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Hypothalamic CCL2/CCR2 Chemokine System: Role in
Sexually Dimorphic Effects of Maternal Ethanol Exposure on
Melanin-Concentrating Hormone and Behavior in
Adolescent Offspring

Guo-Qing Chang, Olga Karatayev, Viktoriya Halkina, Jonathan Edelstien, “Estefania Ramirez, and Sarah F. Leibowitz
Rockefeller University, New York, New York 10065

Clinical and animal studies show that ethanol exposure and inflammation during pregnancy cause similar behavioral disturbances in the
offspring. While ethanol is shown to stimulate both neuroimmune and neurochemical systems in adults, little is known about their
anatomical relationship in response to ethanol in utero and whether neuroimmune factors mediate ethanol’s effects on neuronal devel-
opment and behavior in offspring. Here we examined in female and male adolescent rats a specific population of neurons concentrated in
lateral hypothalamus, which coexpress the inflammatory chemokine C-C motif ligand 2 (CCL2) or its receptor CCR2 with the orexigenic
neuropeptide, melanin-concentrating hormone (MCH), that promotes ethanol drinking behavior. We demonstrate that maternal admin-
istration of ethanol (2 g/kg/d) from embryonic day 10 (E10) to E15, while having little impact on glia, stimulates expression of neuronal
CCL2 and CCR2, increases density of both large CCL2 neurons colocalizing MCH and small CCL2 neurons surrounding MCH neurons, and
stimulates ethanol drinking and anxiety in adolescent offspring. We show that these neuronal and behavioral changes are similarly
produced by maternal administration of CCL2 (4 or 8 ug/kg/d, E10-E15) and blocked by maternal administration of a CCR2 antagonist
INCB3344 (1 mg/kg/d, E10 -E15), and these effects of ethanol and CCL2 are sexually dimorphic, consistently stronger in females. These
results suggest that this neuronal CCL2/CCR2 system closely linked to MCH neurons has a role in mediating the effects of maternal
ethanol exposure on adolescent offspring and contributes to the higher levels of adolescent risk factors for alcohol use disorders de-
scribed in women.
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(s )

Ethanol consumption and inflammatory agents during pregnancy similarly increase alcohol intake and anxiety in adolescent
offspring. To investigate how neurochemical and neuroimmune systems interact to mediate these disturbances, we examined a
specific population of hypothalamic neurons coexpressing the inflammatory chemokine CCL2 and its receptor CCR2 with the
neuropeptide, melanin-concentrating hormone. We demonstrate in adolescent offspring that maternal administration of CCL2,
like ethanol, stimulates these neurons and increases ethanol drinking and anxiety, and these effects of ethanol are blocked by
maternal CCR2 antagonist and consistently stronger in females. This suggests that neuronal chemokine signaling linked to
neuropeptides mediates effects of maternal ethanol exposure on adolescent offspring and contributes to higher levels of adoles-
cent risk factors for alcohol use disorders in women. /
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bances in the offspring during adolescence, when there is a surge
in alcohol intake and increased risk for alcohol abuse (Baer et al.,
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Introduction

Clinical studies show that alcohol consumption during preg-
nancy increases alcohol drinking and related behavioral distur-
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sure are also evident in rodents, as demonstrated by studies from
this laboratory (Chang et al., 2015) and others (Chotro and Arias,
2003; March et al., 2009; Fabio et al., 2015), and are believed to
result from disturbances in limbic regions of neurotransmitter
and neuropeptide systems (Poon et al., 2016) and neuroinflam-
matory factors, such as chemokines and cytokines (Drew et al.,
2015; Terasaki and Schwarz, 2016). While animal studies show
ethanol to stimulate these neuroimmune and neurochemical sys-
tems in adults (Kane and Drew, 2016; Abrahao et al., 2017; Crews
etal., 2017), little is known about their anatomical and functional
relationship in response to ethanol in utero and the role of neu-
roimmune systems in mediating ethanol’s actions.

To address these questions, we focused here on specific neu-
roimmune and neuropeptide systems concentrated in the lateral
hypothalamus (LH), which are known to stimulate behaviors
related to ethanol drinking. Neurons expressing the orexigenic
peptide, melanin-concentrating hormone (MCH), are dense in
the LH (Skofitsch et al., 1985; Bittencourt et al., 1992) and highly
sensitive in rats to ethanol at low-to-moderate doses, which stim-
ulate their expression in both adults (Morganstern et al., 2010a)
and offspring prenatally exposed to ethanol (Chang et al., 2015).
This neuropeptide has a role in promoting ethanol consumption
and anxiety-like behaviors (Duncan et al., 2005; Gonzélez-
Burgos et al., 2006; Cippitelli et al., 2010; Morganstern et al.,
2010b). In addition to having immunomodulatory properties in
the periphery (Ziogas et al., 2014), MCH colocalizes in the LH
with the inflammatory chemokine C-C motif ligand 2 (CCL2)
and its receptor CCR2 (Banisadr et al., 2005), both of which, like
MCH, are stimulated by ethanol in adult rats (Nanji et al., 2001;
He and Crews, 2008; Kane et al., 2013, 2014; Pascual et al., 2015;
Terasaki and Schwarz, 2016) and are positively related to ethanol
intake and anxiety (Blednov et al., 2005; Pascual et al., 2014; June
etal., 2015; Sawicki et al., 2015; Valenta and Gonzales, 2016). The
inflammatory agent LPS during pregnancy similarly increases al-
cohol intake and anxiety in the offspring (Liu et al., 2004; Lin et
al., 2012) and stimulates CCL2 in the periphery and brain (Rank-
ine et al., 2006; Oskvig et al., 2012). This chemokine is believed to
be a key mediator in molecular pathways positively linking the
immune system to neuronal function and activity (Zhou et al.,
2011; Chu et al., 2014; Cerri et al., 2016; Xie et al., 2018) and is
shown in vitro to increase the density and migration of hypotha-
lamic embryonic neurons and their expression of orexigenic pep-
tides (Poon et al., 2014).

In our studies involving maternal intraoral administration of
ethanol at low-to-moderate doses (1-3 g/kg/d) for 5 d from em-
bryonic day 10 (E10) to E15 (Chang et al., 2012, 2015), we found
in male offspring at different ages that ethanol stimulates neuro-
genesis in the LH while having little impact on gliogenesis or
apoptosis and increases the genesis and density of CCR2 neurons
that colocalize MCH, while also promoting consumption of eth-
anol. Our goals here are to investigate more closely the CCL2/
CCR2 system in the LH: (1) as it relates to the dense population of
MCH neurons after in utero exposure to ethanol; and (2) as it
functions in mediating ethanol’s effects on neuronal develop-
ment and adolescent behavior. Our results demonstrate that ma-
ternal ethanol exposure profoundly affects fetal programming of
these MCH neurons and ethanol drinking behavior in adolescent
offspring and provide evidence that the CCL2/CCR2 chemokine
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system in the LH mediates these neuronal and behavioral effects
of ethanol and is more sensitive in females than males to both
ethanol and chemokine stimulation.

Materials and Methods

All procedures were conducted in a fully accredited Association for As-
sessment and Accreditation of Laboratory Animal Care facility (22°C,
12:12 h light-dark cycle with lights off at 8:00 A.M.), in accordance with
protocols approved by the Rockefeller University Animal Care and Use
Committee and consistent with the National Institutes of Health Guide to
the care and use of laboratory animals.

Animals

Time-pregnant, Sprague Dawley rats (220240 g) (Charles River) ar-
rived at the facility on embryonic day 5 (E5) and were acclimated to
laboratory conditions until E10, at which time experiments began as
described in detail below. At birth, on postnatal day 0 (P0), litters were
culled to n = 8, and both female and male offspring were tested, with 1
male and 1 female pup taken from each litter and the number of off-
spring/sex/group (n = 7-10) equal to the number of litters/group. In all
experiments, rodent chow (LabDiet Rodent Chow 5001) and filtered
water were available ad libitum. Starting at weaning (P21), food and
water intake was measured 3 times per week and body weight weekly. The
female and male offspring were examined at the start of puberty, which is
P35 for females and P40 for males (Sengupta, 2013; Greco et al., 2015;
Gillette et al., 2017). We chose to study puberty onset, which is a critical
age when there is a spontaneous surge in ethanol consumption in hu-
mans and rodents (Spear and Varlinskaya, 2010), the effects of prenatal
ethanol exposure are most prominent (Cornelius et al., 2016), and there
is increased risk for alcohol abuse and possible sex differences in humans
(Patton et al., 2004; Witt, 2007; Foster et al., 2015).

Maternal administration of ethanol

Pregnant (E10) dams (n = 7—10/experiment) were intraorally adminis-
tered, from E10-E15 when neuronal development is greatest in the LH
(Brischoux et al., 2001), either a 2 g/kg/d ethanol solution (30% v/v) or a
control solution of maltose-dextrin made isocaloric to the ethanol solu-
tion (Chang et al.,, 2012), with an additional group of pregnant rats
assigned as untreated controls. The daily dose of ethanol was split in half
with all rats gavaged twice daily, with the first gavage occurring 2 h after
start of the dark cycle and the second gavage occurring 7 h later. In blood
collected from the tail vein at 2 h after the first ethanol gavage on E11,
blood ethanol concentration (BEC) was measured using Analox GM7
Alcohol Analyzer and was elevated to ~80 mg%, consistent with previ-
ous reports (Qiang et al., 2002; Chang et al., 2012). There were no differ-
ences between the untreated, control, and ethanol-treated groups, in
terms of the dam’s body weight (245-265 g) and chow intake (60—80
kcal/d), the size (9-15) and body weight (5.7—6.8 g) of their litters with
no spontaneous abortions, and the body weights of the female offspring
at P35 (125-175 g) and male offspring at P40 (168-215 g).

Maternal administration of CCL2

Building on our results here showing maternal ethanol administration to
markedly increase CCL2 expression and cell density and to cause an
unusually large increase in its receptor CCR2 in the offspring brain, our
next goal was to determine whether maternal administration of CCL2
itself, the primary ligand of CCR2, has the same effects as ethanol on both
the brain and behavior of the offspring. With no studies to date involving
administration of CCL2 to pregnant rats and examining its impact on the
offspring, we first tested the effect of CCL2 injection in nonpregnant
females to determine whether it has any adverse effects on their preg-
nancy, daily food and water intake, and also whether it stimulates the
gene expression of MCH in the LH. Nonpregnant female rats (n =
4/group) received at 4 h after dark onset a single subcutaneous injection
of the vehicle (sterile water) or CCL2 at 4 or 8 ug/kg, doses used in prior
rat studies of inflammation and pain (Dansereau et al., 2008; Qin et al.,
2008); and in addition to their 24 h food and water intake, we measured
after death at 2 h after injection the expression of MCH in the LH.
Analysis of the data using a one-way ANOVA, while showing no main
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Figure 1.

Representative photomicrograph illustrates, at low magnification (2.5 <) and anterior—posterior level of bregma —3.12 (Paxinos and Watson, 2005), the LH area and MCH-labeled

neurons within it (outlined by dotted line) that were examined in this study. PeF, Perifornical hypothalamus; F, fornix; V, ventricle; DMH, dorsomedial hypothalamus; VMH, ventromedial

hypothalamus.

effect of treatment on their food intake (F, 4 = 3.25, p = 0.562; 65 =
8.2 vs 72 = 9.1 kcal/d) or water intake (F, 4 = 2.89, p = 0.741;20 + 4
vs 18 = 5 ml/d), showed, as with ethanol, a significant main effect of
treatment on MCH mRNA levels in the LH of these adult nonpregnant
rats (F(,,5) = 6.89, p = 0.0361), which reflected a significant increase
(25%, p = 0.0251) after CCL2 administration similarly at both doses.
Building on this result, we then injected for the main experiment these
two doses of CCL2 (4 and 8 ug/kg, s.c.) daily into pregnant rats, from E10
to E15 at 4 h into the dark cycle, and examined their effects compared
with vehicle control on the brain and behavior of the adolescent
offspring.

qRT-PCR

Rats were killed at P35 for females and P40 for males, their brains were
removed, and the LH was dissected. Total RNA was then extracted from
each microdissected sample, cDNA was synthesized, and qRT-PCR was
performed as previously described (Barson et al.,, 2009; Chang et al.,
2012). The primers, designed with ABI Primer Express Version 3.0 soft-
ware from published sequences, were as follows: (1) cyclophilin: 5'-
AATATGATCAAGCATTGGCTGATC-3" (forward) and 5'-TTGTGC
TTTTCGGTATAGTGCTTT-3' (reverse); (2) GAPDH: 5'-TGACAACT
CCCTCAAGATTGTCA-3" (forward) and 5'-GGCATGGACTGTGGT
CATGA-3" (reverse); (3) MCH: 5'-CAAACAGGATGGCGAAGATG
A-3' (forward) and 5'-AGGCTTTCCCCATCCTGAAT-3" (reverse); (4)
CCL2: 5'-GTGCTGTCTCAGCCAGATGCAGTT-3' (forward) and 5'-
AGTTCTCCAGCCGACTCATTGGG-3" (reverse); and (5) CCR2: 5'-
TACCTGTTCAACCTGGCCATCT-3’ (forward) and 5'-AGACCCACT
CATTTGCAGCAT-3" (reverse). Concentration of the cyclophilin,
GAPDH, CCL2, and CCR2 primers was 200 nm and of the MCH primer
was 50 nm.

As previously described in our publications (Chang et al., 2008; Barson
et al., 2013) and others (West et al., 2017; Adachi et al., 2018), mRNA
levels of the target gene in each rat were normalized within subject rela-
tive to mRNA levels of an internal housekeeping gene, cyclophilin, or
GAPDH, in the same sample, and this ratio of target gene expression to

housekeeping gene expression was calculated in each rat using the stan-
dard delta-delta C, method. The ANOVA was then run on this ratio
calculated for each subject, with the effect of ethanol on target gene expres-
sion determined by comparing the average of the ratio in the experimental
groups with the control groups, as well as the control groups with each other.
These average ratio scores (see Figs. 2, 4, 6) are represented in these figures as
“mRNA fold change” relative to the control group.

Single- and double-labeling immunofluorescence
histochemistry (IF)
IF was used, as previously described (Chang et al., 2013, 2015), to char-
acterize the distribution pattern and quantify in adolescent offspring the
cell density of MCH-, CCR2-, CCL2-, NeuN-immunoreactive cells in the
LH, the precise area outlined in the photomicrograph illustrating MCH
neurons (Fig. 1). Briefly, female rats at P35 and male rats at P40 were
perfused intracardially with 0.9% normal saline followed by 4% PFA in
PB, and their brains were removed and postfixed for 4 h in the same
fixative at 4°C, cryoprotected in 25% sucrose at 4°C for 72—-96 h, and then
frozen and stored at —80°C. They were cut at 30 wm with a cryostat, and
free-floating coronal sections were processed with primary antibodies,
and their corresponding secondary antibody, as shown in Table 1. Sec-
tions were viewed, and fluorescence images were captured using a
fluorescence microscope (Carl Zeiss) with MetaVue software. For quan-
titation, the fluorescence image of the entire LH as shown in Figure 1 was
captured using 10X objective and outlined. The density of immunoflu-
orescent cells in this area, in 8—12 images collected for each animal at the
anterior—posterior level of bregma —2.76 to —3.36 mm (Paxinos and
Watson, 2005), was quantified with Image-Pro Plus software (version
4.5; Media Cybernetics), as previously described (Chang et al., 2013,
2015). Only intact cells with an area of 100—200 wm 2 were counted, and
the population density was used to determine the cell density reported as
cells/um?,

Double-labeling IF was used to examine in the LH the coexistence of
CCR2 with MCH, of CCL2 with NeuN, CCR2 and MCH, and of CCL2 or
CCR2 with GFAP and Iba-1. It was performed using a combination of
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Table 1. Antibodies used for single-labeling immunofluorescence histochemistry
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Primary antibody Concentration Vendor Secondary antibody Concentration Vendor

Mouse anti-NeuN 1:50 Catalog #MAB377, EMD Millipore Cy3-donkey anti-mouse IgG 1:100 Jackson ImmunoResearch Laboratories
Mouse anti-GFAP 1:50 (atalog #MAB3402, EMD Millipore Cy3-donkey anti-mouse IgG 1:100 Jackson ImmunoResearch Laboratories
Rabbit anti-Iba-1 1:100 (atalog #019-19741, Wako Chemicals Cy3-donkey anti-rabbit IgG 1:100 Jackson ImmunoResearch Laboratories
Rabbit anti-MCH 1:200 (atalog #H-070-47, Phoenix Pharmaceuticals FITC-donkey anti-rabbit IgG 1:50 Jackson ImmunoResearch Laboratories
Goat anti-CCR2 1:50 (atalog #sc-6228, Santa Cruz Biotechnology Cy3-donkey anti-goat IgG 1:100 Jackson ImmunoResearch Laboratories
Goat anti-(CL2 1:100 (atalog #sc-1785, Santa Cruz Biotechnology FITC-donkey anti-goat IgG 1:50 Jackson ImmunoResearch Laboratories

Table 2. Antibodies used for double-labeling immunofluorescence histochemistry

Combination  Primary antibody ~ Concentration ~ Vendor Secondary antibody Concentration ~ Vendor
(CL2 + GFAP  Goat anti-CCL2 1:100 (atalog #s5c-1785, Santa Cruz Biotechnology ~ Bio-horse anti-goat IgG +  1:100 Vector
TSA fluorescein
Mouse anti-GFAP  1:50 (atalog #MAB3402, EMD Millipore Cy3-donkey anti-mouse IgG  1:100 Jackson ImmunoResearch Laboratories
(CL2 + Iba-1  Goat anti-CCL2 1:100 (atalog #s5c-1785, Santa Cruz Biotechnology ~ Bio-horse anti-goat IgG +  1:100 Vector
TSA fluorescein
Rabbit anti-lba-1  1:100 (atalog #019-19741, Wako Chemicals Cy3-donkey anti-rabbitlgc ~ 1:100 Jackson ImmunoResearch Laboratories
(CR2 + GFAP  Goat anti-CCR2 1:100 (atalog #5c-6228, Santa Cruz Biotechnology ~ FITC-donkey anti-goatIgG ~ 1:100 Jackson ImmunoResearch Laboratories
Mouse anti-GFAP 1:50 Catalog #MAB3402, EMD Millipore Cy3-donkey anti-mouse IgG ~ 1:100 Jackson InmunoResearch Laboratories
(CR2 + Iba-1  Goat anti-C(R2 1:100 (atalog #5c-6228, Santa Cruz Biotechnology ~ FITC-donkey anti-goatlgG ~ 1:100 Jackson InmunoResearch Laboratories
Rabbit anti-lba-1 ~ 1:100 (atalog #019-19741, Wako Chemicals Cy3-donkey anti-rabbitlgG ~ 1:100 Jackson ImmunoResearch Laboratories
(CR2 + MCH  Goat anti-CCR2 1:50 (atalog #5c-6228, Santa Cruz Biotechnology ~ Cy3-donkey anti-goatlgG ~ 1:100 Jackson ImmunoResearch Laboratories
Rabbit anti-MCH ~ 1:200 (atalog #H-070-47, Phoenix Pharmaceuticals ~ FITC-donkey anti-rabbitIgG ~ 1:50 Jackson InmunoResearch Laboratories
(CL2 + NeuN  Goat anti-CCL2 1:100 (atalog #sc-1785, Santa Cruz Biotechnology ~ Bio-horse anti-goat IgG +  1:100 Vector
TSA fluorescein
Mouse anti-NeuN ~ 1:50 (atalog #MAB377, EMD Millipore Cy3-donkey anti-mouse IgG ~ 1:100 Jackson ImmunoResearch Laboratories
(CL2 + CCR2  Goat anti-CCL2 1:100 (atalog #5c-1785, Santa Cruz Biotechnology ~ Bio-horse anti-goat IgG +  1:100 Jackson ImmunoResearch Laboratories
TSA fluorescein
Mouse anti-CCR2 ~ 1:50 (atalog #sc-74490, Santa Cruz Biotechnology ~ Cy3-donkey anti-mouse IgG ~ 1:100 Jackson InmunoResearch Laboratories
(CL2 +MCH  Goat anti-CCL2 1:100 (atalog #sc-1785, Santa Cruz Biotechnology ~ Bio-horse anti-goat IgG +  1:100 Vector
TSA fluorescein
Rabbit anti-MCH ~ 1:200 (atalog #H-070-47, Phoenix Pharmaceuticals ~ Cy3-donkey anti-rabbitIgG ~ 1:100 Jackson ImmunoResearch Laboratories

primary antibodies and their corresponding secondary antibodies, as
listed in Table 2, based on our previous procedures (Chang et al., 2013,
2015), with the following two modifications for: (1) double-labeling of
CCL2 with NeuN, MCH, GFAP, or Iba-1: after incubation in the primary
antibody, sections were rinsed in PBS, 6 X 10 min, then incubated for 90
min in a combination of biotin-conjugated horse anti-goat IgG for CCL2
with Cy3-conjugated donkey anti-mouse IgG for NeuN and GFAP or of
biotin-conjugated horse anti-goat IgG for CCL2 with Cy3-conjugated
donkey anti-rabbit IgG for MCH and Iba-1, and this was followed by 30
min incubation in streptavidin-HRP (1:100 Perkin Elmer) and 5 min
incubation in fluorescein tyramide (1:50, Perkin Elmer), to amplify
CCL2 immunolabeling, with sections rinsed in PBS, 3 X 10 min, between
each step; and (2) double-labeling of CCL2 with CCR2: using these same
procedures, sections were incubated in goat anti-CCL2 antibody in com-
bination with a mouse anti-CCR2 antibody.

For analysis of the double-labeled CCR2 * cells with MCH or double-
labeled CCL2 ™ cells with NeuN, CCR2, or MCH, the images were cap-
tured by an LSM 880 confocal microscope (Carl Zeiss) with 20X
objective, and the double-labeled cells were further confirmed by z stack
sectioning with a 40X oil-immersion lens, with the z stacks 30 wm thick
and step size of 0.44-0.50 wm for optimal stack collection and analysis.
Double-labeled cells were counted in 20X images and reported as per-
centage of total single-labeled cells. Cells with an area of 100200 um? at
20X or 200—400 wm? at 40X were defined as small cells, whereas cells
with an area of >200 wm? at 20X or 600—800 um? at 40X were defined
as large cells. In all analyses, the cells were counted only on one plane in
each section, and only intact cells of a designated size were counted, thus
eliminating any objects that were part of a cell or any small cells that
might be edges of the larger cells. Distance between the small and large
cells was measured and, in some cases, ranged from 10 to 30 wm when the
cells were particularly close but in other cases was up to 200 um. To
confirm that the small CCL2 cells were not debris or edges of the larger
cells, DAPI was used to stain the nucleus, confocal z stack sectioning (30

pm thick and step size of 1.02 um) of the double-labeling DAPI and
CCL2 at 20X was collected, 3D images were reconstituted, and DAPI/
CCL2 colabeled cells were analyzed using Imaris image analysis software
(version 9.12, 2018). This analysis demonstrated that almost all of the
small CCL2 cells were labeled with DAPI, indicating that they were inde-
pendent intact cells.

Ethanol intake and blood ethanol concentration

The female (P35) and male (P40) adolescent offspring, from dams ex-
posed daily (E10-E15) to either ethanol (2 g/kg/d) or its control solution
or to either CCL2 (4 and 8 pug/kg/d) versus its vehicle control,
were trained to voluntarily drink ethanol for 3 weeks using the 20%
intermittent-access paradigm, as previously described (Simms et al.,
2008; Barson et al., 2015; Chang et al., 2015). Their 24 h intake of ethanol,
water, and chow was recorded 3 times weekly and averaged across the 3
week period. On the last day of the testing period, blood was collected
from the tail vein 30 min after the daily ethanol presentation, and mea-
surements were taken of BEC using a GM7 Alcohol Analyzer (Analox).

Novel open field test

Testing was conducted in a sound- and light-attenuated room (<5 lux)
starting 1 h into the dark cycle. Female (P35) and male (P40) rats were
tested in a novel open field for measurements of anxiety and locomotor
activity, as previously described (Barson et al., 2015; Pandey et al., 2017).
Each rat was placed in a novel 43.2 cm X 43.2 cm activity test chamber
(Med Associates) and tested for 5 min to measure freezing time and time
spent in the center, reflecting anxiety behavior (Ramos et al., 2003; Ka-
nari et al., 2005), and to measure ambulatory distance and ambulatory
counts (number of infrared beam breaks), indicating locomotor activity
(Barson et al., 2015; Pandey et al., 2017).

Experimental design and statistical analysis
Maternal ethanol effect on CCR2 and MCH mRNA in LH of adolescent
offspring. To determine the effect of maternal ethanol exposure on
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mRNA levels of CCR2 and MCH in adolescent offspring, the dams re-
ceived daily intraoral infusions of either ethanol at a moderate dose for
5d (2 g/kg/d, E10-E15) or an isocaloric maltose-dextrin control solution
(control) or were an untreated control (untreated), and the gene expres-
sion of CCR2 and MCH in the LH of the pubertal female (P35) and male
(P40) offspring (n = 9/group/sex) was measured using qRT-PCR. While
our prior studies (Chang et al., 2012, 2015) showing maternal ethanol to
similarly stimulate gene expression in offspring at all ages (from P15 to
P90) suggest that the 5 day difference in age between the females and
males would not be a major factor in determining sex differences, we
tested and confirmed this, in a preliminary experiment examining in
female and male offspring (n = 5/group) at the same age (P40), the effect
of prenatal ethanol exposure (2 g/kg/d) versus control isocaloric
maltose-dextrin solution on gene expression (via qRT-PCR) of MCH
mRNA in the LH. Data analysis using a two-way ANOVA revealed a
significant main effect of maternal ethanol treatment (F, ) = 39.74,
p = 0.000) with no main effect of sex (F; 4 = 0.882, p = 0.362) and a
significant interaction between treatment and sex (F, 14y = 5.51, p =
0.032), and the simple main effect analyses showing no difference (p =
0.334) between female (0.228 # 0.019) and male (0.259 = 0.019) con-
trols revealed significantly higher (p = 0.034) MCH mRNA levels in
ethanol-exposed females (0.417 = 0.021) compared with males (0.345 *
0.027), with direct comparisons between females and males (via paired ¢
test) showing the ethanol-induced increase in MCH gene expression to
be significantly greater in females (5, = 2.81, p = 0.023).

Maternal ethanol effect on CCR2™ and MCH™ neurons in LH of adoles-
cent offspring. The density of single-labeled CCR2 © and MCH * neurons,
both heavily concentrated in the LH, and their double-labeling were
examined using IF in female (P35) and male (P40) adolescent offspring
(n = 7/group/sex) from dams that received daily intraoral infusions of
ethanol (2 g/kg/d, E10-E15) or the isocaloric maltose-dextrin control
solution (control) or that were an untreated control (untreated).

Maternal ethanol effect on CCL2 mRNA and cell density in LH of ado-
lescent offspring. To determine the effect of maternal ethanol administra-
tion on CCL2 in the LH of adolescent offspring as well as peripheral
CCL2 levels in the dam, three sets of pregnant rats received daily intraoral
infusions of either ethanol (2 g/kg/d, EI0-E15) or an isocaloric maltose-
dextrin control solution (control). In Set 1, we measured in the dams
(n = 9/group) their levels of CCL2 in blood collected from tail vein at E15
and amniotic fluid collected from the female and male embryos at E19,
using a mouse CCL2 ELISA kit (R&D Systems) according to the manu-
facturer’s instructions, with protein levels of CCL2 calculated relative to
the standard curve of the standard samples. In Set 2, brains of the female
(P35) and male (P40) adolescent offspring (n = 9/group/sex) were ex-
amined using qRT-PCR for measurements of mRNA levels of CCL2 in
the LH. In Set 3, brains of the female and male adolescent offspring (n =
8/group/sex) were examined using IF for measurements of CCL2 * cell
density in the LH.

Maternal ethanol effect on ethanol intake and anxiety in adolescent off-
spring. Two sets of dams were used to examine the effect of maternal
ethanol administration on the behavior of adolescent offspring. In Set 1,
using a two-bottle choice paradigm under an intermittent access sched-
ule, we measured ethanol intake as well as water and food intake and BEC
in both female (P35) and male (P40) adolescent offspring (n = 10/group/
sex) from dams that received daily intraoral infusions of either ethanol (2
g/kg/d, E10-E15) or an isocaloric control solution (control). In Set 2, the
female (P35) and male (P40) offspring (n = 7/group/sex) from dams
given daily intraoral infusions of either ethanol (2 g/kg/d, E10—E15) or
an isocaloric control solution (control) were tested in a novel open field
for measurements of anxiety and locomotor activity.

Maternal CCL2 effect on CCL2/CCR2 and MCH expression and cell
density in LH of adolescent offspring. To determine the effect of maternal
CCL2 administration on CCL2, CCR2 and MCH expression and cell
density in the adolescent offspring, we gave in two sets of dams daily
injections (E10—E15) of CCL2 at one of two doses (4 or 8 ug/kg/d, s.c.)
compared with vehicle control (sterile water). In Set 1, we measured the
dam’s daily food and water intake, litter size, and average body weight of
pups at birth and used qQRT-PCR to measure the mRNA levels of CCR2
and MCH as well as CCL2 in the LH of female (P35) and male (P40)
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adolescent offspring (n = 9/group/sex). In Set 2, we examined in female
adolescent offspring only (n = 7/group) the effect of CCL2 (4 or 8 g/
kg/d, s.c., E1I0-E15) or its vehicle control (control) or no treatment
(untreated) on the CCR2* and MCH ™ neurons using single- and
double-labeling IF. With the tissue from the lower CCL2 dose (4 g/
kg/d) lost in this experiment, only the data from the 8 ug/kg/d CCL2 dose
compared with the control groups are described in the results.

Maternal CCL2 effect on ethanol drinking and anxiety in adolescent
offspring. To determine the effect of maternal CCL2 administration on
behavior in adolescent offspring, two sets of dams were given daily injec-
tions of CCL2 (4 or 8 ug/kg/d, s.c., EI0—E15) versus its vehicle control
(sterile water), and measurements were taken in both female (P35) and
male (P40) adolescent offspring of their ethanol intake, anxiety-like be-
havior, and locomotor activity. In Set 1 (n = 10/group/sex), using a
two-bottle choice paradigm under an intermittent access schedule, we
measured ethanol intake and BEC along with water and food intake. In
Set 2 (n = 7/group/sex), we measured both anxiety and locomotor activ-
ity in a novel open field.

Relationship of CCL2 neurons in LH to CCR2 and MCH neurons when
stimulated by maternal ethanol exposure. To further investigate the en-
dogenous CCL2/CCR2 system in the LH as it relates to MCH neurons, we
examined female adolescent offspring (n = 7/group/set) from three sets
of dams that received intraoral infusions of ethanol (2 g/kg/d, E10-E15)
or the isocaloric control solution (control). In Set 1, brains of the off-
spring were examined using single-labeling IF to test the effect of ethanol
on the density of cells single-labeling CCL2, as well as the astrocyte
marker GFAP and the microglia marker Iba-1. In Set 2, brains of the
offspring were examined using double-labeling IF and confocal micros-
copy to further characterize the CCL2 * cells and their colocalization
with the neuronal marker NeuN, as well as GFAP or Iba-1. In Set 3, brains
of the offspring were examined for the effect of maternal ethanol on the
density of CCL2 * neurons that double-labeled CCR2 or MCH in the LH.

Effect of CCR2 receptor antagonism on maternal ethanol-induced
changes in CCR2/MCH neurons and behavior. With strong evidence that
maternal ethanol has a strong stimulatory effect in offspring brain on
CCR2 and CCL2 as well as behavior, we next wanted to test the involve-
ment of CCR2 in mediating the maternal ethanol-induced effects. We
tested three sets of pregnant rats with administration of the CCR2 recep-
tor antagonist, INCB3344, from E10—E15, during the same time as eth-
anol administration. Administration of the CCR2 antagonist together
with ethanol allowed us to directly test whether the CCR2 receptor dur-
ing this developmental period was required for the stimulatory effects of
ethanol on the brain and behavior. With no prior studies of this CCR2
antagonist during pregnancy, we selected a dose (1 mg/kg) used in prior
studies of inflammation and pain in rats (Dansereau et al., 2008; Van
Steenwinckel et al., 2011). In Set 1 (# = 4/group), the dams were injected
daily with INCB3344 (1 mg/kg/d, s.c., E1I0-E15) or its vehicle (10%
DMSO) to test whether it had any adverse effects on their food and water
intake and body weight and also on the pups’ body weight. The results of
these measurements revealed no changes in the dam’s food intake (¢4, =
1.06, p = 0.465, 72 = 9 vs 65 *= 8 kcal/d, respectively), water intake
(te) = 1.23,p = 0.618,20 = 5 vs 19 = 3 ml/d, respectively), and body
weight () = 1.98,p = 0.703,451 = 4.9 vs 446 + 4.41 g), and in the pup’s
body weight at birth (t(6) =1.06,p = 0.465,8.2 = 2.1vs 7.5 = 1.6 g), with
no spontaneous abortions observed. In Sets 2 and 3, we used this dose to
test female adolescent offspring (P35) from pregnant rats given intraoral
administration of ethanol (2 g/kg/d, E10—-E15) or its isocaloric control
and then injected 30 min later with either INCB3344 (1 mg/kg/d, s.c.) or
its vehicle, producing the following 4 groups/set: isocaloric control +
vehicle (control), ethanol + vehicle (ethanol), ethanol + INCB3344, and
control + INCB3344. The offspring from Set 2 (n = 7/group) were killed
and their brains analyzed using IF to measure the density of CCR2 " and
MCH * single- and double-labeled neurons, whereas the offspring from
Set 3 (n = 10/group) were trained to drink ethanol, and their intake of
ethanol and water was measured.

Statistical analysis
All data are presented as mean * SEM and were analyzed using SPSS
(version 24, IBM). All graphs were prepared using the Prism software
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(version 6, GraphPad). Data in experiments using female and male off-
spring were analyzed using a two-way ANOVA, which tested within-
subject main effects of maternal treatment, such as ethanol or CCL2, and
their respective controls, between-subject main effects of sex, and the
interactions between maternal treatment and sex. A significant interac-
tion was interpreted using simple main effect analyses to test the differ-
ences between females and males as well as differences within each sex. A
paired t test was performed to directly compare the effect of maternal
treatment versus control within each sex. In experiments that tested
females only, a one-way ANOVA was used to evaluate the effect of ma-
ternal CCL2 injection on CCR2 * and MCH ™ single- and double-labeled
neurons in the LH and the effect of maternal CCR2 antagonist adminis-
tration on CCR2 ¥ and MCH " neurons and on ethanol intake, followed
by LSD post hoc tests. Paired ¢ tests were used to analyze the effects of
maternal ethanol versus control on GFAP * and Iba-1 " cells,on CCL2 */
NeuN * small and large double-labeled neurons, and on large CCL2 */
CCR2* and CCL2 */MCH * double-labeled neurons.

Results

Maternal ethanol administration stimulates expression of
CCR2 and MCH in female and male adolescent offspring

Our first step was to determine whether maternal intraoral etha-
nol administration alters the gene expression of CCR2 and MCH
in the LH of female and male offspring at the start of adolescence
and whether these effects differ between the sexes. Analysis via a
two-way ANOVA revealed a significant main effect of maternal
treatment on mRNA levels of both CCR2 (F, 45) = 32.60, p =
0.000) and MCH (F, 45y = 39.87, p = 0.000), which reflects a
significant increase in their expression in both females and males
after in utero ethanol exposure compared with control groups
(Fig. 2). Interestingly, we also observed, for the first time, a sig-
nificant effect of sex on CCR2 (F, 44y = 8.88, p = 0.005) but not
MCH (F, 44 = 1.31, p = 0.259) and a significant interaction
between sex and maternal treatment for both CCR2 (F, 44y =
8.25, p = 0.001) and MCH (F, 4 = 3.95, p = 0.026). Simple
main effect analyses of the data from the two control groups
showed no differences between the females and males in their
mRNA levels of CCR2 (p = 0.88 for control and p = 0.981 for
untreated) and MCH (p = 0.51 for control and p = 0.772 for
untreated) and no differences between the control and untreated
groups for females (p = 0.820) or males (p = 0.880), indicating
that the intraoral infusion itself had little effect on gene expres-
sion. After in utero ethanol exposure, however, these analyses
revealed clear differences between the female and male offspring,
with the females having significantly higher levels than the males
of both CCR2 (p = 0.001) and MCH (p = 0.005) mRNA in the
LH (Fig. 2). Direct comparisons between the females and males
(via paired ¢ test) of their ethanol-induced increase in gene ex-
pression showed this effect to be significantly greater in the fe-
males, with measurements of CCR2 mRNA compared with the
control (4 = 3.05, p = 0.010) and untreated (¢,5) = 3.06, p =
0.010) groups and of MCH mRNA compared with the control
(t(16) = 2.06, p = 0.049) and untreated (t,,) = 3.07, p = 0.008)
groups. Thus, while confirming our prior study in male weanling
offspring (Chang et al., 2015), these findings additionally show
that the stimulatory effect of in utero ethanol exposure on CCR2
and MCH expression persists into adolescence and is sexually
dimorphic, considerably stronger in females as noted in particu-
lar by the unusually large increase in CCR2 mRNA in the LH.

Maternal ethanol administration increases the density of
CCR2* and MCH * neurons in female and male offspring
This experiment next examined in female and male adolescent
offspring the effects of maternal ethanol administration on both
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Figure2. Maternal administration of ethanol (2 g/kg/d, E10 —E15) compared with isocaloric

control solution and untreated control groups affects mRNA expression of CCR2 and MCH in the
LH of adolescent offspring (n = 9/group/sex), measured using qRT-PCR and represented in the
figure as mRNA fold change compared with the untreated control group (with average ratio
scores given in parentheses). Ethanol compared with control groups (n = 9/group/sex) signif-
icantly increased in female offspring mRNA levels of MCH (untreated = 0.203 == 0.012, con-
trol = 0.198 = 0.027, ethanol = 0.372 == 0.016) and CCR2 (untreated = 0.150 == 0.0143,
control = 0.157 = 0.009, and ethanol = 0.344 = 0.034) and in male offspring mRNA levels of
MCH (untreated = 0.210 = 0.010, control = 0.214 = 0.012, and ethanol = 0.302 % 0.018)
and CCR2 (untreated = 0.151 == 0.010, control = 0.155 == 0.005, and ethanol = 0.215 =
0.018), with the effect significantly greater in females, which exhibited a particularly large
increase in CCR2. Data are mean = SEM. *p << 0.05 versus control groups. *p << 0.05 versus
male groups.

CCR2™" cells shown to be neurons (Chang et al., 2015) and
MCH * neurons in the LH and also the colocalization of CCR2
with MCH. Analysis via a two-way ANOVA of the single-labeled
neurons revealed a significant main effect of maternal treatment
on the density of both CCR2 " (F(, 35, = 30.91, p = 0.000) and
MCH™* (F1.36) = 38.22, p = 0.000) neurons (Fig. 3A), reflecting
a significant increase in both females and males after in utero
ethanol exposure compared with control groups, as illustrated in
the photomicrographs (Fig. 3B). As with gene expression, this
analysis also revealed a significant main effect of sex on the den-
sity of CCR2 ™" (F(; 36) = 9.59, p = 0.004) and MCH " (F,; 5¢) =
7.27, p = 0.110) neurons and a significant interaction between
sex and maternal treatment for CCR2 " (F, 36, = 5.67, p = 0.007)
and MCH " (F(, 3¢ = 9.04, p = 0.001) neurons. Simple main
effect analyses of the data from the two control groups revealed
no differences between the females and males in their density of
CCR2™ (p = 0.347 for control and p = 0.095 for untreated) and
MCH™ (p = 0.792 for control and p = 0.737 for untreated)
neurons and also between the control and untreated groups for
females (p = 0.700) and males (p = 0.535), showing again that
the intraoral infusion itself had little effect on these LH neurons.
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Maternal ethanol administration (2 g/kg/d, E10~E15) compared with isocaloric control and untreated control groups affects CCR2 ™ and MCH * neurons in the LH of adolescent

offspring (n = 7/group/sex), as measured using IF. A, Ethanol compared with control groups significantly increased the density of CCR2  and MCH ™ single-labeled neurons in both female and male
offspring, with the effects in females significantly larger. B, This effect in female offspring is illustrated in representative immunostaining images of CCR2 * and MCH * single-labeled neurons. €,
Ethanol increased the density of CCR2 */MCH * double-labeled neurons in both female and male offspring, again with this effect significantly stronger in females. D, This effect of ethanol on
double-labeled neurons is illustrated in the confocal images from female offspring showing CCR2 * (red) and MCH * (green) single-labeled neurons and CCR2 */MCH * (yellow) double-labeled
neurons in the LH. Top, A few CCR2 "/MCH ™ neurons (arrows) in control offspring and many in ethanol-exposed offspring, with those in the white square illustrated (bottom) at higher
magnification for CCR2 * and MCH ™ single-labeled and CCR2 */MCH * double-labeled neurons. Scale bars, 200 t.m. Data are mean = SEM. *p << 0.05 versus control group. *p << 0.05 versus

male groups.

These analyses, however, revealed clear differences between the
female and male offspring exposed in utero to ethanol, with the
females having a significantly higher density (p = 0.000) of both
the CCR2 " and MCH " neurons (Fig. 3A). Direct comparisons
between females and males (via paired t test) of ethanol’s stimu-
latory effect on their density showed this effect to be significantly
greater in the females, with measurements of both CCR2 * neu-
rons compared with the control (¢,,) = 2.51, p = 0.028) and
untreated (f;,, = 3.64, p = 0.003) groups and MCH " neurons
compared with the control (¢,,, = 3.52, p = 0.004) and untreated
(t(12) = 4.49, p = 0.001) groups.

Analyses of the double-labeled CCR2 */MCH " neurons in
the LH similarly revealed a significant main effect of maternal

treatment on their density relative to total single-labeled CCR2 *
(F236) = 346.79, p = 0.000) and MCH " (F,, ,,) = 144.01,p =
0.023) neurons (Fig. 3C), showing a significant increase in both
females and males after in utero ethanol exposure versus control
groups as illustrated in the confocal images (Fig. 3D). There was
also a significant main effect of sex on the density of these double-
labeled neurons relative to total single-labeled CCR2 " (F(, 36, =
8.48, p = 0.006) and MCH * (F,, 56, = 4.52, p = 0.041) neurons
and a significant sex X maternal treatment interaction for their
density relative to total CCR2 " (F, 35) = 15.55, p = 0.001) and
MCH ™" (F, 35 = 11.49, p = 0.00) neurons. As with single-
labeled neurons, simple main effect analyses of double-labeled
CCR2"/MCH * neurons in the two control groups revealed no
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differences between the females and males, in their density rela-
tive to total single-labeled CCR2 * (p = 0.638 for control and p =
0.573 for untreated) and MCH * (p = 0.346 for control and p =
0.622 for untreated) neurons and no differences between the con-
trol and untreated groups, for females relative to CCR2 ™ (p =
0.267) and MCH ™ (p = 0.309) neurons and for males relative to
CCR2" (p = 0.809) and MCH " (p = 0.796) neurons, showing
the isocaloric control solution to have little effect of its own. In
the ethanol-exposed offspring, in contrast, these analyses re-
vealed sex differences, with the females compared with males
having a significantly higher density of the CCR2 */MCH * neu-
rons relative to both CCR2 " (p = 0.001) and MCH * (p = 0.001)
single-labeled neurons (Fig. 3C). Direct comparisons between
the females and males (via paired ¢ test) of ethanol’s stimulatory
effect on CCR2"/MCH * neuronal density showed this to be
significantly greater in females, relative to single-labeled CCR2 ™
neurons versus control (f,,, = 4.59, p = 0.001) and untreated
(t12) = 3.69, p = 0.003) groups and to single-labeled MCH *
neurons versus control (t,,) = 3.57, p = 0.004) and untreated
(t(12) = 3.24, p = 0.007) groups. In female offspring that exhib-
ited ~100% increase in the density of both CCR2 ™ and MCH *
single-labeled neurons, ethanol markedly increased to 87% the
percentage of CCR2 " neurons that double-labeled MCH in the
LH. Thus, in addition to their gene expression, maternal ethanol
administration increases the density of CCR2 " and MCH " neu-
rons and their double-labeling in both female and male adoles-
cent offspring, with this effect considerably stronger in females.

Maternal ethanol administration increases CCL2 mRNA and
cell density in female and male adolescent offspring

Our next goal was to test whether maternal ethanol administra-
tion also affects CCL2 in the LH, both its expression and cell
density, in the female and male offspring and whether this is
accompanied by changes in peripheral CCL2 levels in the preg-
nant rat. At the moderate dose tested (2 g/kg/d, E10-E15), ma-
ternal intraoral administration of ethanol compared with
isocaloric control produced no change (via paired t test) in CCL2
levels in the dam’s serum (¢,4) = —1.524, p = 0.147,512 = 40 vs
426 * 40 pg/ml). Also, analysis via a two-way ANOVA showed no
effect of ethanol treatment on CCL2 levels in the amniotic fluid of
the embryos at E19 (F, 5,, = 3.935, p = 0.061), and there was no
effect of sex (F; 3,y = 0.61 p = 0.442), with no difference in CCL2
levels detected between the ethanol and control embryos for both
females (243 = 20 vs 213 * 18 pg/ml) and males (236 * 23 vs
189 * 17 pg/ml). This lack of change in the peripheral levels of
CCL2 following a moderate dose of ethanol contrasts with the
significant increase in CCL2 produced by higher ethanol doses in
adultrats (Crews et al., 2015) and in offspring exposed to ethanol
during the neonatal period (Drew and Kane, 2014; Kane et al.,
2014).

In contrast, measurements of CCL2 in the LH of the adoles-
cent offspring revealed marked changes and sex differences. A
two-way ANOVA showed a significant main effect of maternal
treatment on CCL2 mRNA expression (F; 3,y = 41.27, p = 0.000;
Fig. 4A) and on CCL2 " single-labeled cells (F, ,5, = 26.29,p =
0.000; Fig. 4B), reflecting an increased density in both females
and males after in utero ethanol exposure versus control group, as
illustrated in the photomicrographs (Fig. 4C). There was also a
significant main effect of sex on both CCL2 mRNA (F(, 55, =
13.45, p = 0.001) and CCL2 " cell density (F(, ,5 = 9.57, p =
0.004) and a significant interaction between sex and maternal
treatment for both CCL2 mRNA (F; ,5) = 13.45, p = 0.001) and
cell density (F(, ,) = 26.29, p = 0.001). While simple main effect
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Figure 4. Maternal ethanol administration (2 g/kg/d, E10—E15) compared with control
solution also affects CCL2in the LH of the adolescent offspring. 4, Ethanol increased mRNA levels
of CCL2, measured using qRT-PCR and represented in the figure as mRNA fold change compared
with the control group (with average ratio scores given in parentheses), in female (control =
0.249 * 0.015, ethanol = 0.425 == 0.031) and male (control = 0.220 = 0.013, ethanol =
0.305 = 0.25) offspring (n = 9/group/sex), with this effect stronger in females. B, Ethanol
increased the density of CCL2 ™ cells measured using IF in the LH of female and male offspring
(n = 8/group/sex), again with this effect greater in females. C, This effect of ethanol versus
controlon CCL2 * cellsisillustrated in the photomicrographs in female offspring. Scale bar, 200
um. Data are mean = SEM. *p << 0.05 versus control group. *p << 0.05 versus male group.

analyses under the control condition revealed no differences be-
tween female and male offspring in the measures of CCL2 mRNA
(p = 0.321) or cell density (p = 0.550), these measures in
ethanol-exposed offspring were significantly greater in females
compared with males, for both mRNA levels (p = 0.000) and cell
density (p = 0.001) in the LH (Fig. 4A, B). Direct comparisons
between the females and males (via paired ¢ test) of ethanol’s
stimulatory effects on CCL2 in the LH showed the ethanol-
induced change to be significantly greater in females, again for
measurements of both CCL2 mRNA (p = 0.000) and cell density
(p = 0.023). Thus, while maternal ethanol administration at a
moderate dose has no effect on CCL2 levels in the serum and
amniotic fluid of the dam, it strongly stimulates both the expres-
sion and cell density of CCL2 in the LH of adolescent offspring,
similar to its effects on CCR2, and it produces these effects in a
sexually dimorphic manner, with the females more affected than
males.

Maternal ethanol administration stimulates ethanol intake
and anxiety in female and male adolescent offspring

With the CCL2/CCR2 and MCH systems both suggested to be
positively linked to ethanol drinking and anxiety-like behaviors
(see Introduction), we tested here whether the stimulatory effects
of maternal ethanol on these systems in the LH are accompanied
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Figure 5.  Maternal ethanol administration (2 g/kg/d, E10—E15) compared with isocaloric
control solution stimulated ethanol drinking over 24 h in both female and male adolescent
offspring (n = 10/group/sex), with this effect significantly stronger in females. Data are
mean = SEM. *p < 0.05 versus control group. “p < 0.05 versus male group.

by disturbances in these behaviors in adolescent offspring. Anal-
yses via a two-way ANOVA revealed a significant main effect of
maternal treatment on their ethanol intake (F, 55 = 43.541,p =
0.000), reflecting a significant increase in consumption in both
females and males after in utero ethanol exposure versus control
group, and also a significant main effect of sex on ethanol intake
(F136) = 3.045, p = 0.001) and a significant sex X maternal
treatment interaction (F, 56, = 10.80, p = 0.002) (Fig. 5), with no
change in chow intake (F(; 55y = 3.75,p = 0.475,73 £ 8.1 vs 68 *
7.3 kcal/d) and water intake (F(1 36) = 1.445,p = 0.619, 18 £ 2.3
vs 20 = 1.9 ml/d). Simple main effect analyses, revealing no dif-
ference between females and males in their ethanol intake under
the control condition (p = 0.767), showed that ethanol-exposed
females compared with males drink significantly more ethanol
over 24 h (p = 0.000), and direct comparisons between the fe-
males and males (via paired ¢ test) of maternal ethanol’s stimula-
tory effect on ethanol intake showed this response to be
significantly greater in females (¢,4) = —3.63, p = 0.002) (Fig. 5).
Measures of BEC also revealed a significant main effect of treat-
ment (F, 56y = 23.12, p = 0.012) and sex (F, 55y = 18.06, p =
0.025) and a significant sex X treatment interaction (F; ;5 =
10.19, p = 0.004). While showing under control conditions no
difference (p = 0.661) between the females (65 = 5 mg%) and
males (62 £ 8 mg%), simple main effect analyses showed
ethanol-exposed females (115 = 10 mg%) to have significantly
higher BEC (p = 0.003) than the ethanol-exposed males (80 * 9
mg%), consistent with their greater ethanol intake.

Analysis via a two-way ANOVA of measures reflecting anxiety
in a novel open field (Table 3) revealed in the offspring a signifi-
cant main effect of treatment on freezing time (F(1 2oy = 19.45,
p = 0.000) and time spent in the center (F, ,,) = 11.94, p =
0.002), with a significant effect of sex on freezing time (F(, ,,, =
7.06, p = 0.015) but no sex X treatment interaction for freezing
time (F(, ,,, = 0.606 p = 0.445) and no effect of sex on time spent
in the center (F, ,,) = 3.707, p = 0.068). Simple main effect
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Table 3. Effects of maternal ethanol administration versus control on anxiety
(freezing time and time spent in center) and locomotor behavior (ambulatory
counts and distance) in a novel open field in female and male adolescent offspring

Female Male
Behavioral measures Control Ethanol Control Ethanol
Freezing time (s) 137 %3 159 £ 5% 1514 167 £ 3%
Time spent in center (s) 300 = 42 197 =20 246 =28 130 + 35*%
Ambulatory counts (no.) 1204 + 128 814 + 96* 979 + 57 737 £ 34*
Ambulatory distance (cm) 1452 =119 1124 = 81* 123269 1041 = 37*

*p << 0.05 versus control group.

analyses showed that maternal ethanol exposure versus control
significantly increased freezing time in both females (p = 0.001)
and males (p = 0.020) and decreased time spent in the center in
both females (p = 0.029) and males (p = 0.019), suggesting an
ethanol-induced increase in anxiety as previously reported (Hel-
lemans et al., 2010; Elibol-Can et al., 2014). Analyses of locomo-
tor activity (Table 3) revealed a significant main effect of
maternal ethanol on ambulatory counts (F(,,,, = 13.91, p =
0.001) and ambulatory distance (F, ,,, = 9.95, p = 0.005). This
reflected a decrease in locomotor behavior as previously shown
(Carneiro et al., 2005), with reduced ambulatory counts in both
females (p = 0.005) and males (p = 0.046), reduced distance in
females (p = 0.009) but not males (p = 0.122), and no effect of
sex on either counts (F,,,, = 3.49, p = 0.076) or distance
(F135 = 3.39, p = 0.080). These results show that maternal
ethanol administration increases ethanol intake and anxiety-like
behavior in both female and male adolescent offspring along with
reduced locomotor activity, and this effect on ethanol drinking
but not anxiety or locomotor activity is significantly stronger in
females.

Maternal CCL2 administration increases CCL2/CCR2 and
MCH expression and cell density in LH of the offspring

To test a possible involvement of the CCL2/CCR?2 system in eth-
anol’s stimulatory effect on MCH neurons in the LH, we admin-
istered CCL2 itself to pregnant rats to determine whether this
chemokine has similar effects to ethanol on gene expression and
neuronal density in the LH of adolescent offspring. Daily injec-
tions of CCL2 (4 or 8 ug/kg/d, E10—E15) compared with vehicle
control had no effect on the dam’s food intake (F, 45y = 1.601,
p=0.720,72 = 9vs 67 = 6 vs 73 * 8 kcal/d, respectively) or water
intake (F, 4) = 1.712,p = 0.520,21 = 4vs 19 = 5vs 22 = 3ml/d,
respectively), and it produced no change in her litters in terms of
size (F,4g) = 2.110, p = 0.190, 12 = 4 vs 10 * 2 vs 10 * 2,
respectively) and average body weight (F, 44 = 1.674, p = 0.825,
5.78 £ 1.01 vs 6.4 = 2.12 vs 6.5 £ 1.89 g, respectively), with no
spontaneous abortions.

Analysis via a two-way ANOVA of gene expression in the LH
of the female and male adolescent offspring revealed a significant
main effect of maternal treatment on mRNA levels of CCR2
(Fa.48) = 20.88,p = 0.001) and MCH (F, 44, = 29.24, p = 0.000),
showing a significant increase in their expression in females and
males at both CCL2 doses. There was also a significant main effect
of sex on mRNA levels of CCR2 (F(, 45) = 19.94, p = 0.000) and
MCH (F(, 45y = 12.53, p = 0.011) and a significant sex X mater-
nal treatment interaction on mRNA levels of CCR2 (F(, 45, =
5331, p = 0.008) and MCH (F, 44, = 3.541, p = 0.014) (Fig. 6A).
A two-way ANOVA also revealed a significant main effect of
maternal treatment on mRNA expression of CCL2 (F<2 18) =
36.17, p = 0.001), a significant main effect of sex (F(; 44y = 10.33,
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Figure 6. Maternal injection of CCL2 (4 and 8 w.g/kg/d, E10—E15) compared with vehicle control group affects in adolescent offspring the expression of CCR2, MCH, and (CL2, measured using
qRT-PCR and represented in the figure as mRNA fold change compared with the control group (with average ratio scores given in parentheses), and the density of CCR2 * and MCH ™ neurons in the
LH measured using IF. 4, CCL2 administration compared with control group (n = 9/group/sex) significantly increased in female offspring mRNA levels of MCH (control = 0.237 % 0.0155, 4
g/kg/d = 0.413 =+ 0.023,and 8 pg/kg/d = 0.468 == 0.028), CCR2 (control = 0.127 == 0.034, 4 g/kg/d = 0.308 = 0.041, and 8 eg/kg/d = 0.373 = 0.046), and CCL2 (control = 0.222 +
0.019,4 wa/kg/d = 0.333 = 0.018, and 8 g/kg/d = 0.358 == 0.017) and in male offspring mRNA levels of MCH (control = 0.241 == 0.018, 4 wg/kg/d = 0.319 == 0.026, and 8 pg/kg/d =
0.356 == 0.027), CCR2 (control = 0.123 == 0.027, 4 g/kg/d = 0.199 == 0.012, and 8 wg/kg/d = 0.198 = 0.013), and CCL2 (control = 0.225 == 0.009, 4 wg/kg/d = 0.289 = 0.010, and 8
wa/kg/d = 0.295 + 0.013), with a significantly stronger effect in females as indicated in particular by an unusually large increase in CCR2 mRNA. B, CCL2 injection increased the density of CCR2
and MCH * neurons in female offspring. €, This effect of CCL2 versus control on cell density s illustrated in representative immunostaining images of single-labeled cells. D, CCL2 injection increased
the density of CCR2 */MCH ™ double-labeled neurons in the LH of the female offspring (n = 7/group). E, This effect of CCL2 versus control on double-labeled neurons is illustrated in the confocal
images showing CCR2  (red) and MCH  (green) single-labeled neurons and CCR2 /MCH ™ (yellow) double-labeled neuronsin the LH. Top, A few CCR2 */MCH ™ neuronsin control offspring and
many in CCL2-treated offspring (arrows), with those in the white square (bottom) at higher magpnification for CCR2 ™ (left) and MCH * (middle) single-labeled neurons and for CCR2 " /MCH *
(right) double-labeled neurons (yellow o red/green). Scale bars, 200 wm. Data are mean = SEM. *p << 0.05 versus control groups. *p << 0.05 versus male groups.

p = 0.02), and a significant sex X maternal treatment interaction
(Fa,48) = 3.28, p = 0.046) (Fig. 6A). Simple main effect analyses
showed that there were no differences between the females and
males under control conditions in their expression of CCR2 (p =
0.911), MCH (p = 0.717), and CCL2 (p = 0.872) and no differ-
ences between the effects of the two CCL2 doses on CCR2 (p =
0.089) and MCH (p = 0.102) in females and CCR2 (p = 0.986)
and MCH (p = 0.270) in males. However, these measures of
mRNA levels in CCL2-treated offspring (4 and 8 ng/kg/d) were
significantly higher in the females than males at both doses for
CCR2 (p = 0.005 and p = 0.001) and MCH (p = 0.007 and p =

0.001) as well as CCL2 (p = 0.021 and p = 0.002). Direct com-
parisons between the females and males (via paired ¢ test) of
ethanol’s stimulatory effects on mRNA levels in the LH showed
that the CCL2-induced changes compared with control were sig-
nificantly greater in the females at both the 4 and 8 ug/kg/d doses
of CCL2. This was evident for the measures of CCR2 (¢, =
—2.346, p = 0.043 and 1,5, = —3.857, p = 0.002), MCH (4, =
—2.241, p = 0.042 and t;5) = —2.634, p = 0.018), and CCL2
(tne) = —1.841, p = 0.044 and ;) = —2.566, p = 0.021), with
the CCL2-induced increase in CCR2 mRNA unusually large and
distinctive in female offspring (Fig. 6A).
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Analysis via a one-way ANOVA of cell density in the LH of
female adolescent offspring revealed a significant main effect of
maternal treatment on single-labeled CCR2 ™ (F(, o, = 18.54,
p =0.000) and MCH * (F, 59, = 14.93, p = 0.000) neurons (Fig.
6B), as illustrated in the photomicrographs (Fig. 6C). Post hoc
analyses showed that CCL2 at the higher dose of 8 ug/kg/d (data
were lost at the lower dose) caused a significant increase in the
density of CCR2 ™ neurons compared with the control (81%, p =
0.000) and untreated (77%, p = 0.000) groups, with no difference
between the two control groups (p = 0.0875), and also in the
density of MCH * neurons compared with the control (71%, p =
0.000) and untreated (65%, p = 0.000) groups, again with no
difference between the two control groups (p = 0.0830). Mater-
nal CCL2 administration also had a significant main effect on the
CCR2"/MCH * double-labeled neurons relative to total single-
labeled CCR2 " (F, 50, = 49.75, p = 0.000) and MCH " (F_, 59, =
103.29 p = 0.000) neurons (Fig. 6D), as shown in the confocal
images (Fig. 6E). Post hoc analyses showed that maternal CCL2
administration increased the density of CCR2 */MCH " relative
to total CCR2 * neurons compared with the control (162%, p =
0.000) or untreated (173%, p = 0.000) groups, with no difference
between the two control groups (p = 0.0835), and also the den-
sity of CCR2*/MCH ™ relative to total MCH * neurons com-
pared with the control (199%, p = 0.000) and untreated (189%,
p = 0.000) groups, again with no difference between the two
control groups (p = 0.0729). Although male offspring were not
examined for this effect of maternal CCL2 administration on
CCR2" and MCH ™ neurons, our findings here with measure-
ments of gene expression led us to expect that this measure of cell
density will also be stimulated by CCL2 in a sex-dependent man-
ner, based on our prior studies (Chang et al., 2008, 2013) showing
cell density and gene expression to respond similarly. Thus, ma-
ternal administration of CCL2 has similar effects to ethanol on
both the CCL2/CCR2 and MCH systems in the LH of adolescent
offspring, stimulating their expression in a sexually dimorphic
manner while also increasing their cell density and percentage of
CCR2 " neurons that double-label MCH.

Maternal CCL2 administration increases ethanol drinking
and anxiety in female and male adolescent offspring

The question addressed here is whether maternal administration
of CCL2 (4 or 8 ug/kg/d, E10—E15) that stimulates LH neurons in
the offspring also has sexually dimorphic effects on their ethanol
drinking behavior, similar to that produced by maternal admin-
istration of ethanol. A two-way ANOVA revealed a significant
main effect of maternal treatment on ethanol intake (F, s,y =
61.752, p = 0.000) reflecting an increase in drinking in both
females and males, along with a significant main effect of sex on
ethanol intake (F, 5,) = 10.516, p = 0.02) and a significant sex X
maternal treatment interaction (F, 5,) = 11.307, p = 0.000) (Fig.
7). There was no main effect, however, of maternal CCL2 treat-
ment on water intake (F, s, = 0.069, p = 0.934), with control
females (19.3 = 1.27 ml/d) and males (18.7 % 0.75 ml/d) similar
to CCL2 at 4 ug/kg/d for females (18.5 = 1.28 ml/d) and males
(19.8 == 0.88 ml/d) and to CCL2 at 8 ug/kg/d for females (18.0 *
0.91 ml/d) and males (19.9 * 0.94 ml/d). There was also no main
effect of maternal CCL2 on food intake (F(, 535 = 1.23, p =
0.0231), with control females (71 = 9.1 kcal/d) and males (67 =
5.9 kcal/d) similar to CCL2 at 4 ug/kg/d for females (75 = 8.1
kcal/d) and males (68 = 5.1 kcal/d) and to CCL2 at 8 ug/kg/d for
females (70 =+ 8.1 kcal/d) and males (66 = 8.1 kcal/d). Whereas
simple main effect analyses of ethanol intake revealed no differ-
ence between the female and male offspring under control con-
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Figure 7. Maternal injection of CCL2 (4 or 8 wg/kg/d, E10—E15) compared with vehicle
control group, like ethanol administration stimulated ethanol drinking over 24 h period in both
female and male adolescent offspring (n = 10/group/sex), with this effect significantly stron-
gerin females. Data are mean = SEM. *p << 0.05 versus control group. *p << 0.05 versus male

group.
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ditions (p = 0.591) or in response to CCL2 at 4 ug/kg/d (p =
0.659), the female offspring from the CCL2 group at 8 ug/kg/d
drank significantly more ethanol than the males (p = 0.000) (Fig.
7). Also, direct comparisons between the females and males (via
paired ¢ test) of their CCL2-induced increase in ethanol intake
showed this effect to be significantly greater in females than males
when comparing CCL2 at 8 ug/kg/d to the control (t,4) = —4.98,
p = 0.000), but not when comparing CCL2 at 4 ug/kg/d to the
control (f,4 = —0.654, p = 0.521). The measures of BEC simi-
larly revealed a significant main effect of treatment (F, 5, =
23.012, p = 0.002) and sex (F; 54y = 15.452, p = 0.019) and a
significant sex X treatment interaction (F,s,) = 10.045, p =
0.022), and the simple main effect analyses revealing no differ-
ence between females (58 * 7 mg%) and males (50 = 7 mg%)
under control conditions (p = 0.496) showed the ethanol-
exposed females (115 = 10 mg%) compared with ethanol-
exposed males (76 £ 6 mg%) to have significantly higher BEC
(p = 0.0189), consistent with their higher ethanol intake.

The female and male adolescent offspring were also tested in
the novel open field to assess the effect of maternal CCL2 admin-
istration on anxiety-like and locomotor behavior. Analysis of the
anxiety measures via a two-way ANOVA revealed a significant
main effect of maternal treatment on freezing time (F(, 55 =
19.47, p = 0.000) and time spent in the center (F, 35y = 7.025,
p = 0.003), with sex having a significant main effect on time spent
in the center (F, 35y = 7.75, p = 0.009) but not freezing time
(F1,35 = 2.322,p = 0.137) (Table 4). Simple main effect analyses
showed that, compared with vehicle control, maternal CCL2 ad-
ministration, like ethanol, significantly increased freezing time in
both the females at 4 pg/kg/d (p = 0.001) and 8 ug/kg/d (p =
0.001) and the males at 4 ug/kg/d (p = 0.001) and 8 ug/kg/d (p =
0.009) and significantly decreased the time spent in the center in
the females at 8 ug/kg/d (p = 0.049) but not 4 ug/kg/d (p =
0.188) and the males at both 4 ug/kg/d (p = 0.004) and 8 ng/kg/d
(p = 0.010), with no significant differences detected between the
two CCL2 doses on freezing time, for females (p = 0.295) and
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Table 4. Effects of maternal CCL2 injection versus control on anxiety (freezing time and time spent in center) and locomotor behavior (ambulatory counts and distance) in a

novel open field in female and male adolescent offspring

Female Male
Behavioral measures Control (CL2 (4 ug/kg) (CCL2 (8 g/kg) Control (CL2 (4 g/kg) (CL2 (8 ug/kg)
Freezing time (s) 125 %2 149 = 4* 144 = 2% 133 %2 151 = 6* 147 = 4*
Time spent in center (s) 306 32 243 £ 38 218 = 26* 282 17 188 * 26* 195 *= 23*
Ambulatory counts (no.) 1588 =+ 68 1098 =+ 85* 1047 = 71* 1285 = 116 872 = 64* 935 = 117*
Ambulatory distance (cm) 1816 = 64 1359 = 101* 1239 = 81* 1516 = 130 1070 = 71* 1158 = 95*%

*p < 0.05 versus control group.

males (p = 0.515), and on time spent in the center, for females
(p=0.521) and males (p = 0.831). Similar analyses of locomotor
activity (Table 4) revealed a significant main effect of maternal
treatment on ambulatory counts (F, 55, = 19.34, p = 0.000) and
ambulatory distance (F(, 55, = 16.24, p = 0.000) and a significant
main effect of sex on counts (F, 35y = 9.72, p = 0.004) and
distance (F, 35y = 8.50, p = 0.006), with no sex X maternal
treatment interaction for either counts (F,;s5, = 0.639, p =
0.534) or distance (F, 35, = 0.845, p = 0.438). This reflected a
significant decrease in ambulatory counts, in both females at 4
ug/kg/d (p = 0.000) and 8 ug/kg/d (p = 0.000) and males at 4
ug/kg/d (p = 0.001) and 8 ug/kg/d (p = 0.007), and also ambu-
latory distance, in both females at 4 pg/kg/d (p = 0.001) and 8
ug/kg/d (p = 0.000) and males at 4 pg/kg/d (p = 0.002) and 8
ug/kg/d (p = 0.000), with control females compared with con-
trol males having higher ambulatory counts (p = 0.014) and
distance (p = 0.028). The effects of CCL2 were similar at both
doses, with no differences detected between their effects on am-
bulatory distance, in females (p = 0.366) and males (p = 0.520),
and on ambulatory counts, in females (p = 0.675) and males
(p = 0.611). Thus, maternal administration of CCL2, like etha-
nol, increases ethanol intake and anxiety-like behavior in both
female and male adolescent offspring while reducing locomotor
activity, and this effect on ethanol intake but not anxiety or loco-
motor behavior is sexually dimorphic, significantly stronger in
females.

CCL2 neurons in LH are closely related to MCH and CCR2
neurons when stimulated by maternal ethanol exposure

To further investigate the endogenous CCL2/CCR2 system in the
LH, we used single-labeling IF and double-labeling IF with con-
focal microscopy to characterize in adolescent female offspring
the CCL2 ™ cells, their relationship to the MCH * neurons cola-
beling CCR2, and their responsiveness to maternal administra-
tion of ethanol at a moderate dose. We found under control
conditions that a majority of the CCL2 " cells in the LH as de-
scribed for CCR2 " cells (Chang et al., 2015) were neurons, show-
ing colocalization with the neuronal marker NeuN but not the
astrocyte marker GFAP or microglia marker Iba-1. Whereas ma-
ternal administration of ethanol (2 g/kg/d) compared with isoca-
loric control (paired ¢ test) had no effect on the density of GFAP *
and Iba-17 cells (Table 5) as described previously (Chang et al.,
2012, 2015) and produced no detectable colocalization of CCL2
as well as CCR2 with these glia markers (Fig. 8A), it significantly
stimulated as previously shown for CCR2 (Changetal., 2015) the
density of CCL2" cells that colabeled NeuN relative to total
single-labeled CCL2 " cells (f;,, = —7.971, p = 0.000), with the
percentage increased to >90% (Table 5).

Interestingly, further analyses of the CCL2 * cells in the ado-
lescent offspring revealed two distinct types (Fig. 8B), both of
which were neurons that colabeled NeuN but were very different
in terms of their size, appearance, and anatomical distribution.

Table 5. Effects of maternal ethanol administration on density of GFAP * and
Iba-1* single-labeled cells and on CCL2 */NeuN * double-labeled neurons in the
LH of adolescent offspring

Labeled cells in LH Control Ethanol

GFAP 091X 10*+09x10""’ 093X 10 *+04x10""7
Iba-1 095X 10 *+22X107°  106X10°=13x10"°
CCL2/NeuN versus 0.522 = 0.052 0.936 = 0.014*

total CCL2 (%)

*p < 0.05 versus control group.

Under control conditions, >60% of these CCL2 ™ neurons were
large (arrow) with long processes and most heavily concentrated
in the LH, whereas 40% were small (arrowhead) with few pro-
cesses and were less dense and diffusely scattered throughout the
entire hypothalamus. Maternal administration of ethanol com-
pared with control group showed (via paired ¢ test) that both the
large and the small CCL2 “/NeuN * double-labeled neurons were
significantly stimulated by ethanol (Fig. 8C), as illustrated in the
confocal images (Fig. 8D). It increased to 98% the percentage of
large CCL2* cells that were neurons, as shown by relating the
density of large CCL2 */NeuN " double-labeled cells to the total
large CCL2 * single-labeled cells (,,) = —6.384, p = 0.000), and
also increased to 85% the percentage of small CCL2 ™ cells there
were neurons, as shown by relating the density of small CCL2 */
NeuN " double-labeled cells to the total small CCL2 " single-
labeled cells (., = —11.065, p = 0.000). Whereas the small
CCL2™ neurons in the LH showed little colocalization with
CCR2 and MCH under any condition, the large CCL2 " neurons
that were similar in appearance to the CCR2 " and MCH * neu-
rons exhibited colocalization that was markedly affected by eth-
anol. Maternal administration of ethanol versus control
significantly increased the percentage of large CCL2*/CCR2 ™"
double-labeled neurons relative to total large CCL2 " (t,,, =
—7.638,p = 0.000) or CCR2 " (,,) = —8.460, p = 0.000) single-
labeled neurons (Fig. 8 E, F), and the percentage of large CCL2 */
MCH* double-labeled neurons relative to total large CCL2*
(tz) = —10.047, p = 0.000) or MCH * (t,,,) = —8.366, p =
0.001) single-labeled neurons (Fig. 8G,H ), with the 40% of CCL2
neurons colabeling MCH, suggesting that other neurochemicals
are likely to be expressed in these CCL2 neurons. While the small
CCL2 " neurons failed to express MCH, they were closely related
to this peptide in a different manner, often found only in ethanol-
exposed offspring to exist in close proximity to the MCH * neu-
rons, located immediately adjacent to and even surrounding
these large neurons as illustrated in the far right confocal image
(Fig. 8H). These findings in the LH of adolescent offspring, while
descriptive and needing confirmation with unbiased morpholog-
ical analyses that can provide quantitative data, suggest that the
primary effect of maternal ethanol administration at a moderate
dose is on CCL2 in neurons, both large MCH neurons that colo-
calize CCR2 as well as CCL2 and small CCL2 neurons lying close
to these MCH neurons that colabel CCR2.
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Figure8. Maternal ethanol administration (2 g/kg/d, E10~E15) compared with control solution, while having no effect on glia, alters the density of both large and small CCL2 ™ neurons in the
LH, as assessed by IF in female adolescent offspring (n = 7/group). A, Confocal images show in ethanol-treated offspring no colocalization of CCL2 or CCR2 (green) with the markers of astrocytes
(GFAP) and microglia (Iba-1) (red). B, Two confocal images provide typical examples of the large (arrow) and small (arrowhead) CCL2 * single-labeled cells (green) in the LH (top) and of large (arrow)
and small (arrowhead) CCL2 * neurons that double-labeled the neuronal marker NeuN (bottom), with CCL2 (green) and NeuN (red) revealing CCL2 "/NeuN * double-labeled neurons thatare large
(yellow/red center) or small (green/red center). €, Maternal ethanol administration increased the density of both large and small CCL2 ™ neurons that double-labeled NeuN, as indicated by the
increased percentage of both large and small CCL2 /NeuN * double-labeled neurons relative to total large or total small CCL2 * single-labeled cells, respectively. D, Representative confocalimages
show few large (arrow) and few small (arrowhead) (CL2 f (green) neurons that colabeled NeuN (red) in control offspring (left) but many CCL2 "/NeuN * neurons (green/red center) in
ethanol-exposed offspring (middle), with those in the white square illustrated at higher magnification (right). E, Maternal ethanol administration increased the density of CCL2 ™ neurons, mostly
large, that colabeled CCR2, as indicated by the increased percentage of large CCL2 */CCR2 * double-labeled neurons relative to total large CCL2 ™ or CCR2 ™ single-labeled neurons. F, Represen-
tative confocal images, illustrating mostly large CCL2 f (green) and CCR2 ™ (red) neurons that were double-labeled (green/yellow), show some (CL2 " JCCR2 ™ neurons (arrow) in control offspring
(left) and many more CCL2 */CCR2 * neurons (arrow) in ethanol-treated offspring (middle), with those in the white square illustrated at higher magnification (right). G, Maternal ethanol
administration increased the density of CCL2 ™ neurons, mostly large, that colabeled MCH, as indicated by the increased percentage of large CCL2 */MCH * (Figure legend continues.)
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Maternal injection of a CCR2 antagonist INCB3344 (1 mg/kg/d) during the period of maternal ethanol administration (2 g/kg/d, E10—E15) prevents the stimulatory effect of ethanol on

C(CR2 ™ and MCH * single-labeled neurons and CCR2 */MCH ™ double-labeled neurons in the LH of female adolescent offspring as measured by IF. A, Ethanol treatment increased the density of
CCR2 " and MCH ™ neurons compared with control, whereas INCB3344 treatment blocks this effect of ethanol in the offspring (n = 7/group). B, This effect s illustrated in representative images
of CCR2* and MCH ™ single-labeled neurons. C, Ethanol treatment increased the density of CCR2 */MCH ™ double-labeled neurons compared with control, and this effect is abrogated in the
offspring by maternal injection of the CCR2 antagonist INCB3344. D, This effect of ethanol is illustrated in representative confocal images of CCR2 */MCH ™ neurons (arrows, yellow) that
double-label CCR2 ™ (red) and MCH ™ (green), showing few in the control group (left), many in the ethanol group (middle), and few in the ethanol + INCB3344 offspring (right). £, Ethanol
treatmentincreased 24 h ethanol drinking behavior in the adolescent offspring (n = 10/group), and this effectis blocked by maternal administration of the CCR2 antagonist. Scale bar, 200 .Lm. Data

are mean == SEM. *p << 0.05 versus control and versus ethanol + INCB3344.

CCR2 receptor antagonism blocks stimulatory effects of

maternal ethanol on CCR2/MCH neurons and behavior

This experiment directly tested in adolescent offspring, from
pregnant rats administered the CCR2 receptor antagonist
INCB3344 during ethanol exposure, a possible involvement of
the endogenous CCR2 receptor in the stimulatory effects of ma-
ternal ethanol administration on the CCR2 - and MCH - co-
expressing neurons in the LH and also on their ethanol drinking
behavior. We examined female adolescent offspring from dams
in the following four groups: isocaloric control + vehicle (con-
trol), ethanol + vehicle (ethanol), ethanol + INCB3344, and
control + INCB3344. With measurements of single-labeled neu-

<«

(Figure legend continued.)  double-labeled neurons relative to total large CCL2 * or MCH *

single-labeled neurons. H, Representative confocal images, illustrating mostly large CCL2 ™
(green) and MCH * (red) neurons that become yellow/red or green/red when double-labeled,
show few CCL2 */MCH * neurons (arrow) in control offspring (left) and many CCL2 " /MCH *

neurons (arrow) in ethanol-treated offspring (middle), with those in the white square illus-
trated at higher magnification (right). While few small CCL2 ™ cells were found to double-label
(CR2 or MCH, the small CCL2 * cells (arrowhead, green) were sometimes seen adjacent to or
surrounding large MCH * neurons (arrow, red) as shown in at far right. Scale bars: 4, 100 wm;
B-H, 200 um. Data are mean = SEM. *p << 0.05 versus control.

rons in the LH, a one-way ANOVA revealed a significant main
effect of treatment on the density of CCR2 " (F 3 ,4) = 7.004, p =
0.02)and MCH * (F(3,24) = 40.356, p = 0.001) neurons (Fig. 9A),
as illustrated in the photomicrographs (Fig. 9B). Post hoc analyses
showed that maternal ethanol administration compared with
control significantly increased the density of single-labeled
CCR2 " (37%, p = 0.004) and MCH " (43%, p = 0.000) neurons
and that this stimulatory effect of ethanol was blocked by mater-
nal administration of the CCR2 antagonist. This is indicated by a
significant decrease in the ethanol + INCB3344 compared with
the ethanol group in their density of CCR2* (p = 0.000) and
MCH ™ (p = 0.000) neurons, reduced to the same level as those
in the control group (p = 0.756 and p = 0.062, respectively).
With no differences detected between the control + INCB3344
and the control group in their density of CCR2 * (p = 0.746) and
MCH * (p = 0.867) neurons, the antagonist alone was found to
have no effect of its own on these LH neurons. Analyses via a
one-way ANOVA of the CCR2 */MCH " double-labeled neurons
in the LH revealed similar results, with a significant main effect of
treatment on their density relative to the total CCR2 " (F 3,4, =
242.131, p = 0.001) and MCH " (F3.,4) = 104.187, p = 0.001)
single-labeled neurons (Fig. 9C), as illustrated by the confocal
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images (Fig. 9D). Post hoc analyses showed a significant ethanol-
induced increase versus control in the density of CCR2 "/MCH *
double-labeled neurons relative to total CCR2 ™ (p = 0.001) and
MCH ™ (p = 0.001) single-labeled neurons, an effect not evident
after administration of the CCR2 antagonist. This is indicated by
a significant decrease (p = 0.001) in their density when compar-
ing the ethanol + INCB3344 group with the ethanol group,
which was reduced to the same level as the CCR2* and MCH *
neurons in the control group (p = 0.076 and p = 0.063, respec-
tively). Comparisons between the control + INCB3344 and con-
trol offspring revealed no differences in their density of CCR2 */
MCH " neurons relative to total CCR2 * (p = 0.355) and MCH *
(p = 0.098) neurons, showing once again that the antagonist
under control conditions had little effect of its own on the density
of these double-labeled neurons.

In a separate set of pregnant rats, we conducted another ex-
periment with administration of INCB3344 and similarly found
this CCR2 antagonist to abrogate ethanol’s effect on ethanol
drinking in female offspring. Analysis via a one-way ANOVA
revealed a significant main effect of maternal treatment on etha-
nol intake (F(; 55, = 8.03, p = 0.000; Fig. 9E). Post hoc analyses
showed that, compared with the control group, maternal eth-
anol administration caused a significant increase in ethanol
drinking (80%, p = 0.001), and administration of the CCR2
antagonist blocked this stimulatory effect of ethanol, as indi-
cated by a significant decrease in drinking (p= 0.000) in the
ethanol + INCB3344 group versus the ethanol group reduced
to the same level as that detected in the control group (p =
0.552). Comparisons between the control + INCB3344 and
control groups revealed no difference in their measure of eth-
anol intake (p = 0.766), showing the antagonist to have little
impact of its own on this behavior. Together, these results with
pharmacological antagonism of the CCR2 receptors during
pregnancy show that the integrity of endogenous CCR2 is
essential for the stimulatory effects of maternal ethanol ad-
ministration on the CCR2 © and MCH * coexpressing neurons
in the LH and also the ethanol drinking behavior of female
adolescent offspring, with a further test required to determine
whether it is also needed for the maternal ethanol-induced
increase in anxiety.

Discussion

We demonstrate that maternal administration of ethanol, at a
moderate dose (2 g/kg/d) for 5 d, has strong effects on the CCL2/
CCR2 chemokine system in the LH of adolescent offspring. It
stimulates expression of CCL2 as reported in the hippocampus
and cortex (Drew et al., 2015; Terasaki and Schwarz, 2016) and
CCR2 as shown in the hypothalamus (Chang et al., 2015) but not
the hippocampus and cortex (Terasaki and Schwarz, 2016), and
also increases the density of CCL2- and CCR2-labeled cells in the
LH. Notably, these CCL2 cells, like CCR2 (Changet al., 2015), are
found to be predominantly neurons rather than glia, with almost
all colocalizing NeuN but none colocalizing the astrocyte marker
GFAP and microglia marker Iba-1. These effects on neuronal
CCL2 and CCR2 in offspring brain, without changes in periph-
eral CCL2 in the dam, may reflect a lower-grade inflammation
that contrasts with ethanol’s stimulatory effects at higher doses
(6-13 g/kg/d) on CCL2 in astrocytes and microglia in the brain
(Shetty and Phillips, 1992; Kane et al., 2014; Drew et al., 2015)
and CCL2 levels in the periphery (Crews et al., 2015). While
confirming in adolescent offspring our finding in weanling rats
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that ethanol stimulates the expression and density of CCR2
neurons colocalizing MCH (Chang et al., 2015), we further dem-
onstrate that maternal ethanol administration stimulates colocal-
ization of CCL2 with MCH in the LH. This finding, together with
in vitro evidence that CCL2 increases the density and expression
of other peptide neurons (Poon et al., 2014) and the proliferation
and differentiation of neural stem cells (Hong et al., 2015), led us
to investigate whether maternal exposure to CCL2 also affects
these MCH neurons in the offspring. We show that CCL2 admin-
istration at 4 or 8 ug/kg/d for 5d (E10-E15), like ethanol, has a
stimulatory effect on CCR2 and MCH neurons in the LH and
markedly increases percentage of CCR2 neurons that colocalize
MCH. This provides the first evidence that a chemokine, such as
CCL2, which has a relatively short half-life but profound and
long-lasting effects when administered peripherally (Thacker
et al., 2009) or centrally (Selenica et al., 2013), can stimulate
the fetal programming of a specific neuropeptide system when
administered during pregnancy, suggesting that endogenous
CCL2 may be involved in ethanol’s stimulatory effects on neu-
ronal development.

While little is known about how CCL2 functions to mediate
these ethanol effects in utero, our results regarding the types of
CCL2 cells stimulated by maternal ethanol exposure provide
hints at possible mechanisms. They show that ethanol stimulates
both large CCL2 neurons, which, like MCH neurons, are concen-
trated predominantly in the LH and colocalize CCR2 as well as
MCH, and small CCL2 neurons, possibly interneurons or small
neurotransmitter neurons, which are scattered throughout the
hypothalamus but in the LH lie immediately adjacent to and
surround the large MCH neurons. These two distinct popula-
tions indicate that neuron-derived CCL2 may have two modes of
action when stimulated by ethanol, perhaps involving autocrine/
paracrine mechanisms as described in vitro (He and Crews, 2008;
Xie et al., 2016). In large neurons, CCL2 may act intracellularly
through local CCR2 receptors to stimulate MCH, whereas in
small neurons, CCL2 may be released and act extracellularly to
stimulate CCR2 receptors on nearby MCH neurons. The impor-
tance of CCR2 in mediating these actions of CCL2 when stimu-
lated by ethanol is demonstrated by our finding that a CCR2
receptor antagonist INCB3344, administered to the dam during
the 5 d of ethanol exposure, blocks ethanol’s stimulatory effect on
MCH neurons. While there are no prior studies involving admin-
istration of a CCR2 antagonist during pregnancy, injection of
CCR2 antagonists in adult rodents is found to block peripheral
effects of ethanol (Wangetal., 2012; Xu et al., 2016), and deletion
of the CCR2 gene decreases ethanol’s effects in utero on neuronal
damage and inflammation in spinal cord (Ren et al., 2017), sug-
gesting that a CCR2 antagonist provides one means of rescuing
offspring from ethanol’s stimulatory effects in utero on fetal
programming.

In addition to ethanol’s effects on neuronal development, our
evidence suggests that this CCL2/CCR2 chemokine system to-
gether with MCH has a role in mediating ethanol’s effects on the
offspring’s behavior. There are numerous studies positively link-
ing CCL2 and CCR?2 to excess ethanol drinking (Blednov et al.,
2005; June et al., 2015; Valenta and Gonzales, 2016) and anxiety
(Pascual et al., 2014; Sawicki et al., 2015) and also MCH to in-
creased ethanol consumption (Duncan et al., 2005; Cippitelli et
al., 2010; Morganstern et al., 2010b) and anxiety (Gonzalez et al.,
1996; Borowsky et al., 2002; Smith et al., 2006), with MCH injec-
tion into LH found to stimulate drinking behavior in adult rats
(Morganstern et al., 2010b). While confirming prior studies from
this laboratory (Chang et al., 2015) and others (Carneiro et al.,
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2005; March et al., 2009; Fabio et al., 2015) showing maternal
ethanol administration to increase ethanol intake and anxiety in
the offspring, our findings here provide the first evidence that
maternal administration of CCL2 has similar behavioral ef-
fects to ethanol, suggesting that ethanol-induced fetal pro-
gramming of this chemokine system in LH as it relates to local
MCH neurons contributes to behavioral disturbances during
adolescence when substance abuse strongly predicts later
adult abuse and dependence (Anthony and Petronis, 1995).
This idea receives further support from our finding that the
LH is a major site where the large neurons expressing this
chemokine, its receptor, and the neuropeptide are most heav-
ily concentrated and highly responsive in utero to both ethanol
and CCL2, which while altering behavior increase to >90%
the percentage of CCR2 and CCL2 neurons closely associated
with MCH neurons. Our findings that both doses of CCL2,
like ethanol, stimulate CCR2 and MCH neurons while increas-
ing anxiety in the offspring and also ethanol consumption at
the higher dose, support a close link between these neuronal
and behavioral changes, with drinking behavior apparently
requiring a somewhat higher level of neuroimmune stimula-
tion during pregnancy to be produced.

Perhaps our most important finding is that the effects of ma-
ternal ethanol or CCL2 on fetal programming of these neuronal
systems and behavior are sexually dimorphic, with female off-
spring consistently showing greater sensitivity than male off-
spring to both ethanol and chemokine stimulation. Our results
demonstrate that females after in utero exposure to ethanol or
CCL2 subsequently drink more ethanol, are more anxious, ex-
hibit greater expression of CCR2 and MCH, and have a higher
density of MCH neurons that colocalize either CCL2 or CCR2 in
the LH. These findings agree with the general notion that females
and males are differentially affected by adolescent and adult ex-
posure to ethanol, with females more vulnerable to its effects and
exhibiting a greater increase in inflammatory mediators, along
with more neuroinflammatory damage, neurodevelopmental
dysfunction, and behavioral disturbances (Hommer et al., 2001;
Squeglia et al., 2012; Alfonso-Loeches et al., 2013; Pascual et al.,
2015). While the precise mechanisms underlying these sex differ-
ences remain to be characterized and could involve a stimulation
of CCL2 expression and release by estrogen (Lengi et al., 2007),
our results focus attention on large CCR2 neurons in the LH that
colocalize MCH and are highly responsive to CCL2. They dem-
onstrate that maternal administration of CCL2, like ethanol, pro-
duces in female offspring an unusually large increase in CCR2
expression and far greater increase in ethanol intake that is
blocked by a CCR2 antagonist, suggesting that endogenous CCL2
is more functionally active in promoting drinking behavior in
females. This idea, along with evidence that central CCL2 infu-
sion stimulates ethanol intake (Valenta and Gonzales, 2016), re-
ceives direct support from a study showing deletion of the CCL2
gene to reduce ethanol consumption in females but not males
(Blednov et al., 2005).

In conclusion, this study of a specific population of neurons
densely concentrated in the LH provides new information on
possible mechanisms through which the neuronal CCL2/CCR2
system, when stimulated in utero by ethanol at low to moderate
doses, interacts positively with local MCH neurons to increase
their density along with ethanol drinking behavior in adolescent
offspring. It is notable that this positive association between neu-
ronal chemokine and neuropeptide systems and ethanol intake,
likely reflecting a state of low-grade inflammation as suggested
for conditions of overeating and obesity (Weisberg et al., 2006;
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Panee, 2012), differs markedly from the high-grade inflamma-
tion induced by LPS in adult rats, which is characterized by in-
creased CCL2 in astrocytes and microglia along with sickness
behavior, reduced appetite, and weight loss (Sens et al., 2017) and
is generally stronger in males (Cai etal., 2016) and associated with
a suppression of MCH (Le Thuc et al., 2016). The positive rela-
tionship described here, produced by in utero exposure to ethanol
or CCL2 at doses having little effect on food intake or body
weight, is consistently stronger in female offspring and accompa-
nied by increased density of MCH neurons and excess ethanol
drinking. The greater responsiveness to ethanol of neuronal
CCL2/CCR2 signaling in LH of female adolescent offspring sug-
gests one mechanism that may contribute to the higher levels of
adolescent risk factors for alcohol use disorders described in
women (Foster et al., 2015) and may be related to a significant
positive effect of fetal alcohol exposure on the adolescent daugh-
ters’ drinking in contrast to a slight negative effect on the sons’
drinking (Griesler and Kandel, 1998).
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