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A B S T R A C T

Histone deacetylases (HDACs) regulate gene expression epigenetically through synchronized removal of acetyl
groups from histones required towards memory consolidation. Moreover, dysregulated epigenetic machinery
during fear or extinction learning may result in altered expression of some of these genes and result in Post
Traumatic Stress Disorder (PTSD). In the present study, region-specific expression of Histone deacetylase 1
(HDAC1) and Histone deacetylase 2 (HDAC2) was correlated to the acetylation of histones H3 and H4 and the
resultant conditioned response, in rats undergone fear and extinction learning. The neuronal activation, histone
acetylation at H3/H4 and expression of HDAC1/HDAC2 in centrolateral amygdala (CeL) and centromedial
amygdala (CeM) of central Amygdala (CeA) and prelimbic (PL) and infralimbic (IL) of Prefrontal cortex (PFC)
were found to be associated in a differential manner following fear and extinction learning. Moreover in CeM,
the main output of the fear circuitry, the level of HDAC1 was down-regulated following conditioning and up-
regulated following extinction as opposed to which HDAC2 was down-regulated in CeM following conditioning
but not following extinction. Furthermore, in CeL the HDAC1 was upregulated and HDAC2 was downregulated
following conditioning and extinction. This has important implications in speculating of the role of HDACs in
fear memory consolidation and its extinction.

1. Introduction

The molecular processes controlling the synaptic plasticity in the
fear circuitry are well known (Pare and Duvarci, 2012; Pape and Pare,
2010; Sah et al., 2003, Marek et al., 2013). It is the outcome of syn-
chronised activity of certain genes in relation to changing environ-
mental contingencies. Of late the involvement of epigenetics during
synaptic plasticity has gained importance and significant data sug-
gesting the importance of histone acetylation (Karpova et al., 2017;
Sultan and Day, 2011) and deacetylation in the fear and extinction
learning is available (Stafford et al., 2012, Siddiqui et al., 2017; Bredy
and Barad, 2008; Valiati et al., 2017). Increased histone acetylation has
been found to be associated with conditioning and extinction in

different subregions of amygdala in a number of rodent studies (Monsey
et al., 2011; Ranjan et al., 2015, Blouin et al., 2016; Siddiqui et al.,
2017, Itzhak et al., 2013). Likewise, altered histone acetylation has
been found to be involved with fear memory consolidation and ex-
tinction in prefrontal cortex of rodents (Siddiqui et al., 2017, Stafford
et al., 2012; Vieira et al., 2014, Marek et al., 2011). However, the de-
tailed region specific role of epigenetics towards neuronal activity re-
quired for fear memory consolidation and its extinction needs better
understanding (Zovkic and Sweatt, 2013; Jarome and Lubin, 2014; Dias
et al., 2015).

The histone deacetylation (Peixoto and Abel, 2013; Kim and Kaang,
2017; Sun et al., 2013, Feng et al., 2007) is catalyzed by certain class of
enzymes histone deacetylases (HDACs) which negatively regulates

https://doi.org/10.1016/j.brainresbull.2019.05.011
Received 26 November 2018; Received in revised form 2 April 2019; Accepted 15 May 2019

⁎ Corresponding author at: Department of Biotechnology, Babasaheb Bhimrao Ambedkar University, Lucknow, India.
E-mail address: anandprakash@mgcub.ac.in (A. Prakash).

1 Both have equal authorship.

Brain Research Bulletin 150 (2019) 86–101

Available online 17 May 2019
0361-9230/ © 2019 Published by Elsevier Inc.

T

http://www.sciencedirect.com/science/journal/03619230
https://www.elsevier.com/locate/brainresbull
https://doi.org/10.1016/j.brainresbull.2019.05.011
https://doi.org/10.1016/j.brainresbull.2019.05.011
mailto:anandprakash@mgcub.ac.in
https://doi.org/10.1016/j.brainresbull.2019.05.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.brainresbull.2019.05.011&domain=pdf


cognition in multiple brain regions (Gallinari et al., 2007, Chen et al.,
2015; Korzus et al., 2004, Guan et al., 2009; Schneider et al., 2013;
Penney and Tsai, 2014). Different HDAC subtypes (HDAC1, HDAC2,
HDAC3, HDAC4 etc.) have been shown to control gene silencing in
different brain functions (Gregoretti et al., 2004; Fischer et al., 2010).
Class I HDACs (HDAC1, HDAC2, HDAC3 and HDAC8) play an im-
portant role in consolidation of fear memory (Bowers et al., 2015).
HDAC1 expression has been associated with various types of neurolo-
gical disorders (Bahari-Javan et al., 2017). It also regulates the ex-
pression of c-fos (Yang et al., 2001; Usenko et al., 2003; Renthal et al.,
2008), an IEG whose expression is upregulated following fear con-
ditioning (Radulovic et al., 1998; Peleg et al., 2010), and down regu-
lated following extinction in CA1 subregion of ventral hippocampus
(Tronson et al., 2009). A study by Bahari-Javan et al., 2012 shows
hippocampal HDAC1 to be a positive regulator of fear extinction in
mice. Another study by Guan et al., 2009 in HDAC2 knockout mice
show enhanced context and cued fear memory. In other rodent studies,
HDAC2 activity has been found to be negatively correlated to con-
solidation of fear extinction (Morris et al., 2013; Gräff et al., 2012).
HDAC inhibitors (e. g. TSA, SAHA) have been found to enhance ex-
tinction of both the contextual and cued fear memory (Itzhak et al.,
2012; Maddox et al., 2013a, 2013b), suggestive of their application in
prolonging extinction. Moreover targeting HDACs may provide an ex-
cellent target for the treatment of PTSD (Singewald et al., 2015; Zovkic
and Sweatt, 2013).

In the present study, we looked at the roles of HDACs (HDAC1 and
HDAC2) in consolidation and extinction of fear memories. We worked
towards the hypothesis that histone acetylation required towards con-
solidation of fear and extinction memories may be intricately balanced
by the HDAC1 and HDAC2 in a region or subregion specific manner and
may be controlling the behavioral outcomes observed following fear
and extinction learning. Any dysregulation in this circuitry may result
in improper histone acetylation and abnormal disinhibition of fear in
fear related anxiety disorders.

2. Materials and methods

2.1. Animals

All the experiments were performed on 2–3 months old healthy
adult male SD (Sprague–Dawley) rats. The animals were housed under
standard conditions of 12-h light/dark cycle with the temperature
maintained at 23 °C, water, and food available ad libitum. All the ex-
periments in the study were approved by Institutional Animal Ethics
Committee and performed as per the CPCSEA guidelines (853/AC/04/
CPCSEA), Govt. of India, New Delhi.

2.2. Apparatus for behavioral study

For behavior training, two identical sound proof chambers made up
of plexiglass (VJ instrument) were used for fear and extinction learning.
The floor of the chamber consisted of stainless steel rods (4 mm, dia-
meter), 1.5 cm spaced apart with arrangement for delivery of footshock
(US). Context A, was used for conditioning, and Context B (having
different olfaction, flooring and appearance) was used for extinction.
Acoustic CS was delivered by a speaker fitted outside the chamber.
Ventilation fans provided background noise in the acoustic chambers.

2.3. Fear learning

Fear learning in rats was performed by pairing tone (CS) with a
noxious mild shock (US). On day 1, rats were exposed to context A for
3min followed by fear conditioning which consisted of five consecutive
trials of CS (tone 80 dB, total duration 10 s) co-terminating with the US
(1 s footshock 0.7 mA, intertrial interval : 60 s, Chang et al., 2009)
(Fig. 1.A). The conditioning was measured as freezing percent (Freezing
is defined as absence of all body movement except respiration).
Freezing response was videotaped as well as calculated offline by re-
cording the overall time which was spent in 10-second tone CS and 60 s
ITI. All animals were then returned back to their home cages following
1min post-experiment. Additional group of same-aged rats which did

Fig. 1. The behavior for conditioning and extinction. (A) Diagrammatic representation of behavioral protocols of conditioning and extinction. (B) Freezing behavior
during conditioning for both the conditioning and extinction group increased continuously in each successive trial of training. (C) Extinction group exhibited a
reduction in freezing behavior for each successive trial. (D) Freezing response in retention trial for conditioning exhibit a high level of freezing as compared to
extinction retention group. (E) Control groups exhibit reduced freezing response as compared to the conditioning group in retention test.
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not undergo any experimental manipulations, were used as a naïve
control. To remove any confounding effect; tone only, shock only and
context only groups were included for behavioral study (n=8–10).
Animals from each group were sacrificed 2 h following experiment.
(Fig. 1.A)

2.4. Fear extinction

24 h following fear learning, fear extinction was performed in a
novel context (context B). Following 3min of acclimatization period,
extinction training was performed by administration of 30 trials of CS
(tone, 80 dB, duration 10 s, intertrial interval: 10 s) without presenta-
tion of US (Fig. 1A). The ITI for extinction was set to 10 s, as it results in
a strong extinction learning (Teichner and Holder, 1952; Laborda and

Miller, 2013). Rats (n=10–12 per group) were sacrificed for im-
munohistochemical analysis 2 h after extinction training.

Some animals from conditioning and extinction groups underwent
retention test 24 h after training. Retention test was performed with the
presentation of the CS (5 tones, duration 10 s, 80 dB, inter-trial interval:
10 s) in context B in absence of foot shock. The rats, which were used
for IHC (immunohistochemistry), did not experience retention test. A
total of N= 80–96 rats were used in this study with 10–12 animals in
each group. (Fig. 1.A)

2.5. Details of brain subregions under study

In the present study we looked at the region specific changes within
amygdala and prefrontal cortex. These brain regions have been

Fig. 2. IEG c-fos expression in the amygdala. c-fos expression increased following conditioning in LA, BA, CeL, and CeM. Following extinction, c-fos expression
increased in LA, BA, and CeL but not in CeM.
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implicated in consolidation and extinction of fear memory. Amygdala
consists of LA (lateral amygdala), BA (basal amygdala), CeL (cen-
trolateral amygdala), and CeM (centromedial amygdala) (McDonald,
1998; Turner and Herkenham, 1991; Krettek and Price, 1978; Petrovich
and Swanson, 1997; Veening et al., 1984). The Prefrontal cortex (PFC)
includes PL (Prelimbic prefrontal cortex) and IL (Infralimbic prefrontal
cortex), regulating the expression and suppression of fear memory in
rodents, respectively (Giustino and Maren, 2015).

2.6. Tissue preparation for immunohistochemistry

Two hours after fear or extinction learning, rats were anesthetized
with pentobarbital (60mg/kg, i.p.), perfused transcardially with n-
saline, followed by ice-cold 4% paraformaldehyde (in 0.1 M phosphate
buffer, pH 7.4) decapitated and brains removed. These brains were then
post-fixed in 4% paraformaldehyde for 24 h and then in 10%, 20% and
30% sucrose solution (in 0.1 M phosphate buffer, pH 7.4) serially till
they settled. Brains were then frozen in isopentane at -300 to -350C for
30min and kept at -800C for immunohistochemistry.

2.7. Immunohistochemistry

20 μm coronal brain sections containing PFC and Amygdala were
collected serially using cryostat (Microm HM 525, Germany) from the
controls as well as from the conditioned and the extinction groups for
each antibody. These sections after being washed with 0.01M PBS were
blocked in PBST (0.01M, Phosphate buffer saline and 0.25% tween 20)
containing 1% normal horse serum (NHS Vecta-stain Elite ABC kit,
Vector Laboratories, Burlingame, CA, USA), 0.25% tween 20. These
sections were then incubated overnight at room temperature with anti
c-fos (ab7963, Abcam), anti acetyl H3K9 (ab10812, Abcam), anti acetyl
H4K5 (H5110-15E2, US Biologicals), anti HDAC1 (H1827-51 J, US
Biologicals) and anti HDAC2 (H5109-47E, US Biologicals) primary
antibodies (rabbit monoclonal, 1:500, 1:1000, 1:1000, 1:200 and

1:1000 dilutions respectively). Next day these sections were incubated
with biotinylated secondary antibody (anti-rabbit IgG, 1:500 dilution,
Vector Laboratories) for 2 h at room temperature. Finally the sections
incubated with avidin-biotinylated-peroxidase complex (PK-6200,
Vectastain Elite ABC Kit; Vector Laboratories) and followed by DAB
staining (ab64238, DAB peroxidase substrate, Abcam). Stained sections
were mounted on glass slides and images from the sections were ac-
quired using a Nikon Eclipse Ni microscope (Nikon, Tokyo, Japan).
Expression was analyzed as number of positive nuclei in amygdala and
PFC subregions of the rat brain using the NIS-Basic Research image
analysis system (Nikon, Tokyo).

2.8. Data analysis

The data was expressed as means and standard error of the means
(± SEM), of no. of positive neurons counted in each area in matched
sections and analyzed by one-way ANOVA, two-way ANOVA or stu-
dent’s t-test using GraphPad Prism 6 statistical software.

3. Results

3.1. Behavior

There was a similar increment in freezing response after each con-
secutive trial during fear learning in both the conditioned and extinc-
tion groups. Two-way ANOVA analysis revealed a significant effect of
trials [F(4,72)= 374.4 (p < 0.0001)] with no significant effect of
group [F(1,18) = 2.091 (p > 0.05)]. Bonferroni’s post-hoc test con-
firmed significant differences between the consecutive trials (all
p < 0.001). Freezing response during the last trial was similar
(p > 0.05) and significantly higher than freezing response during the
initial trial (p < 0.001) in both the groups (Fig. 1.B).

During extinction learning there was a decrement in freezing re-
sponse following each successive trial block. One-way ANOVA analysis

Table 1
Correlation of Conditioning with the molecular profiles.

Acetyl H3K9 Acetyl H4K5 HDAC1 HDAC2 c-fos

LA r=0.877 (**)
p < 0.001

r= 0.453 (*)
p < 0.05

r= 0.898 (**)
p < 0.001

r=− 0.696 (**)
p < 0.001

r=0.817 (**)
p < 0.001

BA r=0.897 (**)
p < 0.001

– r= 0.703 (**)
p < 0.001

r=− 0.614 (*)
p < 0.05

r=0.655 (**)
p < 0.05

CeL r=0.755 (**)
p < 0.01

r= 0.498 (*)
p < 0.05

r= 0.881 (**)
p < 0.001

r=− 0.813 (**)
p < 0.001

r=0.633 (**)
p < 0.05

CeM r=0.904 (**)
p < 0.001

r= 0.789 (**)
p < 0.001

r=− 0.710 (**)
p < 0.001

r=− 0.753 (**)
p < 0.001

r= 0.827 (**)
p < 0.001

PL r=0.854 (**)
p < 0.001

r= 0.723 (**)
p < 0.001

r=− 0.819 (**)
p < 0.001

r=− 0.574 (**)
p < 0.01

r=0.839 (**)
p < 0.001

IL – – r= 0.620 (**)
p < 0.01

r=− 0.684 (**)
p < 0.001

–

Table 2
Correlation of Extinction learning with the molecular profiles.

Acetyl H3K9 Acetyl H4K5 HDAC1 HDAC2 c-fos

LA r=− 0.659 (**)
p < 0.01

r=− 0.523 (*)
p < 0.05

r=− 0.907 (**)
p < 0.001

r= 0.748 (**)
p < 0.001

r=− 0.730 (**)
p < 0.001

BA r=−0.831 (**)
p < 0.001

– r=− 0.579 (**)
p < 0.01

r= 0.743 (**)
p < 0.001

r=− 0.776 (**)
p < 0.001

CeL r=− 0.734 (**)
p < 0.001

r=−0.717 (**)
p < 0.001

r=− 0.794 (**)
p < 0.001

r= 0.655 (**)
p < 0.01

r=−0.612 (**)
p < 0.01

CeM – – r=− 0.822 (**)
p < 0.001

– –

PL – – r=− 0.786 (**)
p < 0.001

r=−0.647 (**)
p < 0.01

–

IL r=− 0.874 (**)
p < 0.001

r=−0.542 (*)
p < 0.05

r= 0.896 (**)
p < 0.001

r=−0.816 (**)
p < 0.001

r=− 0.600 (**)
p < 0.01
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showed significant difference between trials [F (4, 25)= 299
(p < 0.0001)]. Bonferroni’s post-hoc test confirmed significant differ-
ences between trials (all p < 0.05). Minimal freezing was observed in
the last trial and it was significantly lower as compared to the freezing
observed in the first trial block during extinction learning (p < 0.0001;
Fig. 1.C).

During the retention test both the groups (conditioning and ex-
tinction) exhibited similar freezing during initial trail. The next 4 trials
were different from each other (Fig. 1.D). Two-way ANOVA revealed a
significant main effect of group [F (1, 18)= 510.3 (p < 0.0001)] and
trails [F (4, 72) = 10.92 (p < 0.0001)]. Bonferroni’s post hoc com-
parison confirmed a significant difference between the trials (all
p < 0.001, trial 2–5). The percent freezing was significantly higher in
the conditioning group than the extinction group (p < 0.0001). The
tone only, the shock only and context only control groups exhibited
very low freezing response as compared to the conditioning group for
each trial (Fig. 1. E). One-way ANOVA showed a significant effect of
group [F (4, 45)= 157.9 (p < 0.0001)]. Bonferroni’s post hoc com-
parison showed a significant difference in percent freezing between the

conditioning and the control groups including the extinction group (all
p < 0.0001).

3.2. Immunohistochemistry

3.2.1. IEG c-fos expression in amygdala
There was a differential expression of the IEG c-fos in LA, BA, CeL

and CeM following fear and extinction learning when compared to the
naive control. The one-way ANOVA analysis confirmed the effect of
group on c-fos expression in LA [F(2,27)= 19.96, p < 0.0001], BA [F
(2,27) = 16.42, p < 0.0001], CeL [F(2,27) = 16.79, p < 0.0001] and
CeM [F(2,27) = 21.36, p < 0.0001]. Bonferroni’s post hoc analysis
confirmed a significant increase in the number of c-fos positive neurons
in LA (p < 0.001, p < 0.0001), BA (p < 0.0001, p < 0.001) and CeL
(p < 0.0001, p < 0.001) following both fear and extinction learning
and in CeM (p < 0.0001) following fear learning only (Fig. 2).

Furthermore the c-fos expression LA (p < 0.001), BA (p < 0.05),
CeL (p < 0.05) and CeM (p < 0.001) in the conditioning group posi-
tively correlated to percent freezing following fear learning and the c-

Fig. 3. Acetyl H3K9 level in the amygdala. A significant increase in acetyl H3K9 observed in LA, BA, CeL, and CeM following conditioning while following extinction
a significantly increased expression of acetyl H3K9 observed in LA, BA and CeL but not in CeM.
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fos expression in LA (p < 0.001), BA (p < 0.001) and CeL (p < 0.01)
negatively correlated with the percent freezing during extinction
learning (Table 1 and 2 ).

3.2.2. Histone acetylation in amygdala
The acetylation of histone H3 at K9 was analyzed to find out any

association of freezing response observed following fear and extinction
learning. One-way ANOVA analysis confirmed the effect of group on
acetylation of H3 in LA [F (2, 24)= 19.55, p < 0.0001], BA [F(2, 27)

= 31.61, p < 0.0001], CeL [F(2, 33) = 15.04, p < 0.0001] and CeM
[F(2,33) = 74.94, p < 0.0001]. Bonferroni’s post hoc analysis con-
firmed that both fear and extinction learning induced a significant in-
crease in the acetylation of H3 following both fear and extinction
learning in LA (p < 0.0001, p < 0.001), BA (p < 0.0001,
p < 0.0001) and CeL (p < 0.001, p < 0.001). However a significant
Acetylation of H3 in CeM (p < 0.0001) was observed only following
fear learning only. (Fig. 3)

The histone acetylation of H3 at K9 in LA (p < 0.001), BA

Fig. 4. Acetyl H4K5 level in the amygdala. Histone H4K5 acetylation expression increased similar to acetyl H3K9 significantly in LA, BA, CeL, and CeM following fear
memory consolidation. Following extinction acetyl H4K5 expression increased significantly in LA, BA, and CeL but not in CeM as compared to naive control.
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(p < 0.001), CeL (p < 0.01) and CeM (p < 0.001) was positively
correlated with the percent freezing during fear learning (Table 1). The
extinction induced acetylation of H3 at k9 in LA (p < 0.01), BA
(p < 0.001) and CeL (p < 0.001) showed a negative correlation with
the freezing behavior, whereas the acetylation in CeM (p > 0.05) had
no correlation with the freezing response during extinction (Table 2).

Similar to the acetylation of H3 at K9, there was a significant change
in the acetylation of H4 at K5 in LA, BA, CeL and CeM in conditioning
and extinction group as compared to the naive control. One-way
ANOVA analysis revealed effect of group on acetylation of H4K5 in LA
[F(2, 45)= 24.58, p < 0.0001], BA [F(2, 44) = 6.251, p < 0.01], CeL
[F(2, 44) = 17.33, p < 0.0001] and CeM [F(2, 35) = 40.45,
p < 0.0001]. Bonferroni’s post hoc analysis confirmed that the acet-
ylation of H4 at K5 in LA (p < 0.001, p < 0.001), BA (p < 0.05,
p < 0.01) and CeL (p < 0.0001, p < 0.0001) increased in both con-
ditioning and extinction groups while in CeM (p < 0.0001) increased
only in conditioning group. (Fig. 4)

Following fear learning histone acetylation at H4K5 was positively
correlated with the freezing response during conditioning in LA
(p < 0.05), CeL (p < 0.05) and CeM (p < 0.001) (Table 1). On the
other hand, during extinction the LA (p < 0.05) and CeL (p < 0.001)
exhibited a negative correlation with the freezing response (Table 2)
following extinction.

3.2.3. HDAC1 expression in amygdala
Further, the HDAC1 expression was analyzed in amygdala to find

out its region specific association with the fear memory consolidation
and extinction. Its expression was found to be altered in LA, BA, CeL
and CeM of amygdala for conditioning and extinction group as com-
pared to the naïve control group. The one-way ANOVA analysis con-
firmed the effect of group on HDAC1 expression in LA [F (2,
27)= 53.20, p < 0.0001], BA [F (2, 27) = 13.14, p<0.001], CeL [F
(2, 27)= 38.82, p < 0.0001] and CeM [F (2, 21) = 55.88, p <
0.01]. Bonferroni’s post hoc analysis confirmed that the HDAC1 posi-
tive neurons in LA (p < 0.0001, p < 0.0001), BA (p < 0.001,
p < 0.01) and CeL (p < 0.0001, p < 0.0001) were significantly in-
creased in conditioning and extinction both the groups respectively,
while in CeM (p < 0.01, p < 0.0001) decreased in conditioning and
increased in extinction group. (Fig. 5)

The HDAC1 expression in LA (p < 0.001), BA (p < 0.001) and CeL
(p < 0.001) was positively correlated to the freezing response during
fear learning (Table 1). However, its expression in the CeM
(p < 0.001) following fear learning was negatively correlated to the
freezing response. The HDAC1 expression in the LA (p < 0.001), BA
(p < 0.01), CeL (p < 0.001) and CeM (p < 0.001) of the amygdala
exhibited a negative correlation with the freezing response observed
during extinction (Table 2).

Fig. 5. HDAC1 expression in the amygdala. Following Conditioning HDAC1 expression increased significantly in LA, BA, and CeL while decreased in CeM. Following
extinction, on the other hand, HDAC1 expression increased significantly in LA, BA, CeL, and CeM as compared to the naive control.
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3.2.4. HDAC2 expression in amygdala
As compared to HDAC1 expression, the HDAC2 expression was

different in LA, BA, CeL and CeM of amygdala in conditioning and
extinction group as compared to the naive control group. The one-way
ANOVA analysis confirmed the effect of group on HDAC2 expression in
LA [F (2, 24)= 10.98, p < 0.001], BA [F (2, 24) = 12.06, p <
0.001], CeL [F (2, 21) = 15.03, p < 0.0001] and CeM [F (2, 21) =
11.22, p < 0.001]. Bonferroni’s post hoc analysis confirmed that the
HDAC2 positive neurons in LA (p < 0.01, p < 0.001), BA (p < 0.01,
p < 0.001) and CeL (p < 0.001, p < 0.001) were significantly de-
creased in conditioning and extinction both the groups respectively,

while in CeM (p < 0.001) expression decreased in conditioning group.
(Fig. 6)

HDAC2 expression in LA (p < 0.001), BA (p < 0.05), CeL
(p < 0.001) and CeM (p < 0.001) was negatively correlated with the
fear response observed during the fear learning (Table 1). The HDAC2
expression in LA (p < 0.001), BA (p < 0.001) and CeL (p < 0.001)
exhibited a positive correlation with the freezing response following
extinction, while no significant correlation was observed in CeM for
extinction (Table 2).

Fig. 6. HDAC2 expression in the amygdala. HDAC2 expression decreased significantly in LA, BA, CeL, and CeM following fear memory consolidation. Following
extinction the HDAC2 expression decreased significantly in LA, BA, and CeL but not in CeM when compared to the naive control group.
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3.2.5. IEG c-fos expression in prefrontal cortex
PL and IL exhibited a differential activation pattern for c-fos ex-

pression following fear and extinction learning. The one-way ANOVA
analysis confirmed the effect of group on c-fos expression in PL [F
(2,27)= 18.31, p < 0.0001] and IL [F(2,27) = 46.22, p < 0.0001].
Bonferroni’s post hoc analysis confirmed that the c-fos positive neurons
were significantly increased in PL (p < 0.0001) of conditioning group
and in IL (p < 0.0001) of extinction group than naive control group.
(Fig. 7)

A positive correlation was observed between the c-fos expression
and percent freezing in PL following fear conditioning (p < 0.001)
(Table 1). There was a negative correlation of the c-fos expression in IL
with the freezing response for fear extinction (p < 0.01) (Table 2).

3.2.6. Histone acetylation in prefrontal cortex
The acetylation of histone H3 at K9 level was different in PL and IL

for conditioning and extinction group as compared to the naive control
group. The one-way ANOVA analysis confirmed the effect of group on
histone H3K9 acetylation in PL [F (2, 15)= 14.39, p < 0.001] and IL

[F(2, 15) = 13.29, p < 0.001]. Bonferroni’s post hoc analysis con-
firmed that the histone H3K9 acetyl positive neurons in PL (p < 0.001)
of conditioning group and in IL (p < 0.01) of extinction group were
significantly increased as compared to the naive control group (Fig. 8).
There was a positive correlation between the histone acetylation in PL
(p < 0.001) and percent freezing in during fear learning, while a
strong negative correlation in IL (p < 0.001) was observed following
extinction learning between histone acetylation and fear response
(Table 1 and 2).

Similar to H3K9 acetylation, the acetylation of histone H4 at K5 was
different in PL and IL for conditioning and extinction group as com-
pared to the naïve control group. The one-way ANOVA analysis con-
firmed the effect of group on histone H4K5 acetylation in PL [F(2,
33)= 13.60, p < 0.0001] and IL [F(2, 33) = 6.847, p < 0.01].
Bonferroni’s post hoc analysis confirmed that the histone H4K5 acetyl
positive neurons in PL (p < 0.001) of conditioning group and in IL
(p < 0.01) of extinction group were significantly increased as com-
pared to naive control group. However, no significant change in acet-
ylation of H4 in PL of extinction group and in IL of conditioning group

Fig. 7. IEG c-fos expression in Prefrontal Cortex. The expression of c-fos increased in PL following conditioning and in IL following extinction as compared to naive
control.
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was observed (all p > 0.05). (Fig. 9)

3.2.7. HDAC1 expression in prefrontal cortex
When analyzed for HDAC1 expression, the HDAC1 expression was

different in PL and IL for conditioning and extinction group as com-
pared to the naïve control group. The one-way ANOVA analysis con-
firmed the effect of group on HDAC1 expression in PL [F (2,
27)= 17.21, p < 0.0001] and IL [F (2, 27) = 25.16, p > 0.0001].
Bonferroni’s post hoc analysis confirmed that the HDAC1 positive
neurons in PL (p < 0.0001) in conditioning group and in IL
(p < 0.0001) in extinction group were significantly decreased as

compared to the naive control group. However there was no change in
HDAC1 expression in PL for extinction group and in IL for the con-
ditioning group (all p > 0.05). (Fig. 10)

A negative correlation between the HDAC1 expression in PL
(p < 0.001) and the freezing response was observed following con-
ditioning (Table 1). No correlation was observed for the HDAC1 ex-
pression in IL following conditioning. The HDAC1 expression in PL of
extinction group exhibited no correlation (p > 0.05) with the freezing
response while a positive correlation in IL (p < 0.001) of PFC were
observed in extinction group (Table 2).

Fig. 8. Acetyl H3K9 level in Prefrontal cortex. Similar to c-fos expression, acetyl H3K9 expression increased significantly in PL following conditioning and in IL
following extinction.
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3.2.8. HDAC2 expression in prefrontal cortex
When analysed for HDAC2 expression, difference was observed in

PL and IL for HDAC2 expression in conditioning and extinction group.
One-way ANOVA analysis confirmed the effect of group on HDAC2
expression in PL [F (2, 27)= 24.55, p < 0.0001] and IL [F (2, 27) =
21.03, p < 0.0001]. Bonferroni’s post hoc analysis confirmed that a
decrease in HDAC2 positive neurons in PL (p < 0.05) and IL
(p < 0.001) of conditioning group and an increase in PL (p < 0.0001)
of extinction group as compared to naive control group. (Fig. 11)

The HDAC2 expression in PL (p < 0.01) and IL (p < 0.001) was
found to be negatively correlated with the freezing response following
fear conditioning (Table 1). The HDAC2 expression exhibited a negative
correlation with the freezing response in PL following extinction
learning (p < 0.01) whereas no correlation was observed between fear
response and HDAC2 expression in IL following extinction (Tables 1
and 2).

4. Discussion

The aim of the present study was to gain further insights into the
region specific molecular machinery regulating the behavioral out-
comes following fear and extinction learning. The consolidation of fear
and extinction memories which are under the control of distinct mo-
lecular mechanisms (Herry et al., 2010; Myers and Davis, 2007), have
been shown to be epigenetically regulated through histone acetylation
and deacetylation (Peixoto and Abel, 2013). The gene expression is
under a constant scan through histone acetylation and histone deace-
tylation (Bredy and Barad, 2008), that modulate the memories formed
during fear and extinction learning. These two memories compete with
each other for controlling the behavioral outcome as observed during
acquisition and extinction of fear memory (Laborda and Miller, 2012).
However, what controls the fine tuning of the molecular processes so
that the same brain region involved in fear learning respond differen-
tially to changing the environmental contingencies during extinction
learning is not well answered. The answer may lie in regulation beyond
the histone acetylation. Histone acetylases such as CBP and p300 bring

Fig. 9. Acetyl H4K5 level in Prefrontal cortex. In PL subregion of the prefrontal cortex, histone H4K5 acetylation increased significantly following conditioning and in
IL following the extinction of fear memory.
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about the change in the histone acetylation during fear and extinction
learning (Maddox et al., 2013a, 2013b). HDACs may further regulate
the acetylation states by removing the acetyl groups added by the
histone acetyl transferases in response to ever-changing external cues.
The present study looked at the region specific changes in the expres-
sion of histone deacetylases and further correlated it to the histone
acetylation in these regions.

The first important observation of this study was a differential
neuronal activation in amygdala and PFC of the rats undergone fear and
extinction learning. Differences were observed in c-fos activation pat-
tern in CeM of Amygdala and in PL and IL of mPFC. CeM was found to
be active following fear learning but not following extinction learning.
CeL was active both during fear and extinction learning. This may have

important implications. CeL and CeM together constitute CeA which is
the output circuitry for fear responses. CeM is thought to be the major
source of CeA's output projections, whereas CeL is thought to be com-
posed primarily of local inhibitory circuits. The differential activation
of CeA following fear and extinction learning may be because of the
types of neurons and the input circuitries to CeL and CeM. CeL, has
been shown to be composed of PKC zeta-on and PKC zeta-off neurons
which respond to conditioning and extinction, respectively (Pare and
Duvarci, 2012), and the resultant reciprocal activation of CeM during
fear or extinction learning might be governing the low and high fear
state. Another circuitry which was found to be differentially active
following fear and extinction learning was in mPFC. The two subregions
of mPFC, IL and PL also have distinct neuronal populations (Saffari

Fig. 10. HDAC1 expression in Prefrontal cortex. In PL, HDAC1 expression decreased significantly following conditioning as compared to naive control group.
Following extinction, HDAC1 expression decreased significantly in IL compared to the naive control group.
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et al., 2016, Moorman et al., 2015), and in the present study PL was
active following fear learning and IL was active following extinction
learning. Studies suggest an important role for PL in memory con-
solidation during fear learning (Orsini and Maren, 2012) and for IL
during consolidation of extinction memory. The enhanced activity in IL
is associated with reduced activity of CeM via it's connections through
BA, LA and intercalated cell masses (Giustino and Maren, 2015; Orsini
and Maren, 2012). Fear and extinction circuitry overlaps in terms of
brain region but the difference lies in the type of neurons (i. e. fear or
extinction neurons, excitatory or inhibitory neurons) and their con-
nections. Previous studies have focused on the role of LA and BA of
amygdala in fear memory consolidation and extinction as lesion prior to
consolidation and extinction in these region results in impaired ex-
pression of fear during consolidation and extinction, respectively
(Nader et al., 2001; Anglada-Figueroa and Quirk, 2005; Sierra-Mercado
et al., 2011). The changes in the neuronal activation pattern in these
regions were found to be associated with the histone acetylation along
with HDACs during fear memory consolidation and extinction and were
also correlated to the fear response as observed after fear and extinction
learning.

Next we looked at the histone acetylation pattern in these regions.
The acetylation at H3 and H4 was found to be region specific and co-
incided with the level of c-fos expression/ neuronal activation in LA, BA
and CeL of Amygdala and PL and IL of PFC following fear and extinction
learning. The histone acetylation of H3 and H4 in LA, BA, CeL and CeM
of Amygdala exhibited a positive correlation with freezing behaviour
during fear learning. Following extinction, however there was an in-
crease histone acetylation in LA, BA, and CeL but not in CeM. This may
be due to the activation of inhibitory neuronal networks required to-
wards the activation of extinction circuitry via enhanced histone acet-
ylation and thus resulting in suppression of CeM. The change in histone
acetylation in mPFC was also region specific following fear and ex-
tinction learning. The histone acetylation in PL increased following fear
learning and in IL following extinction learning. These results are si-
milar to earlier studies, where histone acetylation was found to be as-
sociated with the fear and extinction learning (Siddiqui et al., 2017,
Whittle et al., 2016; Maddox and Schafe, 2011; Monsey et al., 2011).

Overall observation in mPFC and Amygdala was that the increase or
decrease in the acetylation of both H3 and H4 and this modulation
coincided with the neuronal activity in these regions. Moreover, the

Fig. 11. HDAC2 expression in Prefrontal cortex. Following conditioning HDAC2 expression decreased significantly in PL and IL compared to the naive control group,
while HDAC2 expression increased significantly in PL following extinction learning.
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enhanced neuronal activity in PL was associated with increased fear
response while the activity of IL with the fear extinction (Peters et al.,
2009; Knapska and Maren, 2009). As expected the HDAC expression
was not always negatively correlated with histone acetylation, the
HDAC1 and HDAC2 expression was different during fear and extinction
learning and expressed differentially in a region specific manner. It
could be therefore speculated that initially during fear learning the
increase in the acetylation required for synaptic plasticity might have
been under the control of HATs but once the environmental con-
tingencies change during fear learning followed by extinction learning,
the HDACs may taking over as the main players.

The most important finding of this study was the differential ex-
pression of HDAC1 and HDAC2 in amygdala and PFC following fear and
extinction learning. Their expression was differently associated with the
histone acetylation in a region specific manner. The HDAC1 expression
was significantly high in BA, LA and CeL following fear and extinction
learning. However, it was down regulated in CeM and PL following fear
learning and in IL following extinction learning. The increase and de-
crease in the acetylation observed in CeM following conditioning and
extinction, respectively seems to be associated with the HDAC1 ex-
pression. Similarly, the increased acetylation in PL following fear
learning and in IL following extinction also seem to be associated with
the HDAC1 expression. The changes in Histone acetylation in the other
subregions such as BA, LA and CeL seem to be independent of the
HDAC1 activity and HDAC1 might be associated with the suppression
of inhibitory components in these regions that affects conditioning and
extinction. Earlier studies where the contextual and cued fear con-
ditioning has been shown to be dependent on region specific changes
for the HDAC expression in the subregions of hippocampus and
amygdala are in line with present study (Guan et al., 2009, Morris et al.,
2013; Kwapis et al., 2017, Alaghband et al., 2017).

The HDAC2 expression which was significantly down regulated in
LA, BA, CeM, CeL and PL following fear learning and in LA, BA, CeL and
IL following extinction learning seems to be mostly associated with the
regulation of histone acetylation in these regions. Guan et al., 2009
have shown that HDAC2 binds to memory related genes in hippo-
campus and its reduction is required for cued and contextual learning.
However, another study by Bahari-Javan et al. (2012) confirmed that
the binding of HDAC1 enhances extinction by reducing the expression
of memory related genes in hippocampus during contextual learning,
leaving fear memory intact. In the current study while HDAC1 pro-
moted extinction and conditioning through subregion specific neuronal
activation, the HDAC2 promoted conditioning and extinction through
suppression in subregion specific neuronal population. The positive
association between HDAC1 expression and histone acetylation/ neu-
ronal activation as exemplified by c-fos expression might be associated
with the suppression of other genes that are involved in suppression of
memory related genes (i.e. suppressing them) (e.g. PP1) (Graff et al.,
2010; Waddell, 2003) or it is suppressing the inhibitory components of
fear circuitry and a negative association with the HDAC2 might be as-
sociated with the suppression of memory related genes. At fear circuitry
level the results suggests that the activation of LA, BA, CeL and CeM of
amygdala and PL, IL of PFC may be associated with the histone acet-
ylation. This may be further regulated by the suppression of HDAC2 and
activation of HDAC1 in amygdala to accompany fear learning through
differential histone acetylation.

The current study only looked at the subregion specific role of
HDACs at fear circuitry level. Further studies to gauge the expression of
individual HDACs at a single neuron level will be required to assign
specific roles of these epigenetic players. Guan et al., 2009 have already
reported different gene targets for the HDAC1 and 2, indicative of
differential recruitment of HDACs in fear and extinction learning. Our
result suggests an overall reduction in the expression of HDAC2 and
increased expression of HDAC1 in the subregions of Amygdala and PFC
towards successful encryption of fear and extinction engram and further
insights will be required to find out to what extent both the HDACs

differ in their function and targets at brain subregion level.
To our knowledge, this is the first study that directly assesses the

relationship between histone acetylation and its regulation through
HDACs. Our results suggest an alternate mechanism of region specific
regulation of Histone Acetylation through differential expression of
HDAC1 and HDAC2, which have important implications for the un-
derstanding and treatment of cognitive, psychiatric and neurodegen-
erative disorders related to impaired histone acetylation. Future re-
search will be helpful to clarify the exact mechanism by which these
HDAC subtypes regulate fear circuitry at cellular and gene level.
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