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Abstract The molecular processes that establish fear

memory are complex and involve a combination of genetic

and epigenetic influences. Dysregulation of these processes

can manifest in humans as a range of fear-related anxiety

disorders like post-traumatic stress disorders (PTSD). In

the present study, immunohistochemistry for acetyl H3,

H4, c-fos, CBP (CREB-binding protein) in the infralimbic

prefrontal cortex (IL-PFC) and prelimbic prefrontal cortex

(PL-PFC) of mPFC (medial prefrontal cortex) and basal

amygdala (BA), lateral amygdala (LA), centrolateral

amygdala (CeL), centromedial amygdala (CeM) of the

amygdala was performed to link region-specific histone

acetylation to fear and extinction learning. It was found

that the PL-PFC and IL-PFC along with the sub-regions of

the amygdala responded differentially to the fear learning

and extinction. Following fear learning, c-fos and CBP

expression and acetylation of H3 and H4 increased in the

BA, LA, CeM, and CeL and the PL-PFC but not in the IL-

PFC as compared to the naive control. Similarly, following

extinction learning, c-fos and CBP expression increased in

BA, LA, CeL, and IL-PFC but not in PL-PFC and CeM as

compared to the naive control and conditioned group.

However, the acetylation of H3 increased in both IL and

PL as opposed to H4 which increased only in the IL-PFC

following extinction learning. Overall, region-specific

activation in amygdala and PFC following fear and

extinction learning as evident by the c-fos activation par-

alleled the H3/H4 acetylation in these regions. These

results suggest that the differential histone acetylation in

the PFC and amygdala subnuclei following fear learning

and extinction may be associated with the region-specific

changes in the neuronal activation pattern resulting in more

fear/less fear.

Keywords Epigenetics � Fear � Extinction � Histone
acetylation

Introduction

Over the last few decades, significant research efforts to

decipher the mechanism of fear and extinction learning

have helped in formulating better treatment regimes for

individuals suffering from fear-related anxiety disorders

(Orsini and Maren 2012). By now it is well known that

establishment of fear learning primarily requires a dis-

seminated neural circuit in the brain including the amyg-

dala, medial prefrontal cortex (mPFC), and hippocampus

(Maren and Quirk 2004; Pare and Pare et al. 2004). While

the hippocampus plays a critical role in the contextual

learning (Corcoran and Maren 2001; Corcoran et al. 2005;

Bouton and Garcı́a-Gutiérrez 2006), the mPFC and

amygdala are involved in the acquisition, consolidation,

and recall of fear and extinction memories (Santini et al.

2001; Milad and Quirk 2002; Santini et al. 2004; Burgos-

Robles et al. 2007; Milad et al. 2007; Quirk and Mueller

2008).

The neural circuits within the mPFC, BLA, CeA, and

their afferents are reasonably well understood (Mcdonald

et al. 1996; Likhtik et al. 2005; Burgos-Robles et al. 2009;
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Pape and Pare 2010; Sah et al. 2003), but little is known

about epigenetics involved in region-specific differential

activation of neurons during fear/extinction learning.

Recent studies investigating the cellular and molecular

mechanisms required for the formation of fear memories

emphasize on the significance of histone acetylation of

genomic targets (Zovkic et al. 2013). Indeed, they are

critical for the formation of fear memories in animal

models of post-traumatic stress disorder (PTSD) (Zovkic

and Sweatt 2012; Parsons and Ressler 2013; Goswami

et al. 2013).

Lysine acetylation is one of the best-studied histone

modifications and is achieved through the action of histone

acetyl transferases (HATs), such as CREB-binding protein

(CBP/p300). Histone acetylation has been shown to be

important for synaptic plasticity associated with memory

formation (Alarcón et al. 2004; Guan et al. 2002; Levenson

et al. 2004; Lunyak et al. 2002; Turner 2002) and the

expression of immediate early genes (IEGs) such as c-fos,

Egr1 (Dragunow 1996; Hawk and Abel 2011; Pérez-

Cadahı́a et al. 2011). Strong regulation of histone H3

acetylation following contextual fear learning in area CA1

(field CA1 of hippocampus) of the hippocampus provides

solid background for role of acetylation in memory con-

solidation (Levenson et al. 2004; Lubin and Sweatt 2007;

Miller et al. 2008). Moreover, increasing histone acetyla-

tion has been shown to enhance memory consolidation in a

variety of hippocampal-dependent learning paradigms,

including contextual fear learning (Levenson et al. 2004;

Stefanko et al. 2009; Sintoni et al. 2013). However, most of

the studies investigating the role of epigenetic mechanisms

in memory formation employed hippocampal-dependent

memory paradigms (Levenson et al. 2004; Miller and

Sweatt 2007; Lubin et al. 2008; Miller et al. 2008; Stefanko

et al. 2009).

More recently, the role of epigenetic mechanisms in

amygdala-dependent memory processes such as auditory

fear learning has also been examined. Similar to the histone

acetylation during contextual fear learning, the auditory

fear learning also results in an increase in histone H3

acetylation in the LA (Monsey et al. 2011). The histone

acetylation mainly at lysine 9 (K9) and lysine 14 (K14) has

been reported to trigger transcriptional activation in mouse

cells (Karmodiya et al. 2012) and is dependent on several

downstream signaling pathways, the ERK/MAPK signaling

being essential during memory consolidation (Levenson

et al. 2004). Inhibition of ERK/MAPK signaling impairs

histone acetylation and disrupts consolidation of auditory

fear memories (Monsey et al. 2011). Moreover, the fear

memory consolidation might be a result of interplay of the

traditional genomic signaling cascades and epigenetics. In

the present study, we explored the hypothesis that differ-

ential gene expression in the PFC, and amygdala required

for the fear and extinction learning, is regulated by the

histone H3/H4 acetylation.

Materials and Methods

Animals

Experiments were conducted on 12–16 week-old-adult

male SD (Sprague–Dawley) rats housed under standard

conditions on a 12-h light/dark cycle. The temperature was

maintained at 23 �C with water and food available ad libi-

tum. All the experiments were approved by Institutional

Animal Ethical Committee and performed as per the

CPCSEA guidelines (853/AC/04/CPCSF), Govt. of India,

New Delhi.

Behavioral Procedures

To introduce fear learning, a neutral stimulus/condi-

tioned stimulus (CS) such as tone was paired with a

noxious unconditioned stimulus (US) such as a mild

foot shock. This followed by non-reinforced presenta-

tions of CS in a novel context, results in progressive

decrease of conditioned fear responses and technically

referred to as extinction of fear memory (Herry et al.

2010).

Fear Learning

After exposing to context A for 3 min, rats were fear con-

ditioned in the context A (a transparent Plexiglas chamber

with metal grids that were cleaned with 70% ethanol before

each session) (V. J. Instruments). Fear learning involved five

pairings of the CS (Conditioned Stimulus: tone 80 dB, total

duration 10 s)with theUS (Unconditioned Stimulus: 1 s foot

shock 0.7 mA, inter-trial interval: 60 s) (Fig. 1a). The US

co-terminatedwith theCS. The freezingwas used tomeasure

the conditioned fear response andwas defined as cessation of

all movement with exception of respiration and non-awake

and rest body procedure. Freezing was videotaped and later

scored offline by recording the total time spent during

10-second tone CS. In addition, freezing was assessed from

overhead video tracking device (V.J. instruments, India).

The data were converted to freezing values using software

where freezing was defined as continuous inactivity lasting

for at least 2 s. The values were then transformed to freezing

percentage and used exclusively to match groups after fear

learning. After experiment, animals were replaced back to

their home cages. A naı̈ve control group was included which

had no exposure to the experimental conditions. Condition-

ing groups (n = 8) were sacrificed 2 h after experiment

(Fig. 1a).
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Fear Extinction

Fear extinction is used to study recurring and re-experi-

encing symptoms of post-traumatic stress disorder (PTSD)

in both humans and animal models. One group of condi-

tioned rats (n = 8) underwent extinction 24 h after fear

training. Extinction training was performed in a context B

(a black-stripped non-transparent Plexiglas chamber with a

planar floor that was cleaned before each session with a

solution containing vanilla essence) (V. J. Instrument).

Freezing behavior was measured as described above.

Animals received 30 presentations of the CS (tone, 80 dB

total duration 10 s, inter-trial interval: 10 s) without pre-

sentation of US (Fig. 1a). After 2 h of extinction, animals

(n = 8 per group) were sacrificed for immunohistochemi-

cal analysis. Another group of age-matched animals that

were handled by the experimenter but did not receive any

experimental manipulations were used as naive controls in

all experiments.

After 24 h, the conditioning and extinction groups

along with the control underwent retention test, which

was performed by presentation of the CS (5 tones, total

duration 10 s, tone, 80 dB, inter-trial interval: 10 s) in

context B. The animals, which were used for IHC

(immunohistochemistry), did not undergo retention

test.

Details of Brain Sub-Regions Under Study

Amygdala comprises different subnuclei which includes

LA (lateral amygdala), BA (basal amygdala), CeL (cen-

trolateral amygdala), and CeM (centromedial amygdala)

where LA receives sensory information from thalamic

(McDonald 1998; Turner and Herkenham 1991). BA is

involved specifical consolidation of cued fear memory.

CeL regulates fear by controlling the activity of CeM

through inhibitory connections. The CeM serves as the fear

output station (Krettek and Price 1978a; Petrovich and

Swanson 1997; Veening et al. 1984). Prefrontal cortex

(PFC) comprises PL-PFC (prelimbic prefrontal cortex) and

IL-PFC (infralimbic prefrontal cortex), which regulate the

expression and suppression of fear in rodents, respectively

(Giustino and Maren 2015) (Fig. 2).

Fig. 1 Freezing behavior during fear memory consolidation and

extinction. a Schematic diagram showing behavioral experiments.

b Fear learning in both the conditioning and extinction groups

exhibited robust freezing at the last fear learning trial (p\ 0.0001).

Student’s t-test performed for initial as well as last trial of fear

learning showed no significant difference between conditioning and

extinction groups (p[ 0.05). c Extinction learning resulted insignif-

icant decrease in the % freezing after each consecutive trial. d The

control groups showed insignificant freezing as compared to condi-

tioning group during training session. e The control and extinction

group showed less freezing during retention test as compared to

conditioning group
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Tissue Preparation for Immunohistochemistry

Rats were anesthetized with pentobarbital (60 mg/kg, i.p.)

and transcardially perfused with n-saline, followed by ice-

cold 4% paraformaldehyde in 0.1 M phosphate buffer, pH

7.4. Animals were decapitated and brains were removed

and post-fixed in 4% paraformaldehyde for 24 h and then

cryoprotected in 10%, 20% followed by 30% sucrose

solution (in 0.1 M phosphate buffer, pH 7.4). Brains were

then frozen in isopentane at -30 �C for 30 min and kept at

-80 �C until cryo-sectioning. Coronal Sections (20 lm
thick) containing amygdala and mPFC regions were

obtained by cryo-sectioning (Microm HM 525, Germany).

Immunohistochemistry

Immunostaining was performed on free-floating 20 lm
coronal brain sections containing PFC and Amygdala

regions from different groups serially collected for each

antibody to have matching sections for each antibody from

each group. In brief, the sections were washed and blocked

in PBS (Phosphate buffer saline) containing 1% normal

horse serum (NHS Vecta-stain Elite ABC kit, Vector

Laboratories, Burlingame, CA, USA), 0.25% tween 20.

These brain slices were then incubated overnight at room

temperature in anti-acetyl H3K9, anti-acetyl H4K5, anti-c-

fos, and anti-CBP primary antibodies (rabbit monoclonal,

1:1000, 1:1000, 1:500, 1:500 dilutions respectively,

Abcam) overnight. Sections were then incubated with a

biotinylated secondary antibody (anti-rabbit IgG, 1:500

dilution, Vecta-stain Elite ABC kit, Vector Laboratories,

Burlingame, CA, USA) for 2 h at room temperature fol-

lowed by Vecta-Stain Elite ABC kit (Vector Laboratories)

followed by DAB staining (DAB peroxidase substrate,

Vector laboratories). Sections were mounted and Images of

the sections were acquired from at least three sections per

rat using the NS-BR image analysis software from Nikon.

Expression was analyzed as number of positive nuclei in

amygdala and PFC region of the rat brain. Number of

positive neurons was counted using the Nis-Basic Research

image analysis system (Nikon, Tokyo) attached to a Nikon

Eclipse Ni microscope (Nikon, Tokyo, Japan).

Statistical Analysis

All behavioral data are expressed as means and standard

error of the means (±SEM, a measure of the statistical

accuracy of an estimate, equal to the standard deviation of

the theoretical distribution of a large population of such

estimates) and were analyzed with one-way analysis of

variance (ANOVA). For each fear learning session, the

freezing data were transformed to a percentage of obser-

vations. Student t test was used to compare freezing scores.

Pearson correlation was performed between extinction

learning and histone acetylation (Fig. 7) in amygdala and

PFC. Extinction learning was expressed as % decrease in

Fig. 2 Represents the bregma of (a) amygdala and (b) PFC used in the study
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freezing during extinction training (by subtracting the

values of freezing during extinction from total 100%

freezing).

Results

Behavior

There was significant increase in the freezing behavior

during the fear learning session (p\ 0.001) with no sig-

nificant difference in the freezing across the groups

(p[ 0.05). The fear learning resulted in significant

increase in % freezing during the trials, and the % freezing

during the last trial was maximum and significantly higher

than % freezing during the first trial (p\ 0.0001,

t = 19.57). Both the fear and extinction learning groups

exhibited similar freezing across the fear learning session

and exhibited robust freezing during the last fear learning

trial [F (9, 9) = 6.121, p\ 0.0001](Fig. 1b). Student’s t-

test performed for initial as well as last trial of fear learning

of both extinction and conditioned group showed no sig-

nificant difference in the % freezing [FFirst (9, 9) = 2.986,

p[ 0.05], [FLast (9, 9) = 1.893, p[ 0.05] (Fig. 1b). Dur-

ing extinction training, all rats exhibited similar attenuation

in freezing across the trials and significantly lower freezing

was observed in the last trial as compared with the first trial

(p\ 0.0001, t = 19.22) (Fig. 1c). There was significant

difference in the % freezing observed between initial and

final trials in both the conditioned group as well as

extinction group (p\ 0.001, t = 33.74) during extinction

learning. Control groups had significantly lower freezing

compared to the freezing observed in the fear learning

group in each trial (Fig. 1d). Retention test for memory

was performed for all groups (Fig. 1e). Fear learning group

showed robust freezing compared to all groups during

retention testing. Comparison of % freezing during the

retention test between conditioned and extinction groups

showed significant difference in first, third, and fifth trials

but more significant in third and fifth trial than first trial

[F1st trial (9, 9) = 1.454, p\ 0.001], [F3rd trial

(9,9) = 1.013, p\ 0.0001], [F5th trial (9,9) = 4.99,

p\ 0.0001].

c-fos Expression Following Fear and Extinction

Learning

Our first aim was to look at the neuronal activation pattern

in the amygdala and PFC (Prefrontal cortex) of rats

undergone fear and extinction learning. The learning

induced c-fos expression, which has been directly corre-

lated to activation of neurons in many studies (Knapska

and Maren 2009), was characterized in the BA, LA, CeA

(CeL and CeM) of amygdala, and IL and PL of PFC

following fear and extinction learning of fear in rats

(Fig. 3).

c-fos Expression in Amygdala Following Fear

and Extinction Learning

Fear and extinction learning resulted in differential acti-

vation of neuronal subpopulations in the amygdala and

PFC. The change in the c-fos expression indicated the

activation of neurons. Following fear learning, the number

of c-fos positive neurons increased in the BA, LA, CeM,

and CeL.

The no. of c-fos positive neurons increased significantly

in the LA following fear (p\ 0.001) and extinction

learning (p\ 0.001) as compared to the naı̈ve control

[One-way anova, F (2, 33) = 13.85, p\ 0.0001]. Simi-

larly, the no. of c-fos-positive neurons increased signifi-

cantly in the BA following fear and extinction learning as

compared to the naı̈ve control (p\ 0.001 and p\ 0.0001).

[One-way anova, F (2, 30) = 19.51, p\ 0.0001].

The number of c-fos-positive neurons increased signif-

icantly in the CeL following fear (p\ 0.01) and extinction

(p\ 0.01) learning as compared to the naı̈ve control [One-

way anova, F (2, 30) = 8.930, p\ 0.0001]. However, the

no. of c-fos-positive neurons in the CeM increased signif-

icantly following fear learning (p\ 0.0001) but not fol-

lowing extinction (p[ 0.05) as compared to the naı̈ve

control [One-way anova, F (2, 33) = 23.62, p\ 0.0001]

(Fig. 3a).

c-fos Expression in PFC Following Fear

and Extinction Learning

The IL-PFC and PL-PFC responded differentially to fear

and extinction learning, respectively. There was significant

increase in the no. of c-fos positive neurons in the PL-PFC

following fear learning (p\ 0.0001) but not following

extinction learning (p[ 0.05) as compared to the naı̈ve

control [One-way anova, F (2, 30) = 44.10, p\ 0.0001].

However, in IL-PFC, it increased significantly only fol-

lowing extinction learning (p\ 0.001) but not following

fear learning (p[ 0.05) as compared to the naı̈ve control

[One-way anova, F (2, 33) = 10.78, p\ 0.0001] (n = 12

in each group) (Fig. 3b).

The pattern of c-fos activation clearly pointed to

region-specific activation of neurons in amygdala and

PFC. Next we wanted to see if the neuronal activation

paralleled to acetylation pattern of histones in the amyg-

dala and PFC following fear learning and extinction.

Multiple acetylation marks such as lysine 9 on H3 and 5,

8, 12 on H4 have been reported to be upregulated after

fear learning (Peleg et al. 2010). A strong correlation has
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been reported between transcriptional activity and acety-

lation of the histone H3 and H4 lysine residues (Pokholok

et al. 2005). The acetylation of H2B has also been

reported to mirror that of H3 and H4 in some of the highly

transcribed genes (Herry et al. 2008). In view of the

known involvement of the acetylation of H3 at lysine 9

(H3K9) and acetylation of H4 at lysine 5 (H4K5) in gene

expression, the present study was performed to gauge the

role of these epigenetic marks if any toward fear and

extinction learning.

Histone Acetyl H3K9 Expression in Amygdala

Following Fear and Extinction Learning

The fear and extinction learning resulted in differential

acetylation of Histone 3 (H3) and Histone 4 (H4) in the LA,

BA, CeM, and CeL of Amygdala and IL-PFC and PL-PFC.

The acetylation of H3 at K9 increased significantly in the

LA following fear and extinction learning (p\ 0.0001) as

compared to the naı̈ve control [One-way anova, F (2,

27) = 31.71, p\ 0.0001]. Acetylation of H3 at K9 also

Fig. 3 c-fos expression in amygdala and PFC following fear and

extinction learning. a In amygdala, the c-fos expression increased

significantly in LA, BA, and CeL following fear learning and

extinction. However, in the CeM the c-fos expression increased

significantly following fear learning but not following extinction.

b The c-fos-positive nuclei, increased significantly in PL-PFC

following fear learning and in the IL-PFC following extinction

learning
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increased significantly in the BA following fear

(p\ 0.0001) and extinction learning (p\ 0.0001) as

compared to the naı̈ve control [One-way anova, F (2,

33) = 44.3, p\ 0.0001] (Fig. 4a). The increase in the

acetylation of H3K9 was positively correlated with the

extinction learning (Fig. 7) in BA (r = 0.9732, p\ 0.01)

and LA (r = 0.9830, p\ 0.001) following extinction

learning.

Similarly, acetylation of H3 at K9 increased signifi-

cantly in the CeL following fear learning (p\ 0.001)

and extinction (p\ 0.001) as compared to the naı̈ve

control [One-way anova, F (2, 33) = 15.04, p\ 0.0001].

However, in CeM, the acetylation of H3 at K9 increased

significantly only following fear learning (p\ 0.0001)

but not following extinction learning [One-way anova, F

(2, 33) = 93.78, p\ 0.0001]. The increase in H3K9

acetylation was positively correlated with the extinction

learning (Fig. 7) in CeL (r = 0.8872, p\ 0.05) but not

in CeM (r = -0.1340; p[ 0.05) following extinction

learning.

Fig. 4 Acetyl H3 in amygdala and PFC following fear and extinction

learning. a In amygdala, the Acetyl H3K9 positive nuclei increased

significantly in LA, BA, and CeL following both fear and extinction

learning. In CeM, the acetyl H3K9-positive nuclei increased

significantly only following fear learning. b Acetyl H3K9-positive

nuclei increased significantly in PL-PFC following fear learning and

increased in IL-PFC following extinction as compared to the naı̈ve

control
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Histone Acetyl H3K9 Expression in PFC Following

Fear and Extinction Learning

There was significant increase in the acetylation of H3 at

K9 in the PL-PFC (p\ 0.0001) following fear learning as

compared to the naı̈ve control. However, the change

observed in the H3K9 acetylation in the PL-PFC following

extinction learning (p\ 0.05) [One-way anova, F (2,

33) = 21.35, p\ 0.0001] was comparatively less signifi-

cant as compared to the one following fear learning

(Fig. 4b).

As opposed to PL-PFC, the acetylation of H3 at K9

increased significantly in the IL-PFC following extinction

learning (p\ 0.0001) but not following fear learning (ns,

p[ 0.05) as compared to the naı̈ve control [One-way

anova, F (2, 33) = 31.15, p\ 0.0001] (n = 10 in each

group).The increase in H3K9 acetylation was positively

correlated with the extinction learning (Fig. 7) in IL-PFC

(r = 0.9723, p\ 0.01) but not in PL-PFC (r = -0.2883;

p[ 0.05) following extinction learning.

Histone Acetyl H4K5 Expression in Amygdala

Following Fear and Extinction Learning

Acetylation of H4 at K5 increased significantly in LA

(p\ 0.0001) [One-way anova, F (2, 45) = 24.58,

p\ 0.0001] and BA (p\ 0.001) [One-way anova, F (2,

48) = 11.08, p\ 0.0001] following fear and extinction

learning significantly. Similarly, the acetylation of H4 at

K5 increased in CeL following fear (p\ 0.0001) and

extinction learning (p\ 0.001). [One-way anova, F (2,

48) = 14.14, p\ 0.0001]. In the CeM, however, the

Acetylation of H4 at K5 increased significantly following

fear learning (p\ 0.0001) but not following extinction

learning [One-way anova, F (2, 48) = 41.9, p\ 0.0001]

(Fig. 5a). The increase in H4K5 acetylation was positively

correlated with the extinction learning (Fig. 7) in BA

(r = 0.9632, p\ 0.01), LA (r = 0.9586, p\ 0.01) and

CeL (r = 0.9529, p\ 0.01) but not in CeM (r = 0.0913;

p[ 0.05) following extinction learning.

Acetyl H4K5 Expression in Prefrontal cortex

Following Fear and Extinction Learning

Acetylation of H4 at K5 increased significantly in the PL-

PFC following fear learning (p\ 0.0001) but not in

extinction learning (p[ 0.05) as compared to the naı̈ve

control [One-way anova, F (2, 33) = 29.33, p\ 0.0001].

However, acetylation of H4 at K5 decreased significantly

in the IL-PFC following fear learning (p\ 0.0001) but less

significantly following fear extinction learning as com-

pared to the naı̈ve control (p\ 0.05) [One-way anova, F

(2, 33) = 31.34, p\ 0.0001] (n = 12 in each group)

(Fig. 5b). The increase in acetylation of H4K5 was posi-

tively correlated with the extinction learning (Fig. 7) in IL-

PFC (r = 0.9880, p\ 0.001) but not in PL-PFC

(r = -0.2858; p[ 0.05) following extinction learning.

Next we wanted to see if the acetylation expression was

under the control of CBP, a histone acetyl transferase

associated with synaptic plasticity observed following fear

learning (Wood et al. 2005; Lunyak et al. 2002).

Immunohistochemistry for CBP was performed in the

amygdala and PFC of rats undergone fear and extinction

learning.

CBP Expression in Amygdala Following Fear

and Extinction Learning

There was significant increase in the CBP-positive neurons

in LA following fear and extinction learning as compared

to naı̈ve (p\ 0.0001) [One-way anova, F (2, 33) = 98.78,

p\ 0.0001]. Similarly, the CBP-positive nuclei increased

in BA following fear (p\ 0.0001) and extinction learning

(p\ 0.001) as compared to the naı̈ve control [One-way

anova, F (2, 33) = 15.14, p\ 0.0001] (Fig. 6a).

In CeL, the no. of CBP-positive neurons increased sig-

nificantly following both fear (p\ 0.0001) and extinction

learning (p\ 0.001) as compared to the naı̈ve control

[One-way anova, F (2, 33) = 27.95, p\ 0.0001]. How-

ever, in the CeM, the no. of CBP-positive neurons

increased significantly only following fear learning

(p\ 0.0001) but not following extinction learning

(p[ 0.05) as compared to the naı̈ve control [One-way

anova, F (2, 30) = 17.08, p\ 0.0001].

CBP Expression in Prefrontal Cortex Following

Fear and Extinction Learning

The no. of CBP-positive neurons increased significantly in

PL-PFC following fear learning (p\ 0.0001) but not fol-

lowing extinction learning (p[ 0.05) [One-way anova, F

(2, 32) = 14.36, p\ 0.0001]. As opposed to this, there

was significant increase in the CBP-positive nuclei in the

IL-PFC only following extinction learning (p\ 0.01), but

expression decreased following fear learning (p\ 0.001)

[One-way anova, F (2, 33) = 32.65, p\ 0.0001] (n = 12

in each group) (Fig. 6b).

Discussion

Fear extinction is an adaptive form of inhibitory learning in

response to altered environmental contingencies (Herry

et al. 2008). Recently, epigenetic mechanisms especially

histone acetylation has been shown to play a crucial role in

consolidation of fear memory and its extinction (Federman
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et al. 2009; Bousiges et al. 2013). Traditionally, memory

formation is viewed as NMDA receptor (NMDAR)-de-

pendent changes in protein kinase signaling pathways

resulting in the activation of transcription factors, and

modulation in gene expression (Lee and Silva 2009;

Johansen et al. 2011; Rao and Finkbeiner 2007; Thomas

and Huganir 2004). Fear and extinction memories though

opposed to each other use overlapping signaling pathways

in hippocampus, PFC, and Amygdala for storage and

retrieval (Tronson et al. 2012; Hartley and Phelps 2010;

Giustino and Maren 2015). Recent research has empha-

sized on the existence of distinct fear and extinction neu-

rons in the BA and inhibitory circuits from the PFC to the

BLA and CeA to be responsible for fear and extinction

learning (Tovote et al. 2015; Keifer et al. 2015; Arruda-

Carvalho and Clem 2015). However, the basic question

Fig. 5 Acetyl H4 in amygdala and PFC following fear and extinction

learning. a Acetyl H4K5-positive nuclei increased significantly in LA,
BA, and CeL following fear and extinction learning. However, in the

CeM, the Acetyl H4K5-positive nuclei increased significantly

following fear learning but not following extinction. b The Acetyl

H4K5-positive nuclei increased significantly in PL-PFC following

fear learning and increased significantly in IL-PFC following

extinction learning as compared to the naı̈ve control
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that how the neurons in the same region sense different

environmental contingencies and use distinct circuitries

resulting in either fear or less fear remains unanswered.

Epigenetics refers to a branch of genetics which studies

the effect of environment on gene function and all those

processes which bring about a change in gene expression

without changing the sequence of the gene come under the

umbrella term ‘Epigenetics’ (Handel et al. 2010; Goldberg

et al. 2007). In the present study, region-specific c-fos

expression was gauged along with histone acetylation fol-

lowing fear and extinction learning in rats.

Our first aim was to successfully condition the rats to

fear a tone. Each successive trail during fear learning

resulted in increment in the freezing response to the tone

and maximum freezing was observed during the last trail,

and it was significantly higher from the previous trails. On

other hand, the extinction training resulted in decrement in

the freezing response in each successive trail session.

Fig. 6 CBP expression in amygdala and PFC following fear and

extinction learning. a In amygdala CBP expression increased

significantly in LA, BA CeL, and CeM following fear learning

significantly as compared to naive. However, following extinction, it

increased significantly in LA, BA, and CeL but not in CeM as

compared to naive control. b The CBP expression increased

significantly in the PL-PFC following fear learning and in the IL-

PFC following extinction learning as compared to the naı̈ve control
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These results are in line with earlier studies (Zovkic and

Sweatt 2012) and point toward successful fear and

extinction learning in rats. In order to overcome the con-

founds for the effect of shock, tone, and context, three

control groups—shock only, context only, and tone only—

were tested for retention of freezing as compared to the

conditioned group. The freezing during the retention test in

these control groups was insignificant as compared to the

conditioned group and comparable to the naı̈ve control.

This further proves that the authenticity of the tone induced

fear learning in our model with no confounds due to tone,

shock, or context.

Our next aim was to gauge the neuronal activation

pattern in the regions under investigation in this study. It

was found that the cued fear learning and its extinction are

dependent on differential activation pattern in the IL and

PL of the PFC and BLA and CeA of the amygdala, as

evident by the changes in the expression pattern of c-fos.

By now it is well known that molecular events leading to

synaptic plasticity during fear consolidation and extinction

learning require activation of distinct signaling pathways

along with the expression of IEGs (Nader et al. 2000; Hall

et al. 2001). c-fos an IEG (immediate early gene) marks

activated neurons in many brain regions including cortical

and amygdala regions (Ons et al. 2010; Kawashima et al.

2014). A no. of studies have used c-fos mapping to identify

brain regions activated during memory consolidation,

reconsolidation, and extinction, and experiments applying

optogenetic regulation have also confirmed this (Liu et al.

2012; Redondo et al. 2014; Shima et al. 2013).

In the present study, we observed the neuronal activity

in the IL and PL of PFC and BA, LA, CeM, and CeL of the

amygdala through c-fos labeling. It was found that fear

consolidation resulted in increased activation of neurons in

PL along with CeM and CeL but not of IL as evident by the

c-fos expression in these region as compared to the naı̈ve

control. On the contrary, extinction learning resulted in

activation of neurons in the IL-PFC and CeL but not of

CeM and PL-PFC as revealed by c-fos expression. No

significant changes were observed in the BA and LA

between the conditioned and extinction group. So, it seems

likely that the consolidation, which results due to fear

learning, requires activation of PL-PFC of mPFC and both

CeL and CeM of central Amygdala. However, extinction

learning requires activation CeL in Amygdala and of IL-

PFC but not of PL-PFC in the mPFC. These results are

similar to earlier studies where it has been shown that the

IL-PFC projecting to inhibitory neurons of the amygdala is

involved in extinction (Rosenkranz and Grace 2002; Paré

et al. 2004; Likhtik et al. 2008), and the PL-PFC projecting

to excitatory projection neurons is involved in fear

expression (Mcdonald et al. 1996; Likhtik et al. 2005;

Burgos-Robles et al. 2009).

The next significant finding of this study was increase in

the histone acetylation in the regions active during fear and

extinction learning. Corresponding regions showed

increase or decrease or no change in the activation pattern

as exemplified by c-fos expression and these changes par-

alleled to the histone acetylation pattern. The PL-PFC

which was active following fear learning had more c-fos

expression as well as acetyl H3/H4 expression compared to

IL-PFC, which was less active and lesser c-fos expression

as well as Acetyl H3/H4 expression. Similarly, in the CeA

of the Amygdala, its two divisions the CeM and CeL

responded differentially to the fear and extinction learning.

While both CeM and CeL were active following fear

learning, only CeL was active following extinction learn-

ing. The Acetyl H3/H4 expression paralleled to the

expression of c-fos, which inadvertently corresponded to

the activation of neurons. The BA and LA showed similar

activation along with increase in the acetylation of H3 and

H4 expression both following fear and extinction learning.

Therefore, it is evident in this study that the regions

showing increased expression of c-fos also show parallel

increases in the expression of acetylation of H3 and H4

across the groups as compared to the naı̈ve control. This

points toward a tentative role of acetylation, in the region-

specific activation of neurons.

Our next major finding in this study was a role of CBP in

consolidation of fear and extinction memory. CBP and

p300 are large multidomain proteins that possess intrinsic

histone acetyltransferase (HAT) activity and are responsi-

ble for the acetylation at promoter regions of genes

involved in synaptic plasticity. Several other studies have

also shown that stimuli, which usually induce activity-de-

pendent gene transcription, lead to an increase in histone

acetylation at the c-fos promoter as well as other activity-

regulated gene promoters (Tsankova et al. 2004). Similarly

a mutation of CBP in mouse leads to impaired c-fos

induction (Korzus et al. 2004). The activation of the neu-

rons along with the H3/H4 acetylation expression corre-

sponded to CBP expression in the PFC and amygdala

following fear and extinction learning. The CBP expression

increased in the PL following fear learning and in the IL

following extinction. Similarly, the CBP expression

increased in the CeL and CeM following fear learning and

in CeL but not in CeM following extinction. The CBP

expression in both the learning paradigms coincided to the

Acetyl H3/H4 in the regions under investigation in this

study. Thus, it seems likely that the changes in histone

acetylation in these regions following fear and extinction

learning corresponded to the CBP activity. This is in line

with earlier studies where the CBP activity has directly

been correlated to the histone acetylation in various brain

regions following fear and extinction learning (Peixoto and

Abel 2013; Wei et al. 2012).

Cell Mol Neurobiol (2017) 37:1287–1301 1297

123



Boosting of histone acetylation in hippocampus

enhanced long-term potentiation, a physiological correlate

of learning (Levenson et al. 2004), and disruption of the

CBP has been shown to impair both memory consolidation

and long-term potentiation in the hippocampus (Alarcón

et al. 2004; Korzus et al. 2004). Similarly, histone acety-

lation expression within the promoter of c-fos, is shifted

toward high histone acetylation levels upon target gene

activation (Clayton et al. 2000). CBP is recruited to the

c-fos promoter in an activity-dependent manner (Impey

et al. 2002), and CBP HAT activity is required for c-fos

gene expression (Korzus et al. 2004). A strong correlation

has been reported between transcriptional activity and

acetylation of the histone H3 and H4 lysine residues

(Pokholok et al. 2005). Our results are in line with these

studies where the activity in the neurons marked by

expression of c-fos is associated with increased H3 and H4

acetylation as well as increased CBP activity.

The results of some of the earlier studies have shown

that extinction training leads to induction of IEG c-fos in

the BA (Herry and Mons 2004). Very interestingly we

observed increased c-fos expression in the BA and LA

following both fear and extinction learning. Earlier studies

observed distinct cell populations within the BA and LA

showing enhanced activity in response to high fear levels

following auditory fear learning and others show enhanced

Fig. 7 Correlation between extinction learning and acetylation of

H3K9 and H4K5 in PFC and Amygdala. a.1 The acetylation of H3K9

in BA (r = 0.9732, p\ 0.01), LA (r = 0.9830, p\ 0.001), and CeL

(r = 0.8872, p\ 0.05) but not in CeM (r = -0.1340; p[ 0.05) was

positively correlated to extinction learning. a.2 The H3K9 acetylation

in IL-PFC (r = 0.9723, p\ 0.01) but not in PL-PFC (r = -0.2883;

p[ 0.05) was positively correlated with the extinction learning. b.1

The acetylation of H4K5 in BA (r = 0.9632, p\ 0.01), LA

(r = 0.9586, p\ 0.01), and CeL (r = 0.9529, p\ 0.01) but not in

CeM (r = 0.0913; p[ 0.05) was positively correlated with the

extinction learning. b.2 The acetylation of H4K5 in IL-PFC

(r = 0.9880, p\ 0.001) but not in PL-PFC (r = -0.2858;

p[ 0.05) was positively correlated with the extinction learning
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activity during extinction training along with another set of

neurons, which are active during fear learning (Orsini and

Maren 2012; Carrere and Alexandre 2015). The switching

of activity of these neurons is very necessary for behavioral

outcomes either in form of more fear or less fear. There are

distinct extinction pathways connecting BA to mPFC (Pare

and Duvarci 2012), and these pathways may tip the balance

between distinct neuronal circuits of PFC leading to states

of low or high fear. The acetylation events occurring in the

different areas of Amygdala and PFC, thus, may be

responsible for controlling the fear states.

Overall, the extinction learning resulted in enhanced

histone acetylation in IL of PFC and decreased histone

acetylation in the CeA of Amygdala. The acetylation in

these regions corresponded to the c-fos expression a marker

for activity of neurons. It is well known through previous

studies that increase in histone acetylation especially in the

PFC and amygdala are required for proper extinction

learning (Monsey et al. 2011; Bredy et al. 2007) and def-

icits in histone acetylation may result in improper extinc-

tion (Whittle et al. 2013; Whittle and Singewald 2014). It

has also been shown that histone deacetylases a class of

enzymes that remove acetyl groups if inhibited through use

of specific inhibitors facilitate extinction (Bowers et al.

2015).

The present study clearly points out toward a possible

association of histone acetylation with extinction learn-

ing. There was significant positive correlation between

histone acetylation and extinction learning in the brain

regions IL-PFC, BA, LA, and CeL which were active

following extinction learning (Fig. 7). However, the PL-

PFC and CeM which were not active following extinction

learning show no significant correlation. These results

suggest toward requirement of differential activity in

Amygdala and PFC subnuclei, as evident by changes in

the histone acetylation pattern and c-fos expression, for

fear/extinction learning. The uniqueness of this study lies

in the fact that this was the first study where changes in

both mPFC and amygdala were gauged simultaneously.

Most of the earlier studies were confined to either mPFC

or hippocampus or amygdala (Monsey et al. 2011; Bredy

et al. 2007).

Further studies using specific inhibitors of CBP and

other HATS such as p300 will be required to prove the role

of CBP and histone acetylation in differential gene

expression in PFC and amygdala. Region wise inhibition of

PL/Amygdala through pharmacological interventions will

help in assigning definitive roles to these regions. This may

be helpful in designing specific treatment regimes along

with exposure therapy toward better management of fear-

related anxiety disorders. Identifying the downstream

effectors of the changes in histone acetylation produced by

memory consolidation will in turn lead to a better drug

design specifically targeting the epigenome toward treat-

ment of brain disorders that alter cognitive function.

Conclusion

In the present study it was demonstrated that the change in

status of the histone acetylation, as evident by the changes

in acetylation of H3 and H4 in the IL, PL, BA, LA, and

CeA, may be responsible for differential activation patterns

in amygdala and PFC following fear and extinction learn-

ing. In other words it could be stated that the region-

specific activation is associated with histone acetylation

and further changes in the activation pattern of specific

neuronal populations in these regions may result in more or

less fear as observed following fear and extinction learning,

respectively.
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