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Long-term memory formation relies on synaptic plasticity, neuronal activity-dependent
gene transcription, and epigenetic modifications. Multiple studies have shown that
HDAC inhibitor (HDAC;) treatments can enhance individual aspects of these processes
and thereby act as putative cognitive enhancers. However, their mode of action is not
fully understood. In particular, it is unclear how systemic application of HDAC:s,
which are devoid of substrate specificity, can target pathways that promote memory for-
mation. In this study, we explore the electrophysiological, transcriptional, and epige-
netic responses that are induced by CI-994, a class I HDAC], combined with
contextual fear conditioning (CFC) in mice. We show that CI-994-mediated improve-
ment of memory formation is accompanied by enhanced long-term potentiation in the
hippocampus, a brain region recruited by CFC, but not in the striatum, a brain region
not primarily implicated in fear learning. Furthermore, using a combination of bulk
and single-cell RNA-sequencing, we find that, when paired with CFC, HDAC:i treat-
ment engages synaptic plasticity-promoting gene expression more strongly in the hippo-
campus, specifically in the dentate gyrus (DG). Finally, using chromatin
immunoprecipitation-sequencing (ChIP-seq) of DG neurons, we show that the com-
bined action of HDAC: application and conditioning is required to elicit enhancer his-
tone acetylation in pathways that underlie improved memory performance. Together,
these results indicate that systemic HDACi administration amplifies brain region-
specific processes that are naturally induced by learning.
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Long-term memory is the result of facilitated synaptic communication as well as
activity-dependent transcription that is regulated by epigenetic signaling (1-4). For
example, memory-forming tasks, such as contextual fear conditioning (CFC), are paral-
leled by gene expression and histone acetylation changes in the hippocampus (5-7),
while impaired cognition is coupled with a reduction in hippocampal histone acetyla-
tion and plasticity-related gene expression (8-12). Some of these epigenetic and
transcriptional changes can be augmented by systemic HDAC inhibitor (HDAC])
treatment, which improves memory in both healthy and cognitively impaired mice
(9-11, 13, 14). Although the use of HDAC:s in these studies testifies to their suitabil-
ity as pharmacological memory aids, the mechanisms by which HDACi enhances
memory are not fully understood. In particular, it is unclear how systemic application
of HDAC:s, most of which are devoid of substrate specificity, can enhance pathways
that promote memory formation.

One proposed theoretical mode of action for HDACis as cognitive enhancers is
called “cognitive epigenetic priming” (3, 15). This model is, on the one hand, inspired
by evidence from cancer research, where HDACis have been shown to improve target
efficacy of anticancer treatments (16, 17); and on the other hand, by addiction
research, where chronic drug abuse durably enriches histone acetylation, which relaxes
the chromatin structure into a primed state and thereby lowers the activation threshold
for gene expression changes during subsequent drug exposures (18, 19). Analogously,
for cognition, this theory stipulates that by broadly increasing histone acetylation,
HDAC: treatment leads to an overall primed state, while memory-induced neuronal
activity, which is inherently characterized by high target specificity (2), would then fur-
ther enrich such HDACi-induced histone acetylation in a selective manner, and
thereby facilitate the transcription of synaptic plasticity-related genes.

In this study, we tested the concept of cognitive epigenetic priming in mice on
three different levels. First, we investigated whether systemic HDACI treatment elicits
brain region-specific electrophysiological and transcriptional responses after CFC, a
hippocampus-dependent memory task. Second, we assessed whether and to which
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A Experimental Schematic
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HDACi treatment enhances contextual fear memory formation and hippocampal, but not striatal LTP, despite reducing HDAC activity in both brain

regions. (A) Schematic of the experimental outline. (B) HDACi combined with CFC increases the percent of time spent freezing (>1 s) during 3-min reexposure
to the conditioning chamber 24 h after conditioning. n (VEH-Context) = 15; n (VEH-CFC and HDACi-Context) = 16; n (HDACIi-CFC) = 14. (C and D) HDACi
combined with CFC enhances LTP in response to HFS in the perforant pathway of the DG (C) but not in cortico-striatal fibers (D) 1 h after conditioning. Statis-
tical differences were calculated from 30 min (end of short-term potentiation) to end of recording. n = 8 animals per group. (E and F) HDAC activity was
reduced after HDACi in both the hippocampus (E) and striatum (F) with no further reduction in HDAC activity in response to CFC. Hippocampus and striatum:
n (VEH-Context) = 7; n (VEH-CFC) = 5; n (HDACi-Context and CFC) = 8. One or two-way ANOVA with Tukey's HSD. Graphs represent mean + SEM, *P < 0.05,

**P < 0.01, ***P < 0.001; ns, not significant.

extent specific cell types are affected by the HDACI treatment
in combination with CFC using single nuclear RNA-
sequencing (snRNA-seq) of the hippocampus. Third, we deter-
mined which gene loci are epigenetically regulated by HDACi-
supported CFC using chromatin immunoprecipitation (ChIP)
followed by sequencing (ChIP-seq). These experiments were
designed to better understand the underlying mechanisms of
HDAC:s as potential cognitive enhancers.

Results

Systemic HDACi Treatment Enhances Memory Consolidation
after Subthreshold CFC. To investigate the mechanisms by
which systemic HDAC] treatment enhances fear memory, we
treated mice with the HDACi CI-994 before subjecting them
to a mild CFC task, a Pavlovian conditioning paradigm that,
alone, only results in modest memory performance (20).
CI-994 is a class I HDAC; that selectively impedes HDACs
1 to 3 (21), promotes functional recovery after stroke (22),
and has shown promise against cognitive dysfunctions in pre-
clinical animal models (14, 23, 24). One hour prior to CFC or
context-only exposure (Context), mice were intraperitoneally
injected with 30 mg/kg of CI-994 or its vehicle (VEH)
(Fig. 14). One day later, freezing was measured during a 3-min
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context exposure. We found that pairing the CFC paradigm
with the HDACi significantly improved memory retention
compared to VEH-treated mice (P = 3.03e-02), and compared
to HDAC: treatment without CFC [Tukey’s honestly significant
difference (HSD) following one-way ANOVA, F3 5, = 17.45,
P = 3.72¢-08] (Fig. 1B). In line with previous results (14),
HDAC: treatment had no effect on speed [£3, 57) = 1.28, P =
0.29] or distance traveled [F5 s = 1.26,
P = 0.30], and did not alter time spent in the inner region of the
behavioral apparatus [F3, s7) = 0.493, P = 0.69] during habitua-
tion (SI Appendix, Fig. S1). These results indicate that the
HDAC: treatment facilitates contextual fear learning and leads to
long-term memory retention.

Systemic HDACi Treatment Regulates Long-Term Potentiation
in an Activity-Specific Manner. To explore whether HDACi
treatment improves memory via cognitive epigenetic priming,
we first assessed its mode of action on synaptic plasticity. To
this end, we measured the effects of HDACi on long-term
potentiation (LTP) 1 h after CFC in the hippocampus, a brain
region activated by CFC (25), and the striatum, a brain region
that is not directly involved (26). We found a significant
increase in L'TP at perforant path synapses of the dentate gyrus
(DG) of the hippocampus when CFC was paired with
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the HDACi (Fig. 10) [one-way ANOVA, Fg5 .5 = 10.57,
P = 8.09¢-05]. Without CFC, the HDACi had no effect
on LTP; similarly, CFC alone did not facilitate LTP. Con-
versely, at cortico-striatal fibers, the HDACi treatment had no
effect regardless of the behavioral paradigm [F3, 25 = 0.234,
P = 0.872] (Fig. 1D). Neither paired-pulse facilitation (PPF)
nor input/output (I/O) relationships were changed in either
brain region (SI Appendix, Fig. S2). Importantly, combining
CFC with HDAC: also enhanced LTP at Schaffer collaterals of
the CAl, another hippocampal subregion [one-way ANOVA,
F3, 28y = 5.213, P = 0.005] after subthreshold CFC, which,
with the exception of the HDACi-Context sample, was not
accompanied by any 1/O changes (S/ Appendix, Fig. S3). These
findings indicate a brain area-specific effect of the HDACi
treatment, with only brain areas engaged by CFC displaying
enhanced synaptic plasticity.

This brain region-specific effect on synaptic plasticity
occurred despite the same degree of HDAC activity inhibition
in both brain regions. HDAC activity was reduced by about
50% in both the hippocampus [F{;, 24y = 60.15, P = 5.44¢-08]
(Fig. 1F) and the striatum [F;, 24y = 68.96, P = 1.62¢-08]
(Fig. 1P in response to HDACI, with no difference in HDAC
activity induced by learning itself. Thus, despite the same
extent of HDAC inhibition induced by the HDACI, synaptic
plasticity was only altered in the brain area directly engaged
by CFC.

To evaluate whether such brain region-specific HDACi-medi-
ated enhancement of plasticity is restricted to hippocampus-
dependent tasks, we also tested CI-994 treatment during rotarod
training, a motor skill learning task known to depend on the
cortico-striatal pathway (27). We found that HDACi-treated ani-
mals stayed on the apparatus for longer than their VEH-treated
counterparts (S/ Appendix, Fig. S4 A and B) [one-way ANOVA,
Fa, 120 =12.155, P = 0.0007], indicating improved motor learn-
ing. Moreover, while neither training nor HDACi had an
effect on hippocampal or striatal LTP (87 Appendix, Fig. S4 C
and D), HDAC paired with rotarod training selectively increased
striatal PPF (S Appendix, Fig. S4 E and F) [two-way ANOVA,
Fs, 102 = 12217, P = 2.37e-07], known to underlie motor
learning in the striatum (28). There were no major differences in
I/O in either the striatum or the hippocampus (SI Appendix, Fig.
S$4 G and H). These electrophysiological data are thus in support
of the cognitive epigenetic priming hypothesis at the level of these
two brain areas, insofar as the HDACi application alone did not
yield any measurable difference, but necessitated task-specific
neuronal activity to reveal its potentiating effect.

HDACi Activates Different Transcriptional Cascades in Response
to CFC in the Hippocampus and Striatum. To further understand
the molecular mechanisms by which cognitive epigenetic priming
leads to improved memory performance, we next used bulk RNA-
seq in the hippocampus and striatum to determine which genes
are activated when CFC is combined with HDAC: treatment. For
this, we extracted and sequenced total mRNA from whole-tissue
homogenates 1 h after behavior, using the same experimental set-
up as for the electrophysiological recordings.

In the hippocampus, consistent with previous data (29), we
found no differentially expressed genes (DEGs) (2 < 0.05; log,
fold-change [FC] > 0.4) between CFC and context-only expo-
sure in VEH-treated animals (Fig. 2 A, Far Lefi). Likewise,
when comparing CFC with the context-only group in HDACi-
treated animals, no DEGs were detected, indicating that
CFC alone is not sufficient to induce detectable transcriptional
changes (Fig. 2 A, Center Lefi). Conversely, when context
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exposure was compared with and without CI-994, we found
1,002 and 1,679 genes significantly up- and down-regulated,
respectively, indicating that the addition of the HDACi per se
can alter the transcriptional landscape (Fig. 2 A, Center Right,
and SI Appendix, Fig. S5). Interestingly, when CFC training
was compared with and without HDACI, we detected 1,336
up-regulated genes, a 25% increase to the context-only compar-
ison, but a similar number (1,608) of down-regulated genes
(Fig. 2 A, Far Right, and SI Appendix, Fig. S5).

In the striatum, there were no DEGs between the CFC and
context-only exposure in either the VEH- or HDACi-treated
animals (Fig. 2 B, Leff panels). Similar to the hippocampus,
when HDACi-Context was compared to VEH-Context, 1,486
and 1,968 genes were significantly up- and down-regulated
(Fig. 2 B, Center Right). In contrast to the hippocampus, how-
ever, no further increase in the number of DEGs was detected
when HDACi was paired with CFC (Fig. 2 B, Right, and S/
Appendix, Fig. S5). Lists of pairwise differential expression for
both brain regions can be found in Dataset S1.

When comparing strongly up-regulated genes (with a strin-
gent log,FC > 3 cutoff) after the combined HDACi and CFC
treatment in both the hippocampus and the striatum, (Fig.
2C), we detected 4.5X more hippocampal DEGs, which also
had a higher magnitude of activation than striatal DEGs (Stu-
dent’s ¢ test of slope values, P = 2.304¢-05) (Fig. 2C). These
hippocampal DEGs (Dataset S2) were enriched in ion-
transport ontologies and included transthyretin, 77, which
provides neuroprotection in aged mice and is associated with
enhanced memory (30, 31). In contrast, highly expressed stria-
tal genes were primarily predicted genes (Dataset S2). This
indicates that, in the hippocampus, the expression of these
DEGs is further enhanced when the HDAC: is paired with
CFC, while pairing HDACi with CFC had no such effect in
the striatum.

Next, we set out to identify transcriptional patterns of CFC
and HDACi treatment. To this end, all DEGs (P < 0.05,
log,FC > 0.4) underwent decision tree clustering, in which
they were grouped based on their FC expression pattern from
the VEH-Context group (Fig. 2 D—F; see also details in Materi-
als and Methods). Four major up-regulated clusters were identi-
fied as trajectories of interest (Fig. 2D). In the hippocampus,
this analysis yielded: 1) genes that were up-regulated by the
HDAC: treatment alone (HDACi-VEH) and further increased
when HDACI was paired with CFC (HDACI-CFC), which we
termed “primed active” (#z = 62); 2) genes that were increased
by HDACi treatment but showed no further CFC-driven
increase, which we termed “primed stable” (7 = 937); 3) genes
that were enriched by HDACi treatment, but were reduced
when the HDACi was paired with CFC, which we termed
“primed silenced” (# = 579); and 4) genes that were only
activated when combining HDACi with CFC, but not
by either condition alone, which we termed “non-primed
active” (7 = 726). In the striatum, the order of magnitude of
DEGs was similar (Fig. 2F and Dataset S3). qPCR analysis
confirmed the expression changes of these genes (SI Appendix,
Fig. SG).

Gene ontology (GO) analysis revealed brain and trajectory-
specific gene expression differences that are relevant for synaptic
plasticity. We found that in the hippocampus, the primed
active cluster was enriched for the ERK cascade, which has
been implicated in synaptic plasticity as well as learning and
memory (32, 33). Conversely, in the striatum, the primed
active cluster was not enriched for any ontologies involved in
MAPK/ERK signaling or learning and memory (Fig. 2E and
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Dataset S4). Furthermore, the primed stable cluster was charac-
terized by learning and memory-related pathways, such as cogni-
tion and regulation of calcium ion transport in the hippocampus,
but not the striacum. Hippocampal DEGs in this cluster included
brain-derived neurotrophic factor (Bdnfj and the proto-oncogene
Jun (Jun), both immediate-early genes (IEGs) induced by neuro-
nal activity and implicated in synaptic plasticity as well as learn-
ing and memory (34-36). In the striatum, this cluster did not
include memory-related IEGs. It did, however, contain pathways
involved in intracellular signal transduction that also regulate
learning and memory (5, 37) such as the MAPK cascade, Ras
protein signal transduction, and Erkl and Erk2 cascade. This
comparison stipulates that HDACi similarly primes the MAPK
pathway in both brain areas but further potentiates only the
primed active genes in the hippocampus. In the primed silenced
or non-primed active states, no ontologies associated with synap-
tic signal transduction were found. Finally, the hippocampal
non-primed active cluster—representing genes that are only tran-
scribed after combined HDACi-CFC—was enriched for “ion
transmembrane transport” pathways, while in the striatum, it was
enriched for genes involved in a “negative response to stimulus.”
This could indicate that the combination of HDACi treatment
and CFC increases inhibitory signaling in the striatum, possibly
related to the decreased motor response following conditioning.

Of note, none of the clusters in which HDACi reduced tran-
scription included pathways involved in learning and memory
or synaptic plasticity in either brain area, despite a substantial
number of down-regulated genes (SI Appendix, Fig. S7 A
and B). Rather, down-regulated genes in both brain areas were
primarily associated with cellular metabolism and genetic
regulation (S Appendix, Fig. S7C and Dataset S4).

Taken together, these results illustrate that HDACi treatment
is a generic driver of differential transcription between the hippo-
campus and the striatum. It enhances MAPK signaling in both
the hippocampus and the striatum, as seen in the comparisons of
the primed stable groups. However, when paired with CFC,
HDAC I treatment results in a specific increase of learning-related
genes in the primed active state selectively in the hippocampus.

HDACi Activates Different Transcriptional Cascades across
Hippocampal Cell Types. Next, we aimed to understand which
cell types within the hippocampus are most responsive to
HDAC: treatment. To do so, we used snRNA-seq on isolated
hippocampi from HDACi- or VEH-treated animals. Since
transcriptional  differences were most prominent in the
HDACI-CFC vs. the VEH-CFC groups (Fig. 2C and S/
Appendix, Fig. S5), we focused primarily on this comparison
(for the HDACi-Context vs. VEH-Context comparison see S/
Appendix, Fig. S8). We performed dimensionality reduction
using uniform manifold approximation and projection
(UMAP) and clustered nuclei by A-nearest neighbors, revealing
30 distinct clusters consisting of 15,339 total nuclei and
expressing a total of 24,271 genes (SI Appendix, Fig. S9A).
Clustering was similar across replicates (SI Appendix, Fig. S9B).
These clusters were then assigned to known cell types by com-
paring expression of cell type-specific genes taken from previ-
ously published datasets (38-42) (SI Appendix, Fig. S9C). This
identified 10 distinct cell types: 4 clusters of excitatory neurons
that split based on hippocampal location (5,175 DG nuclei,
2,871 CA1 nuclei, 1,657 CA3 nuclei, and 507 nuclei with no
location marker); 794 inhibitory neurons; 4 glial clusters
(1,960 oligodendrocytes, 254 oligo-precursors, 763 astrocytes,
and 880 microglia); and a cluster of 478 nuclei (NA), which
could not be assigned to a single cell-type based on its
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expression profile (Fig. 34 and S/ Appendix, Fig. S9D). In line
with previous work (43), neuronal clusters had more expressed
genes than glial clusters (S Appendix, Fig. SOE) and the pro-
portions of cell types were similar to those reported for the hip-
pocampal region in the Blue Brain Adas (44) (SI Appendix,
Fig. S9A).

We then explored whether pairing CFC with HDAC; indu-
ces distinct responses across cell types. Augur, a tool prioritizing
a population’s responsiveness to experimental perturbations
(45), reported a similar global responsiveness for all clusters (S7
Appendix, Fig. S10A), and with the exception of oligo-
precursors, HDACI treatment did not change cluster cell-type
composition (SI Appendix, Fig. S10B). However, HDACi treat-
ment differentially regulated a distinct set of genes in each cell
type (Fig. 3B), which were highly cluster-specific (SI Appendix,
Fig. S10 C—F and Dataset S5), with excitatory neurons having
the largest HDACi response for up-regulated genes (87
Appendix, Fig. S100).

Interestingly, we found an HDACi-induced separation for
excitatory neurons in the DG and for glia, but not for any other
cluster (Fig. 3C). This drug-induced split was mainly mediated by
the up-regulated genes within the DG, as removing those genes
and rerunning the dimension reduction in silico remerged the split
DG duster (Fig. 3D). Conversely, there was no cluster remerging
when removing up-regulated DEGs from CA1, glia, or from any
other cell type (SI Appendix, Fig. S11A4). Furthermore, DG cluster
remerging was specific to the up-regulated genes, as removing
only down-regulated genes had no effect either (SI Appendix, Fig.
S11B).

Among the HDACi-induced up-regulated genes within each
cluster, we found that excitatory neurons were predominatly
enriched for genes involved in neuronal functioning and synaptic
signaling (Fig. 3F and Dataset S6). Among the HDACi-induced
down-regulated genes within each cluster, which were also
cluster-specific (S Appendix, Fig. S10F), there were only a few
GO:s significantly represented, which included regulation of met-
abolic and cellular processes in the excitatory neurons cluster
(Dataset S6). Importantly, the differential expression patterns in
the snRNA-seq dataset were in line with the bulk RNA-seq
results (87 Appendix, Fig. S12), since most DEGs from both anal-
yses were differentially expressed in the same direction (Dataset
S7), with genes up-regulated in both experiments associated with
cell signaling and communication, and genes down-regulated in
both experiments mostly associated with RNA metabolism, DNA
repair, and other nuclear processes important for cell maintenance
(Dataset S8). Together, these results provide evidence that pairing
CFC with HDAC treatment transcriptionally activates different
gene sets across cell types, with a particularly strong response
among up-regulated genes in the DG that is relevant for synaptic
signaling.

HDACi Combined with CFC Enriches H3K27ac at Genes Involved
in Synaptic Communication. To better understand the HDACi-
induced epigenetic regulation of the up-regulated genes in DG
excitatory neurons, we next characterized histone acetylation in
these cells using ChIP-seq. We focused on H3K27ac, a known
marker of active enhancers that is enriched at activity-dependent
regulatory elements after neuronal activation (29, 46—49), and
correlates with gene transcription (29, 50). Furthermore,
H3K27ac, alongside H3K9ac and H4K12ac, is directy influ-
enced by CI-994, as revealed by Western blotting (SI Appendix;
Fig. S§13) [two-way ANOVA, F3 g0 = 22.47, P = 1.11e-13].
For ChIP-seq, we used three biological replicates, each from
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Fig. 3. HDACI activates different transcriptional cascades within hippocampal cell types. (A) UMAP of 15,339 nuclei from the full hippocampus colored by
10 identified cell types. (B) Number of up-regulated (Right; log,FC > 1; false-discovery rate [FDR] < 0.05) and down-regulated (Left; log,FC < —1; FDR < 0.05)
genes in each cell type that has significant GOs. (C) UMAP of nuclei colored by sample drug treatment. (D) UMAP, colored by drug treatment, after removing
the 501 up-regulated genes in the DG excitatory neurons and reclustering. (E) Top 25 enriched GOs of genes up-regulated after HDACi treatment and CFC in
each cell type. Cell types that have no ontologies are not represented. n = 2 biological replicates per group (HDACi-CFC and VEH-CFC).

pooled DG from five mice, following fluorescence activated
nuclear sorting of NeuN" nuclei (Fig. 44).

Differential enrichment analysis (Diffbind, DEseq2: data in
Dataset S9) revealed that CFC in VEH-treated animals led to
only marginal changes in H3K27ac enrichment (Fig. 4 B, Lefd),
in line with the transcriptional data (Fig. 24). Conversely,
when CFC occurred in the presence of HDACI, more than
10,000 and 15,000 regions were significantly down- and
up-regulated (log,FC > 1), respectively, indicating that in the
presence of HDAC], the behavioral paradigm triggers substan-
tial epigenetic changes. Furthermore, the HDACi treatment
itself also enriched a significant number of regions, ~10,500
regions in both context- and CFC-treated groups (Fig. 4 B,
Right plots), suggesting that both CFC and HDACi treatment
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alter H3K27ac enrichment. This is in contrast with the West-
ern blot comparisons (SI Appendix, Fig. S13), where no signifi-
cant differences in H3K27ac levels were observed between
the HDACi-Context and HDACI-CFC groups, but is likely
attributed to the increased sensitivity of the ChIP-seq analysis.
Next, we performed a decision tree analysis for H3K27ac
peaks at active enhancers, the chromatin state with the largest
number of peaks (Fig. 4C and SI Appendix, Fig. S14; other
chromatin states are included in S/ Appendix, Fig. S15), focus-
ing on the same four trajectories as in the RNA-seq (Fig. 2
D-F). The primed active cluster for active enhancers was the
smallest, containing 179 peaks (Fig. 4D and Dataset S10). This
cluster represented ontologies associated with dendritic loca-
tions (Fig. 4F and Dataset S11) and included peaks associated
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Fig. 4. HDACI enriches H3K27ac at genes involved in neuronal synaptic communication. (A) Schematic of experimental outline. (B) Volcano plots showing
differential H3K27ac enrichment versus statistical significance for pairwise comparisons (labeled above each plot). n values represent the number of peaks
that are enriched (logoFC > 1; FDR < 0.05). P values were calculated by the Wald test and corrected for multiple comparisons using FDR. (C) Heat map
representing number of peaks in the trajectories per chromatin state. (D) Heat map of z-scores of the average normalized H3K27ac peak counts for all four
trajectories of interest. Peak sets underwent decision tree clustering based on significant log,FC values for associated peaks in each group when compared
to VEH-Context. Line graphs in trajectory plots represent significant log,FC values for each group in clusters of interest. Count in lower left corner indicates
number of peaks. Line plots shown as mean + SEM. Insets represent differentially enriched active enhancer peaks from each cluster. Normalized counts for
each replicate were compared to average normalized count for VEH-Context. (£) GO analysis of genes associated with H3K27ac peaks. n = 3 biological repli-
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with NMDA receptor 2A (Grin2a) and the calcium voltage-
gated channel subunit (Cacnale). In the primed stable cluster,
there were 378 active enhancers for which H3K27ac was
increased after HDACI treatment but not further enriched after
CFC. This cluster included ontologies specific to synaptic loca-
tions, and a previously described enhancer of cFos, whose regu-
lation by histone acetylation was recently validated by targeted
dCas9-p300 manipulations (47). The 1,480 enhancers of the
primed silenced cluster were also associated with genes that are
involved in synaptic assembly and signaling (Datasets S10 and
S11). Finally, the non-primed active cluster was the largest and
contained 6,493 active enhancer peaks, the ontologies for which
were also associated with regulation of synaptic signaling. This
cluster included enhancers for multple plasticity and memory-
related genes: for example, Fosh, Jun, Junb, and JunD, which are
members of the AP-1 complex, known to be involved in neuro-
nal plasticity processes during CFC (36, 49); calcium-dependent
protein kinases, which are crucial for signaling at glutamatergic
synapses (51); and genes in the MAPK/ERK signaling cascade,
which regulates H3 acetylation during CFC and helps to establish
the stabilization of long-term memory (5, 33, 37).

Taken together, these data show that HDACi-induced
H3K27ac enrichment after context or CFC is highly specific to
neuronal signaling processes. However, in contrast to the RNA-
seq data, the H3K27ac enrichment appears to be most relevant
in the non-primed active cluster, and thus most responsive to
the combined HDACi and CFC treatment, which closely
resembles the behavioral and electrophysiological results. This
is interesting insofar as we would expect changes in acetylation,
or the priming step, to be relevant in all HDACi-treated
groups, but transcriptional activation to be more specific to the
paired HDACi and CFC conditions. Thus, to better under-
stand this disconnect between transcriptional activation and
acetylation enrichment, we directly compared which genes are
both enriched and transcriptionally activated and which genes
are only enriched for H3K27ac at enhancer regions.

Transcriptional Activation and H3K27ac Accumulation Occur at
Genes Involved in Synaptic Communication. When we related
H3K27ac accumulation at active enhancers to the expression
changes of their associated genes, we found that multiple genes
underwent trajectory changes (Fig. 5 4 and B). The most pro-
nounced trajectory change occurred for genes associated with
active enhancers that were in the non-primed active cluster in
the ChIP dataset, of which 58% changed to being transcrip-
tionally activated by HDAC:i regardless of whether CFC had
occurred (primed stable). This indicates that, while CFC was
needed to drive their acetylation changes, it was no longer
required for transcription. These genes were enriched for ontol-
ogies, including “positive regulation of signal transduction” and
“nervous system development” (Fig. 5C), whereas ontology
analysis for other cluster changes did not yield any significant
hits. Genes in this group included voltage-gated potassium
channels (such as Kcnal), a transcription factor required for
fear learning (Neurod2) (52), and the IEG and AP-1 complex
member, Jun (Fig. 5D). In addition, this cluster switch was
enriched for various genes belonging to the MAPK signaling
pathway, such as Mapk4 and Rapgef2 (Fig. SE).

When comparing H3K27ac enrichment to the transcriptional
activation in single nuclei of the DG (87 Appendix, Fig. S16A4),
we found that only 199 of the 4,594 genes were up-regulated in
both analyses after combined HDACi-CFC treatment (S7
Appendix, Fig. S16B). Despite this being a small subset—likely
due to technical differences between the bulk and single nuclei
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preparations—these genes were also relevant to learning and
memory in that they included NMDA receptors (Grin2a
and Grin2b), a calcium voltage-gated ion channel (Cacnale),
and again, members of the MAPK pathway, including Mapkl10
and Ras-guanine-nucleotide releasing factor 1(Rasgrf-1) (Fig. 5E),
all of which contribute to glutamatergic synapse communication.

Finally, when comparing all three datasets together—namely
enhancer acetylation, bulk and snRNA-seq transcriptional
changes—we found the MAPK pathway to be predominantly
activated (Fig. 5E). The MAPK/ERK pathway is necessary for
memory consolidation (53, 54) and, once activated, ERK phos-
phorylates protein targets that are implicated in histone acetyla-
tion, gene transcription, protein synthesis, and synaptic plasticity
(5, 33). Importantly, previous studies using different HDACis
(i.e., sodium butyrate) have already demonstrated that HDACi-
induced learning requires the activation of the MAPK pathway:
knockout mice for mitogen- and stress-activated protein kinase 1
(MskI), a member of the MAPK pathway, showed no HDACi-
induced memory enhancement compared to wild-type mice (55,
56). In addition to the MAPK pathway, 18 more genes with
H3K27ac enhancer enrichment were transcriptionally activated
in all experiments (Dataset S12), of which two genes—autism
susceptibility candidate 2 (Au#s2) and cortactin binding protein 2
(Crnbp2)—protect against autism-like behavior and regulate
object recognition memory (57, 58). Taken together, these data
suggest that genes involved in synaptic communication and
MAPK signaling are the primary epigenetic and transcriptional
targets of HDAC treatment, which in turn indicates these path-
ways to underlie HDACi-mediated memory enhancement.

Discussion

In this study, we aimed to determine the mechanisms by which
HDAC: application facilitates memory formation. We found
that the HDACi CI-994 improves behavioral responses to
contextual fear learning (Fig. 1B) and rotarod training (57
Appendix, Fig. S4B), regulated by the hippocampus and stria-
tum, respectively. In both behavioral paradigms, CI-994 selec-
tively enhanced unique aspects of synaptic communication
within each brain region (Fig. 1 Cand D and S/ Appendix, Fig.
S4F), despite these brain areas showing comparably reduced
HDAC activity (Fig. 1 E and F). At the molecular level,
HDAC: treatment transcriptionally activated distinct gene sub-
sets in each brain region (Fig. 2) and between different cell
types within the hippocampus (Fig. 3). Finally, in DG neurons,
HDAC: treatment enriched H3K27ac at the enhancers of genes
associated with synaptic function (Fig. 4), particularly at those
involved in MAPK signaling (Fig. 5). Together, these findings
indicate that CI-994, although applied systemically, results in
brain region, cell-type, and pathway-specific effects.

These findings support the notion that CI-994 at least partly acts
via cognitive epigenetic priming (3, 15). This model has originally
been inspired by evidence from cancer research, where HDACi
application—inherently devoid of target specificity—improves the
efficacy of ongoing cancer treatments, while per se having no bene-
ficial effects (16, 17). Analogously, here we found the HDACi
application itself to have minimal effects; but when applied jointly
with CFC, the HDAC: treatment elicited electrophysiological, tran-
scriptional, and epigenetic changes that paralleled the improved
memory performance.

The brain region-specific effects likely occur because HDACi
treatment reinforces behaviorally relevant cellular pathways in
each brain area. When paired with CFC, HDACi specifically
enhanced hippocampal LTP, which is known to underlie
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Fig. 5. Overlap between HDACi-induced acetylation and transcriptional changes. (A) Sankey plot showing change in trajectory association for the 1,585 active
enhancer-associated genes present in both the ChIP (Left) and bulk RNA-seq (Right). (B) Number of genes changing between ChIP-seq and the bulk RNA-seq clus-

ters. (C) GOs for the 674 genes in the ChIP non-primed active cluster shifted

to the RNA-seq primed stable cluster. (D) Example genome track of the H3K27ac

and mRNA expression for Jun (active enhancer in gray and gene in blue). (F) KEGG visualization of the MAPK signaling pathway. Each box represents a gene for
which the significant log,FC for the HDAC-CFC vs. VEH-CFC in the ChiIP-seq (Left), bulk RNA-seq (Center), and snRNA-seq (Right) are color coded.

contextual fear learning (59-62), a finding similar to previous
results in which CI-994 enhanced LTP in Schaffer collaterals
when combined with extinction learning (14). Conversely,
when paired with rotarod training, HDAC] enhanced cortico-
striatal PPF, which is known to underlie motor learning
(28, 63, 64). This specialization is further supported by the
differential transcriptional programs activated in these brain
areas. While HDACi treatment enriched MAPK signaling in
both brain regions irrespective of whether the animals were
fear-conditioned or only context-exposed, the learning- and
memory-related ERK1 and ERK2 cascade, as well as Bdnf'and
Jun, which are both involved in MAPK/ERK signaling (32, 47,

PNAS 2022 Vol. 119 No.22 2116797119

65, 66), were only enriched in the hippocampus in combina-
tion with learning. This suggests that HDACi generally targets
the MAPK pathway but that, when paired with CFC, it leads
to a further transcriptional enhancement thereof.

At the epigenetic level, we found a matching correlation
between improved contextual memory formation, hippocampal
LTP, and enhancer H3K27ac enrichment when HDAC] treat-
ment was paired with CFC (Fig. 4). But even after HDACi treat-
ment alone, we observed H3K27ac-enriched pathways to be
mainly associated with synaptic functions. Interestingly, past
results have indicated that either HDACi (67) or CFC alone (29)

enrich histone acetylation at regions that are already acetylated in
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baseline conditions. This suggests that the HDAC:i acts by rein-
forcing acetylated regions, which is likely, given that HDAC:s are
known to be predominantly recruited to and act upon previously
activated chromatin regions (68). Furthermore, H3K27ac enrich-
ment also occurred at enhancers of the MAPK pathway (Fig. 5),
which expands on previous findings linking HDAC; treatment
to this pathway (5, 55), and testifies to the importance of
H3K27ac-induced epigenetic priming for improved memory
performance.

At the same time, we observed that H3K27ac changes were
not always translated into transcriptional changes (Fig. 5),
which indicates some gene activation to be independent of
H3K27ac priming at this time after learning. It is possible that
this decoupling is driven by different cell populations in these
experiments. Alternatively, the decoupling suggests that tran-
scriptional changes likely rely on other epigenetic modifica-
tions, such as posttranslational histone modifications and DNA
methylation, which are known to be important for memory
formation (29, 36, 49, 69-73). However, since previous studies
have also alluded to an epigenetic-transcriptional decoupling at
similar time points after memory formation (29, 67), this is
likely not the whole explanation. Indeed, our observation bears
striking resemblance to a recent study that described an initial
increase in enhancer accessibility following CFC, which was
not yet paralleled by transcriptional changes, but only after sev-
eral days postconditioning (73). Together, these findings sug-
gest the following temporal order by which HDACi may
improve memory formation. First, HATs and HDACs are
recruited to regions of active gene transcription (68), which
often occurs via the transcription machinery itself (74, 75). Sec-
ond, during HDAC inhibition, these regions would remain
open. Finally, during a subsequent neuronal activation, such as
recall or high-frequency stimulation (HFS), genes primed in this
way can then be more readily activated and thereby enhance
memory retention. A precise experimental investigation of this
time course is now required to test this order.

Given the multifactorial physiological and molecular underpin-
nings of learning and memory, there are several open questions
emerging from this study. For example, while we only assessed
DG-related histone acetylation changes, we cannot exclude the
role of other hippocampal subregions, in particular CA1 (60), to
be epigenetically altered by HDAC: in response to CFC. Another
limitation is the possibility that measuring mRNA and histone
acetylation changes 1 h after CFC might be more representative
of secondary-wave effects of HDACi applicaton and CFC train-
ing, considering that many IEGs, acting as transcription factors
themselves, are already up-regulated 30 min after CFC (46, 76).
Of equal interest is the further study of HDACi-mediated down-
regulated gene expression as observed here and previously (14,
67, 77). As down-regulated genes in both the bulk RNA-seq and
snRNA-seq analyses were more associated with cellular metabo-
lism and genetic regulation, this could indicate that as HDACi
treatment enhances transcription of genes necessary for synaptic
communication immediately following learning, it simultaneously
silences processes involved in cellular maintenance. Finally, it
remains to be determined whether similar molecular and physio-
logical cascades are triggered by other HDACis or in bona fide
learning-induced engram cells (78).

These open questions notwithstanding, the findings pre-
sented here shed light on the mechanisms by which systemic
HDACI treatment can lead to specific memory-promoting
effects. By enhancing neuronal activity-induced epigenetic and
transcriptional cascades, HDACi application reaches a high
level of target specificity despite being devoid of such specificity
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per se. Together with previous studies illustrating beneficial
effects of HDACi-mediated regulation on synaptic genes in sev-
eral neurodegenerative disorders (8-10, 79), these findings pro-
mote HDACis as a potential pharmacological intervention to
improve cognitive capacities in both healthy and impaired
conditions.

Materials and Methods

Animals. Twelve-week-old male C57BL/6J mice were used for all experiments.
Animals were housed in groups of four to five animals at 22 to 25°C on a
12-h light/dark cycle with food and water ad libitum. All procedures, including
animal experiments, were handled according to protocols approved by Swiss
animal licenses VD2808/2808.1, VD2875/2875.1, VD3169, and VD3413
and according to the standard operating procedures of E-PHY-SCIENCE SAS
[ENV/JM/MNO (2077)].

Drug Administration. Cl-994 (14) was dissolved in 10% dimethyl sulfoxide
(Sigma-Aldrich), 30% Kolliphor (Sigma-Aldrich), and 60% 0.9% saline (Braun).
Animals were interperitoneally injected with 30 mg/kg of CI-994 or a corre-
sponding volume of VEH.

cFc. CFC consisted of a 3-min habituation, two 1-s foot shocks (0.2 mA) separated
by 29 s, and a final 15 s in the chamber (TSE Systems GmbH at Ecole Polytechni-
que Fédérale de Lausanne; Imetronic for electrophysiology). For the HDACi assay,
CFC consisted of three 2-s foot shocks (0.8 mA). Context groups were exposed to
the conditioning chamber without shocks. To measure fear leaming, animals were
re-exposed to the chamber 24 h after training. Percentage of time spent freezing
(>1s) was calculated with an infrared beam detection system (MultiConditioning
System, TSE Systems GmbH). For all molecular experiments, animals were left in
their home cage for 1 h post-CFC before killing and dissection.

Electrophysiology. One hour after behavioral experiments, mice were anesthe-
tized (isoflurane), decapitated, and brains were extracted. Slices (350-um thick)
were prepared with a vibratome (VT 1000S; Leica Microsystems) in ice-cold gassed
artificial cerebrospinal fluid (aCSF; 124 mM NaCl, 1.3 mM MgS0,, 4 mM KCl,
1.0 mM Na,HPQ,4, 2.0 mM CaCl2, 26 mM NaHCO3, 10 mM p-glucose). Sections
were kept at room temperature for 1 h before recording.

For recordings, one slice was submerged in the recording chamber and super-
fused with gassed (95% O,, 5% CO,) aCSF at a constant rate (2 mL/min). Electrical
stimulation (0.25 Hz, 100-ps duration) evoked field excitatory postsynaptic poten-
tial (fEPSPs) in the perforant path, Schaffer collaterals, or the cortico-striatal
pathway. Downstream extracellular fEPSPs were recorded in the DG, CA1, and stri-
atum, respectively, using a glass micropipette filled with aCSF. Stable fEPSPs
were recorded by stimulating at 30% maximal field amplitude (single stimulation
[0.25 Hz] every 30 s). HFS (three trains of 100-Hz stimulation; 2x 1 s, separated
by 20 s), was delivered and a 90-min test period was recorded. Signals were
amplified with an Axopatch 200B (Molecular Devices) digitized by a Digidata
1322A interface (Molecular Devices) and sampled at 10 kHz. Recordings were
acquired using Clampex (Molecular Devices) and analyzed with Clampfit (Molecu-
lar Devices). LTP was measured as percent of baseline fEPSP slope recorded
over a 10-min period before HFS delivery. This value was taken as 100% of the
excitatory postsynaptic potential and all recorded values were normalized to this.

HDAC Activity Assay. HDAC activity of hippocampal and striatal hemispheres
was assessed using the Fluor de Lys HDAC fluorometric activity kit (Enzo Life
Science, BML-AK500) (for details see SI Appendix).

RNA-Seq.

RNA extraction and library preparation. Total RNA was isolated from hippo-
campal and striatal hemispheres using TRIzol Reagent (Life Technologies), and
purified using the RNase-Free DNase Set (Qiagen, Cat# 79254) and the RNAeasy
Mini Kit (Qiagen). Libraries were prepared using the TruSeq Stranded mRNA
Preparation Kit (/llumina) then multiplexed and sequenced on the Illumina
HiSEq. 4000, yielding 100-bp, paired-end reads.

RNA-seq analysis. Truseq adapter sequences were trimmed from FASTQ files
using bel2fastq (v2.20.0, lllumina). STAR (v2.6) (80) aligned FASTQ reads to the
mouse mm10 reference genome with annotations from Ensembl release 93
(81). Custom R scripts were used to count reads mapping to exonic regions.
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Differential expression was performed using DEseq?2 (82) and DEGs were consid-
ered if they had P < 0.05 and a log,FC > 0.4, as described previously (14). For
the trajectory analysis, genes were grouped using custom-written decision tree
clustering in R.

Nuclear Extraction. Nuclear extraction was performed for both ChIP and
snRNA-seq experiments. Frozen brain tissue was homogenized in 6 mL Solution
D (0.25 M Sucrose, 25 mM KCI, 5 mM MgCly, 20 mM Tris-HCl, pH 7.5; plus
5 pg/mL actinomycin D [Sigma, Cat# A4262] for snRNA-seq). Samples were puri-
fied twice with Optiprep (Serumwerk Bemburg) and centrifuged for 10 min at
3,200 x g. Pellets were resuspended in PBS-T for the ChIP and N-PBS (PBS, 5%
BSA, 5 pg/mL actinomycinD, and 0.2 U/pL RNase inhibitor [Thermo Fisher Scien-
tific]) for the snRNA-seq then filtered into 5-mL polysterene tubes with filter
(75 mm) snap-caps (Corning).

ChiP-Seq.

Chip a:mflI library preparation. Extracted nuclei were cross-linked in 1% formal-
dehyde (AppliChem) for 5 min and quenched with 125 mM glycine (VWR).
Approximately 750,000 nuclei per sample were resuspended in 500 pL PBS-T.
Nuclei were stained with 1:50 Alexa Fluor488 conjugated anti-NeuN (Millipore,
MAB377X) for 30 min, then washed in PBS-T. Nuclei were stored in 200 pL PBS-
T, passed through a 26-G needle, and incubated with Hoechst (1:1,000) before
sorting on the FACSArialll (BD Bioscience). Sorted NeuN* nuclei were pelleted
(4°C, 1,250 x g, 5 min) and lysed in 750 L RIPA buffer for 10 min. Samples
were sonicated on an E220 Focused-ultra-sonicator (Covaris) for 20 min (peak
power = 140 W, duty = 5, cycle/burst = 200). Low-input ChIP was carried out
using the Low Cell ChIP-Seq Kit (Active Motif) using H3K27ac (Abcam, ab4729).
The Next Gen DNA Library and Indexing Kit (Active Motif) were used to prepare
libraries (for details, see S/ Appendix). Libraries were resuspended in 25 pl Low
EDTA TE buffer then analyzed with the fragment analyzer (NGS High Sensitivity
kit, Agilent) and sequenced, paired-end, on the Illumina NextSEq. 500.
ChipP-seq analysis. Molecular identifier sequences were appended to FASTQ
headers. Adapter sequences and low-quality regions were removed using Trim-
momatic  (v0.38) (83) (ILLUMINACLIP:Y2_adapter_seq.fa:0:6:6  SLIDING-
WINDOW:10:20 MINLEN:36). Processed FASTQs were aligned to the mm10
genome using Bowtie2 (v2.3.5) (84). Differentially acetylated regions were iden-
tified using Diffbind (v2.16.2) (85) and DEseq2 (v1.28.1) (82). ChromHMM
(v1.22) (86) was run on independently published ChIP-seq data (29). Five chro-
matin states were assigned (control regions, repressed regions, promoter
regions, primed enhancers, active enhancers) based on their histone marks.
We assigned enhancers to genes using HOMER (v4.11) annotatePeaks.pl (87).
Trajectory analysis was performed for each chromatin state.

snRNA-Seq.
Library sequencing. Hippocampi from five mice were pooled into two replicates

per group. Nuclei were extracted and diluted to 1,000 nuclei per microliter.
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