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Abstract

Non-selective inhibition of histone deacetylases (HDACS), enzymes that remove acetyl groups
from histone core proteins, enhances cognition and NMDAR-dependent long-term potentiation at
hippocampal CA3-CAL1 synapses. It is hot known whether this is a general mechanism by which
HDACs modulate plasticity at other hippocampal synapses. Furthermore, it has yet to be tested
whether HDAC inhibition can reverse deficits in synaptic plasticity in disease models. Here, we
investigated whether inhibition of HDACs, and specifically HDAC3, a class | HDAC isoform
known to negatively regulate hippocampus-dependent learning and memory, enhances LTP at
medial perforant path-dentate granule cell (MPP-DGC) synapses in wild-type and Fragile X
(Fmr1-/y) mice, a model with known LTP deficits at this synapse. The non-selective HDAC
inhibitor trichostatin A (TSA) significantly increased the magnitude of LTP at MPP-DGC
synapses in wild-type mice, similar to reports at CA3-CA1 synapses. The enhancement of LTP
was mimicked by selective HDACS3 inhibition, implicating a role for this isoform in the negative
regulation of synaptic plasticity. However, HDAC3 inhibition was completely ineffective in
reversing the deficit in LTP at MPP-DGC synapses in slices from Fmr1-/y mice, and in fact,
HDACS3 inhibiton was unable to induce any improvement whatsoever. These findings indicate that
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the enhancing effect of HDACS3 inhibition on LTP in wild-type mice requires FMRP, revealing a
novel role for FMRP in hippocampal plasticity.

Keywords

1. Introduction

Histone deacetylases (HDACS), enzymes that encourage chromatin condensation by
removing acetyl groups from histones, decrease transcription of genes required for memory
formation (Kouzarides, 2007). Previous studies demonstrated that non-selective HDAC
inhibition enhances NMDAR-dependent long-term potentiation (LTP) at hippocampal CA3-
CAL1 synapses and hippocampus-dependent learning and memory in wild-type (WT) mice
(Levenson et al., 2004; Vecsey et al., 2007; Stefanko et al., 2009). HDAC inhibition also
improves learning and memory in an Alzheimer’s disease mouse model and in mice with
p25-induced neurodegeneration (Fischer et al., 2007; Kilgore et al., 2010). Although these
findings support the therapeutic potential of HDAC inhibitors in treating cognitive
deficiencies, their non-specific effects limit clinical use (Tsankova et al., 2006; Bruserud et
al., 2007; Renthal et al., 2007), motivating studies to determine which HDAC isoforms can
be selectively targeted to improve memory function.

To-date, three Class | HDAC isoforms have been investigated and two have been identified
as negative regulators of memory formation. Over-expression of HDAC2, but not HDAC1,
impairs LTP at CA3-CAL synapses associated with deficits in contextual fear conditioning
and Morris water maze, while synaptic plasticity and memory are facilitated in HDAC2
knockout mice (Guan et al., 2009). Genetic deletion or selective pharmacological inhibition
of HDACS3, the isoform most highly expressed in hippocampus (Broide et al., 2007),
enhances object recognition and location memory (McQuown et al., 2011), but whether the
behavioral improvements are associated with increased LTP was not explored.

The beneficial effects of HDAC inhibition on synaptic plasticity have been studied primarily
at hippocampal CA3-CAL synapses in WT mice. Therefore, it is not known whether HDAC
inhibitors increase LTP at other hippocampal synapses or in animals with known deficits in
hippocampal plasticity. In a mouse model of Fragile X Syndrome (Fmr1-/y mice), the most
common inherited form of mental retardation (Bakker, 1994), loss of Fragile X Mental
Retardation Protein (FMRP) causes a deficit in NMDAR-dependent LTP at medial perforant
path-dentate-gyrus granule cell (MPP-DGC) synapses that is accompanied by impaired
dentate gyrus associated cognitive tasks (Yun and Trommer, 2011; Eadie et al., 2012;
Franklin et al., 2014). The LTP deficit can be reversed by acute application of glycine or D-
serine (Bostrom et al., 2013) in brain slice recordings or by selective inhibition of glycogen
synthase kinase-3 (GSK3) (Franklin et al., 2014). Acute GSK3 inhibition in vivo also
reverses dentate gyrus specific behavioral deficits (Franklin et al., 2014), mechanistically
linking impaired LTP and behavior. Here, we sought to determine whether HDAC3
inhibition increases the LTP magnitude at MPP-DGC synapses in WT mice, and whether it
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also reverses the LTP deficit at these synapses in Frm1-/y mice, with hopes of identifying a
novel therapeutic target to treat cognitive impairment in Fragile X Syndrome (FXS).

2. Materials and Methods

2.1 Animals

Adult male wild-type (WT) C57BI/6 mice and Fmr1-/y mice (two-six months of age) on a
pure C57BI/6 background were used in all experiments. Male (Fmr1 -/y) and female (Fmrl
-/X) mice were mated to generate Fmr1-/y and WT littermates. Mice were housed on a 12h
light/dark cycle in temperature controlled rooms. The care and use of all mice followed an
approved protocol by the University of Alabama at Birmingham Institutional Animal Care
and Use Committee and in accordance National Institutes of Health guidelines.

2.2 Hippocampal slice preparation

Mice were decapitated following isoflurane anesthesia and brains were rapidly removed and
placed in modified ice-cold artificial cerebrospinal fluid (aCSF) [in mM: 85 NaCl, 2.5 KClI,
4 MgSOQy, 0.5 CaCly, 1.25 NaH,PO4, 25 NaHCO3, 25 glucose and 75 sucrose saturated in
95% O, and 5% CO,]. Coronal slices (400uM) of dorsal hippocampus (defined as Bregma
-1.46mm to —2.46; Franklin and Paxinos atlas) were prepared using a vibratome (Vibratome
1000 Plus; St. Louis MO) then immediately transferred into a holding chamber containing
standard aCSF [in mM: 124 NaCl, 3 KCI, 1 MgS0Oy, 2 CaCl,, 1.25 NaH,PQy4, 26 NaHCOs3,
15 glucose saturated in 95% O, and 5% CO»] where the slices remained until
experimentation or drug treatment. In experiments where pre-incubation of drug was
required, slices were stored in standard aCSF for 30 min following slicing then transferred to
a holding chamber that contained standard aCSF with either DMSO or RGFP966. All slices,
regardless of treatment, rested at least 1 hr prior to recording.

2.3 Electrophysiology

Brain slice electrophysiology experiments were performed as previously reported (Franklin
et al., 2014). Briefly, for extracellular field dendritic field potential (fEPSP) recordings,
slices were transferred to a submersion chamber and perfused with standard aCSF at 26-28°
F. Baseline fEPSPs were generated by stimulating the medial perforant path input onto
dentate granule cell synapses (0.1 Hz, 200uS) (MPP-DGC). Correct electrode placement
was confirmed visually and by the presence of paired-pulse depression characteristic of
MPP-DGC synapses (McNaughton 1980, Colino and Malenka 1993), through the duration
of the experiment. LTP was induced using high-frequency stimulation (HFS, 100 Hz, 1 s
duration x 4, 60s interval). All recordings were performed in the presence of the GABAAR
antagonist picrotoxin (100mM) so that fEPSPs could be measured in isolation, as previously
reported (Franklin et al., 2014).

2.4 Reagents

Trichostatin A (TSA) (Tocris Bioscience; Ellisville, MO) was dissolved in DMSO and used
at a final concentration of 1.65uM (Levenson et al., 2004). RGFP966 (generous gift from
Repligen Corp) is an HDAC3 inhibitor with an 1Csq of 0.8uM and is specific to HDAC3 up
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to 15uM (Malvaez et al., 2013). It was dissolved in DMSO and used at a final concentration
of 10 uM in all experiments.

2.5 Statistics

3. Results

Data are expressed as mean + SEM. Significant differences were determined using Student’s
t tests at P< 0.05. n represents animal number. For each experiment, at least 6 animals were
used. Data were included only when both control and drug experiments were successfully
completed from an individual animal, except when LTP was compared between WT and
Fmr1-/y mice. In this case all control experiments were included (Figure 3A). Experiments
were discarded from the data set if there was >10% change in fEPSP slope during baseline
recording.

3.1 TSA LTP results

We sought to determine whether HDAC inhibition increases the LTP magnitude at MPP-
DGC synapses similarly to what has been previously reported at CA3-CAL synapses in
acute slices from adult WT mice (Levenson et al., 2004; Guan et al., 2009). Extracellular
dendritic fEPSPs were recorded at MPP-DGC synapses in acute slices from adult WT mice.
LTP was induced using high frequency stimulation in the presence or absence of TSA, a
non-selective HDAC inhibitor. Slices were continuously perfused with either DMSO
(vehicle) or TSA for 1 hr prior to delivering HFS to induce LTP. We found that in the
presence of TSA the magnitude of LTP at MPP-DGC synapses is significantly increased
compared to DMSO alone (DMSO: 136+2% of baseline fEPSP slope vs TSA: 162+5 % of
baseline fEPSP slope; p=.01) (Figure 1A-1B).

3.2 TSA paired-pulse and steady state depolarization analysis

We next assessed whether the enhanced LTP magnitude in TSA is associated with an
increase in presynaptic neurotransmitter release. To this end, we measured the paired-pulse
ratio (PPR), an indirect measure of presynaptic release probability, in DMSO and TSA
treated slices pre- and post-tetanus and found significant differences between groups (pre-
HFS, DMSO: 0.95+ .05 vs TSA: 0.97+.06; p=.38; post-HFS, DMSO: 0.87+ .03 vs TSA:
0.89+.067; p=.44) (Figure 1C). This suggests that an increase in neurotransmitter release is
likely not responsible for the enhanced LTP magnitude. We also found no difference in the
magnitude of the depolarization during HFS when comparing DMSO and TSA groups
(arbitrary units, DMSQO: 1.0+ .09 vs TSA: 1.11+.13; p=.26) (Figure 1D). Taken together
these results suggest a likely post-synaptic mechanism for the enhanced magnitude of LTP
following HDAC inhibition.

3.3 RGFP966 LTP, paired-pulse, and steady state depolarization results and analysis

Given that selective pharmacological inhibition of HDAC3 improves object recognition and
location memory (McQuown et al., 2011), behaviors requiring the dentate gyrus (Goodrich-
Hunsaker et al., 2008), we next tested whether selective HDAC3 inhibition would increase
the LTP magnitude at MPP-DGC synapses, mimicking the effect of the non-selective
HDAC inhibitor TSA. To accomplish this, slices were incubated for at least 3 hr in DMSO
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(vehicle) or 10 uM RGFP966 prior to inducing LTP with HFS. We found that RGFP966
robustly enhanced the LTP magnitude at MPP-DGC synapses (DMSO: 152+23% of
baseline fEPSP slope vs RGFP966: 216+91% of baseline fEPSP slope; p=.005) (Figure 2A—
2B). However, in contrast to TSA where significant potentiation does not occur until 45 min
post-tetanus (DMSQ: 142+33% of baseline fEPSP slope vs TSA: 164+7 % of baseline
fEPSP slope; p=.03) (Figure 1B), with selective HDAC3 inhibition, significant potentiation
occurred as soon as 10 min post-tetanus (DMSO: 176+35% of baseline fEPSP slope vs
RGFP966: 244+181% of baseline fEPSP slope; p=.046). Similar to TSA, there were no
differences in PPR (pre-HFS, DMSO: 0.95+ .004 vs RGFP966: 0.98+.03; p=.30; post-HFS,
DMSO: 0.93+ .02 vs RGFP: 1.12+.44; p=.19) (Figure 2C) or depolarization during HFS
between the DMSO and RGFP966 groups (in arbitrary units, DMSO: 1.0+.13 vs TSA: 0.8+.
15; p=.29) (Figure 2D).

3.4 RGFP966 LTP results in Fmrl -/y mice

Because of the robust effects of HDAC3 inhibition on the LTP magnitude at MPP-DGC
synapses in WT mice, we next sought to determine whether the inhibitor would rescue
deficits in LTP at MPP-DGC synapses in Fmr1-/y mice. First, we confirmed that the
magnitude of LTP at MPP-DGC synapses is impaired in slices from Fmr1-/y mice (WT:
163+21% of baseline fEPSP slope vs Fmr1-/y: 135+3% of baseline fEPSPs slope; p=0.03)
(Figure 3A), consistent with our previously published findings (Franklin et al., 2014). Slices
from a subset of the Fmr1- /y mice (n=8/12 mice) recorded in the data set shown in Figure
3A were incubated for at least 3 hrs in either DMSO or RGFP966, consistent with the
protocol used in experiments with slices from WT mice, and were recorded interleaved.
Surprisingly, HDAC3 inhibition with RGFP966 was completely ineffective at increasing the
LTP magnitude at MPP-DGC synapses in Fmr1-/y mice (DMSO: 135£3% of baseline
fEPSP slope vs RGFP966: 146+7% of baseline fEPSPs slope; p=.24) (Figure 3B,C).

4. Discussion

Here we report that inhibition of class | HDACs, and more specifically, that inhibition of
HDACS, enhances the LTP magnitude at MPP-DGC synapses in adult WT mice. This
finding confirms that modulation of LTP by HDACsS is not selective for CA3-CA1 synapses,
but also occurs at least at one other synapse in the hippocampal formation. Moreover, this
finding raises the question as to whether the increase in LTP magnitude following HDAC
inhibition is a general mechanism impacting many, if not all, excitatory synapses throughout
the CNS. These findings are also consistent with the interpretation that the increase in LTP
magnitude at MPP-DGC synapses we observed following HDAC3 inhibition could be
mechanistically linked to the previously reported improved object recognition and location
memory in WT mice following pharmacological HDAC3 inhibition, because these
behaviors require the dentate gyrus (Goodrich-Hunsaker et al., 2008).

While our finding that HDACS3 inhibition is unable to enhance plasticity in Fmr1-/y mice
suggests HDAC inhibitors may not be useful treatment options in Fragile X Syndrome, these
results are exciting in that they provide unique insight into a potential mechanism for
enhanced plasticity at excitatory synapses in WT mice. Previous studies have demonstrated
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that the cAMP response element binding protein (CREB) is required for the enhancement of
LTP following HDAC inhibition (Vecsey et al., 2007). Interestingly, cCAMP production is
significantly decreased in platelets from FXS patients (Berry-Kravis and Sklena, 1993) and
induced cAMP levels are reduced in brain of Fmrl y/- mice, human neural cells from FXS
patients and in the dmfr1 mutant fly (Kelley et al., 2007), a model of FXS which results in
impaired CREB output (Dockendorff et al., 2002). Taken together, this suggests that HDAC
inhibition might fail to enhance LTP in Fnmrl -/y mice due to impaired cAMP/CREB
function. Additionally, FMRP is an RNA-binding protein known to suppress translation of
proteins, many of which are involved in synaptic plasticity (Ashley et al., 1993; Siomi et al.,
1993; Feng et al., 1997; Brown et al., 2001; Laggerbauer et al., 2001; Todd et al., 2003;
Zalfa et al., 2003; Khandjian et al., 2004; Lu et al., 2004; Weiler et al., 2004). Interestingly,
the Fmr1 promoter region contains binding sites for CREB as well as Nrf2 (Smith et al.,
2006), a transcription factor activated following HDAC inhibition (Wang et al., 2012).
Therefore it is possible that HDAC inhibition modulates LTP by increasing FMRP
transcription through CREB and Nrf2 activation. Subsequently, increased FMRP could
contribute to enhanced LTP by preventing translation of proteins that normally constrain
LTP expression. When FMRP is absent, the brake on translation of “LTP suppressing”
proteins is removed and LTP is no longer enhanced.

An interesting observation is that selective HDAC3 inhibition induces significant
potentiation as early as 10 min post-tetanus, while significant potentiation does not occur
until 45 min post-tetanus using the non-selective HDAC inhibitor TSA. One possible
explanation for the difference in timing is that some HDAC isoforms may act to positively
regulate LTP, such as HDAC4 (Kim et al., 2012). Perhaps the delayed onset of the increase
in LTP magnitude after TSA is the net result of inhibition of both negative and positive
regulators of early plasticity. However, when RGFP966 is applied, only HDAC3 is
inhibited, therefore there are no opposing effects from other HDACs and LTP is robustly
enhanced immediately after induction.

In summary, our data demonstrate that HDACs, specifically HDAC3, are negative
regulators of synaptic plasticity at synapses in dentate gyrus. While selective inhibition of
HDACS3 is not beneficial for LTP deficits in a mouse model of Fragile X Syndrome due to
the requirement of FMRP to enhance plasticity, our data do not rule out the possibility of
using HDACS3 as a therapeutic target in other cognitive disorders where MPP-DGC synapses
are affected, like the Ts65Dn model of Down’s syndrome (Kleschevnikov et al., 2004).
Furthermore, the question of whether enhanced LTP is an absolute requirement for reversal
of cognitive impairments in Frmr1-/y mice remains. To date only CREB (Vecsey et al., 2007)
and NR4A (Bridi and Abel, 2013) have been identified as required molecules for the
enhancing effects of HDAC inhibition on LTP. We have discovered a crucial role for FMRP
in HDAC3 modulation of LTP however future studies are necessary to dissect the precise
mechanism by which HDAC3 and FMRP interact.
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Figure 1.

Non-Selective HDAC inhibition enhances LTP at MPP-DGC Synapses. (A) Single
representative experiment and (B) summary plot of the average LTP magnitude at MPP-
DGC synapses in WT slices treated with DMSO (n=7) or TSA (n=7) n represents animal
number. Scale bar 0.2mV/100uS (C) Average PPR in DMSO and TSA treated groups (from
experiments in B) are not significantly different. (D) No difference in depolarization during
HFS between DMSO and TSA treated groups (from experiments in B). (*p<0.05 Student’s t
test)
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Figure 2.
Selective HDACS3 inhibition enhances LTP at MPP-DGC Synapses. (A) Single

representative experiment and (B) summary plot of the average LTP magnitude at MPP-
DGC synapses in WT slices treated with DMSO (n=10) or RGFP966 (n=10). n represents
animal number. Scale bar 0.2mV/100uS (C) Average PPR in DMSO and TSA treated
groups (from experiments in B) are not significantly different. (D) No difference in
depolarization during HFS between DMSO and TSA treated groups (from experiments in
B). (**p<0.01 Student’s t test)
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Selective HDACS3 inhibition does not enhance LTP at MPP-DGC Synapses in Frm1-/y mice.
(A) Summary plot of the average LTP magnitude induced by HFS at MPP-DGC synapses in
slices from WT (n=15) or Fmr1 -/y (n=12). (B) Single representative experiment and (C)
summary plot of the average LTP magnitude induced by HFS at MPP-DGC synapses in
slices from Fmr1-/y mice treated with DMSO (n=6) or RGFP966 (n=6). n represents animal

number. Scale bar 0.2mV/100u.
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