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Adverse maternal environment affects hippocampal HTR2c
variant expression and epigenetic characteristics in mouse
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BACKGROUND: An adverse maternal environment (AME) predisposes progeny towards cognitive impairment in humans and mice.
Cognitive impairment associates with hippocampal dysfunction. An important regulator of hippocampal function is the
hippocampal serotonergic system. Dysregulation of hippocampal serotonin receptor 2c (HTR2c) expression is linked with cognitive
impairment. HTR2c contains multiple mRNA variants and isoforms that are epigenetically regulated including DNA methylation,
histone modifications, and small nucleolar RNA MBII-52. We tested the hypotheses that AME increases HTR2c variant expression
and alters epigenetic modifications along the HTR2c gene locus.
METHODS: We create an AME through maternal Western diet and prenatal environmental stress in the mouse. We analyzed
hippocampal HTR2c and variants’ expression, DNA methylation and histone modifications along the gene locus, and MBII-52 levels
in postnatal day 21 offspring.
RESULTS: AME significantly increased the expressions of total HTR2c and full-length variants (V201 and V202) concurrently with an
altered epigenetic profile along the HTR2c gene locus in male offspring hippocampi. Moreover, increased full-length variants’
expression in AME males was in line with increased MBII-52 levels.
CONCLUSIONS: AME affects male offspring hippocampal expression of HTR2c and full-length variants via epigenetic mechanisms.
Altered hippocampal HTR2c expression may contribute to cognitive impairment seen in adult males in this model.
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IMPACT:

● The key message of our article is that an adverse maternal environment increases expression of total HTR2c mRNA and protein,
alters proportions of HTR2c mRNA variants, and impacts HTR2c epigenetic modifications in male offspring hippocampi relative
to controls.

● Our findings add to the literature by providing the first report of altered HTR2c mRNA variant expression in association with
altered epigenetic modifications in the hippocampus of offspring mice exposed to an adverse maternal environment.

● Our findings suggest that an adverse maternal environment affects the expression of genes previously determined to regulate
cognitive function through an epigenetic mechanism in a sex-specific manner.

INTRODUCTION
Adverse maternal environment (AME) and the consumption of a
Western diet (WD) in early life predispose progeny toward poor
health outcomes and increase the risk of long-term neuropsychia-
tric morbidities in humans1,2 and animal models.3–6 In our mouse
model of AME and postweaning WD, adult male progeny
demonstrate impaired learning and memory function.7 Further-
more, AME male offspring demonstrate reduced hippocampal
neurogenesis and brain-derived neurotrophic factor (BDNF)
protein levels.8 However, the pathogenesis underlying these
findings remain unclear. A relevant pathogenesis to consider is
the impact of AME upon hippocampal serotonergic system gene

expression. Previous studies link perturbations in serotonergic
system functions to multiple pathological disease states defined
by memory loss,9–12 yet, whether AME specifically impacts
serotonergic system gene expression remains unknown.
Serotonin (5-hydroxytryptamine, 5-HT) serves as a neurotrans-

mitter for multiple cerebral functions including learning and
memory.13–15 Serotonin acts through multiple receptors classified
as serotonin receptor (HTR) 1 to HTR7. Several serotonin receptors’
subtypes have been further identified based on their respective
affinity to agonist and cellular signaling pathways leading to a
total of 14 recognized HTRs.16,17 The hippocampus expresses the
majority HTRs.18–20 Previous studies demonstrate that altered
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hippocampal expression of HTRs contributes to the pathogenesis
of neuropsychiatric disorders-related and age-related cognitive
decline.21–23

The HTR2 subfamily requires specific attention because of the
many studies linking antagonism of this receptor subfamily to
improved cognition in various animal models.24 Moreover, the
particularly dense expression of the HTR2 subfamily characterizes
the hippocampus.25,26 The HTR2 subfamily includes HTR2a, HTR2b,
and HTR2c subtypes. For example, reducing HTR2c activity
through either a pharmacological approach (blockade with the
HTR2c antagonist) or a transgenic approach (HTR2c knockout)
improves reversal learning in rats and mice.27,28 Administration of
a selective HTR2c antagonist prior to environmental stress repairs
defects in hippocampal spatial memory.21 In addition, reducing
HTR2c activity increases BDNF protein expression and neuron
numbers in the hippocampus in other animal models.29,30

Most species demonstrate significant conservation of the HTR2c
gene, which produces multiple mRNA variants and different
isoforms due to alternative splicing. The mouse HTR2c gene
contains 6 exons. Exon V consists of two parts: Va and Vb, and the
latter is subject to alternative splicing.31,32 Inclusion of exon Vb in
the pre-mRNA transcript produces a functional full-length version
of HTR2c (HTR2c-Fl), whereas skipping of exon Vb of the HTR2c
pre-mRNA alters the amino acid reading frame and leads to the
production of a truncated protein (HTR2c-Tr). This isoform has no
canonical receptor function and yet shows robust expression
levels throughout the brain.33,34 HTR2c-Tr interacts with functional
HTR2c-Fl and decreases the latter’s availability.33

Regulation of HTR2c expression and alternative splicing involves
epigenetic mechanisms such as DNA methylation, histone
covalent modifications, and noncoding RNAs.35–37 DNA hyper-
methylation at the promoter region decreases gene expression.35

While DNA methylation in the body of the gene regulates exon
alternative splicing.38 Covalent histone modifications including
acetylation (ac) and methylation also affect gene transcription. In
general, histone H3 lysine (K) 9 acetylation (ac), H3K14ac, and
H3K4 trimethylation (me3) lead to gene activation while
H3K36me3 marks actively transcribed regions.39,40 In contrast,
H3K9me3 and H3K27me3 typically lead to gene silencing.39 All of
these histone covalent modifications display vulnerability to
perinatal insults.41,42

Noncoding RNAs also participate in the epigenetic regulation of
genes and alternative splicing of pre-mRNAs.43 Small nucleolar
(sno)-RNA molecules primarily guide chemical modifications of
other RNAs. Each snoRNA molecule acts as a guide for only one
(or two) individual modifications in a target RNA.44 The brain-
specific small nucleolar (sno)-RNA molecules SNORD115 (MBII-52)
contain a recognition sequence for the HTR2c pre-RNA and
regulate alternative splicing of HTR2c exon Vb.31,32,37,45 MBII-52
promotes the inclusion of exon Vb and thereby the production of
a HTR2c-Fl.32

Despite this previous work and the impact of AME on
neurodevelopmental issues such as memory and learning as well
as neurogenesis, the effects of AME on HTR2c expression and its
epigenetic profile in the hippocampus remain unknown. We
therefore hypothesized that AME would increase HTR2c variant
expression in the hippocampus due to the impaired learning and
memory function previously demonstrated in this model. We
further hypothesized that AME would alter hippocampal epige-
netic characteristics along dysregulated HTR2c gene locus.

METHODS
Animals
All experiments were conducted according to the Public Health Services
Policy on Human Care and Use of Laboratory Animals and all procedures
were approved by the Medical College of Wisconsin Institutional Animal
Care and Use Committee.46 The mouse model of AME used in this study

has been previously described.7 Briefly, AME was induced in mice by
exposing six-week-old C57/Bl6 female mice randomly to either a control
diet (CD, 10% fat without cholesterol and sucrose, #D14020502, Research
Diet Inc., New Brunswick, NJ) or a Western diet (WD, 40% fat, comprised of
increased saturated fat, cholesterol, and sucrose, #D12079B, Research Diet
Inc.) for 5 weeks prior to pregnancy and throughout lactation. Dams in the
CD group experienced a normal environment throughout pregnancy and
are designated as Control (Con). Dams fed a WD experienced a ‘stressed’
environment the last third of pregnancy. The combination of chronic WD
and gestational stress is designated as Adverse Maternal Environment
(AME). The stressed environment consisted of daily random environmental
changes as well as a static change in the maternal environment consisting
of 1/3 of the standard amount of bedding from embryonic day (E)13 to
E19. The acute random environmental changes included altered light
cycles on three nonconsecutive days, three cage changes during the
daytime on E15, and the short-term introduction of a novel object in the
cage for a day. The period of prenatal stress was limited to E13–E19 to
minimize newborn mortality, avoid interference with implantation and still
target a period of rapid development and environmental vulnerability.
Dams were delivered spontaneously, and litters were culled to six pups. At
postnatal day 21 (P21), pups from both Con and AME groups were
anesthetized and killed. Brains were quickly removed, hippocampi (HP)
were dissected, flash-frozen in liquid nitrogen, and stored at −80 °C for
molecular studies. For immunohistochemistry studies, animals were
individually fixed via intra-cardiac perfusion with ice-cold 0.9% normal
saline (VWR, Radnor, PA), followed by ice-cold 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA) for 5 min each for a total
volume of 10–15ml fixative. Whole brains were removed and postfixed at
4 °C overnight. Brains were then transferred to 70% ethanol, paraffin-
embedded, and sectioned coronally at 4μm per section. A total of 40
pregnant female mice were used in the study with N= 6 litters/group for
each experiment below.

RNA isolation and real-time RT-PCR
Total hippocampal RNA extraction and cDNA syntheses were performed as
previously described.47 mRNA levels of genes interested were calculated
relative to hypoxanthine phosphoribosyltransferase 1 (HPRT1, Mm.
PT.39a.22214828, Integrated DNA Technologies) which was used as an
internal control. mRNA levels of following genes were determined in this
study: HTR1a (Mm00434106_s1, ThermoFisher Scientific), HTR1b
(Mm00439377_s1), HTR2a (Mm00555764_m1), HTR2c (Mm00434127_m1),
HTR3a (Mm.PT.58.30882666, Integrated DNA Technologies), HTR4
(Mm00434129_m1), HTR5a (Mm00434132_m1), HTR6 (Mm.
PT.58.7237075), HTR7 (Mm00434133_m1) and MBII-52. Alternative splicing
of mouse HTR2c gene generates 7 mRNA variants designated as V201-207
(Ensembl: ENSMUSG00000041380). V201 and V202 contain exon Vb, which
encode HTR2c-Fl protein. V202 contains a retained intron designated as
exon II′ and represents the longest transcript. V203 and V207 lack exon Vb
and encode truncated isoforms. No specific assays can be designed for
variant V201 and the assay for total HTR2c spans exon 3-4 junction which is
common to all coding transcripts V201-203 and V207, we, therefore,
calculated the relative amount of V201 transcript by subtracting the
sum of 2(−ΔCt (variant transcript – HPRT1)) of V202, V203, and V207 from the
2(−ΔCt (total HTR2c – HPRT1)). Primer and probe sequences for HTR2c variants,
HTR2c-Fl, and MBII-52 (acc# AF357427.1) are listed in Table 1. HTR2c-Tr
transcript levels were calculated by the sum of V203 and V207 levels.

Protein isolation and immunoblot
Hippocampal tissue proteins isolation and immunoblots were performed
as previously described.47 Antibodies against HTR1b (ab13896, Abcam),
HTR2c (LS-C368171, Lifespan BioSciences Inc), HTR5a (LS-C356466, Lifespan
BioSciences,) and HTR7 (LS-C358892, Lifespan BioSciences) at 1:50 dilution
were used to determine protein abundance and Vinculin (#13901, Cell
Signaling) at 1:10,000 dilution was used as a loading control.

Immunohistochemistry (IHC)
IHC was used to localize HTR2c expression in the hippocampus and
performed using a Leica Bond Rx automated staining platform at the
Histology Core Lab in the Department of Pathology Medical College of
Wisconsin. Briefly, hippocampal coronal sections at 4 µm from Con and
AME brains were deparaffinized, rehydrated, and subject to antigen
retrieval treatment. Sections were then blocked with Protein Block (DAKO,
Carpinteria, CA, Cat #x090930-2) for 30min at room temperature (RT) and
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followed by incubation with rabbit anti-HTR2c (LS-C386171, Lifespan
Biosciences) 1:5000 for 60min at RT. After washing in TBST twice, sections
were then exposed to donkey anti-rabbit 1:750 for 45min at RT. Followed
by washing in TBST twice, signals were developed with DAB solution
(DAKO, Carpinteria, CA) and counterstained with hematoxylin. Sections
were washed and mounted with CytosealTM 60 (ThermoFisher Scientific)
mounting media. Images were captured by NanoZoomer Digital pathology
slide scanner (Hamamatsu Photonics, Japan).

DNA isolation and pyrosequencing
Hippocampal DNA was extracted from P21 old mice using DNeasy® Blood
& Tissue Kit (Qiagen, #69504). DNA was subjected to sodium bisulfite
treatment using Epitech fast DNA bisulfite kit (Qiagen, #59824) as per the
manufacturer’s protocol to determine site-specific CpG methylation.
DNA methylation of the validation-set samples was determined through
PCR amplification with biotinylated primers (Intergrated DNA
Technologies, Coralville, IA). Primers were designed based on the
genomic sequence obtained from Ensembl Genome Browser (Ensembl:
ENSMUST00000096299.8) using PyroMark Assay Design Software version
2.0. Amplified products were confirmed with agarose gel electrophoresis.
Percent of methylation was quantified by PyroMark Q48 Autoprep
Pyrosequencer (Qiagen, Valencia, CA). Six primer sets (Table 2) were used
to examine the methylation status of 5 CpG sites in the promoter region
spanning from −1 to −240bp nucleotide position from transcription start
site which is set as +1, 4 CpG sites around exon II′ region, 5 CpG sites in
exon Va and 5 CpG sites in exon Vb regions, respectively.

Chromatin isolation and chromatin immunoprecipitation
(ChIP) assay
Hippocampal chromatin was isolated from P21 old mice using tryChIPTM

chromatin shearing tissue kit (#520237, Covaris Inc) and focused-
ultrasonicator M220 (Covaris Inc.). ChIP assays with antibodies against
histone H3 lysine (K) 4 trimethylation (H3K4me3, #9751, Cell Signaling
Technology), H3K9me3 (#13969, Cell Signaling Technology), H3K27me3
(#9733, Cell Signaling Technology), H3K36me3 (#4909, Cell Signaling
Technology), H3K9 acetylation (H3K9ac, #9649, Cell Signaling Technology)
and H3K14ac (#7627, Cell Signaling Technology,) were performed using
SimpleChIP® Plus Enzymatic Chromatin IP kit (#9005, Cell Signaling
Technology). Real-time PCR was used to quantitate the amount of
immunoprecipitation DNA from HTR2c promoter, exon II′, exon Vb, 3′
UTR, and an intergenic region was used as an internal control.48,49 Primers
and probes used in the ChIP assay are listed in Table 1. Two control
experiments were performed simultaneously with our ChIP experiments.
First, we performed a “mock” ChIP that included input but did not utilize
antibody. Second, we performed a ChIP that utilized an anti-rabbit
secondary antibody as a negative control. Two percent of input was used
as a loading control.

Statistics
GraphPad Prism 6 (GraphPad Software, San Diego, CA) was used to
perform all analyses. All data presented are expressed as mean ± SD.
ANOVA (Fisher’s protected least significant difference) and Mann–Whitney
test were used to determine statistical significance between the control
and AME groups in gene expression, DNA methylation, and histone
modifications. Pearson’s r was used to measure HTR2c and BDNF
correlation. Significance was set as p < 0.05.

RESULTS
AME increases HTR2c expression in male hippocampus
We first examined the effect of AME on the mRNA levels of nine
HTR genes including HTR1a, HTR1b, HTR2a, HTR2c, HTR3a, HTR4,
HTR5a, HTR6, and HTR7 in postnatal day 21 (P21) offspring
hippocampi. In male offspring hippocampi, we found that AME
significantly increased HTR2c mRNA levels but decreased HTR5a
and HTR7 mRNA levels compared to the controls. In female
offspring hippocampi, we found that AME significantly increased
HTR1b mRNA levels compared to the controls (Fig. 1a). We next
determined the effect of AME on protein levels of HTR1b, HTR2c,
HTR5a, and HTR7 in P21 offspring hippocampi. In male offspring
hippocampi, we found that AME significantly increased HTR2c
protein levels (Fig. 1b) without affecting the protein levels ofTa
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HTR1b (Fig. 1c), HTR5a (Supplementary Fig. S1A) and HTR7
(Supplementary Fig. S1B) compared to the controls. In female
offspring hippocampi, however, we found that AME significantly
decreased HTR1b (Fig. 1c) and HTR2c protein levels (Fig. 1b)
compared to the controls. Given that AME had consistent effects
upon HTR2c mRNA and protein levels in P21 male hippocampi, we
then focused on the effects of AME on HTR2c for subsequent
molecular studies.

HTR2c protein levels inversely correlates with BDNF protein
levels in male hippocampus
Previous studies in other models reveal that HTR2c activity
negatively affects hippocampal BDNF protein levels in rats and
mice.29,30 Moreover, AME decreases male offspring hippocampal
BDNF protein levels in the model that is the focus of this
manuscript.8 We, therefore, determined the correlation of HTR2c
and BDNF protein levels in P21 hippocampi from this current
study. We found that HTR2c protein levels were inversely
correlated with BDNF protein levels in male offspring hippocampi
(Fig. 1c, **p < 0.01) but not in female offspring hippocampi
(Fig. 1d). Using IHC, we found that apparent increased HTR2c
expression in males was not confined to a particular subfield in
the hippocampus (Fig. 2).

AME increases mRNA levels of HTR2c-Fl variants in male
hippocampus
Regulation of HTR2c expression transcriptionally depends in part
upon the regulation of mRNA variants. We subsequently
determined the effect of AME on the expression of HTR2c mRNA
variants (Fig. 3a–f).
AME significantly increased mRNA levels of HTR2c variants V201

and V202 in P21 male offspring hippocampi compared to the
controls (Fig. 3c). AME also significantly increased HTR2c-Fl mRNA
levels and HTR2c-Fl/Tr ratio in P21 male hippocampi compared to
the controls (Fig. 3d–f). However, AME did not affect HTR2c variant
expressions and HTR2c-Fl/Tr ratio in P21 female hippocampi
compared to the controls (Fig. 3c–f).

AME alters epigenetic profile of HTR2c gene in male
hippocampus
Epigenetic modifications such as DNA methylation and histone
covalent modifications modulate alternative splicing of mRNA.50

We subsequently examined the effect of AME on DNA methylation
and histone modifications along the HTR2c gene locus, as well as
the expression of noncoding RNA MBII-52.
AME did not affect CpG methylation in the HTR2c gene

proximal promoter region in DNA from P21 offspring hippocampi
in both sexes (Fig. 4a). In contrast, AME significantly increased CpG
methylation at upstream CpG site and 2 CpG sites within exon II′
(Fig. 4b), as well as 2 CpG sites in exon Vb region (Fig. 4g) but not
in exon Va region in DNA from P21 male hippocampi (Fig. 4f). AME
significantly increased CpG methylation at 1 CpG site in exon Va
region in DNA from P21 female hippocampi.
AME also increased densities of active histone marks along

HTR2c gene locus in P21 male offspring hippocampal chromatin.
AME significantly increased the densities of active histone marks
H3K9ac, H3K14ac, and H3K36me3 in the promoter region of
HTR2c in P21 male offspring hippocampal chromatin compared to
the controls (Fig. 5a). Furthermore, AME significantly increased the
densities of H3K9ac at the V202 exon II′ region (Fig. 5b) and
H3K14ac at exon Vb in P21 male offspring hippocampal chromatin
compared to the controls (Fig. 5c, d). AME did not affect the
densities of H3K4me3, H3K9me3, and H3K27me3 along HTR2c
locus in P21 male offspring hippocampal chromatin (Fig. 5b-e).
Moreover, AME did not affect any histone marks (H3K9ac,
H3K14ac, and H3K36me3) examined in P21 female hippocampal
chromatin in contrast to the findings in male chromatin
(Supplementary Fig. S2A–D).Ta
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Lastly, AME significantly increased MBII-52 expression in the
hippocampus compared to the controls, coincidentally with
upregulated expression of full-length variants V201 and V202 in
males but not in females (Fig. 6).

DISCUSSION
Our study demonstrates that AME programs an increase in the
expressions of total HTR2c and full-length variants in the
hippocampus of P21 male offspring. Our study further
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100 μm
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d e f

AMEM

100 μm 100 μm

100 μm
100 μm100 μm

Fig. 2 Apparent increased HTR2c protein abundance was not confined to a subfield in AME male hippocampus. Top panel: HTR2c
expression in CA1 (a), CA3 (b) and dentate gyrus (c) in Con hippocampus. Bottom panel: HTR2c expression in CA1 (d), CA3 (e), and dentate
gyrus (f) in AME hippocampus. Scale bar = 100 µm, N= 4 litters/group.
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demonstrates that these changes occur concurrently with changes
in DNA methylation, histone modifications, and small nucleolar
RNA levels that are typically associated with increases in mRNA
levels and changes in mRNA variant proportions. The relevance of
these findings lies in the context that they occur in a model of
AME-induced postnatal impaired learning, memory, and hippo-
campal neurogenesis in male offspring considering the key role
HTR2c plays in these processes. To our knowledge, this is the first
time a pre-perinatal event has been demonstrated to impact
postnatal HTR2c variant expression and associated epigenetic
modifications in offspring hippocampus.
AME impairs nonspatial and spatial learning and memory in

adult male mice fed with WD in our model.7 Our finding of AME-
induced upregulation of HTR2c expression selectively in male
offspring hippocampi in this study suggests that HTR2c may play a

role in cognitive functions in this model. Previous studies in non-
pre-perinatal models similarly demonstrate that cognitive function
impairment associates with dysregulated HTR2c expression.21,27

For instance, HTR2c antagonism improves cognitive flexibility in
various animal models.21,24,27 Specifically, reducing the activity of
the HTR2c either by a pharmacological approach (blockade with
the HTR2c antagonist SB242084) or a transgenic (HTR2c knockout)
approach improves reversal learning in rats and mice.27,28

Additionally, administration of selective HTR2c antagonist prior
to environmental stress repairs defects in hippocampal long-term
potentiation and spatial memory caused by a combination of
environmental stressors in mice.21 More importantly, reducing
HTR2c activity with antagonist increases BDNF protein expression
and neuron numbers in the hippocampus of rats and mice
exposed to a chronic unpredictable mild stress condition.29,30,51

Furthermore, HTR2c antagonist SB242084 stimulated progenitor
cell proliferation in the dentate gyrus in rats.51 In our study, we
found that HTR2c expression inversely correlated with BDNF
protein levels in male hippocampi. Together with our previously
reported AME-induced reduction of BDNF protein levels concur-
rently with impaired neurogenesis in male hippocampi,8 we
speculate that upregulated HTR2c expression may play a role in
BDNF downregulation and subsequently impair neurogenesis in
the male hippocampus, which in turn contribute to learning and
memory deficits later in life in our model.7 The inconsistent results
of HTR1b and HTR2c between mRNA and protein levels in AME
female offspring hippocampi in this study indicate that transla-
tional regulations may also be involved, at least in the female
hippocampi.
Our findings of AME-induced increase in the expression of

HTR2c variants V201 and V202 imply that upregulated V201 and
V202 contribute to increased total HTR2c expression in male
hippocampi in our model. Changes in mRNA levels generally
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implicate the presence of active epigenetic mechanisms such as
DNA methylation and histone covalent modifications. Specific to
HTR2c, previous investigations find that DNA hypermethylation at
the promoter region represses HTR2c expression.35 In the present
study, however, we found that AME did not significantly affect
DNA methylation status in HTR2c promoter in either sex. We
found instead that AME significantly increased CpG methylation in
exon II′ region and specific sites within the exon Vb region. These
increases occur with the context of increased mRNA levels of
variants V201 and V202 that encode HTR2c-Fl protein in males,
suggesting that DNA methylation in exon II′ and Vb region may
facilitate their inclusions. The results of increased CpG methylation
in HTR2c exons II′ and Vb are similar to what has been previously
reported for the rat IGF-1 gene.38 For the IGF-1 gene, controlled
cortical impact (CCI) upregulates IGF-1B (the exon 5-containing
variant) expression and increases CpG methylation around exon 5
region in rat hippocampi. Together, these findings are in accord
with other studies that support an important role for exonal DNA
methylation playing in the regulation of alternative splicing.52,53

Moreover, these findings also support the role of DNA methylation
in marking a genomic sequence as an exon or intron.54 Another
potential contribution of DNA methylation to HTR2c V201 and
V202 mRNA alternative splicing may lie in the association between
DNA methylation and the specific histone modifications outlined
below, as supported by evidence that a dynamic interaction exists
between DNA methylation and the histone code.55

Histone modifications appear to play a key role in the process of
alternative splicing and subsequent mRNA variant
expression.38,56,57 For example, our group previously demon-
strated increased occupancy of the activating histone marks
(H3K9ac, H3K36me3, and H3K4me3) in IGF-1 exon 5 region are
concurrent with increased IGF-1B expression induced by CCI in rat
hippocampi.38 Similarly, Chen et al. showed that H3K14ac induces
an exon skipping event in human CD4+ T cells.56,58 We found in
the present study that AME significantly increased H3K14ac in
exon Vb region in male hippocampi. We speculate that increased
H3K14ac may promote exon Vb inclusion in male hippocampi in
our model. Collectively, these observations support the concept of
crosstalk between histone modification and DNA methylation in
the context of exon–intron architecture and splicing.59

AME-induced increased H3K14ac accumulation occurred in
regions other than HTR2c exon Vb in male hippocampi in the
current study. AME also increased H3K14ac accumulation in the
proximal promoter region in male hippocampi. Additionally, AME
increased densities of the other two activating marks H3K9ac and
H3K36me in the promoter region in male hippocampi as well.
Interestingly, AME increased density of H3K9ac rather than
H3K14ac in exon II′ region which is unique to V202 suggesting
that H3K9ac may get involved in exon II′ inclusion in males.
Although H3K36me3 is often associated with actively transcribed
regions, it also appears at promoter regions.38 For instance, our
group previously demonstrated that increased H3K36me accu-
mulation not only occurs in IGF-1 exon 5 but also in the IGF-1
promoter region. Both of which occurred concurrently with
upregulated IGF-1 expression induced by CCI in rat hippocampi.38

We speculate that region-specific histone modifications play a role
in HTR2c alternative splicing and full-length variant transcriptional
upregulation in male hippocampi in the current model.
Although we found an increase in DNA methylation at one CpG

site in exon Va region in AME females, there were no differences in
the densities of the histone marks examined that were in line with
unaltered mRNA levels of HTR2c total and its variants. DNA
methylation alone often is not enough to impact mRNA levels.60,61

For example, Gutierrez-Arcelus et al. demonstrated that DNA
methylation alone does not significantly drive allele-specific
expression in the cells from the human umbilical cord.60 In
addition, DNA methylation alone is inconsequential for

transcription in A. thaliana plant.61 Taken together, we speculate
that DNA methylation in exon Va region alone fails to impact
HTR2c transcription in AME females in our model.
Noncoding RNA small nucleolar RNA SNORD115 also regulates

alternative splicing of HTR2c exon Vb (MBII-52).31,32,37 Brain-
specific MBII-52 harbors a phylogenetically conserved 18-
nucleotide antisense element that perfectly complements a region
of HTR2c primary transcript that undergoes post-transcriptional
changes and subsequently impacts potency.62 MBII-52 directly
promotes alternative exon Vb of HTR2c inclusion and favors the
production of full-length receptor isoforms with higher potency.62

We similarly found that AME increased MBII-52 expression in male
hippocampi concurrently with upregulated expression of total
HTR2c and full-length variants, suggesting that increased MBII-52
expression may facilitate exon Vb inclusion and the production of
HTR2c-Fl transcripts in AME male hippocampi in our model.
Our study has limitations like all studies. All molecular analyses

performed in this study utilized the whole homogenized
hippocampus, thus limiting our ability to understand the
contribution of hippocampal subfields but allowing for a
comprehensive hippocampal investigation.
In summary, we have identified that an adverse maternal

environment increases total HTR2c and full-length variants’
expression in association with altered epigenetic profile along
HTR2c gene locus in male hippocampi. These results advance the
field by providing the first report of altered HTR2c mRNA variant
expression in accord with altered epigenetic profiles in the
hippocampus of mice exposed to an adverse maternal environ-
ment. A generalizable concept inherent to our studies is the
potential relevance of epigenetic mechanisms in non-promoter
regions of a gene.
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