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Novel histone acylation drives memory storage

Abstract

Histone post-translational modifications (PTMs), particularly lysine acetylation (Kac), are critical
epigenetic regulators of gene transcription underlying long-term memory consolidation. Beyond Kac,
several other non-acetyl acylations have been identified, but their role in memory consolidation remains
unknown. Here, we demonstrate histone lysine crotonylation (Kcr) as a key molecular switch of
hippocampal memory storage. Spatial memory training induces distinct spatiotemporal patterns of Kcr
induction in the dorsal hippocampus of mice. Through genetic and pharmacological manipulations, we
show that reducing hippocampal Kcr levels impairs long-term memory, while increasing Kcr enhances
memory. Utilizing single-nuclei multiomics, we delineate that Kcr enhancement during memory
consolidation activates transcription of genes involved in neurotransmission and synaptic function
within hippocampal excitatory neurons. Cell-cell communication analysis further inferred that Kcr
enhancement strengthens glutamatergic signaling within principal hippocampal neurons. Our findings
establish Kcr as a novel epigenetic mechanism governing memory consolidation and provide a

foundation for therapeutic strategies targeting memory-related disorders.
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Introduction

Precise spatiotemporal patterns of gene expression in the hippocampus are critical for the consolidation
of long-term spatial memory (1-4). Histone PTMs play a key role in the epigenetic regulation of gene
expression during memory consolidation (5-9). Short-chain acyl modifications on histone lysine
residues are well-known PTMs that regulate several biological processes (10-12). Among these acyl
modifications, histone lysine acetylation (Kac) has been extensively studied for its role in memory
storage. Altering histone Kac levels by selectively manipulating the expression or function of ‘writers’
(lysine acetyltransferases, KATs) and ‘erasers’ (lysine deacetylases, KDACSs) of histone Kac has been
shown to impact hippocampal memory storage (6, 13, 14). Interestingly, recent evidence has shown
that the majority of the writers and erasers for histone Kac also can also mediate the incorporation or
removal of non-acetyl acyl moieties on histone lysine residues that structurally differ from the acetyl
functional group (15, 16). This raises the question of whether the impact of KATs and KDACs on
memory storage, as demonstrated in previous studies (17-21), also reflects underlying changes in non-
acetyl histone acylations. Understanding the functional relevance of non-acetyl acylations in long-term
memory storage will broaden conceptual insight into the epigenetic mechanisms underlying memory

consolidation.

Although mechanistically and functionally distinct from Kac (22), lysine crotonylation (Kcr) can be
regulated by the same writers and erasers that regulate Kac. Emerging evidence has revealed that
lysine crotonylation (Kcr) plays a pivotal role in transcriptional regulation (22-28). Studies in cell-free
systems have demonstrated that p300/CBP-mediated histone crotonylation activates transcription to a
significantly higher extent than histone acetylation (15). Additionally, Kcr has been shown to be
enriched on active gene promoters (22), and Kcr-mediated transcriptional regulation has been
implicated in diverse biological functions, including as DNA damage repair (23), acute kidney injury
(27), spermatogenesis (24), nerve-injury-induced-neuropathic pain (28), and neural stem cell
differentiation (25). Interestingly, specific ‘reader’ proteins, such as the YEATS domain-containing
proteins, exhibit a higher binding affinity for crotonylated lysine residues compared to acetylated lysine
moieties (29, 30). The critical role of gene expression during hippocampal memory consolidation is
well-established (4, 31-33). Yet, it remains unclear whether histone Kcr has a role in epigenetically
regulating transcription during memory consolidation. In addition to writers and erasers, histone Kac
and histone Kcr share enzymes that synthesize their respective metabolic precursors. The enzyme
Acetyl-CoA synthetase 2 (ACSS2) synthesizes both crotonyl-CoA and acetyl-CoA (15, 34). ACSS2
plays a prominent role in long-term memory consolidation by regulating histone Kac-dependent gene

transcription (35, 36). The role of ACSS2 in regulating Kcr-dependent gene expression has been


https://doi.org/10.1101/2025.02.19.639114
http://creativecommons.org/licenses/by-nc-nd/4.0/

87
88

89
90
91
92
93
94
95
96
97
98
99

100

101

102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

117

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.19.639114; this version posted February 19, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Novel histone acylation drives memory storage

reported. However, it remains unknown whether the metabolic coupling of histone Kcr with gene

transcription has a functional relevance in long-term memory consolidation.

Here, we provide evidence demonstrating the role of Kcr in hippocampal memory consolidation. We
show that spatial learning in mice increases Kcr levels in the dorsal hippocampus during the early
temporal window of memory consolidation. Next, we show that increasing histone Kcr levels by oral
administration of crotonate, a precursor of crotonyl-CoA, enhances hippocampus-dependent long-term
memory. Conversely, depleting histone Kcr levels in the hippocampus by overexpressing the crotonyl-
CoA hydratase CDYL leads to long-term spatial memory impairments. We further show that
enhancement of long-term memory by crotonate administration is regulated by the function of ACSS2.
Utilizing single-nuclei transcriptomic and chromatin accessibility studies, we define unique molecular
signatures of Kcr regulation across hippocampal subregions, demonstrating the impact of Kcr
enhancement on genes encoding key proteins that regulate synaptic transmission and function. Our

findings establish Kcr as a critical molecular switch that regulates hippocampal memory storage.
Results
Crotonylation is correlated with higher levels of activity-dependent gene expression.

We began with a bioinformatic analysis to determine the relationship between activating Kcr and Kac
marks and activity-dependent gene expression in neurons. Histone crotonylation and acetylation share
the same set of writers and erasers. Additionally, ACSS2 functions to synthesize the precursors for
both acetylation (acetyl-CoA) and crotonylation (crotonyl-CoA). Because of this, we examined the
correlation between activity-dependent gene expression, ACSS2, Kac, and Kcr enrichment on gene
promoters by analyzing previously published chromatin immunoprecipitation followed by sequencing
(ChIP-Seq) datasets (15, 35, 37). We found 2,340 gene promoters that show enrichment of ACSS2 and
histone H3K27ac, while 2,239 gene promoters exhibit enrichment for ACSS2, H3K27ac, and H3K18cr
(Fig 1a). Next, we utilized a published dataset of activity-responsive gene expression (2) to compare
the fold induction of genes enriched with ACSS2 and H3K27ac to genes enriched with ACSS2,
H3K27ac and H3K18cr. Our analyses revealed that genes enriched with ACSS2, H3K27ac, and
H3K18cr exhibit a significantly higher fold change compared to genes enriched with ACSS2 and
H3K27ac (Fig 1b). These results demonstrate that the presence of histone Kcr on gene promoters
significantly heightens the magnitude of activity-induced gene expression, as found in studies of

transcriptional regulation in vitro (15).

Spatial training induces lysine crotonylation in discrete hippocampal subregions.
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To investigate whether training leads to changes in histone Kcr, we trained wild-type (WT) mice in a
spatial object recognition (SOR) task and examined Kcr levels in core histones extracted from the
dorsal hippocampus at specific intervals (0.5, 1, and 2 hr) post training (Fig. 1c). In the absence of prior
knowledge regarding specific histone lysine residues affected by learning, we focused on pan-lysine
crotonylation (Kcr) to assess the global landscape of histone Kcr during spatial memory consolidation.
Using an antibody that detects crotonylated lysine residues, we observed that histone Kcr levels
significantly increased at the one-hour timepoint after SOR training and returned to baseline levels at
the two-hour timepoint (Fig. 1d-e). Next, we performed immunofluorescence using the Kcr antibody to
investigate where Kcr levels increase in the hippocampus following training. Quantitative analysis of
the nuclear Kcr levels revealed significant increases in the CA1 pyramidal cell layer, the subiculum, and
the upper blade of dentate gyrus (DG) one-hour after spatial training, whereas no significant changes in
the nuclear Kcr levels were observed in hippocampal subregions CA3 and the lower blade of DG (Fig.
1f-h). Taken together, these results identify histone Kcr as a novel epigenetic modification that exhibits

distinct spatiotemporal dynamics in response to hippocampus-dependent training.
Reduction of hippocampal Kcr levels impairs long-term spatial memory.

The crotonyl-CoA hydratase Chromodomain Y-like protein (CDYL) is the only known regulator of Kcr
that does not affect Kac levels. CDYL hydrolyzes crotonyl-CoA to beta-hydroxy butyryl-CoA (Fig. 2a),
resulting in a reduction of histone Kcr levels (26). Interestingly, neuronal activity has been shown to
reduce CDYL levels (38), prompting us to investigate whether spatial learning would similarly impact
hippocampal CDYL levels. We performed immunofluorescence on brain sections obtained from SOR-
trained WT mice to examine spatial patterns of learning-induced CDYL levels across hippocampal
subregions (Fig. 2b). Hippocampal subregions CA1, subiculum, and the upper blade of DG exhibited
significant downregulation of nuclear CDYL levels one-hour after SOR training, whereas nuclear CDYL

levels remained unchanged in the hippocampal subregions CA3 and the lower blade of DG (Fig. 2c-f).

Next, to determine whether histone Kcr has a role in hippocampal long-term memory, we designed a
strategy to selectively modulate Kcr in the dorsal hippocampus by manipulating levels of CDYL. We
injected an adeno-associated virus (AAV) in WT mice to overexpress CDYL (AAVy-CaMKIla-CDYL-V5)
in the excitatory neurons of the dorsal hippocampus (Fig. 2g). Immunofluorescence performed two
weeks after viral infusion confirmed the expression of CDYL-V5 across the dorsal hippocampal
principal layers (Fig. 2h). We observed significantly reduced Kcr levels in the hippocampal areas CAl
and CA3 in CDYL-V5-expressing mice compared to EGFP controls (Fig. 2i-j), thus validating the

efficacy of our viral-based approach. Next, we evaluated long-term spatial memory in mice infused with
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AAV-CDYL-V5 in the dorsal hippocampus. Mice were trained in the SOR task with objects that were
placed in specific spatial locations within an arena. To test for long-term spatial memory, we performed
a retention task 24 hr later with one of the objects displaced to a novel spatial location (Fig. 2k). Control
AAV-infused mice (AAVy-CaMKIla-EGFP) exhibited a higher preference towards the displaced object
during the test session, suggesting intact memory consolidation. Conversely, CDYL-infused mice
(AAV,-CaMKllao-CDYL-V5) failed to exhibit any preference towards the displaced object during the test
session (Fig. 2l). These results demonstrate that reduced levels of Kcr in the dorsal hippocampus leads
to deficits in long-term spatial memory. Collectively, these findings suggest a critical role of

hippocampal Kcr in spatial memory consolidation.
Pharmacologically increasing Kcr enhances long-term spatial memory.

Given that a reduction in hippocampal Kcr levels significantly impairs long-term memory, we next asked
whether increasing Kcr levels could enhance long-term memory. Administration of crotonate, a short-
chain fatty acid, has been shown to increase levels of histone Kcr (15, 25) and stimulate gene
expression (25). Therefore, we implemented this strategy to pharmacologically increase histone Kcr
levels in mice. We administered two different doses of crotonate (50 and 200 mg/kg) to WT mice by
oral gavage and examined histone Kcr levels in the dorsal hippocampus one-hour after drug
administration. We observed a significant increase in histone Kcr following 200 mg/kg dose of
crotonate, whereas the 50 mg/kg dose of crotonate failed to enhance histone Kcr levels compared to
vehicle (saline)-treated mice (Fig. 3a-b). Next, to study the impact of upregulating histone Kcr levels on
long-term memory, we trained WT mice in a weak-learning (sub-threshold) SOR paradigm (39) to
evaluate long-term memory enhancement. Mice were administered 50mg/kg of crotonate, 200 mg/kg of
crotonate, or vehicle via oral gavage immediately after the completion of the training session. When
tested 24 hr later, both the vehicle-treated and 50 mg/kg crotonate-treated mice failed to show a
preference towards the displaced object, whereas mice administered with 200 mg/kg crotonate showed
a significant preference towards the displaced object (Fig. 3c). Consistent with our SOR findings, we
observed a significantly enhanced freezing response upon crotonate administration when mice were
tested in a sub-threshold contextual fear conditioning (CFC) task (Fig. 3d). Our behavioral findings
suggest that increases in histone Kcr levels improve hippocampal long-term spatial memory, further
underscoring the functional relevance of Kcr for long-term memory. Additionally, our findings offer a
conceptual framework for developing novel pharmaco-epigenetic strategies to enhance hippocampal

memory consolidation.

Neuronal ACSS2 is a key regulator of crotonate-mediated memory enhancement.
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The metabolic enzyme ACSS2 is critical for long-term memory and previous work has focused on the
role of this enzyme in generating acetyl-CoA. However, ACSS2 also synthesizes crotonyl-CoA from
the short-chain fatty acid crotonate in mammalian cells (Fig. 4a) (15). This prompted us to investigate
whether ACSS2 regulates the increases in histone Kcr and enhancements in memory seen after
infusion of crotonate. We injected an AAV vector (AAVe-CaMKlla-Cre-EGFP) into the dorsal
hippocampus of male ACSS2" mice (40) to achieve a conditional knockdown of ACSS2 expression in
the excitatory pyramidal neurons of the dorsal hippocampus (Fig. 4b). Immunofluorescence performed
on brain sections obtained from the ACSS2 conditional knockout mice (ACSS2 cKO mice; ACSS2
".CaMKlla-Cre-EGFP) revealed the expression of Cre across hippocampal subregions (Fig. 4c).
Western blot analyses confirmed the downregulation of ACSS2 in the dorsal hippocampus of ACSS2
cKO mice (Fig. 4d-e). We then examined the impact of crotonate administration on histone Kcr levels in
ACSS2 cKO mice. We administered crotonate (200 mg/kg) or vehicle (saline) via oral gavage
immediately after a sub-threshold training session, and quantified histone Kcr levels in the dorsal
hippocampus one-hour after training. We found that crotonate treatment failed to enhance hippocampal
histone Kcr levels in ACSS2 cKO mice (Fig. 4f-g), despite administering a dose of crotonate (200
mg/kg) that was sufficient to induce histone Kcr levels in WT mice (Fig. 3a-c). As crotonate
administration failed to enhance Kcr levels in ACSS2 cKO mice, we hypothesized that crotonate
treatment would also fail to elicit long-term memory enhancement in ACSS2 cKO mice. To test this
hypothesis, we trained ACSS2 cKO mice in a sub-threshold learning SOR paradigm, administered
vehicle or crotonate (200 mg/kg) immediately after training, and examined their long-term memory 24
hours after training (Fig. 4h). Our behavioral assessment confirmed that crotonate treatment in ACSS2
cKO mice had no impact in long-term memory compared to the vehicle-treated group (Fig. 4i). Taken
together, these results demonstrate that ACSS2 is critical in mediating the molecular impact of Kcr on

memory consolidation.

Single nuclei multiomics reveals the molecular signatures of memory consolidation following

increases in Kcr.

We implemented a single nuclei multiomics (snRNA-seq and snATAC-seq) strategy to elucidate the
molecular mechanisms underlying crotonate-mediated memory enhancement. Mice were trained in
SOR using a sub-threshold learning paradigm, and oral administration of crotonate (200 mg/kg) or
vehicle (saline) was performed immediately after training, as described previously (Fig. 3c). One-hour
after crotonate administration, the dorsal hippocampus was harvested, and nuclei were isolated for
single nuclei multiomics (Fig. 5a). Cell type clustering identified well-distinguished clusters comprising

excitatory and inhibitory neurons, as well as clusters representing non-neuronal cell populations (Fig.
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5b-c). Excitatory neurons were further classified into CA1, CA3, subiculum (Sub), dentate gyrus, and
excitatory cortical neurons based on cell-type-specific marker gene expression (Fig. 5b-c). Notably,
crotonate and vehicle treatment groups exhibited the same clusters (Supplementary Fig. 1). Next, we
performed differential gene expression (DEG) utilizing the snRNA data along with differential
accessibility regions (DARs) on the chromatin from the snATAC data of each cluster, comparing
crotonate and vehicle treated groups. For downstream analysis, we used the DEGs (FDR<0.05, and
absolute log, fold change > 0.2) that exhibited concordant DARs (FDR<0.05, and absolute log, fold
change > 0.2) across their promoter and gene body (Fig. 5d, Supplemental table 1). We found that
excitatory neurons in the CAl hippocampal area showed the highest number of genes impacted by
crotonate, with 205 upregulated genes showing increased chromatin accessibility and 36
downregulated genes showing reduced chromatin accessibility (Fig. 5d). Other cell types that showed
a strong impact of crotonate on gene expression and chromatin accessibility were excitatory neurons in
CA3 (118 upregulated genes with increased chromatin accessibility and 44 downregulated genes with
reduced chromatin accessibility), subiculum (53 upregulated genes with increased chromatin
accessibility and 18 downregulated genes with reduced chromatin accessibility), and the DG (27
upregulated genes with increased chromatin accessibility and one downregulated gene with reduced
chromatin accessibility) (Fig. 5d). In addition to the principal neuronal clusters (CA1, CA3, subiculum,
and DG), our analysis identified discrete molecular changes in inhibitory neurons (11 upregulated
genes with increased DARs and 3 downregulated genes with reduced DARSs) (Fig. 5d). Among the
non-neuronal cells, oligodendrocytes showed the highest number of overlapping DEGs and DARs (24
upregulated and 27 downregulated) (Fig. 5d). Notably, we found a significant correlation between
differential gene expression profiles and differential chromatin accessibility in hippocampal subregions
CAl1l and CAS3 (Supplementary Fig. 2). Since manipulation of Kcr levels selectively in excitatory
neurons was found to impact long-term memory, our subsequent analyses focused on DEGs within the

neuronal populations of CA1, CA3, subiculum, and DG that also exhibit DARs.

To better understand the impact of Kcr enhancement on the molecular signatures of principal neuronal
sub-types in the dorsal hippocampus, we performed Gene Ontology (GO: Molecular Function)
overrepresentation analysis to identify the pathways enriched among the DEGs with DARs following
crotonate treatment. We found that crotonate treatment impacted the expression of genes that were
predominantly associated with regulating neurotransmission and synaptic function across the cell
clusters (Fig. 5e-h). Among the most significant pathways found enriched following crotonate
administration, cell adhesion molecule binding was commonly enriched in subregions CAl1, CA3, and

subiculum, whereas distinct pathways attributed to ion channel activity were commonly enriched in CA1
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and CA3 (Fig. 5e-h, Supplemental table 2). In contrast, pathways attributed to PDZ domain binding
and calcium-dependent phospholipid binding were found enriched in the subiculum, whereas DG
exhibited an enrichment of pathways related to protein kinase C activity and serine/threonine Kinase
activity. (Fig. 5e-h). Because we found shared pathways between the principal neuronal subtypes of
the hippocampus, we next investigated the genes commonly altered within these subregions. Utilizing
an Upset plot, we compared unique and overlapping upregulated genes with concordant DARS in each
cell-type. We found that CA1, CA3, subiculum, and DG showed a common upregulation of 2 genes
(Supplementary Fig. 3). Notably, CA1, CA3, and subiculum showed 17 commonly upregulated genes,
CAl, CA3, and DG showed a common upregulation of 4 genes, and CA1 and CA3 showed 22
commonly upregulated genes following crotonate treatment (Supplementary Fig. 3). Among the
downregulated DEGs with reduced chromatin accessibility, we found pathways attributed to ephrin
receptor activity, calcium ion transmembrane transporter activity, and phosphoric diester hydrolase
activity downregulated in CA3, whereas pathways involved in cadherin binding and beta-catenin
binding were downregulated in DG (Supplementary Fig. 4). We also identified 23 downregulated
genes specific to CAL, 32 exclusively in CA3, and 12 selectively in the subiculum. Like the cell-type
expression patterns observed with upregulated DEGs, there was some overlap in the expression of
downregulated genes. Four genes were commonly downregulated across CAl, CA3, and the
subiculum, while 8 downregulated genes were shared between CA1 and CA3 (Supplementary Fig. 3).
To gain a mechanistic understanding of how crotonate-mediated changes in chromatin accessibility
activate gene transcription, we performed a Transcription Factor Motif Enrichment analysis on the
differentially accessible promoter regions of the upregulated DEGs (Supplementary Fig. 4,
Supplemental table 3). Among the top 15 most significant TF motifs enriched on the promoters of
upregulated DEGs across the cell clusters, TF motifs KLF15, ZNF148, and MAZ were found commonly
enriched across subregions CA1, CA3, and subiculum (Supplementary Fig. 4). Additionally, we found
TF motifs SP9, ZBTB14, SP3, and SP8 enriched on CA1l upregulated DEG promoters, TF motifs
KLF16, ZNF740, ZBTB14 enriched on CA3 upregulated DEG promoters, and TF motifs SNAI2, RBPJ,
and ZBTB33 enriched on the upregulated DEG promoters in subiculum. No significant TF motifs were
found enriched in the upregulated DEGs in the DG. In summary, these findings indicate that Kcr plays a
critical role in regulating the transcription of genes involved in synaptic function and neurotransmission

within the principal excitatory neuron populations of the hippocampal circuit.

Cell-cell communication analysis reveals enhanced glutamate signaling following increases in
Kcer
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Activity-dependent synaptic transmission within the intrahippocampal circuit facilitates adaptive
behaviors for encoding spatial, episodic, and contextual memories (41-43). Utilizing published
databases of ligand-receptor interactions (44), we constructed an intercellular communication network
of the principal neuronal subtypes to study the impact of Kcr enhancement on intrahippocampal
signaling. Our analysis revealed that crotonate administration primarily increases the strength of
glutamatergic signaling between the principal neuronal layers within the hippocampal circuit (Fig. 6a).
Next, we investigated the ligand-receptor pairs in each intrahippocampal connection that exhibit
increase in their communication probability following crotonate administration. We found that increasing
Kcr levels strengthened the communication between distinct glutamatergic ligand-receptor pairs within
specific neuronal networks of the hippocampal circuit. (Fig. 6b). These include the Slcla2-
Grik2/Grik4/Grik5, and Slcla2-Gria4 pairs in the DG-CAS3, Slcla2-Grik2/Grik5/Grm7, and Slclal-
Grik2/Grik5/Grm7 pairs in the CA3-CA1l, and Slc1lal-Grik2/Grik5/Grm7, Slcla2-
Gria3/Gria4/Grik2/Grik5, and Slcl17a7-Grik2/Gria3/Grm7/Grm8 pairs in the CAl-subiculum neuronal
connection (Fig. 6b). We computed the communication probability of ligand-receptor interactions for
glutamate signaling genes within principal neuronal cell types, which further confirmed the enhanced
strength of glutamatergic transmission after crotonate treatment (Fig. 6c¢). Additionally, as proof of
concept, we examined the expression levels of Griad4, one of the significantly upregulated genes
involved in the glutamatergic signaling. Consistent with our single nuclei transcriptomic analysis (Fig.
6d), using RNAscope, we found a significant upregulation of Gria4 in hippocampal subregions CA1 and
subiculum following crotonate administration (Fig. 6e-h). Collectively, our findings suggest that a
crotonate-dependent increase in histone Kcr augments glutamatergic neurotransmission within the

hippocampal circuit.

Discussion

Epigenetic mechanisms, particularly histone acetylation, play important roles in memory consolidation
(6, 8, 13, 45). In this study, we demonstrate the critical role of lysine crotonylation, an epigenetic mark
associated with transcription activation (10, 15, 29), in modulating hippocampal long-term memory
consolidation. Through pharmacological and genetic approaches, we demonstrate the bidirectional
modulation of long-term memory by manipulating Kcr levels in the dorsal hippocampus.
Mechanistically, our findings reveal that memory enhancement observed upon pharmacologically
increasing Kcr levels is mediated through the function of ACSS2 to generate the precursor crotonyl-
CoA in excitatory neurons in the hippocampus. Single-nuclei transcriptomic and epigenomic analysis
further revealed that lysine crotonylation primarily regulates the chromatin accessibility and expression

of genes linked to synaptic function and neurotransmission within principal neuronal populations in the
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dorsal hippocampus. Our results identify a novel epigenetic mechanism underlying gene transcription

during long-term memory storage.

Since the discovery of Kcr, researchers have been actively investigating the functional impact of Kcr on
chromatin architecture and transcription, and several lines of investigation have reported key
differences in the transcriptional regulatory mechanisms governed by histone Kcr compared to histone
Kac. Firstly, the crotonyl group on histone Kcr has an extended hydrocarbon chain, making it bulkier
and more hydrophobic than acetylation (29, 30). Such difference in the biophysical property of the
crotonyl group potentially impacts the specificity of reader-Kcr interactions. Notably, YEATS domain
proteins preferentially bind to Kcr by 2-7-fold compared to Kac (30), and the double PHD finger (DPF)
domain of HAT complex MOZ-related factor (MORF) also preferentially binds Kcr over Kac (46).
Secondly, biochemical studies have shown that histone Kcr-mediated transcriptional activation is
stronger than acetylation (15), and that discrete Kcr marks promote gene expression through
preferential recruitment of readers that interact with Kcr (29). Learning-induced gene expression and
the epigenetic programs that regulate these transcriptional events are critical for long-term memory
storage. Our findings establish histone Kcr as a critical epigenetic regulator of gene transcription during

memory consolidation.

Histone acylation profiles are modulated by the nuclear concentrations of their respective metabolic
precursor. We found that increasing crotonyl-CoA levels by administering crotonate in adult mice
increased histone Kcr levels in the dorsal hippocampus and enhanced long-term memory. Conversely,
depletion of crotonyl-CoA levels by overexpressing CDYL reduced histone Kcr levels and led to deficits
in long-term memory. Together, these findings demonstrate the critical role of Kcr in regulating long-
term memory storage and suggest that CDYL functions as a memory suppressor gene (17).
Interestingly, we observed downregulation of nuclear CDYL protein levels after learning, providing a
molecular explanation for the learning-responsive increase in nuclear Kcr levels observed in specific
hippocampal sub-regions. Cellular levels of crotonyl-CoA are also regulated by the metabolic enzyme
ACSS2, which synthesizes crotonyl-CoA from crotonate (15, 34). Recruitment of ACSS2 to
transcriptionally active chromatin regions facilitates the transcription of memory-responsive genes (35),
while whole-body knockdown or hippocampal silencing of ACSS2 results in long-term spatial memory
deficits (35, 36). Crotonate fails to increase hippocampal histone Kcr levels or enhance long-term
memory in ACSS2 cKO mice, indicating that ACSS2 is essential for maintaining the cellular pool of
crotonyl-CoA. This finding also suggests that ACSS2 serves as a key metabolic regulator that links
crotonate-dependent increases in Kcr levels with hippocampal memory consolidation. It has been

hypothesized that different acyl-CoAs compete for binding to the KATs, supported by studies that
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showed a marked increase in p300-dependent histone crotonylation upon depleting acetyl-CoA levels
(10, 15). Thus, the nuclear concentration of crotonyl-CoA, and the abundance and activity of the
enzymes that regulate crotonyl-CoA levels, are critical in regulating the epigenetic landscape of histone

crotonylation during memory consolidation.

Alterations in synaptic architecture and adjustments in synaptic strength within the hippocampal tri-
synaptic circuit (DG-CA3-CAl) facilitate memory consolidation (47-49). Our single-nuclei multiomics
approach, aimed at elucidating the molecular underpinnings of Kcr-mediated hippocampal memory
enhancement, revealed unique transcriptomic signatures within the hippocampal principal neurons. Our
findings reveal that crotonate administration enhances gene expression and chromatin accessibility for
genes related to glutamatergic neurotransmission, ion channel activity, and cell-cell adhesion within
CAl1l and CAS hippocampal subregions. In particular, the upregulation of genes like Grik2 in CAl
and Grid2 in CA3 would be predicted to strengthen glutamatergic neurotransmission in these areas (50-
52). Additionally, we observed Kcr-mediated upregulation of genes linked to the regulation of synapse
development and circuit activity, such as Kirrel3 in CAl, CA3 and subiculum, and Nrxn2 in CAl1 and
CA3 (53-55). These genes related to cell adhesion function likely augment synaptic transmission
dynamics between excitatory pyramidal neurons in the hippocampus circuit. Together, the differential
upregulation of genes encoding key synaptic effector proteins indicates a mechanism that facilitates

hippocampal long-term memory enhancement in response to increased levels of Kcr.

Cell-cell communication analysis from single-cell RNA-seq datasets has emerged as a powerful tool to
infer and analyze intercellular communications between neuronal populations within defined circuits
(56). Our analysis revealed that Kcr-enhancement augments glutamatergic neurotransmission through
distinct glutamatergic ligand-receptor interactions within hippocampal connections. In the majority of
these interactions, genes encoding for glutamate transporter genes, such as Slclal, Slcla2, and
Slcl7a7, served as 'ligands'. Slclal and Sicla2, encode Na'-dependent excitatory amino acid
transporters (EAATS) that mediate the clearance of extracellular glutamate in the extracellular space
(57, 58), protecting hippocampal synapses from excessive glutamate receptor activation and neuronal
excitotoxicity (59, 60). The Slcl7a7 transcript, encoding for the vesicular glutamate transporter 1
(VGLUT1), facilitates glutamate uptake into synaptic vesicles(61). The ‘receptor’ component of these
ligand-pair interactions comprised primarily of distinct ionotropic kainate receptors (KARs), such as
Grik2, Grik4, and Grik5, and AMPA receptors (AMPARS), such as Griad. AMPARs mediate rapid
excitatory synaptic transmission (62), while postsynaptic KARs suppress the slow
afterhyperpolarization current during glutamatergic stimulation, leading to an increased action potential

firing frequency at CA3-CA1 synapses (63). Additionally, KARs are known to bidirectionally modulate
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the plasticity of synaptic AMPARSs through non-canonical metabotropic signaling and PKC activation
(64, 65). Thus, enhanced communication between the presynaptic EAATs and VGLUTSs (‘ligands’) with
the postsynaptic KARs and AMPARs (‘receptors’) potentially improves the dynamics and fidelity of
glutamatergic neurotransmission within hippocampal circuit. Our findings provide unique mechanistic
insights into the epigenetic regulation of glutamatergic neurotransmission and its implications in

hippocampal long-term memory consolidation.

Intriguingly, most of the upregulated genes with increased chromatin accessibility following crotonate
administration are not classical ‘Immediate Early Genes' (IEGs) that act as markers of
engram ensembles activated by learning in various spatial memory tasks (4, 33, 66, 67). Chromatin
enrichment studies of histone Kcr have shown that an increase in histone Kcr correlates with a
reduction in the transcription repressive mark (H3K27me3) and an increase in the transcription
activation mark (H3K4me3), with no observed change in the occupancy of acetylated histones
(H3K27ac)(25). Thus, increasing histone Kcr potentially enhances chromatin accessibility on bivalent
gene promoters and activates their transcription without impacting the engram-specific IEGs that are
likely to already exhibit an open chromatin conformation. The interplay of Kcr with other histone PTMs,
such as acetylation and methylation, underscores the importance of the “histone code” underlying the
regulation of gene expression during memory consolidation (68, 69). Recent studies have shown that
histone Kac levels are a key determinant of engram activation and neuronal allocation into the fear
memory trace (70), underscoring the importance of chromatin plasticity in memory encoding and
synaptic remodeling. It remains to be investigated whether histone Kcr is also linked to the learning-
induced activation of engrams and their integration into the spatial memory trace. Notably, gene
expression signatures elicited by enhancing histone Kcr levels during memory consolidation are
markedly different from the transcriptomic signatures elicited upon elevating histone acetylation (71),
further suggesting that histone Kcr operates through a distinct mechanism in regulating hippocampal

long-term memory.

While the strengths of our study stem from the conceptual novelty of our findings, several questions
remain unanswered. Although we identify Kcr as a key regulator of long-term memory, further research
is needed to pinpoint specific histone Kcr marks in the hippocampus induced by spatial learning and to
determine whether these specific Kcr modifications are transcriptionally permissive. Additionally,
because our pharmacological interventions to increase Kcr are not restricted to the hippocampus, it is
possible that the observed long-term memory enhancement results from a combinatorial increase in
Kcr levels across other brain regions. Another limitation is the lack of pharmacokinetic data regarding

the administered drug in the mouse brain, and it is possible that optimal Kcr levels may be achieved at
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a later time point beyond the 1-hr mark. Addressing these questions will provide valuable insights into

the Kcr-mediated mechanisms that underlie long-term memory storage.

In summary, our work demonstrates the critical role of a novel histone acylation that has previously not
been studied in the context of long-term memory. Our findings establish histone Kcr as a molecular
switch for long-term memory, providing novel molecular insights into our conceptual understanding of
epigenetic mechanisms that regulate long-term memory consolidation. We identified transcriptomic
signatures of learning in distinct hippocampal subregions regulated by Kcr and emphasize the
epigenetic control of glutamatergic neurotransmission as a critical mechanism underlying Kcr-
dependent long-term memory enhancement. Given that recent studies have demonstrated the role of
Kcr-mediated regulatory mechanisms in neurological disorders (72, 73), our work provides the
conceptual framework to develop novel therapeutic interventions to treat brain disorders associated

with cognitive impairment.
Methods
Data reporting: No statistical methods were applied to predetermine sample size.

Mouse lines: Adult male C57BL/6J mice were purchased from Jackson Laboratories. The ACSS2™
mice were generated at the University of lowa Genome Editing Facility (40). This mouse model was
created by inserting loxP sites flanking the Exon2 of ACSS2 using CRISPR/Cas9. The mice were 2-4
months of age at the time all the behavioral and biochemical experiments were performed. All mice had
ad libitum access to food and water, and lights were maintained on a 12-hr light/dark cycle. All
experiments were conducted according to US National Institutes of Health guidelines for animal care
and use and approved by the Institutional Animal Care and Use Committee of the University of lowa,

lowa.

Comparative analysis of activity-induced gene targets regulated by H3K18cr, ACSS2, and
H3K27ac: We compared gene targets of H3K18cr in macrophages with gene promoters enriched with
ACSS2 in the hippocampus and H3K27ac in the cortex. Raw sequencing data for each ChiP-seq
dataset were downloaded from the Sequence Read Archive using fastg-dump from sratoolkit. This
included datasets focusing on H3K27ac modifications in cortical neurons (GSM1629381,
GSM1629397)(37) examining ACSS2 regulation of histone acetylation in hippocampal memory
(GSM2415913, GSM2415912)(35) and investigating H3K18 crotonylation in macrophages
(GSM1559471, GSM1559473, GSM1559472, GSM1559474) (15). We then ran the script ChIP-

seq_SE_pipeline.sh for each raw dataset and normalized results by their respective ChlP-seq inputs
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using the script subtractTwoWig.py. Peak calling was performed using MACS2, and identified peaks
were overlapped with gene annotations within a region spanning 2,000 base pairs upstream to 1,000
base pairs downstream of the transcription start site (TSS). The resulting gene lists were then
compared using Venn diagrams, and we further analyzed these lists by overlapping them with induced
activity genes from a published nuRNA-seq study (2) to associate fold change values with different

gene sets harboring distinct epigenetic marks.

Histone extraction: Histone extraction was performed using a commercially available kit (Histone
Extraction Kit, Active Motif, #40028) according to the manufacturer's protocol. Briefly, flash frozen
hippocampi were mechanically homogenized in 300 pl of ice-cold Lysis Buffer AM8 using Dounce
homogenizers and incubated on ice for 30 mins. The homogenate was centrifuged at 2,644 x g for 2
minutes at 4°C, and the nuclear pellet was resuspended in 250 pl ice-cold Extraction buffer. Following
resuspension, the nuclear suspension was incubated on an end-to-end rotator overnight at 4°C. The
pellet insoluble material was centrifuged at 20,800 x g for 10 minutes at 4°C the next day, the
supernatant was collected, and the requisite volume of Complete Neutralization Buffer was added.

Samples were stored in -80°C prior to western blotting.

Western blot analysis: Western blotting was performed as previously described (4, 33). Whole cell
lysates were run on a 4-20% Tris-HCI Protein Gel (BIO-RAD, #3450033). Proteins from the gel were
then transferred to methanol-activated polyvinylidene difluoride membranes using the Trans-Blot Turbo
Transfer System (BIO-RAD). Membranes were blocked with the Odyssey® Blocking Buffer (LI-COR)
diluted in TBS and incubated overnight at 4°C with the following primary antibodies: pan-Kcr (1:1000,
PTM BIO, #PTM-501), Total H3 (1:5000, ACTIVE MOTIF, #61647), ACSS2 (1:1000, Cell Signaling,
#3658), and Actin (1:10,000, #MA1-91399). Post primary antibody incubation, membranes were
washed thrice in TBS for 5 mins and incubated with anti-rabbit IRDye 800LT (1:5,000, LI-COR, #926-
32211) and anti-mouse IRDye 680CW (1:5000, LI-COR, #926-68022). Membranes were then washed
thrice in TBS, 5 mins each. Images were acquired using the Odyssey Infrared Imaging System (LI-

COR). Quantification of western blot bands was performed using Image Studio Lite ver5.2 (LI-COR).

Immunofluorescence and confocal imaging: IHC experiments were performed as per earlier studies
(4, 33). Animals were perfused with 4% PFA. Whole brains were harvested, immersed in 4% PFA, and
stored at 4°C. 24 hrs after, brains were immersed in 30% sucrose and stored at 4°C. 20 ym coronal
brain sections were made in a cryostat (Leica). Free-floating sections were washed thrice with PBS,
blocked in a blocking buffer (0.1% PBST and 5% BSA) and incubated with the following primary
antibodies for 48 hr: pan-Kcr (1:2000, PTM BIO, #PTM-501), CDYL (1:500, Sigma, #HPA035578), V5
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(1:500, ThermoFisher Scientific, #37-7500), and GFP (1:4000, Abcam, #ab290). Post primary antibody
incubation, sections were washed in PBS thrice, followed by a 2 hr secondary antibody incubation with
the following antibodies: Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa
Fluor™ 546 (1:500, ThermoFisher Scientific, #A-11003), Goat anti-Rabbit IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 647 (1:500, ThermoFisher Scientific, #A-21244). Sections were
then washed thrice in PBS and mounted on Superfrost™ Plus microscope slides (Fisherbrand). This
was followed by coverslip mounting with ProLong™ Diamond Antifade Mountant with DAPI
(ThermoFisher Scientific, #P36962).

In situ hybridization (RNAscope): In situ hybridization was performed using the RNAscope™
Multiplex Fluorescent Reagent Kit v2 (Advanced Cell Diagnostics) according to the manufacturer’s
protocol as previously described(4). Briefly, 20 ym cryosections obtained from fixed frozen brains were
mounted on Superfrost™ Plus microscope slides (Fisherbrand). Slides then underwent serial
dehydration in Ethanol, followed by Hydrogen Peroxide treatment, Target Retrieval, and Protease Il
treatment. Hybridization of probes was done at 40°C for 2 hr in an HybEZ oven using a probe
against Gria4. The probe signal was amplified with Pre-amplifiers (AMP 1-FL, AMP 2-FL, and AMP 3-
FL) and counterstained with OPAL 570 reagent (#FP1488001KT, Akoya Biosciences). Finally,
coverslip mounting was done on the slides using ProLong™ Diamond Antifade Mountant with DAPI

(ThermoFisher Scientific, P36962). The slides were stored in 4°C until they were imaged.

Adeno-associated virus (AAV) constructs and stereotactic surgeries: AAVy-CaMKIla-EGFP and
AAV,-CaMKIla-CDYL-V5 were purchased from VectorBuilder (VectorBuilder Inc). AAVy,-CaMKIla-GFP-
Cre was purchased from Addgene (#105551). Mice were anesthetized using 5% isoflurane. A steady
flow of 2.5% isoflurane was maintained throughout the remainder of the stereotactic surgery. 1 pul of
respective AAVs were bilaterally injected into the dorsal hippocampus (coordinates: anteroposterior,
-1.9 mm, mediolateral, £1.5 mm, and 1.5 mm below bregma). Following viral infusion, drill holes were
closed with bone wax (Lukens) and the incisions were sutured. Intraperitoneal (IP) injections of
Meloxicam (5 mg/kg) were administered for 5 successive days after the surgery to manage the post-

operative pain.

Spatial object recognition (SOR) task: All the behavioral experiments were performed based on
previously published studies(4, 33) during the light cycle in between Zeitgeber time (ZT) 0 through 2.
Mice were individually housed for 7 days before the training. Animals were handled for 2 mins each day
for 5 successive days before training. In the strong training paradigm, animals were habituated in an

open field for 6 minutes. This was followed by three 6-minute sessions inside the same arena
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containing three different glass objects. These objects were placed at specific spatial coordinates with
respective to a spatial cue within the arena. An inter-trial interval of 5 minutes was set in-between the
three training sessions. In the sub-threshold training paradigm, mice were subjected to three 3-minute
training trials in the open field with two objects and an inter-trial interval of 5 minutes in between
sessions. 24 hr after training, the animals were returned to the arena with one of the objects displaced
to a novel spatial coordinate. Exploration time around all the objects were then manually scored.

Percent preference towards the displaced object was calculated using the following equation:

_ (exploration towards the displaced object)

Percent preference for displaced object x 100

(total exploration towards all objects)

For the histone Kcr profiling and the single nuclei experiments, animals were euthanized by cervical
dislocation 1 hr after the last training trial in the SOR task. Hippocampal tissue was flash frozen and
stored at -80°C. Home caged animals were euthanized within the same ZT window to eliminate the
possible confounding effects of circadian rhythmicity. To examine the learning-induced expression of
Kcr in hippocampal subregions, mice were perfused 1 hr after the training session, and whole brains

were harvested for IHC.

Contextual fear conditioning: Contextual fear conditioning was performed using a sub-threshold
learning paradigm. In brief, mice were handled daily for five days before conditioning. The conditioning
protocol involved a single 2-second, 0.75 mA footshock delivered 2.5 minutes after the mice were
introduced into the chamber. Mice remained in the chamber for an additional 30 seconds before being
returned to their home cage. Twenty-four hours later, they were reintroduced to the same chamber for 5

mins. Freezing behavior was assessed using FreezeScan software (CleverSys Inc.).

Nuclei isolation: Nuclei isolation form frozen hippocampal tissue was performed according to the
manufacturer’s protocol (Chromium Nuclei Isolation Kit with RNAse Inhibitor, 10x Genomics,
#1000494). Briefly, frozen tissue was homogenized in 500 uyl of Lysis Buffer using Dounce
homogenizers. The lysate was transferred to a Nuclei Isolation Column and centrifuged at 16,000 rcf for
30 seconds at 4°C. The pellet was then resuspended in 500 ul of Debris Removal Buffer and
centrifuged at 700 rcf for 10 minutes at 4°C. The nuclear pellet was then resuspended with 1 ml of
Wash Buffer and centrifuged at 500 rcf for 5 minutes at 4°C. Finally, the nuclear pellet was
resuspended in 50 pl of Resuspension Buffer. Nuclei count was manually done using a

Hemocytometer.

Single nuclei multiomic data processing and analysis: Raw sequencing data were processed using

the ‘Cell Ranger ARC’ pipeline (v2.0.2) with the cell ranger-arc mm10 reference. Default parameters
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were used to align reads, count unique fragments or transcripts, and filter high-quality nuclei. HDF5
files for each sample (Salinel, Saline2, Crotonatel, Crotonate2) containing barcoded RNA counts and
ATAC fragments per cell cluster were loaded into Seurat (Read10X_h5). This resulted in the generation
of four Seurat objects, each containing both RNA and ATAC assays. Nuclei with outliers within the
ATAC and RNA QC metrics (<200 and >100,000 ATAC read counts, <200 and >50,000 RNA read
counts, nucleosomal signal 1>014, TSS enrichment <13, %reads in peaks < 15 and percentage of

mitochondrial reads > 5) were removed.

To analyze the RNA component of the multiomics data, gene counts were normalized, and log
transformed (LogNormalize). The top 2,000 most variable features that distinguish each cell were
identified using ‘FindVariableFeatures’ (selection.methodO=C'vst"). Features that are repeatedly
variable across cells and datasets were selected for integration (‘SelectintegrationFeatures’). We then
identified anchors (‘FindIintegrationAnchors”), which took the list of 4 individual Seurat objects for each
sample as input. These anchors were used to integrate the four datasets together (‘IntegrateData’).
Linear dimensionality reduction was performed on the integrated Seurat object by principal component
analysis (runPCA, npcs1=130). A k-nearest-neighbours graph was constructed based on Euclidean
distance in PCA space and refined (‘FindNeighbors’), following which the nuclei were clustered using
the Louvain algorithm (FindClusters, resolution /=110.5). Clusters were visualized with UMAP
(runUMAP, dims(1=7130). Both RNA and ATAC assays were used to identify cell-type specific
signatures of biomarkers. Differentially expressed genes (DEGS) in individual clusters between saline
and crotonate treated groups were calculated (FindMarkers, test.usell= I'wilcox," Padj/ 1< 10.05,
absolute logFC.threshold of 0.2).

To analyze the ATAC component of the multiomics data, the default assay was switched to ATAC prior
to integrating the four Seurat objects, and peak calling was performed. The set of peaks identified by
‘Cellranger’ often merges distinct peaks that are close together - confounding the motif enrichment
analysis and peak-to-gene linkage. We were able to circumvent this concern and identify a more
accurate set of peaks by using the ‘MACS2' (CallPeaks) peak calling feature on all cells together.
Peaks on nonstandard chromosomes and in genomic blacklist regions were removed
(‘keepStandardChromosomes’ and ‘subsetByOverlaps’). A frequency-inverse document frequency
normalization was performed across cells and peaks (‘RunTFIDF’). Thereafter, a feature selection was
performed using all the peaks as input (FindTopFeatures, min.cutoff = 5). The selected peaks went
through a dimensional reduction on the TF-IDF normalized matrix using a singular value decomposition
(‘RunSVD’). To identify the differentially accessible regions (DAR) between crotonate versus saline

group, the Seurat function ‘FindMarkers’ was used using logistic regression (LR) as a method to test
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significance. The DARs with adjusted p value < 0.05 and absolute log2foldchange threshold of above
0.2 were considered as significantly differentially accessible. Further, the DARs were annotated using
‘Closestfeature’ function from Signac package as well as ‘annotatePeak’ function from ‘ChIPseeker’
package. The DEGs were furthered correlated with DARs where the DARs were selected only from the
promoter (+/- 2kb from transcription start site) and genebody regions, filtering out the peaks from distal
genomic regions and downstream of 3'UTR(74). The genes found concordant in both DEG and DAR
lists were shortlisted for downstream gene ontology enrichment analysis. UpSet plots were generated

using UpSetR package.

Gene Ontology enrichment analysis: The concordant DARs and DEGs were analyzed for Molecular
Function (MF) enrichment analysis by using the ‘clusterProfiler’ package with the default criteria
(pvalueCutoff = 0.01 and gvalueCutoff = 0.05). Here, the significant upregulated DEGs (adj p value <
0.05 and log2FC > 0.2) concordant with the significant more accessible DARs (adj p value < 0.05 and
log2FC > 0.2) were used to generate the upregulated gene list, whereas the significant downregulated
DEGs (adj p value < 0.05 and log2FC < -0.2) concordant with the significant less accessible DARs (adj
p value < 0.05 and log2FC < -0.2) were used to generate the downregulated gene list. The DARS were
selected only from the promoter (+/- 2kb from transcription start site) and genebody regions filtering out
the peaks from distal genomic regions and downstream of 3'UTR. All further data visualizations were

made using clusterProfiler package.

TF motif enrichment analysis: To identify cell-type specific regulatory sequences, we performed
transcription factor motif enrichment analysis on the DEGs that were found to have concordant
differentially accessible peaks in the promoter region. Here, we restricted TF motif enrichment only in
the promoter region (a window of 2000bp upstream and downstream of transcription start site). Motif
enrichment was performed using ‘FindMotifs’ function of signac package. The motifs that had adjusted
p value < 0.05 were considered significant. The top 15 significant motifs from the clusters were plotted
as heatmap using ComplexHeatmap package. Weight matrices for the top motifs were also plotted to

visualize the motif sequences.

Cell-cell communication analysis: The cell-cell communication analysis on the snRNA-seq data was
performed using CellChat (v2.1.2). The Saline and Crotonate RNA normalized counts were taken and
individual cellchat objects were created. Ligand-receptor (LR) interactions in each group were
calculated by identifying overexpressed ligands or receptors with a log fold change cutoff 0.1
(identifyOverExpressedGenes(thresh.fc = 0.1, thresh.p = 0.05)) followed by identifying interactions if LR

pairs are overexpressed (identifyOverExpressedinteractions). To assign each interaction with a
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probability score, computeCommunProb function was used with a default statistical method called
‘trimean’. Cell-cell communication was filtered to have minimum cell nhumber 10 in each cell group
(fiterCommunication(min.cells = 10)). After that communication probability on signaling pathway level
was calculated by summarizing the communication probabilities of all LR interactions associated with
each signaling pathway. Finally, the cell-cell communication network was aggregated by counting the
number of links or summarizing the communication probability amongst the cell groups. Thereafter, the
cellchat objects were merged and compared using netVisual_aggregate,

netAnalysis_signalingChanges_scatter, and netVisual_chord_gene functions.

Confocal imaging and image analysis: Confocal images of IHC experiments were obtained in an
Olympus FV 3000 confocal microscope using a 20X NA = 0.4 achromat dry objective at 800 x 800-pixel
resolution and 1X optical zoom. All images (16 bit) were acquired with identical settings for laser power,
detector gain and pinhole diameter for each experiment and between experiments. Images from the
different channels were stacked and projected at maximum intensity using ImageJ (NIH). Mean

Fluorescence Intensity (MFI) was computed using ImageJ plugins.

Statistics: Behavioral and biochemical data were analyzed using unpaired two-tailed t-tests, one-way
ANOVA, or two-way ANOVAs (sometimes with repeated measures as the within-subject variable).
Sidak’s multiple comparison tests or Dunnett's multiple comparison tests were used for post-hoc
analyses wherever required. Differences were considered statistically significant when p<0.05. As

indicated for each figure panel, all data were plotted in box plots.

Ethics: All procedures on mice in this study were conducted according to US National Institutes of
Health guidelines for animal care and use and were approved by the Institutional Animal Care and Use

Committee of the University of lowa, lowa.

Reporting summary: Further information on research design is available in the Nature Portfolio

Reporting Summary linked to this article.

Figure 1. Histone Kcr levels are induced after spatial learning in the dorsal hippocampus. a.
Venn diagram depicting the enrichments of ACSS2, H3k18cr, and H3k27ac on gene promoters (-
2000bp to +500bp from TSS) obtained from ChIP-Seq datasets (15, 35, 37). b. Box plots showing the
extent of gene induction in the hippocampus following neuronal stimulation in the hippocampus(2) for
genes that exhibit ACSS2 and H3k27ac binding in the promoter region compared to genes that exhibit
binding of ACSS2, H3k27ac, and H3k18cr in the promoter region. c. Schematic of the experiments
performed in d-i to examine changes in KCr after learning. d., e. Western blot showing histone

crotonylation analyzed from the dorsal hippocampus of mice trained in spatial object recognition (SOR)
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task and euthanized at 0.5, 1, or 2h after training. Homecage (HC) mice were used as controls. One-
way ANOVA: Kcr: Fg 27=3.953, p= 0.0185. Dunnett multiple comparisons tests: *p=0.0379 (HC versus
1 hr). Homecage (n'=[18), SOR + 0.5 hr (n('=[17), SOR + 1 hr (n=8), SOR + 2 hr (n=8), males only. f.,
i. Immunofluorescence using anti-Kcr antibody showing levels of Kcr in different hippocampal sub-
regions of HC and learning (SOR+1hr) mice. Normalized Mean Fluorescent Intensity (MFI) of nuclear
Kcr levels across the groups. For CAl: unpaired t test: t (6)[1= 3.810, *p1=[10.0089. Homecage
(nJ=04) and SOR+1 hr (nO=34), males only. For CA3: unpaired t test: t (6) = 0.2749, pC=00.7926.
Homecage (n 1=[14) and SOR+1 hr (nl=114), males only. For DG upper blade (U): unpaired t test: t
(6) 1= 3.118, *p1=010.0206. Homecage (n(1=14) and SOR+1 hr (n(J=714), males only. For DG lower
blade (L): unpaired t test: t (6)J= 0.5452, p0=_0.605. Homecage (nJ=04) and SOR+1 hr (nJ=14),
males only. For subiculum: unpaired t test: t (6)(1= 2.733, *p 1=110.034. Homecage (n 1=(14) and
SOR+1 hr (n00=74), males only. All box plots: the center line represents the median, the box edges
represent the top and bottom quartiles (25th to 75th percentiles), and the minimum and maximum

whiskers.

Figure 2. Overexpression of Chromodomain Y-like protein (CDYL) in the dorsal hippocampus of
mice impairs long-term spatial memory. a. Depiction of enzymes linked to histone crotonylation. b.
Schematic of the experiments performed in c-f. c-f. Immunofluorescence using an anti-CDYL antibody
was performed on brain slices from mice 1 hr after training in the SOR task. Hippocampal sub-regions
CA1l, CA3, DG upper blade (U), DG lower blade (L), and subiculum were studied. Normalized Mean
Fluorescent Intensity (MFI) of nuclear CDYL levels across the groups. For CAL: Unpaired t test: t (6)0=
3.598, *pl1=710.0114. Homecage (n’1=r14) and SOR+1 hr (nl=14), males only. For CA3: Unpaired t
test: t (6) = 1.704, p=010.1393. Homecage (n(1=714) and SOR+1 hr (n7=014), males only. For DG
upper blade: Unpaired t test: t (6)J= 3.254, *p0J=210.0174. Homecage (nJ=04) and SOR+1 hr
(n"1=114), males only. For DG lower blade: Unpaired t test: t (6)/ 1= 0.7837, plI1= 10.463. Homecage
(n7=04) and SOR+1 hr (nJ=74), males only. For Subiculum: Unpaired t test: t (6)C= 3.657,
*pJ=00.0106. Homecage (nJ=04) and SOR+1 hr (nd=34), males only. g. Schematic of viral
constructs infused in the dorsal hippocampus of adult male mice. AAV,-CaMKIla-EGFP served as
vector control and AAVy-CaMKIla-CDYL-V5 was used to drive expression of CDYL in excitatory
neurons. h. Immunofluorescence image using V5 antibody showed expression of CDYL-V5 in dorsal
hippocampus after two weeks following viral infusion. i-j. Immunofluorescence image of the dorsal
hippocampus using pan-Kcr antibody 1 hr after SOR training in CDYL-V5 or vector control expressing
mice. Normalized Mean Fluorescent Intensity (MFI) of nuclear Kcr levels across the groups. For CA1:
Unpaired t test: t (5)[ 1= 2.679, *p[1=110.439. EGFP (n[=113) and CDYL (n 1=[14), males only. For CAS:
Unpaired t test: t (5) = 3.417, *pJ=210.0189. EGFP (n0O=03) and CDYL (nO=04), males only. For DG:
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Unpaired t test: t (5)[1= 1.863, p[(1=10.1215. EGFP (n(1=13) and CDYL (n(1=74), males only. k-I.
Long-term memory (24 hr) assessment of mice infused with AAV-EGFP or AAV-CDYL into dorsal
hippocampus. Two-way ANOVA: significant session X virus interaction F13=6.323, p=0.0259, Sidak’s
multiple comparison tests, **p=0.0041 (EGFP 24 hr Test vs CDYL 24 hr Test) and **p=0.0051 (EGFP
Training vs EGFP 24 hr Test); AAV-EGFP (n=7), AAV-CDYL (n=8), males only. All box plots: the center
line represents the median, the box edges represent the top and bottom quartiles (25th to 75th

percentiles), and the minimum and maximum whiskers.

Figure 3. Increasing Kcr levels in the dorsal hippocampus enhances long-term memory. a-b. Kcr
Western blots of core histones extracted from dorsal hippocampus 1 hr after crotonate treatment (50
mg/kg or 200 mg/kg dose). Vehicle (saline) treated mice were used as controls. One-way ANOVA: Kcr:
F 2, 14 = 5.550, p=0.0168. Dunnett’s multiple comparisons tests: *p= 0.0108 (saline versus crotonate
200mg/kg). Saline (n=6), Crotonate 50 mg/kg (n=6), Crotonate 200 mg/kg (n=5), males only. c. Long-
term memory enhancement in a sub-threshold SOR learning paradigm following crotonate treatment.
Two-way ANOVA: significant session x treatment interaction F, 23 = 5.081, p= 0.0149, Sidak's post
hoc tests, *p=0.0359 (200mg/kg crotonate 24 hr test vs saline 24 hr test), **p=0.0021 (200mg/kg
crotonate train vs 200mg/kg crotonate 24 hr test), **p=0.0025 (200mg/kg crotonate 24 hr test vs
50mg/kg crotonate 24 hr test). Saline (n=9), Crotonate 50 mg/kg (n=7), Crotonate 200 mg/kg (n=10),
males only. d. Long-term memory in a sub-threshold CFC learning paradigm following crotonate
treatment. Two-way ANOVA: Significant session x treatment interaction F (, 19y = 4.946, *p=0.0187,
main effect of session (pre-shock and 24hr test): F, 190 = 140.9, p<0.0001. Sidak's post hoc tests,
*p=0.0130 (200mg/kg crotonate 24 hr test vs 50mg/kg crotonate 24 hr test), **p=0.0051 (200mg/kg
crotonate 24 hr test vs saline 24hr test). ****p<0.0001 (Saline pre-shock vs saline 24hr test),
****n<0.0001 (crotonate 50mg/kg pre-shock vs crotonate 50mg/kg 24hr test), and ***p<0.0001
(crotonate 200mg/kg pre-shock vs crotonate 200mg/kg 24hr test). Saline (n=8), Crotonate 50 mg/kg
(n=6), Crotonate 200 mg/kg (n=8), males only. All box plots: the center line represents the median, the
box edges represent the top and bottom quartiles (25th to 75th percentiles), and the minimum and

maximum whiskers.

Figure 4. Crotonate-mediated memory enhancement is dependent on ACSS2. a. Schematics of
ACSS2 in regulating histone crotonylation. b. Schematic of viral constructs used to conditionally knock
down ACSS2 in excitatory neurons of dorsal hippocampus. AAVe-CaMKIla-EGFP served as vector
control and AAVy-CaMKIla-Cre-EGFP was used to drive expression of Cre recombinase in excitatory
neurons of ACSS2™ mice. c. Immunofluorescence image using GFP antibody showed expression of

the Cre-EGFP in the dorsal hippocampus two weeks following viral infusion. d-e. Western blot from
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whole cell extracts of the dorsal hippocampus of ACSS2™ mice infused with AAV-EGFP or AAV-Cre-
EGFP. Normalized band intensity of ACSS2 across the groups: Unpaired t test: t (4)I1= 4.118,
*p 1=110.0146. EGFP (nl(1="13) and ACSS2 (nl1="13), males only. f-g. Western blot using Kcr antibody
from core histones extracted from the dorsal hippocampus of ACSS2 cKO mice (ACSS2™ infused with
AAV-Cre-EGFP) administered either crotonate (200 mg/kg, oral gavage) or saline immediately after
SOR training. Normalized band intensity of pan Kcr across the groups: Unpaired t test: t (4) 1= 0.1853,
p 1=010.862. Saline (n=3), Crotonate (n=3), males only. h-i. Crotonate treatment after training using a
sub-threshold SOR learning paradigm does not enhance long-term memory in ACSS2 cKO mice. Two-
way ANOVA: no significant session x treatment interaction F, 109) = 0.0007554, p= 0.9786. Saline (n=6),
Crotonate (n=6), males only. All box plots: the center line represents the median, the box edges
represent the top and bottom quartiles (25th to 75th percentiles), and the minimum and maximum

whiskers.

Figure 5. Single-nuclei multiomics (RNA+ATAC-seq) reveals cell type-specific gene expression
and chromatin accessibility changes mediated by crotonate. a. Experimental scheme. Adult male
C57BL/6J mice were trained in a sub-threshold SOR paradigm and administered with crotonate (200
mg/kg, oral gavage; n=4) or saline (oral gavage; n=4) immediately after the completion of training. One
hour later, the dorsal hippocampus was harvested, and nuclei were isolated for single nuclei multiomics
processing. Hippocampi from two animals within the same group were pooled for each droplet capture,
resulting in a final sample size of n=2 per group for the single nuclei multiomics analysis. b. UMAP plot
showing cell type-specific clusters of the dorsal hippocampus. c. Violin plot showing the expression
profiles of marker genes across different cell types of the dorsal hippocampus. d. Volcano plots
depicting genes that exhibit differential expression and chromatin accessibility following crotonate
treatment. Genes labeled with color are DEGs that also exhibit DARs. e-h. Cnet plot shows the top five
enriched pathways (GO: Molecular Function) and their respective differentially accessible DEGs in

hippocampal subregions CA1l (e), CA3 (f), Subiculum (g), and Dentate gyrus (h).

Figure 6. Cell-cell communication analyses reveal crotonate-mediated alterations in the strength
and nature of communicative pathways within the hippocampal circuit. a. Differential incoming
interaction strength and differential outgoing interaction strength in crotonate-treated mice compared to
saline-treated mice in hippocampal subregions CAl, CA3, Subiculum, and DG. b. Individual ligand-
receptor interactions significantly enhanced upon crotonate treatment in intrahippocampal projections of
DG-CA3, CA3-CA1, and CAl-subiculum. c. Interaction strength of ligand-receptor genes involved in
glutamatergic signaling across the principal hippocampal neuronal networks in saline-treated and

crotonate-treated mice. Communication probability, represented by numbers ranging from 0 to 10, is
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visualized through the edge width of intrahippocampal connections, indicating the strength of
communication between the respective subregions. d. Violin plot depicting expression of Gria4 mRNA
in hippocampal principal neuronal cell types across saline- and crotonate-treated conditions. e-h.
RNAscope of Gria4 in hippocampal CA1 (e-f) and subiculum (g-h) sub-regions. Mice were trained with
a sub-optimal SOR training protocol, administered saline or crotonate (200 mg/kg) immediately after
training, and perfused 1 hr later. f. Quantification of Gria in CAl. Normalized Mean Fluorescent
Intensity (MFI) of Gria4 levels across the groups. Unpaired t test: t (6) J= 2.613, *p1J=00.04. Homecage
(n71=r4) and SOR+1 hr (n1="14), males only. h. Quantification of Gria in subiculum. Normalized Mean
Fluorescent Intensity (MFI) of Griad levels across the groups. Unpaired t test: t (6) /= 3.019,
*p_1=00.0234. Homecage (n_=04) and SOR+1 hr (nJ=04), males only. Box plots: the center line
represents the median, the box edges represent the top and bottom quartiles (25th to 75th percentiles),

and the minimum and maximum whiskers.
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Figure 5

a Experimental b Cell type specific clusters d Differential gene expression and differential chromatin accessibility across cell types
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Figure 6
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