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Summary of Ph.D. Thesis

Preamble

The traumatic conditions such as PTSD, creates a strong impact on human life, the result of which
is the development of psychiatric disorders including the characteristic symptoms of fear, shock,
guilt and anxiety (Zoellner et al, 2011; Desmedt et al, 2015). The basic approaches for the
therapeutics of PTSD involve combined behavioral therapy (CBT) which includes behavioral and
pharmacological applications together (Morrison, 2009; Kar N, 2011). To understand the
mechanism associated with PTSD the Pavlovian fear conditioning paradigm has been extensively
used, in which animals are trained with paired conditioned stimulus (CS) such as tone or context
with an unconditioned stimulus (US) such as shock in an experimental condition (Tarpley et al,
2010; Curzon et al, 2009). In fear conditioning animal learns to predict the occurrence of an US on
presentation of CS whereas in extinction, the previously acquired fear learning is reversed by
training the animal with un-paired CS in absence of shock or US (Calandreau et al, 2007).

The fear and extinction learning involve different brain areas that function in a synchronized
manner (Ehrlich et al, 2009). Amygdala, PFC and Hippocampus are the functional participant in the
consolidation of fear and extinction memory. In fear memory consolidation and extinction the
amygdala, PFC and Hippocampus with their interconnected network, function in modulation of fear
circuitry (Peters et al, 2009; Marek et al, 2013).

The role of epigenetics in regulation of chromatin activity is amongst one of the most important
molecular mechanisms associated with learning and memory. This includes various types of
modifications such as histone acetylation, methylation, phosphorylation, sumoylation and DNA
methylation (Bannister and Kouzarides, 2011; Sultan and Day, 2011; Kim and Kaang, 2017). The
histone acetylation is one of the most important mechanisms involved in learning and memory
processes (Peixoto and Abel, 2013). The use of HDAC inhibitors (TSA, SAHA) further affects
these epigenetic mechanisms by enhancing the histone acetylation in both contextual and cued fear
memory (Itzhak et al, 2012, 2013). The involvement of histone acetylation in amygdala,
hippocampus and prefrontal cortex has been found to be associated with the fear memory
consolidation and extinction (Ranjan et al, 2015; Siddiqui et al, 2017; Kritman and Maroun 2013,
Debiec et al., 2010; Duvarci et al. 2005; Herry et al. 2008; Zimmerman and Maren 2010).

Histone acetylation at various N-terminal residues plays an important role in gene regulation
through alteration in expression of genes involved in fear memory consolidation and extinction
(Bannister and Kouzarides, 2011; Kouzarides, 2007). These histone modifications are controlled by
the activity of HDACs (Histone deacetylases) to regulate the expression of memory related genes
(Seto and Yoshida, 2014). Out of all four classes of HDACs the class I HDACs is known for its
extensive involvement in learning and memory (Whittle and Singewald, 2014). However, HDACI
and HDAC?2 are extensively studied for their role in learning and memory (Bahari jawan et al,
2012; Zhou et al, 2009). Number of studies have so far confirmed the role of HDACs mainly as a
negative regulator of fear memory consolidation and extinction (Valiati et al, 2017). Though the
HDACT subtype is found to be mainly associated with the promotion of fear extinction (Bahari-
jawan et al, 2012), other HDACs and more specifically the HDAC?2 subtypes mainly function in the
suppression of fear extinction (Morris et al, 2013; Whittle and Singewald, 2014). These studies
prove the potential role of different subsets of HDACs with the fear memory extinction.



In the present study, the involvement of histone acetylation as well as the HDAC subtypes was
studied and mainly focused on the molecular events associated with fear memory consolidation and
its extinction. The result from this study will enhance our understanding about the neuronal network
and molecular mechanisms that control PFC, amygdala and hippocampus in a coordinated manner
resulting in the behavioral outcomes of fear and extinction learning.

Result summary

The study sheds light on the epigenetic regulatory mechanism operative following fear and
extinction learning. The role of histone acetylation and histone deacetylases (HDACs) in fear
learning and extinction was chalked out. It was observed that differential spatial histone acetylation
and HDACs expression was associated with the fear learning and extinction in different brain
subregions of the amygdala. mPFC and hippocampus.

Aim 1: Histone acetylation and HDAC expression in consolidation and extinction of fear
Histone acetylation was found to be associated with the activity of the brain regions involved in the
consolidation and extinction. Expression of c-fos, an immediate early gene which is also a neuronal
activity marker, was found to be increased differentially in LA, BA, CeL and CeM following
conditioning and extinction. The LA, BA, CeL and CeM activity was associated with the
conditioning while LA, BA and CeM activity was associated with the extinction learning. The
histone acetylation was enhanced together with the activity in LA, BA, CeL and CeM following
conditioning and extinction. This result suggests that the activity of these brain regions might be
controlled by the increased histone acetylation following conditioning and extinction. The major
inhibitory mechanism over histone acetylation was exhibited by the HDAC2 expression in
amygdala following conditioning and extinction, as its expression decreased in conditioning and
extinction. The HDACI1 expression shows its inhibitory role only for CeM activity in combination
with the HDAC?2 expression during conditioning, while in extinction the key inhibition by HDAC1
expression regulates the CeM activity. However, the HDAC1 expression shows differential
expression in amygdala following conditioning and extinction. In LA, BA and CeL the enhanced
HDACI expression was observed in conditioning and extinction both the stages of learning. From
this, it may be concluded that this enhanced HDACI1 expression might be associated with the
regulation of inhibitory mechanism over conditioning and extinction circuit during conditioning and
extinction, respectively.

In PFC, the PL activity which is associated with conditioning (Knapska and Maren, 2009) exhibited
an enhanced c-fos expression following conditioning while in IL, whose activity is associated with
the extinction (Knapska and Maren, 2009), the expression increased following extinction.
Moreover, the histone acetylation increased in PL following conditioning and in IL following
extinction learning. The result suggest that increased histone acetylation in PL is associated with the
enhanced activity of PL following conditioning and in IL following extinction. The HDACI1 and
HDAC?2 expression in PL decreased following conditioning while in IL, the HDAC2 expression
decreased following conditioning. The HDAC2 expression increased in PL following extinction
while HDACT expression decreased in IL following extinction. The result suggests that in PL both
the HDAC1 and HDAC?2 regulate histone acetylation in conditioning while HDAC?2 alone regulates
the activity of PL in extinction. Furthermore, it may be speculated that in IL the HDACI alone
regulates the acetylation and activity for extinction learning.



In hippocampus, the c-fos expression analysis suggests the role of CAl, CA3 and DG in
conditioning and extinction. The result showed an enhanced activity of CAl, CA3 and DG
following conditioning and extinction learning. The histone acetylation increased in CA1, CA3 and
DG following conditioning and extinction. So, it may be concluded from the observation that
histone acetylation is associated with the activity of CAl, CA3 and DG in conditioning and
extinction of fear. The HDACI1 expression exhibited different expression in hippocampus. The
HDACI expression decreased in CA1 and CA3 following conditioning which might be the main
regulator for histone acetylation in hippocampus during conditioning. HDAC2 expression in
hippocampus might be associated with the regulation of histone acetylation during extinction, as
HDAC?2 expression decreased in CA1, CA3 and DG following extinction together with an increased
histone acetylation in hippocampus following extinction. The increased HDACI1 expression in
hippocampus following extinction might be associated with the suppression of inhibitory machinery
having suppression over extinction learning.

Overall, the results suggested that the differential spatial expression of histone acetylation in
amygdala, PFC and hippocampus is associated with the conditioning and extinction learning, and
the histone acetylation enhanced the activity of different nuclei of amygdala, PFC and hippocampus
to regulate the circuit of fear during conditioning and extinction learning. Furthermore, the HDAC1
and HDAC?2 function alone or in combination with each other to regulate histone acetylation during
fear memory consolidation and extinction.

Aim 2: HDAC inhibitors effect in consolidation and extinction

The global HDAC inhibitor valproic acid when introduced 2 hours prior to the conditioning and
extinction, it was observed that valproic acid enhanced the conditioning and extinction learning
respectively, in a weak behavioral training paradigm of conditioning and extinction. Furthermore,
the enhanced conditioning and extinction learning was followed by the change in the expression of
histone acetylation as well as with other molecular mechanisms. The valproic acid enhanced the
activity of amygdala, PFC and hippocampus following conditioning and extinction learning.
Likewise, the histone acetylation was enhanced by the HDAC inhibitor in these regions following
conditioning and extinction learning. The HDACs exhibited different association with the HDAC
inhibition as HDAC inhibitor targets mainly HDAC2 expression and the HDACI1 expression was
unaffected by the HDAC inhibition. HDAC inhibition especially suppressed the expression of
HDAC?2 in amygdala, PFC and hippocampus for enhancing conditioning and extinction learning,
while HDACT expression was indirectly modulated in conditioning and extinction learning. It may
also be concluded that HDAC?2 is the main target molecule for enhancement of conditioning and
extinction learning.

Concluding Remarks

The findings from the research study have lead to the following final concluding remarks:

e The differential activity of the subregion within amygdala, PFC and hippocampus exhibited an
overlapping activity for conditioning and extinction learning which suggests an overlapping fear
and extinction circuitry in terms of molecular mechanism.

e The histone acetylation expression is found to be associated with the activity of amygdala, PFC
and hippocampus following fear memory consolidation and extinction.



e In general the enhanced histone acetylation was found to be associated with the promotion of
fear and extinction learning.

e The HDAC subtypes acts in combination or alone in regulation of histone acetylation during fear
and extinction learning.

e The HDAC inhibitor (VA- valproic acid) mainly targets HDAC2 subtypes for enhancement of
the fear and extinction learning.

e In amygdala, PFC and hippocampus the HDAC2 might be functioning as a strong negative
regulator of histone acetylation for conditioning and extinction learning, while HDACI functions in
some region for the regulation of activity.

e The enhanced HDACI expression together with histone acetylation in amygdala and
hippocampus might be associated to suppress the inhibitory mechanism over corresponding
learning paradigm.
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