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Early life alcohol exposure primes hypothalamic microglia to
later-life hypersensitivity to immune stress: possible epigenetic
mechanism
Lucy G. Chastain1, Tina Franklin1, Omkaram Gangisetty1, Miguel A. Cabrera1,2, Sayani Mukherjee1, Pallavi Shrivastava1,
Shaima Jabbar1,2 and Dipak K. Sarkar1

Growing evidence has shown that developmental alcohol exposure induces central nervous system inflammation and microglia
activation, which may contribute to long-term health conditions, such as fetal alcohol spectrum disorders. These studies sought to
investigate whether neonatal alcohol exposure during postnatal days (PND) 2–6 in rats (third trimester human equivalent) leads to
long-term disruption of the neuroimmune response by microglia. Exposure to neonatal alcohol resulted in acute increases in
activation and inflammatory gene expression in hypothalamic microglia including tumor necrosis factor alpha (TNF-α) and
interleukin 6 (IL-6). Adults with neonatal alcohol pre-exposure (alcohol fed; AF) animals showed an exaggerated peripheral stress
hormonal response to an immune challenge (lipopolysaccharides; LPS). In addition, there were significantly more microglia present
in the hypothalamus of adult AF animals, and their hypothalamic microglia showed more cluster of differentiation molecule 11b
(Cd11b) activation, TNF-α expression, and IL-6 expression in response to LPS. Interestingly, blocking microglia activation with
minocycline treatment during PND 2–6 alcohol exposure ameliorated the hormonal and microglial hypersensitivity to LPS in AF
adult animals. Investigation of possible epigenetic programming mechanisms by alcohol revealed neonatal alcohol decreased
several repressive regulators of transcription in hypothalamic microglia, while concomitantly increasing histone H3 acetyl lysine 9
(H3K9ac) enrichment at TNF-α and IL-6 promoter regions. Importantly, adult hypothalamic microglia from AF animals showed
enduring increases in H3K9ac enrichment of TNF-α and IL-6 promoters both at baseline and after LPS exposure, suggesting a
possible epigenetic mechanism for the long-term immune disruption due to hypothalamic microglial priming.
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INTRODUCTION
Despite public awareness about the risks of drinking during
pregnancy, recent studies have shown that health problems due
to fetal exposure to alcohol are still common in the US [1] and
globally [2]. Fetal alcohol exposure may result in a variety of health
problems during childhood and adolescence, which may include
facial and cranial dysmorphologies, brain abnormalities, neurolo-
gical defects, cognitive deficits, delayed development, endocrine
abnormalities, and problems with mood and anxiety which are
generally called fetal alcohol spectrum disorders (FASDs) [3, 4].
Many of the symptoms of FASDs can persist through adulthood
[5]. Animal models indicate the hypothalamus and the
hypothalamic-pituitary-adrenal (HPA) axis, or stress axis, are
especially sensitive to the long-term effects of developmental
alcohol [6, 7]. In addition to the hallmark neurological and
psychiatric symptoms, clinical studies also report people with
FASDs have higher incidences of infections [8], which suggest
immune system disruption in FASDs [6, 7].
Microglia are one type of resident immune cell in the central

nervous system. Under normal physiological conditions, microglia
take on a surveillance and support role for neuronal activity, but
upon central nervous system insult, microglia become reactive

and may release pro-inflammatory cytokines and chemokines
contributing to neuroinflammation and neurotoxicity [9]. Many
studies have provided strong evidence that pathological alcohol
consumption exerts a pro-inflammatory effect on the neuro-
immune system due to microglia activation [10, 11]. Clinical
studies of post-mortem brain tissue from people with alcohol use
disorders (AUDs) show increased pro-inflammatory and microglial
markers [12] alongside neural damage [13]. Studies in animal
models also show high dose alcohol exposure increases pro-
inflammatory factors, microglia activation, and neurotoxicity in
several brain regions in both adult animals and developing
animals [10, 11, 14]. Studies utilizing cultured primary microglia
and beta-endorphin (BEP) producing cells from fetal rat hypotha-
lamus, have shown that microglia play a direct neurotoxic role in
killing hypothalamic neurons after high dose alcohol exposure
through the release of TNF-α and IL-6 [15, 16].
Although data from our lab and others suggest that alcohol

exposure may cause microglia to become pro-inflammatory and
to potentiate alcohol’s neurotoxic effects, the role of microglia in
the long-term detrimental effects of developmental alcohol are
not well understood. Some studies utilizing neonatal or fetal
alcohol exposure models in rodents find only transient changes in
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microglia activation and pro-inflammatory cytokine expression in
brain tissue after alcohol exposure [17, 18]. In contrast, other
studies reported lasting upregulation of inflammatory factors at
postnatal day 28 following neonatal alcohol exposure [19] and at
adulthood following adolescent alcohol exposure [20, 21]. Several
studies suggest microglia possess the ability to “remember” past
activation events and alter their response to later inflammatory
insults in a phenomenon called priming. Microglia may be primed
by early life infection [22], brain injury [23], aging and stress [24],
or neurodegenerative disease [25]. The mechanisms for microglia
priming are not understood, but as microglia activation and
immune response are tightly regulated by epigenetic factors [26],
it is possible that epigenetic programming may be a potential
mechanism. Developmental alcohol is known to affect epigenetic
mechanisms at the level of methylation and histone modifications
[27, 28], but most studies to date have utilized brain tissue
homogenates, thus, making conclusions about alcohol’s effects on
specific cell types, like microglia, impossible.
The HPA axis of the developing brain is especially susceptible to

developmental programming by stressors during the second and
third trimester periods of pregnancy [29, 30]. In rodents, the first
two weeks of life corresponds to the third trimester in humans,
and recent studies have utilized this time period for investigation
of the mechanisms of long-lasting developmental programming
[31, 32]. In our studies, we address the question of whether early

life alcohol primes hypothalamic microglia and the HPA axis to
alter responsivity later in life and whether this phenomenon may
have an epigenetic mechanism. To address these questions, we
utilized the postnatal day 2–6 period in rats, an established fetal
alcohol use disorder model to mimic high alcohol exposure during
human third trimester equivalent [16].

MATERIALS AND METHODS
Animals
Adult Sprague–Dawley rats were purchased from Charles River
Laboratories (Wilmington, MA). Animls were housed under
standard lighting conditions (12 h on; 12 h off) and had access
to rodent chow and water ad libitum (AD). These rats were bred in
our colony to generate neonatal animals and adult animals for use
in these studies. Hypothalami from PND 1 old rat pups were used
to generate primary microglia culture. Animal surgery and care
were performed in accordance with institutional guidelines and
complied with NIH policy. The animal protocol was approved by
the Rutgers Animal Care and Facilities Committee.

Experimental design for in vivo experiments
See Fig. 1a for the in vivo experimental design. Offspring were
assigned to one of four groups: (1) alcohol fed (AF) animals that
were fed by oral gavage a milk formula containing 11.34% ethanol

Fig. 1 Neonatal alcohol activates hypothalamic microglial inflammation in vivo. a Design of in vivo experiments. Immunohistochemical
staining of reactive microglial marker Cd11b in paraventricular nucleus (PVN) and arcuate nucleus (ARC) of alcohol-fed (AF), pair-fed (PF), and
ad libitum-fed (AD) pups 2 h post feeding. AF pups showed increased Cd11b+ cell count in the PVN (b) and arcuate (ARC) nucleus (c) of the
hypothalamus after 5 days of alcohol exposure compared to AD pups (n= 4–6/treatment group). Representative immunohistochemistry
images of Cd11b+ staining in PND 6 of AD (d), PF (e), and AF (f) pups. Scale bars in these figures are 100 µm/each. AF pups showed increased
microglial expression of IL-6 (g), TNF-α (h), CSF1R (i), and TLR4 (j) compared to PF and AD pups (n= 4–6/treatment group). Data are mean ±
SEM, and were analyzed by one-way ANOVA followed by post-tests. *p < 0.05; **p < 0.01; ***p < 0.001 AD compared to AF, #p < 0.05; ##p < 0.01;
###p < 0.001 PF compared to AF
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(ETOH) (vol/vol) and daily s.c. treatment of saline (50 µl) 1 h before
alcohol feeding, (2) AF animals that also received daily s.c.
treatment with minocycline (45 µg/kg) 1 h before alcohol feeding
(AF+M), (3) pair fed (PF) animals that were fed isocaloric formula
only and injected daily saline (50 µl) and (4) AD animals that were
left in the litter with the mother. The daily alcohol dose was 2.5 g/
kg, and produced mean blood alcohol concentrations (BACs) of
150.1 mg/dL 2 h after the last feeding, concentrations which
resemble binge drinking levels in humans. Feedings were given
twice daily at 10:00 a.m. and 12:00 p.m. for 5 days on PND 2–6. The
alcohol dosage and feeding protocol has been shown to produce
significant microglial activation and neuroinflammation in PND 6
rat pups [16]. In addition, our minocycline dose was chosen based
on our previous work [16], showing minocycline (45 µg/kg)
sufficiently blocks alcohol-induced BEP cell neurotoxicity in PND
6 pups. On PND 6, a group of animals were sacrificed at 2 h after
the last feeding. Preliminary studies did not indicate any sex
differences in microglial response to alcohol at this time point [16],
so both male and female subjects were used in our studies. Brains
were collected and frozen at −80 °C for later use for immunohis-
tochemical staining of microglia or microglia were isolated from
dissected mediobasal hypothalamus (MBH; the mediobasal
portion of the hypothalamus extended ~1mm rostral to the optic
chiasma and just caudal to the mammillary bodies, laterally to the
hypothalamic sulci, and dorsally to 2 mm deep) for measurement
of RNA, protein, DNA methylation, or for chromatin immunopre-
cipitation (ChIP).
Animals used for the adult studies were assigned to the four

treatment groups as described above (AF, AF+M, PF, AD), and
after PND 2–6 treatment, were kept with the dam until PND 23
when they were then weaned and housed 2–3 animals/cage until
they were utilized at PND 90. Males only were used for these adult
studies. Follow-up studies utilizing females are currently underway
in our lab to investigate the effects of neonatal alcohol on adult
females. Adult animals were either sacrificed for basal measure-
ments or were challenged with lipopolysaccharide (LPS) (100 µg/
kg body weight) injected i.p., and sacrificed 2 h later. Previous
studies in our laboratory have shown that this dose of LPS
effectively stimulates the hormonal stress axis (42). For measure-
ment of stress hormones, baseline tail blood was collected in the
morning (9:00–11:00 a.m.) and trunk blood was collected 2 h after
LPS (a timepoint where we find maximal stress hormones
responses to LPS). For immunohistochemical staining of microglia,
brains were collected at baseline and post LPS and frozen at
−80 °C until use. In addition, microglia were isolated from
dissected MBH for measurement of RNA, protein, DNA methyla-
tion, or ChIP at baseline and post LPS.

Primary microglia cell culture
Microglia cell culture was prepared from MBH from postnatal day
1 rat pups from both sexes using the method published by us
previously [15, 16]. (See Supplementary Materials and Methods for
details.) To assess the effect of acute alcohol treatment on
microglia cell cultures, microglia cells were treated with 50 mM
ETOH-treated for 24 h or vehicle (control). Alcohol evaporation
was prevented by culturing cells in slightly close 25 mm flask and
“refreshing” alcohol-treated cultures at the 12 h timepoint (24 h
total time for treatment) with fresh alcohol. After 24 h, cells were
collected and used for RNA measurements, ChIP, or protein
measurements. The 50mM ETOH dose resembles binge drinking
levels, and has also been shown to produce microglial activation,
inflammation, and neurotoxicity in hypothalamic BEP-producing
neurons [15, 16].

In vivo microglia isolation
Microglia were purified from freshly dissected MBH tissue from
PND 6 pups and adult rats by an Optiprep (Sigma-Aldrich) density

gradient using methods described by us previously [16]. (See
Supplemental Materials and Methods for details.) Three hypotha-
lami from PND 6 pups were pooled to generate samples for the
pup experiments and two hypothalami from adult rats were
pooled to generate samples for the adult experiments. Cells
were used for RNA measurements, ChIP, or protein measurements
immediately or stored at −80 °C until use.

Measurement of gene expression by quantitative reverse
transcription polymerase chain reaction (RT-PCR)
Gene expression of mRNA encoding IL-6, TNF-α, CSF-1R, TLR-4,
MCP-1, and IL-1B in microglia was measured by quantitative RT-
PCR using a SYBR green assay (Thermo Fisher Scientific; 16). See
Table S1 and the Supplemental Materials and Methods for
details.

Immunocytochemistry and flow cytometry
Protein measurements were made on cultured microglia and
in vivo isolated microglia by immunocytochemical fluorescent
staining and flow cytometry detection of immunofluorescence as
previously described by us [16]. See the Supplemental Materials
and Methods for details.

Immunohistochemical staining of microglia in tissue sections
Serial coronal sections of frozen brains (20 µm thickness) ranging
from the paraventricular nucleus (PVN) and arcuate nucleus (ARC)
were stained for total microglial population using IBA1 as a
specific marker (Wako, Richmond, VA) or reactive microglia using
Cd11b as a marker (clone OX32) (AbD Serotec Bio-Rad, Hercules,
CA) [16]. Staining was visualized using a Nikon TE 2000 inverted
microscope (Nikon Instruments Inc., Melville, NY). Total Cd11b+
and IBA-1+ cells as identified by positive staining were counted in
PVN and ARC regions as identified by adult [33] and neonatal [34]
rat brain atlases. Mean total Cd11b+ and IBA-1+ cell counts were
obtained from three sections per brain for PVN, and 10 sections
per brain for the ARC. See the Supplemental Materials and
Methods for details.

Global DNA methylation quantification
Total DNA was isolated from in vivo-isolated microglia using the
QIAamp DNA Micro Kit (Qiagen, Germantown, MD) and from
cultured microglia using the DNEasy Blood and Tissue Kit (Qiagen).
Global DNA methylation levels were quantified from 100 ng DNA
using the MethylFlash Methylated DNA Quantification kit (Epi-
gentek, Farmingdale, NY), an antibody-based ELISA-like kit for
quantitative detection of global levels of methylated DNA. The
assay was conducted according to the manufacturer’s instructions
and % 5-methylcytosine (5-mc) levels were calculated from the 5-
mc standard curve provided by the assay kit.

Stress hormone measurement after immune challenge
The stress hormones corticosterone (CORT) and adrenocortico-
tropic hormone (ACTH) levels in plasma were measured using
rodent CORT ELISA (Immuno-Biologic Labs, Minneapolis, MN) and
rodent ACTH ELISA (Phoenix Pharmaceuticals, Burlingame, CA).

Chromatin Immunoprecipitation
Isolated in vivo microglia and cultured microglia were used for
ChIP of histone H3 acetyl lysine 9 (H3K9ac). Alcohol-induced
H3K9ac enrichment at IL-6 and TNF-α promoter regions were
determined by ChIP using H3K9ac antibody and measure
promoter-specific amplification using real-time PCR. ChIP was
performed using rabbit polyclonal anti-acetyl-Histone H3 (Lys9)
(Millipore, Billerica, MA) and the ChIP Assay Kit (Cat # 17-295,
Millipore) according to the manufacturer’s instructions. See
Table S1 and the Supplemental Materials and Methods for
details.
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Statistical analyses
The data in the figures are presented as mean ± SEM. One-way
ANOVA was used to analyze differences between treatment
groups, followed by Newman–Keuls post-tests. In cases where
variances differed between treatment groups, the Kruskal–Wallis

test was utilized, followed by Dunn’s multiple comparison post-
test. Two-way ANOVA was used for multiple comparisons,
followed by Bonferroni post-tests. Student’s t-test was used to
analyze differences between two treatment groups. P ≤ 0.05 was
considered significant.
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RESULTS
Neonatal alcohol activates pro-inflammatory cytokine expression
in hypothalamic microglia
In these studies, we sought to determine if PND 2–6 alcohol
exposure (2.5 g/kg) altered microglia signature marker Cd11b in
hypothalamus and pro-inflammatory cytokine gene expression
from microglia isolated from PND 6 hypothalamus (see Fig. 1a for
experimental paradigm). Five days of alcohol exposure increased
microglial Cd11b+ expression in the PVN (treatment, F(2,36)=
46.29, p < 0.0001; time, F(2,36)= 8.26, p < 0.0007) (Fig. 1b) and ARC
(treatment, F(2,36)= 15.69, p < 0.0001; time, F(2,36)= 10.68, p <
0.0002) (Fig. 1c) of the hypothalamus of AF animals compared to
control animals. In addition, hypothalamic microglia from PND 6
AF animals showed increased mRNA levels of interleukin-6 (IL-6) (F
(2,13)= 6.988, p < 0.01) (Fig. 1g), tumor necrosis factor α (TNF-α) (F
(2,12)= 7.109, p < 0.01) (Fig. 1h), colony stimulating factor 1
receptor (CSF-1R) (F(2,12)= 37.27, p < 0.0001) (Fig. 1i), and toll-like
receptor 4 (TLR-4) (H= 7.081, 2 d.f., p < 0.05) (Fig. 1j) compared to
microglia from AD and PF animals. mRNA levels of interleukin 1-
beta (IL1β) (F(2,14)= 0.526, p > 0.05) and monocyte chemoattrac-
tant protein-1 (MCP-1/CCL2) (F(2,15)= 0.190, p > 0.05) were not
significantly different between AF microglia and control microglia
(data not shown). These results are in agreement with the
previous findings that early life exposure to alcohol results in
changes in brain region-specific increases in inflammatory
cytokines [16, 35–37], and further suggest that early life exposure
to alcohol during PND 2–6 activates microglia and increases
microglial pro-inflammatory gene expression in hypothalamus.
Similarly, studies utilizing cultured microglia derived from
hypothalamus of neonatal rat pups, showed exposure to a high
dose of alcohol (50 mM ETOH) for 24 h resulted in increased gene
expression of TNF-α (t(9)= 9.146, p < 0.0001) (Fig S1b), CSF-1R (t
(8)= 2.496, p < 0.05) (S1c), and TLR-4 (t(5)= 1.985, p < 0.05) (S1d),
while expression of IL-6 in ETOH-exposed cultured microglia was
not significantly changed (t(10)= 0.691, p > 0.05) (S1a).

Minocycline attenuates long-term immune potentiation following
neonatal alcohol exposure
In addition to the immediate effects, our studies aimed to
investigate whether early life alcohol has long-term effects on the
HPA axis and hypothalamic microglia, and whether these effects
might be normalized by blocking microglia activation with
minocycline treatment at the time of alcohol exposure. To this
end (Fig. 2), we measured stress hormones and microglia
activation and inflammation at baseline and 2 h after LPS
challenge in adult AF, AF+M, PF, and AD animals. AF adult
animals did not significantly differ in basal plasma stress hormone
levels, but showed significantly increased CORT (treatment, F
(5,49)= 3.33, p= 0.011; time, F(1,49)= 198.24, p < 0.0001) (Fig. 2a)
and ACTH (treatment, F(5,47)= 4.42, p= 0.0022; time, F(1,47)=

122.32, p < 0.0001) (Fig. 2b) response to the LPS challenge. The
hormonal hyper-response to LPS was normalized by minocycline
treatment (AF+M) during the PND 2–6 alcohol exposure time
(Fig. 2a, b).
Microglial number and activation levels were measured by

immunohistochemical detection of IBA-1+ and Cd11b+ cell
count, respectively, in the ARC and PVN regions of the
hypothalamus in the adult rats. Under basal condition activated
microglial number did not differ between treatment groups in the
ARC region of the hypothalamus, but AF animals showed
increased microglial number in response to LPS challenge that
was prevented by minocycline treatment (F(6,28)= 4.283, p=
0.003) (Fig. 2c). Total microglial number in the ARC also did not
differ between treatment groups, but AF animals showed
increased microglial number in response to LPS compared to PF
and AF+M treated animals (F(6,28)= 8.779, p= 0.0001) (Fig. 2d).
Adult AF animals showed increased activated microglial number
basally and 2 h after LPS challenge in the PVN region compared to
control animals (F(6,28)= 18.08, p < 0.0001) (Fig. 2e). AF animals
also showed increased total microglial cell count basally and after
LPS challenge in the PVN (F(6,28)= 5.102, p= 0.0012) (Fig. 2f).
Minocycline treatment normalized the increased total microglial
number in the PVN in AF animals.
Finally, mRNA levels of pro-inflammatory factors previously

found to be acutely elevated in microglia after PND 2–6 alcohol
exposure were measured in adult animals basally and 2 h post LPS.
Basal levels of microglial IL-6 (Fig. 2k) and TNF-α (Fig. 2l) were not
significantly different between AD, PF, and AF, but AF animals
showed increased IL-6 (F(6,32)= 14.39, p < 0.0001) and TNF-α
(H= 15.45, 6 d.f., p < 0.05) gene expression after LPS challenge
compared to control animals, an effect which was again normal-
ized by minocycline treatment (Fig. 2k, l). Neither CSF-1R (F(5,31)
= 0.173, p > 0.05) (Fig S2a) nor TLR-4 (F(5,38)= 1.060, p > 0.05)
(Fig S2b) microglial gene expression were significantly altered in
AF animals at baseline or after LPS. Together, these results show
that early life alcohol exposure results in long-term hormonal and
microglial hyper-response to immune stress, an effect which can
be prevented by microglial inhibition by minocycline at the time
of alcohol exposure.

Neonatal alcohol’s effects on epigenetic mediators in
hypothalamic microglia
As our studies showed adult microglial hyper-response produced
by neonatal alcohol exposure, we focused our attention on
investigating a possible epigenetic mechanism for the immediate
and long-term effects of neonatal alcohol on microglial activation
and later-life stress hypersensitivity. Thus, we first investigated
whether PND 2–6 in vivo alcohol exposure affected a variety of
epigenetic mediators of inflammatory gene expression in
hypothalamic microglia. Microglia from AF pups showed

Fig. 2 Neonatal alcohol pre-exposure results in hyper-response to immune stress, which is normalized by minocycline. The long-lasting
hormonal and microglial effects of neonatal alcohol in adult animals at baseline and in response to an i.p. LPS challenge (0.1 mg/kg) were
examined. Adult AF animals showed no differences in basal levels of plasma CORT (a) and ACTH (b), but showed an exaggerated CORT and
ACTH response to an LPS challenge as compared to AD animals, which was ameliorated by concurrent PND 2–6 minocycline treatment (AF
+M) (n= 5–6/treatment group). Total number of microglia (as identified by IBA1+ staining) in the ARC nucleus of the hypothalamus was not
significantly different in AF animals (d), but AF animals had significantly increased activated microglia (Cd11b+) in the ARC which was
diminished by concurrent administration of minocycline (AF+M) (c) (n= 5/treatment group). Increased basal and LPS-induced total number of
microglia (e) and activated microglia (f) was found in the PVN region of the hypothalamus (n= 5/treatment group). LPS-induced increase in
AF number of microglia was diminished by concurrent PND6 minocycline treatment (AF+M). Representative immunohistochemistry images
of Cd11b+ staining in AD (g), PF (h), AF (i), and AF Minocycline (j) in the PVN post LPS. Scale bars in these figures are 400 µm/each. Microglia
purified from hypothalami of AF animals did not show differences in basal inflammatory genes (IL-6 and TNF-α) expression (k, l) (n= 5–6/
treatment group). However, microglia from hypothalami of AF animals challenged with LPS showed an increase in IL-6 (k) (n= 5–7/group) and
TNF-α (l) (n= 6–15/group) in comparison with control animals. Co-administration of minocycline with alcohol (AF+M) diminished the
exaggerated IL-6 (k) and TNF-α (l) response to LPS in AF animals. Data are mean ± SEM and were analyzed using two-way ANOVA followed by
Bonferroni post-test (a, b) or analyzed using one-way ANOVA followed by Newman–Keuls post-tests. *p < 0.05; **p < 0.01; and ***p <
0.001 significantly different between groups as indicated by a bar on the top of the graph
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significantly decreased levels of negative regulators of transcrip-
tion, including decreased protein levels of methyl-CpG-binding
protein 2 (F(2,14)= 18.65, p < 0.0001) (MeCP2) (Fig. 3a), HDAC1 (F
(2,27)= 4.830, p < 0.05) (Fig. 3e), and SIRT1 (F(2,21)= 5.706, p <
0.05) (Fig. 3f), and decreased global DNA methylation (F(2,13)=
3.830, p < 0.05) (Fig. 3d) compared to control pups. Protein levels
of DNA methyltransferases DNMT1 (F(2,21)= 1.045, p > 0.05)
(Fig. 3b) and DNMT3a (F(2,21)= 0.8783, p > 0.05) (Fig. 3c) were
not significantly altered in AF hypothalamic microglia compared
to control microglia. In addition, global acetylation of histone 3
lysine 9 (H3K9ac) (H= 15.57, 2 d.f., p < 0.001) (Fig. 3g), a target of
HDAC1 and SIRT1, was increased in hypothalamic microglia from
AF animals compared to PF and AD animals. To examine if the
increased H3K9ac was related to the increased gene expression of
pro-inflammatory cytokines in microglia observed after PND 2–6
alcohol treatment, we performed ChIP of H3K9ac in PND 6 AD, PF,
and AF hypothalamic microglia. We found hypothalamic microglia
from AF pups showed increased H3K9ac enrichment of IL-6 (F(2,9)
= 4.926, p < 0.05) (Fig. 3h) and TNF-α (F(2,9)= 6.365, p < 0.05)
(Fig. 3i) gene promoter regions compared to hypothalamic
microglia from AD and PF pups. These studies show decreased
levels of HDACs, increased H3K9ac, and increased specific H3K9ac
enrichment at the IL-6 and TNF-α gene promoters in PND 2–6
alcohol-exposed microglia correlate with increased gene expres-
sion of these pro-inflammatory cytokines, and demonstrate a likely
epigenetic mechanism for developmental alcohol activation of
hypothalamic microglia. In vitro results largely concurred with our
in vivo data showing developmental alcohol exposure decreases

HDACs, increases global H3K9 acetylation, and increases H3K9ac
enrichment at specific pro-inflammatory gene promoters in
cultured hypothalamic microglia (see Fig. S3).

Neonatal alcohol has long-term effects on hypothalamic microglial
epigenetic mediators in vivo
We next investigated whether epigenetic changes in hypotha-
lamic microglia induced by early life alcohol persist into adulthood
as a possible mechanism for microglial programming by alcohol.
Microglia from AF adult animals pre-exposed to neonatal alcohol
showed several enduring epigenetic changes. Adult AF microglia
showed basally decreased levels of SIRT1 (F(5,28)= 6.165, p <
0.001) (Fig. 4c) compared to microglia from control animals.
Kruskal–Wallis test of DNMT1 levels in adult microglia approached
significance (H= 10.68, 5 d.f., p= 0.058), and post-tests revealed
basal DNMT1 levels were decreased in AF microglia compared to
controls (Fig. 4e). Post LPS, levels of SIRT1 and DNMT1 did not
significantly differ between treatment groups. ANOVA for DNMT3a
levels in adult microglia reached significance (F(5,28)= 2.774, p <
0.05), but post-tests did not reveal significant differences between
AF microglia and controls (p > 0.05). Thus, levels of DNMTs showed
a statistical trend for decreasing in AF microglia compared to
control groups. In addition to baseline differences, adult AF
microglia also differed in response to LPS. Post LPS, adult AF
microglia showed significantly decreased HDAC1 levels (F(5,16)=
15.98, p < 0.0001) (Fig. 4a), and increased global acetylation of
HDAC1’s target H3K9ac (H= 12.85, 5 d.f., p < 0.05), compared to
AD controls (Fig. 4b). To connect these epigenetic modifications

Fig. 3 Neonatal alcohol effects on epigenetic mediators in hypothalamic microglia in vivo. Hypothalamic microglia from PND 6 AD, PF, and AF
rat pups were measured for protein levels of epigenetic mediators of inflammatory gene transcription. In vivo, hypothalamic microglia from
AF animals showed decreased levels of negative regulators of transcription including methyl CpG-binding protein 2 (MeCP2) (a) (n= 5–6/
treatment group) and decreased global DNA methylation (d) (n= 4–6) compared to control animals. Levels of DNMT1 (b) (n= 7–9) and
DNMT3a (c) (n= 4-11) were not significantly different in microglia from AF animals compared to AD and PF controls. In addition, compared to
microglia from control pups, microglia from AF pups showed decreased protein levels of histone deacetylases HDAC1 (e) (n= 9–11) and
sirtuin 1 (SIRT1) (f) (n= 8), while showing increased global acetylation of their target histone H3 lysine 9 (H3K9ac) (g) (n= 6–12), a positive
regulator of inflammatory gene transcription. Finally, ChIP of H3K9ac from hypothalamic microglia showed increased enrichment of the IL-6
(h) and TNF-α (i) promoter gene regions in AF pups compared to PF and AD pups (n= 4). Data are mean ± SEM (n= 4–11), and were analyzed
by one-way ANOVA followed post-tests, *p < 0.05; **p < 0.01; ***p < 0.001 AD compared to AF, #p < 0.05; ##p < 0.01; ###p < 0.001 PF compared
to AF
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with changes observed in gene expression (Fig. 2), we again
utilized ChIP of H3K9ac in hypothalamic microglia from AF, PF, and
AD adults. We found an enduring increase in H3K9ac enrichment
at the IL-6 (F(5,36)= 12.44, p < 0.0001) (Fig. 4h) and TNF-α (F(5,40)
= 31.85, p < 0.0001) (Fig. 4i) promoter gene regions in hypotha-
lamic microglia from AF animals both at baseline and 2 h after LPS.
These studies show long-term epigenetic changes (decreases in
HDACs and increased H3K9ac of pro-inflammatory genes) both at
baseline and after an immune challenge in adult hypothalamic
microglia following early life alcohol exposure.

DISCUSSION
Recently, a number of studies in adult and adolescent animals
have found the effects of binge-like alcohol on neuroinflammation
and microglia to additional alcohol doses, LPS, or stress to be
additive, causing a hyper-response to subsequent immune
challenges [38–40]. However, it is unknown whether the effects
of early life alcohol on the neuroimmune system and microglia are
long-lasting. Thus, our studies utilizing PND 2–6 alcohol exposed
rat pups, investigated the immediate and long-term effects of
neonatal alcohol on microglia in the hypothalamus. We observed
alcohol exposure during early development acutely activated
microglial cells and microglial-specific expression of pro-
inflammatory factors in hypothalamus after the alcohol exposure
(Fig. 1, S1). Importantly, the effects of neonatal alcohol on

hypothalamic microglia persisted into adulthood (PND 90).
Interestingly, more microglia were present (Fig. 2c) and were
reactive (Fig. 2e) in the PVN basally in adults pre-exposed to
developmental alcohol, indicating some long-term changes in
basal activity of PVN microglia as a result of neonatal alcohol.
While basal measurements of most other parameters measured
were not altered, hypothalamic microglial response to LPS
challenge—both activation and pro-inflammatory gene expres-
sion—was significantly increased in AF animals (Fig. 2), indicating
a priming effect of developmental alcohol on hypothalamic
microglia, reminiscent of microglial priming effects observed after
stress or injury [22–24].
Alongside priming of microglia to an immune challenge, stress

axis response to LPS in AF animals was hyper-sensitized, indicated
by exaggerated plasma ACTH and CORT response (Fig. 2a,b).
Interestingly, a recent study by Walter et al. [40], also found a
correlation between increased microglial activation and peripheral
CORT response as a consequence of chronic alcohol in a rat
model. The mechanism for the relationship between alcohol-
induced microglial activation and systemic HPA axis disruption are
currently under study in our lab, and evidence suggests microglia-
induced neurotoxicity of BEP neurons by developmental alcohol is
a major factor [15, 16], but more research is clearly warranted in
this area. Importantly, the hyper-sensitized microglia and stress
axis response to LPS were diminished by simultaneous treatment
with minocycline at the time of alcohol exposure. Though

Fig. 4 Neonatal alcohol has long-term programming effects on hypothalamic microglial epigenetic mediators in vivo. The long-term effects of
neonatal (PND 2–6) alcohol exposure on protein levels of epigenetic mediators in hypothalamic microglia of adult (PND 90) rats were
examined at baseline (basal) and 2 h after an immune challenge (LPS, 0.1 mg/kg). Basal levels of SIRT1 (c) in hypothalamic microglia from AF
adults were significantly decreased. Levels of DNMT1 (e) and DNMT3a (f) in AF adults showed statistical trends for decreasing compared to
control groups. Neonatal exposure to alcohol also showed altered microglial epigenetic response to an immune challenge in the adult. Two
hours after LPS exposure, AF adults showed decreased HDAC1 protein compared to control animals (a), and also showed increased global
H3K9 acetylation (b) as compared to controls. SIRT1 (c) levels in microglia were decreased by LPS, but did not significantly differ between AF
and control animals. Adult AF animals did not significantly differ in microglial levels of MeCP2 (d), DNMT3a (f) or global DNA methylation (g)
compared to control animals. Finally, ChIP of H3K9ac from hypothalamic microglia showed increased enrichment of the IL-6 (h) and TNF-α (i)
promoter gene regions in AF adult animals compared to PF and AD controls at baseline and 2 h post LPS. Data are mean ± SEM, and were
analyzed by one-way ANOVA followed by post-tests, *p < 0.05; **p < 0.01; ***p < 0.001 AF compared to AD or PF, #p < 0.05; ##p < 0.01, ###p <
0.001 basal compared to 2 h post LPS. For all protein measurements and the methylation assay, sample sizes were n= 4–8/treatment group,
and for ChIP experiments, sample sizes were n= 6–8
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minocycline is not a selective microglial inhibitor [41], it has been
shown to significantly block M1 microglial activation [42].
Minocycline treatment has been shown to decrease fetal
alcohol-induced increase in microglial activation and neurotoxicity
[16] and neuroinflammation and alcohol drinking in adult rodent
models [43, 44], although the mechanism for these neuroprotec-
tive effects is unknown, and requires further study. Together,
these studies suggest minocycline may have therapeutic potential
for the treatment of alcohol-related disorders, such as FASDs. In
addition, our results suggest that microglia activation during the
time of alcohol exposure is necessary for the later-life hyper-
sensitivities observed in hypothalamic microglia and hormonal
stress axis response, directly correlating early life microglial
activation with later life immune and stress axis disruption.
Given these results, we asked what is the mechanism for the

long-term priming of microglia by developmental alcohol?
Inflammatory response—both the initiation of inflammation after
injury or illness and the inhibition of excessive inflammation—is
tightly regulated by epigenetic mechanisms [26]. In addition,
alcohol exposure has been shown to induce epigenetic changes in
somatic cells, especially in brain, including changes in DNA
methylation [45, 46], methylated DNA-binding proteins, such as
MeCP2 [47, 48], HDACs [49], and histone modifications [50, 51],
although few studies have focused on the epigenetic effects of
ETOH on specific cell types. No studies to our knowledge have
investigated the effects of developmental alcohol on epigenetic
mediators in microglia to date. Thus, we examined the immediate
and long-lasting effects of developmental alcohol exposure on
hypothalamic microglial cells. Neonatal alcohol exposure
decreased negative regulators of transcription including global
DNA methylation (Fig. 3d) and MeCP2, which binds methylated
DNA (Fig. 3a). In addition to decreased methylation and MeCP2,
PND 2–6 alcohol produced an immediate decrease in hypotha-
lamic microglial histone deacetylases HDAC1 and SIRT1 (Fig. 3e, f),
increased global acetylation of their target H3K9 (Fig. 3g), and
increased specific H3K9ac enrichment at the IL-6 and TNF-α genes
(Fig. 3h, i). Our results are comparable to studies in peripheral
immune cells, which show both increased acetylation of H3K9 and
decreases in HDAC association with promoters are critical for the
activation of the transcriptional immune response [52, 53]. Thus,
our results demonstrate a likely epigenetic mechanism by which
developmental alcohol activates pro-inflammatory gene expres-
sion in hypothalamic microglia at the time of alcohol exposure.
Significantly, we found that PND 2–6 alcohol-induced decreases

in HDACs, increased H3K9 acetylation, and increased H3K9ac
enrichment at IL-6 and TNF-α gene promoters persisted through

adulthood in hypothalamic microglia. Thus, H3K9ac enrichment at
IL-6 and TNF-α promoters after early life alcohol exposure may
serve as a marker for cellular memory of the immune event, thus
pre-disposing hypothalamic microglia to a hyper-inflammatory
response to later life immune challenges. This demonstrates a
potential epigenetic mechanism for microglial priming by devel-
opmental alcohol (Fig. 5). Histone modifications, such as acetyla-
tion, are dynamic, and can be turned on or off to adjust
transcription as needed by the cell. However, some histone
modifications, such as H3K9ac, may be relatively stable over time
and even across mitotic cell divisions, thus preserving epigenetic
changes as a cellular memory [31]. In the peripheral immune
system, H3K9 hyper-acetylation at certain genes was found to be a
key factor in the rapid immune response of memory CD8+ T-cells
compared to naïve T-cell precursors [54]. A similar mechanism
might be at play in alcohol-primed microglia. Another possibility is
that the H3K9ac marker at IL-6 and TNF-α promoters was
preserved due to a long-term decrease in HDACs, as we observed
HDAC1 and SIRT1 remained decreased in hypothalamic microglia
of adult AF animals (Fig. 4a, c). Similarly, long-term decreases in
HDAC activity are also observed in peripheral alveolar immune
cells in chronic obstructive pulmonary disease (COPD), a
pathology involving excessive chronic inflammation in lungs
[55]. While our results showed lasting changes in H3K9ac and
HDACs in hypothalamic microglia, which were correlated with
microglial immune hypersensitivity, we did not observe persistent
changes in global DNA methylation (Fig. 4g) or MeCP2 (Fig. 4d),
although we did observe a long-lasting decrease in basal DNMT1
levels in AF hypothalamic microglia (Fig. 4e). This change may
suggest the possibility of additional long-lasting epigenetic marks
at the level of DNA methylation on specific microglial immune
response genes produced by developmental alcohol, a possibility
which should be addressed by future studies. Indeed, epigenetic
changes in histone modifications and DNA methylation occur in
consort [56], so future studies might evaluate the long-lasting
effect of developmental alcohol on microglial function at multiple
epigenetic levels using high-throughput methods like ChIP
sequencing or DNA methylome sequencing.
In summary, PND 2–6 alcohol exposure primes hypothalamic

microglia and HPA axis response to an adult immune challenge,
and this priming effect can be blocked by minocycline treatment
during the time of alcohol exposure. While our experiments
focused on stress axis and microglia function, follow-up studies
are necessary to assess additional functional and behavioral
consequences of developmental alcohol exposure, and to
evaluate whether blocking microglia activation ameliorates these

Fig. 5 Theoretical mechanism for activation and priming of microglia by neonatal alcohol. Exposure to alcohol during the neonatal time
period results in acute and long-term increases in inflammatory gene expression (IL-6 and TNF-α) alongside decreases in negative regulators
of inflammatory gene transcription, such as HDAC1 and SIRT1 and increased global acetylation of their target histone 3 lysine 9 (H3K9ac). In
addition, neonatal alcohol exposure increases the association between H3K9ac and the promoter regions of IL-6 and TNF-α both at the time of
alcohol exposure (PND6) and later in life during adulthood, both at baseline and post LPS. These results demonstrate an epigenetic
mechanism for early life alcohol exposure’s acute activation and long-term priming of microglia sensitivity to immune stress
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effects. Future studies should further evaluate minocycline as a
potential pharmacotherapy for FASDs and other alcohol-related
disorders. In addition, follow-up studies might utilize microglia-
specific gene targeting methods to inhibit microglia or to target
specific gene expression of epigenetic mediators, such as HDACs
in microglia. Concomitant long-lasting epigenetic changes in
HDACs and H3K9ac in adult hypothalamic microglia from animals
pre-exposed to neonatal alcohol suggest a possible epigenetic
mechanism for microglial priming by developmental alcohol
(Fig. 5). Future studies should build on these results by obtaining a
comprehensive picture of the shifting epigenetic landscape
involved in microglial priming by developmental alcohol.
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