creating a more robust and persistent decrease in cue-induced
affective responses [4]. One complication with this combined approach is that in addition to
enhancing extinction, many pharmacological treatments may also enhance the formation of
new aversive memories [e.g., 5].

Recent research indicates that histone deacetylase (HDAC) inhibitors enhance memory at a
molecular, cellular, and behavioral levels including conditioning, extinction, and recently
retrieved conditioned fear memories [e.g., 6,7–9]. These studies indicate a role for histone
acetylation in memory enhancements, but several issues remain unresolved. First, little is
known about the persistence of the memory enhancing effects. Most studies of HDAC
inhibitors and memory have examined performance soon after extinction [but see 10]. Little
is known about these enhancements past 7 days [6] and specifically how these enhancements
are affected by repeated testing which may weaken spontaneous recovery effects [e.g.
11,12,13]. Second, few studies have compared the effects of HDAC inhibition on initial
memory formation to extinction memory formation. A better understanding of HDAC
inhibitor induced enhancements of fear memory and fear extinction is critical in evaluating
whether HDAC inhibition will preferentially decrease affective responses to environmental
stimuli. Studies closely matching multiple factors (including previous learning experiences,
internal state, and environmental conditions) are essential in evaluating whether a given
treatment will preferentially decrease affective responses to environmental stimuli [13–16].

A remaining challenge for the field is to understand the molecular processes that mediate
enhanced extinction effects induced by HDAC inhibition [17]. There is increasing evidence
that transcriptional changes in the hippocampus and medial prefrontal cortex (mPFC) as
well as signaling from the hippocampus to the mPFC are critical for extinction memory
formation and modulation [e.g., 18,19,20]. However, it is unknown whether manipulating
chromatin modifications such as histone acetylation in the hippocampus during extinction
modulates transcription in specific subregions of the mPFC.

In the following experiments, we investigate the ability of the HDAC inhibitor sodium
butyrate (NaB) to produce lasting enhancements in memory following initial learning or
extinction under different conditioning (strong or weak), extinction (strong or weak), and
administration protocols (pre-session systemic and post-session systemic and intra-
hippocampal/mPFC). Because of the critical importance of matching learning experiences
when comparing drug effects on fear conditioning and extinction [14,16], different groups
received equal total exposure to the context and shocks surrounding NaB administration. We
then investigated the effects of intra-hippocampal NaB after extinction on histone
acetylation and c-Fos expression in the mPFC to understand how modulating the
hippocampus affects transcriptional events in brain regions important for extinction
consolidation. Finally, we infused NaB into the mPFC to examine the specificity of these
effects.
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Methods
Subjects

A total of 328 male C57BL/6 mice (Jackson Laboratory; Bar Harbor, ME (eight-twelve
weeks) were housed and cared for under protocols approved by the OHSU IACUC and in
accordance with NIH “Principles of Laboratory Animal Care” (detailed in S1).

Cannulations
The bilateral hippocampal cannulation technique followed 13 (see S1). Angled cannulations
directed at the mPFC were used to avoid damage to mPFC dorsal structures (detailed in S1).

Injections
Systemic—Sodium butyrate (Millipore, Billerica, MA) was delivered at 1.2 g/kg in1X
phosphate buffered saline as vehicle.

Intracranial—Mice received either bilateral intrahippocampal injections or unilateral
mPFC (0.25 μL per side) of either NaB (55 mM) or vehicle (sterile saline) over 1 min at a
rate of 0.25 μL per min. Injectors were left in place for 30s to ensure diffusion away from
the cannula.

Procedure
Fear Conditioning—Mice received 0.35 mA footshocks in a chamber equipped with
behavioral monitoring equipment (Context, CTX; described in 13, S1).

Habituation—Mice were habituated to handling and injection procedures as in 13 (detailed
in S1).

Matching Approach—To compare NaB effects on conditioning and extinction, groups
were matched for total exposure to the context and shocks surrounding NaB administration
(Experiments 1, 2, and 3A; detailed in 13). On Day 1, the Extinction group received
exposure to the CTX paired with one or two shocks (CTX +) while the Conditioning group
was exposed to the CTX in the absence of the shock (CTX−). On Day 2 (reversal) the
conditions were reversed such that the Conditioning group received a CTX+ experience
while the Extinction group received a CTX− (no shock) experience. With the exception of
Experiment 3C (see below), the CTX exposures on Days 1 and 2 were 3 min to equate total
CTX exposure in the Conditioning and Extinction experimental groups. Mice received NaB
or vehicle treatment either prior to (Experiment 1) or immediately after the reversal session
(Experiments 2, 3, and 4). Testing occurred 1 and/or 14 days following the reversal day to
examine the initial expression and persistence of the CTX-shock memory. During the test
sessions, mice were placed in the CTX for 12 min in the absence of shock (CTX−).

Experiment 1: Pre-session systemic injections with a strong conditioning protocol: The
habituation, apparatus, drug injection and general methods used in this experiment are
described above. Fifteen min prior to the Day 2 reversal session, mice were injected with
either 1.2 g/kg NaB or vehicle to maximally increase acetylation during the critical memory
formation time period [15 min to 1 hour post-learning, 21,22]. Mice were assigned to groups
that matched levels of Day 1 freezing. Mice were tested 1D and re-tested 14 D following
Day 2. A separate group of mice was tested 14 D after Day 2 in the absence of the 1 D test
(14 D Initial test).
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Experiment 2: Post-session systemic injections
A) Strong conditioning: Methods were identical to Experiment 1, except injections occurred
immediately after the Day 2 reversal session to avoid effects of NaB on freezing during that
session while isolating effects of NaB on memory consolidation.

B) Weak conditioning: Methods were identical to those used in Experiment 2A except a
single 0.35 mA shock was used during conditioning to evaluate whether NaB would
enhance consolidation of a weaker contextual fear memory.

Experiment 3. Post-session intrahippocampal injections
A) Strong Conditioning: Conditioning and extinction treatments were identical to those
used in Experiment 2. NaB and vehicle infusions were made directly into the hippocampus
to evaluate the involvement of the hippocampus in driving NaB mediated memory
enhancements. Testing was conducted as above except only the Extinction group was run in
the 14 Day Initial test group as the only persistent effect was seen in the Extinction Group in
all prior experiments.

B) Weak conditioning: Methods were identical to those used in Experiment 4A except a
single .35 mA shock was used during conditioning to evaluate whether NaB would enhance
consolidation of a weaker contextual fear memory.

C) Strong extinction: To determine whether NaB could enhance a strong extinction
memory, NaB or vehicle was administered after a long 24-min extinction session. Methods
were identical to those used in Experiment 4A except a 24-min extinction session was used.

D) Delayed microinfusions: To ensure that the behavioral effects of NaB on extinction were
due to its effects on extinction memory consolidation and not a non-specific effect,
intrahippocampal injections were administered 4 hours following a 3 min retrieval session
[7].

Experiment 4. Histone Acetylation and c-Fos Immunohistochemistry:
Immunohistochemistry (IHC) for histone acetylation as well as the product of the immediate
early gene c-Fos was performed in select brain regions to determine how NaB infusion into
the hippocampus affected the molecular signature of an extinction memory. Briefly, mice
were sacrificed 30 min following weak (3 min) or strong (24 min) extinction paired with
intrahippocampal NaB or vehicle injection (behavioral methods identical to Experiments 3A
and C). Brains were subsequently fixed in formaldehyde and cryoprotected in sucrose. After
sectioning the brain into 20 um slices on a cryostat, routine IHC was performed on slices
standardized to the same bregma range within the CA1 region of the hippocampus and
mPFC [described in 23]. Histone acetylation and c-Fos expression were analyzed using
antibodies to acetylated Lys14 on histone H3 (1:1000 dilution; Millipore) or c-Fos (1: 2,000
dilution; Santa Cruz Biotechnology). The Vectastain ABC kit (Vector Laboratory,
Burlingame, CA) and metal enhanced DAB kit (Pierce, Rockford, IL) were used for
immunoreaction detection. Three slices per brain region were analyzed in all experiments
with data (either density or cell counts; see below) averaged per animal across slices.

Experiment 5. mPFC Infusions: Procedures were identical to those used in Exp. 3A except
that injections were directed at the mPFC.
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Data Analysis
Fear was evaluated by measuring freezing behavior (absence of movement ≥3s) using the
infrared activity monitors. Freezing was analyzed in three-minute blocks in all sessions. Due
to rapid within-session extinction during test sessions, data during the first three minutes
(the duration of the context exposures during Days 1 and 2) are presented [7,24].
Quantification of c-Fos was performed by counting c-Fos positive nuclei in each brain
region. Histone acetylation was quantified by density of staining (pixel density) due to high
level of constitutive acetylation. Images were corrected for variability in staining by
calibrating quantification based on highest and lowest (background) density of staining
between experimental groups. Group differences were analyzed with a 2X2 analysis of a
variance (ANOVA) with Drug Treatment and Conditioning Order (Experiments 1,2, 3A) or
Drug Treatment and Extinction Duration (Experiment 4) as between subjects factors. Simple
planned comparisons were tested using a student’s t-test. For all statistical tests the α was
set ≤ 0.05.

Results
Experiment 1: Pre-session systemic injections with a strong conditioning protocol

In this and all subsequent experiments, there was very little freezing (<5%) during Day 1,
before shocks were delivered (data not shown). During Reversal, the Extinction groups
showed high levels of freezing independent of drug treatment, whereas in the Conditioning
groups, NaB-treated mice froze more than vehicle-treated mice (Figure 1). This was
confirmed by a significant main effect of Drug [F(1,38)=6.39, p=0.016] driven by the higher
freezing in the NaB Conditioning group [t(19)=2.95, p=0.008] and lack of significant
difference between the Extinction groups [ p>0.3]. This was not due to NaB having non-
specific effects on locomotion, response to the shock (Figure S1 in the Supplement) or
anxiogenic effects of NaB [19,25]. This suggests that the increased freezing may be a non-
specific action of the drug during conditioning or a pre-existing difference in baseline levels
of freezing between NaB and Veh treated mice.

NaB delivered prior to extinction decreased freezing during the 1D and 14D re-test and,
when delivered prior to the conditioning session, increased freezing during the 14D re-test.
During Test 1, NaB treated mice in the Extinction group froze significantly less than
vehicle-treated mice [t(19)=2.35, p=0.03], but there was no drug effect in the Conditioning
group. The lack of difference in the Conditioning NaB and Veh treated mice is not likely
due to latent inhibition induced by pre-exposure as mice pre-exposed to the context prior to
conditioning showed no difference from those that were not pre-exposed (Figure S2 in the
Supplement).

During the 14D re-test, mice in the conditioning group that received NaB displayed greater
freezing. NaB generated a persistent decrease in freezing within the Extinction groups
(Figure 1, 14DR). A significant Drug Treatment × Conditioning Order interaction confirmed
this effect [F(1,39)=6.78, p=0.013]. This persistent extinction enhancement was not
observed in mice that received the 14D test as their first test after NaB treatment [Figure 1,
14DI; ps >0.1]. Thus, long- term enhancements were revealed by repeated testing, but were
not present when the 14D test was not preceded by a 1D test.

Experiment 2: Post-session systemic injections
A) Strong conditioning protocol—During the first test, the NaB treated mice showed a
significant extinction enhancement (Figure 2A). There was no interaction or main effect of
Conditioning Order or Drug Treatment [ps >0.1], or significant difference between drug and
vehicle treated Extinction mice. However, a difference score between Reversal and the 1D
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test revealed that NaB treated extinction mice showed a significantly greater decrease in
freezing from Reversal to Test than did the vehicle treated mice [t(22)=2.53 p=0.019]. No
difference between groups was observed on the 14 D test when this test was either a retest or
initial test [all ps >0.1].

B) Weak conditioning protocol—During Test 1, only the NaB treated Conditioning
group showed an increase in freezing from Reversal day (Figure 2B), but this was not
reliably different from vehicle treated mice [p=0.09]. Examination of the first minute of the
1D test showed that the NaB Conditioning mice [M=60.1, SE = 7.8] froze significantly more
than the Veh treated Conditioning mice [M=38.8, SE=5.9] suggesting that NaB caused a
modest conditioning memory enhancement under very sensitive temporal parameters
[t(24)=2.2, p=0.038]. No effect of NaB was observed in the Extinction group [ps>.1].

During the first 3 min of either the 14 D Re-Test or 14 D Initial Test, no differences were
observed between any groups [all ps>0.1]. Although the weaker conditioning protocol
produced lower levels of freezing compared to the stronger, 2-shock protocol, NaB still had
no significant effect on a newly formed fear memory suggesting that these null effects were
not due to a behavioral ceiling.

Experiment 3. Post-session intrahippocampal infusions
A) Strong conditioning protocol—Intrahippocampal injection of NaB induced a
persistent extinction enhancement (Figure 3A). A Conditioning Order × Drug interaction
[F(1,34)=4.75, p=0.04] during the 1 D test confirmed the initial extinction enhancement as
the NaB treated Extinction mice froze significantly less than vehicle-treated mice [t(15) =
4.1, p=0.001] while there was no difference between Drug groups in the Conditioning Group
[p>0.05].

When re-tested 14 days later, this effect persisted with NaB treated mice in the Extinction
group freezing less than vehicle treated controls. While there was no interaction or main
effect of Conditioning Order and Drug Group [all p>0.1] there was significantly less
freezing in the NaB treated Extinction mice [t(15)=2.65, p=0.018]. In contrast, when the 14
D test was the initial test, this effect was not present [p=0.69]. No differences were observed
in the Conditioning group on either of the 14D retention tests [p>0.05]. Effects of
hippocampal NaB are consistent with the results of Experiment 1 which showed a persistent
extinction enhancement only when mice were repeatedly tested.

B) Weak conditioning protocol—Post-session intra-hippocampal NaB did not enhance
a newly formed weak contextual fear memory when tested either 1D or 14D following
acquisition [Figure 3B; ps >0.6].

C) Strong extinction protocol—NaB infused directly into the hippocampus following
strong extinction did not enhance fear extinction when tested 1D or re-tested 14D following
extinction (Figure 3C). The long (24 min) extinction produced robust extinction and no
difference between Drug groups during the extinction session (p=0.2). The groups did not
differ during either the 1D or 14D test (ps>0. 25).

D) Delayed intrahippocampal injections—When injections were administered 4 h
after extinction, there was no difference between NaB and vehicle treated animals [Figure
3D, t(10)=.37 p=0.72] indicating that these effects were due to NaB’s effects on extinction
and not some nonspecific drug effect.
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Hippocampal Acetylation and c-Fos
NaB targeted dorsal hippocampal CA1 [26] enhanced acetylation and c-Fos in CA1 (right
panel Figure 4A; left panel shows injector placements). A significant main effect of Drug
Treatment confirmed greater acetylation stain density [F(1,23)=10, p=0.005] and c-Fos+

nuclei [F(1,15)=17.02, p=0.002] in NaB treated mice across extinction durations. There was
no interaction between Drug Treatment and Extinction Duration or main effect of Extinction
Duration on acetylation of c-Fos [all ps >0.1; Figures 4B & C].

mPFC Histone Acetylation and c-Fos Expression
Infralimbic Cortex—Strong extinction (24 min) resulted in more histone acetylation as
well as c-Fos+ nuclei in the infralimbic cortex [26] than did weak extinction (3 min).
Furthermore, intra-hippocampal NaB increased acetylation and c-Fos following weak
extinction but not following strong extinction (Figure 5A left panels).

A significant Extinction Duration X Drug interaction [F(1,25) = 5.88, p =0.024] combined
with a main effect of Extinction Duration (F(1,25)=4.94, p=0.037) and Drug [F(1,25)=7.81,
p=0.037] confirmed the differences in histone acetylation intensity. Simple main effects
revealed that indeed the Veh treated 3-min extinction group had significantly lower levels of
infralimbic acetylation than NaB or Veh treated 24 min groups or the 3-min NaB treated
group [all ps ≤ 0.01].

The c-Fos results were confirmed with an Extinction Duration X Drug interaction [F(1,15) =
6.906, p=0.022] and main effect of Extinction Duration [F(1,15)=66.8, p <−.001] with no
main effect of Drug [p=0.141]. Simple main effects revealed that both NaB and Veh treated
24 min extinction groups showed significantly more c-Fos positive neurons than both the
NaB and Veh treated 3-min extinction groups [all ps<0.01]. The 3-min NaB group showed a
greater number of infralimbic c-Fos positive neurons than the 3-min vehicle treated mice
[p=0.01].

Prelimbic Cortex—In contrast to the infralimbic IHC, no effect of intra-hippocampal NaB
was seen in the prelimbic cortex. Only elevated acetylation and c-Fos was found following
24-min extinction vs. 3-min extinction (Figure 5A right panels). A main effect of Extinction
Duration on both acetylation [F(1,15)= 25.6, p<0.001] and c-Fos [F(1,25) =6.5 p=0.018]
confirmed this with no interaction or effect of drug in any group [all ps>0.3].

Representative images of infralimbic and prelimbic IHC are shown in Figure 5B,
respectively. Together, these results suggest that transcriptional modulations in the
hippocampus drive infralimbic transcription supporting extinction.

mPFC Infusion
Infusion of NaB into the infralimbic but not prelimbic cortex immediately following
extinction induced a persistent extinction enhancement (Figure 6A). A significant of effect
Drug Infusion Placement indicated a difference at both 1 and 14 D tests [F(2,19)=3.63,
p=0.049 and F(2,19)= 5.14, p=0.019]. Further analysis indicated that at both 1D and 14 D
tests mice receiving infralimbic NaB froze significantly less than vehicle [t(15)=2.29,
p=0.037 and t(15)=2.47, p=0.027]. No effect of prelimbic infusion was seen on any test day
[all ps>0.2].

Mice were identified as receiving infralimbic or prelimbic NaB infusions depending on
injector tip placement [Figure 6B; 26]. Mice receiving vehicle infusions into prelimbic and
infralimbic did not differ on any day and were thus combined into a single vehicle group.
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Summary of Behavioral Findings
Table 1 shows the p-values for NaB induced enhancement in expression of the conditioning
or extinction memory relative to Veh. NaB was able to induce persistent extinction
enhancements under a range of conditions (pre-session systemic injections, post-session
intracranial infusions) while enhancements of the acquisition memory were more restricted
across procedures.

Discussion
The key finding from these experiments was that the HDAC inhibitor sodium butyrate
promoted long-term extinction, as revealed through behavioral and molecular measures.
When a brief extinction session, that on its own had little impact on behavior, was followed
by intra-hippocampal NaB administration, the behavioral and molecular consequences of
that session were similar to those induced by a long extinction session. NaB infusion into the
hippocampus drove increases in histone acetylation and c-Fos expression consistent with
strong extinction in the infralimbic, but not prelimbic cortex. The involvement of the
infralimbic cortex was confirmed as infusions of NaB into the infralimbic, but not prelimbic
cortex, induced persistent extinction enhancements.

The other important finding was that HDAC inhibitor-induced extinction enhancements
occurred under a wider range of conditions (pre- or post-session systemic injections, post-
session intra-hippocampal injections) compared to the initial conditioning effects. Our
findings suggest that NaB can enhance memories that form during initial learning and
extinction, but the long-term effects of this drug are sensitive to several behavioral
parameters, including conditioning/extinction strength and testing conditions. These findings
add to other recent demonstrations of the limitations of HDAC inhibitor-induced memory
enhancements [27–29].

We showed that modulating acetylation and c-Fos expression in the hippocampus is
sufficient to drive transcriptional changes in the infralimbic cortex and that these changes
are associated with strong extinction. A remaining question is whether these hippocampal
driven changes in the mPFC are necessary to promote strong extinction. Our basic finding is
consistent with studies showing the hippocampus and infralimbic cortex interact to promote
fear extinction [19,30]. Within this network, we observed changes in acetylation at L14 of
H3 as well as c-Fos expression, which are generally associated with permissive,
transcriptionally active chromatin states. These chromatin states are associated with
downstream increases in the expression of genes critical for excitatory and inhibitory
memory formation [e.g., BDNF, Nr4a1; 31,32–34]. Interestingly, a recent study indicates
that inhibiting enzymes that remove acetyl groups (e.g., p300) in the mPFC enhances
extinction memory [20] demonstrating the need for future studies characterizing the global
chromatin state required for extinction memory formation.

The specificity of this effect to the infralimbic but not prelimbic cortex is consistent with
growing evidence that enhanced extinction is driven by transcriptional events in the
infralimbic but not prelimbic cortex [20,35] as well as the involvement of the hippocampus
in mediating such changes specifically in the infralimbic cortex [19]. Furthermore,
anatomical studies in rats show the dorsal hippocampus (CA1) has more projections to the
infralimbic than the prelimbic cortex, which may explain why the molecular effects of CA1
NaB infusion were present in the infralimbic and not the prelimbic cortex [30].

An interesting caveat to the persistent extinction enhancements was that enhancements only
persisted if the 14D retention test was the second test. This suggests that the first test
functions as a second extinction session that, combined with the previous pairing of NaB
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with the first extinction session, weakens spontaneous recovery of fear behavior on the 14 D
test. This difference in recovery is typical when there are differences in total extinction prior
to testing [36] and is consistent with many other studies that have demonstrated more
persistent effects following repeated testing [11–13,37]. Because attenuated spontaneous
recovery often corresponds to other measures of recovery such as renewal and reinstatement,
future studies using discrete fear conditioning will be useful in examining the conditions
under which extinction enhancements are vulnerable to recovery [38].

From a theoretical perspective it is possible that the learning that occurs during extinction is
simply more vulnerable to pharmacological manipulations compared to initial conditioning.
Some studies have demonstrated that the rate of extinction may be slower compared to the
rate of initial acquisition [16]. A slower rate of learning during extinction would
theoretically leave more room for enhancements than would the relatively fast rate of
learning associated with initial acquisition. In turn, this would translate into smaller drug-
induced enhancements in initial consolidation.

Indeed, recent studies indicate that the memory enhancing effects of NaB are critically
dependent on the strength of learning and the subsequent memory. For example, NaB
transforms a weak or impaired memory into a robust long-lasting memory [39,40].
Sensitivity of memories to the enhancing effects of NaB has also been shown at the
molecular level—NaB transforms relatively low levels of histone acetylation following
weak training into robust levels of acetylation commensurate with strong training and
memory expression [41]. These studies are also consistent with our finding that the ability of
NaB to enhance an extinction memory at both behavioral and molecular levels depends on
the strength of the extinction memory; if the learning during extinction is strong, increases in
histone acetylation in the hippocampus may not have further downstream effects on changes
in the infra-limbic cortex. In light of our current results this suggests that the strength of the
memory may be a critical determinant in the ability of HDAC inhibitors to enhance memory.

From a preclinical perspective, our findings suggests that HDAC inhibitors like NaB may be
more likely to enhance fear memory extinction than exacerbate future fear expression when
paired with exposure-based therapies. From a basic science perspective, we found that
extinction enhancements are linked to powerful changes in the molecular expression of the
memory in key brain regions involved in extinction. Together, our findings demonstrate
promise for the future clinical application of HDAC inhibitors, like NaB to exposure-based
therapies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pre-Extinction NaB injections induced persistent extinction enhancements to 14 D in
the presence of repeated testing
Mice in the Conditioning group who received NaB (n=11) injections prior to the 2 context-
shock pairings froze significantly more than Veh (n=11) on Reversal. When injections
preceded memory retrieval, Veh (n=11) and NaB (n=10) treated mice (Extinction Group)
did not differ in performance on Reversal. When tested 1D later, NaB treated mice in the
Extinction group showed a significant decrement in freezing relative to vehicle treated
controls indicative of enhanced extinction. This effect persisted when mice were re-tested
14D later (14DR) but not when the 14 D test was the initial test (14 DI). No reliable
difference between NaB and Veh treated mice was seen on any test in the Conditioning
Group.
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Figure 2. Post-Extinction Systemic NaB injections cause an initial extinction enhancement
A) Mice received two shocks on CTX+ days. During Reversal, NaB and Veh treated mice
did not differ within Conditioning (NaB n = 12, Veh n=12) or Retrieval groups (NaB n=12,
Veh n=13). Mice injected with NaB immediately after retrieval showed an extinction
enhancement relative to vehicles when tested 1D later (1D). This effect was not persistent to
14D when the mice were re-tested (14DR) or when the 14 D test was the initial test (14DI).
B) To examine whether NaB would enhance a weak CTX-shock memory all mice received
only one shock on CTX+ days. Freezing levels were identical within Conditioning and
Extinction Drug groups. Mice injected with NaB (n=13) immediately following weak
conditioning (1 CTX-shock pairing) did not differ from Veh (n=13) treated mice when
tested 1D later. No difference between Drug groups was observed when mice were tested
again 14D (14DR) later or when the 14 d test was the first test (14DI). There was no
difference between NaB (n=14) and Veh (n=14) treated mice on any test in the Extinction
group.
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Figure 3. Intra-hippocampal NaB injections selectively cause persistent extinction enhancements
only in the presence of weak extinction and repeated testing
A) During Reversal, mice receiving either NaB or Veh following conditioning (n=9 NaB
and Veh groups) or retrieval (NaB n=9; Veh n=8) did not differ. Mice receiving post-
extinction NaB injections showed a significant extinction enhancement relative to controls
when test 1D later. This extinction enhancement persisted to 14 D only when mice were
retested (14DR). No conditioning enhancement was seen on any test. B) NaB (n=9) infused
into the hippocampus immediately after weak (1 shk) conditioning did not result in a
significant difference in freezing from Veh (n=9) when test 1 and 14 D later. C) Strong (24
min) extinction led to persistent decreases in freezing 1 and 14D later. Post-extinction NaB
(n=10) hippocampal infusions was not able to induce any change in freezing relative to Veh
(n = 12). D) Infusion of NaB (n=5) into the hippocampus 4 hr following 3 min extinction
had no significant effect on freezing relative to Veh (n=8) when tested 1D later.

Stafford et al. Page 14

Biol Psychiatry. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Injecting NaB Into the Dorsal Hippocampus Increases CA1 Histone Acetylation
A) NaB (n = 6,7) injected into the dorsal hippocampus enhanced acetylation (A) and c-Fos
(B) in the dorsal hippocampus relative to vehicle (n=6,7) regardless of whether extinction
was strong (3 min) or weak (24 min). C) Individual injector placements are shown in the left
panel. Representative immunohistochemistry demonstrating that dorsal hippocampal
infusions of NaB increases H3 Lys14 acetylation and c-Fos in the dorsal hippocampus are
shown in the inset right panel. As no difference was observed between Extinction Duration
or interaction between Extinction Duration and Drug Treatment, only representative images
from NaB and Veh injections are shown. Stereotaxic image reproduced with permission
from [26].
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Figure 5. Intra-hippocampampal NaB Enhanced Histone Acetylation and c-Fos Expression
Following Weak Extinction in the Infralimbic Cortex but not Prelimbic Cortex
A) Mice receiving strong extinction (24 min) showed greater H3 Lys14 acetylation in both
the infralimbic cortex and prelimbic cortex compared to weak extinction (3 min; top panels).
Intra-hippocampal NaB enhanced histone acetylation in the infralimbic cortex following
weak extinction (n = 7) above Veh levels (n=6) bringing them to levels commensurate with
strong extinction (NaB group n=7, Veh group n=6; top left panel). In contrast to the
infralimbic effects, intrahippocampal NaB infusion had no effect on prelimbic acetylation
following either weak or strong extinction relative to vehicle (top right panel).
Mice receiving strong extinction (24 min) showed greater c-Fos expression in both the
infralimbic and prelimbic cortices than did weak extinction (3 min; top panels). Similar to
the acetylation findings, intra-hippocampal NaB enhanced c-Fos following weak extinction
(n = 5) above Veh levels (n = 4) with no effect following strong extinction (NaB n = 4, Veh
n = 3; bottom left panel). No effect of hippocampal NaB on c-Fos in the prelimbic cortex
was seen (bottom right panel).
C) Representative histone acetylation and c-fos immunohistochemistry images from of the
infralimbic and prelimbic cortices. A unilateral sample is presented here for illustration,
however the IHC was quantified in the entire (bilateral) infralimbic and prelimbic cortices.
Stereotaxic image reproduced with permission from [26].
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Figure 6. Infralimbic but not Prelimbic NaB Infusions Caused Persistent Extinction
Enhancements
A) During retrieval mice receiving NaB into the infralimbic (n=6) or prelimbic cortex (n=3)
following extinction did not differ from vehicle (n=9). Only the mice injected with NaB
following extinction froze significantly less than vehicle on the 1 and 14D tests. B) Cannula
placements with a representative angled placement in the infralimbic cortex (inset).
Stereotaxic image reproduced with permission from [26].
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Table 1
Summary of effects of NaB during conditioning and extinction

P-values for differences between NaB and vehicle during the 1 and 14D tests. NaB induced persistent
extinction enhancements under a range of conditioning (pre-session systemic injections, post-session
intracranial infusions), whereas enhancements in the conditioning memory were more restricted across
preparations.

Initial Test (1 D) Persistence (14 D†)

Conditioning Extinction Conditioning Extinction

Pre-session systemic (Exp 1) p>.05 p=.03 .013* .013

Post-session systemic (Exp 2)

 Strong Conditioning p>.05 p=.019 p>.05 p>.05

 Weak Conditioning p>.05 p>.05 p>.05 p>.05

Post-Session Intrahippocampal (Exp 3)

 Strong Conditioning p>.05 p=.001 p>.05 p=.018

 Weak Conditioning p>.05 NT p>.05 NT

 Strong Extinction NT p>.05 NT p>.05

Post-Session mPFC (Exp 5)

 Infralimbic NT p=.037 NT p=.027

 Prelimbic NT p>.05 NT p>.05

†
All persistent extinction enhancements were only found if the mice were repeatedly tested (14D Re-Test) and not if the 14 D test was the initial

test (14 D Initial Test).

*
The NaB induced freezing enhancement at 14 D is confounded by the pre-conditioning NaB injections which resulted in freezing greater than Veh

at baseline. NT signifies “not tested” as certain tests were not required in all conditions.
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