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Abstract

Maternal consumption of ethanol during pregnancy is known to increase the offspring’s risk for
developing alcohol use disorders and associated behavioral disturbances. Studies in adolescent and
adult animals suggest the involvement of heuroimmune and neurochemical systems in the brain
that control these behaviors. To understand the origin of these effects during early developmental
stages, we examined in the embryo and neonate the effects of maternal intraoral administration of
ethanol (2 g/kg/day) from embryonic day 10 (E10) to E15 on the inflammatory chemokine C-C
motif ligand 2 (CCL2) and its receptor CCR2 in a specific, dense population of neurons in the
lateral hypothalamus (LH), where they are closely related to an orexigenic neuropeptide, melanin-
concentrating hormone (MCH), known to promote ethanol consumption and related behaviors. We
found that prenatal ethanol exposure increases the expression and density of CCL2 and CCR2
cells along with MCH neurons in the LH and the colocalization of CCL2 with MCH. We also
discovered that these effects are sexually dimorphic, consistently stronger in female embryos, and
are blocked by maternal administration of a CCL2 antibody (1 and 5 pg/day, i.p., E10-E15) that
neutralizes endogenous CCL2 and of a CCR2 antagonist INCB3344 (1 mg/day, i.p., E10-E15) that
blocks CCL2’s main receptor. These results, which in the embryo anatomically and functionally
link the CCL2/CCR2 system to MCH neurons in the LH, suggest an important role for this
neuroimmune system in mediating ethanol’s sexually dimorphic, stimulatory effect on MCH
neurons that may promote higher level of alcohol consumption described in females.
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INTRODUCTION

Clinical studies have consistently demonstrated that maternal alcohol consumption during
pregnancy increases the risk of alcohol use disorders (AUD) and related hazardous behaviors
in the offspring (Baer et al., 2003; Alati et al., 2006; Malone et al., 2010), with these effects
sometimes seen more strongly in females (Hommer et al., 2001; Squeglia et al., 2012;
Alfonso-Loeches et al., 2013; Pascual et al., 2015). Animal models similarly support the
positive relation between maternal consumption of moderate alcohol during pregnancy and
the increased risk for alcohol use and abuse (Chotro et al., 2007; Youngentob and
Glendinning, 2009; Chang et al., 2015; Chang et al., 2018). Persistent alterations in the
neuroimmune systems induced by maternal ethanol exposure have been linked to these long-
lasting behavioral outcomes, with ethanol intake found to stimulate inflammatory factors
and cause perturbations in neuroimmune signaling that can invoke dysfunctional drinking
and related behaviors in both rats and humans (He and Crews, 2008; Donzis and Tronson,
2014; Kane and Drew, 2016; Poon and Leibowitz, 2016; Abrahao et al., 2017; Crews et al.,
2017; Roberto et al., 2017). With much of the existing literature focusing on post-weaning,
adolescent and adult animals, there is little information concerning ethanol’s effects on
neuroimmune systems in the embryo and how these in turn may impact the development of
neurochemical systems that modulate behavior. Further, with animal studies using
predominantly male subjects, there is little understanding of neural mechanisms underlying
sex differences in brain development that may contribute to stronger behavioral disturbances
induced by early ethanol exposure in females (Hommer et al., 2001; Squeglia et al., 2012;
Alfonso-Loeches et al., 2013; Pascual et al., 2015; Chang et al., 2018).

To investigate these questions, we focused this study specifically on neuroimmune and
neuropeptide systems in the lateral hypothalamus (LH) which may contribute to AUD. We
examined neurons expressing the orexigenic peptide, melanin-concentrating hormone
(MCH), which are particularly dense in the LH (Bittencourt et al., 1992). This neuropeptide
is found to be strongly stimulated by low-to-moderate ethanol doses administered /n utero as
well as during adolescence and adulthood (Morganstern et al., 2010; Chang et al., 2015;
Chang et al., 2018), and it is positively linked to ethanol consumption and behaviors such as
anxiety associated with AUD (Duncan et al., 2005; Gonzalez-Burgos et al., 2006; Cippitelli
et al., 2010; Morganstern et al., 2010). Of particular interest is that a large proportion of
these MCH neurons in the adolescent and adult LH are found to co-localize with the
inflammatory chemokine, C-C motif ligand 2 (CCL2), and its receptor CCR2 (Banisadr et
al., 2005b; Banisadr et al., 2005c; Chang et al., 2015; Chang et al., 2018). Both CCL2 and
CCR2 in different brain areas are shown to be stimulated by ethanol (He and Crews, 2008;
Chang et al., 2015; Drew et al., 2015; Xu et al., 2016; Harper et al., 2017; Chang et al.,
2018; Zhang et al., 2018), and they in turn are found to affect alcohol-associated behaviors
(Breese et al., 2008; Valenta and Gonzales, 2016; Bray et al., 2018). Thus, with the CCL2/
CCR2 system shown to be anatomically linked to MCH neurons in adolescent and adult
rodents, we are encouraged to investigate this neuroimmune-neuropeptide relationship
during embryonic development under conditions of ethanol exposure in utero.

Using a paradigm involving maternal intraoral administration of ethanol at a moderate dose
(2 g/kg/day) during a period of peak neurogenesis from embryonic day 10 (E10) to E15
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(Chang et al., 2015; Chang et al., 2018), we recently demonstrated in adolescent offspring
that expression of CCL2, CCR2 and MCH mRNA and the density of CCL2-, CCR2- and
MCH-immunoreactive and co-labeled neurons are increased in the LH by prenatal ethanol
exposure, with little change in amniotic chemokine levels, and that these effects in
adolescents occur in a sexually dimorphic manner, with females exhibiting a greater
response to ethanol than males. Thus, with limited information regarding the mechanisms
underlying ethanol’s effects in the embryo that may persist into adolescence, we investigated
here the developmental origins of these ethanol-induced changes in the CCL2/CCR2 system
and its relationship to MCH neurons in the LH. Our results here demonstrate that prenatal
ethanol exposure profoundly influences the neuroimmune and neuropeptide systems in the
LH early in embryonic development, and they reveal consistently stronger effects in female
embryos, offering an explanation for the sexually dimorphic, neurobiological and behavioral
consequences of prenatal ethanol that persist into adolescence.

METHODS AND PROCEDURES

Animals

All procedures were conducted in a fully accredited AAALAC facility (22°C, 12:12-h light-
dark cycle with lights off at 8 am), in accordance with protocols approved by The
Rockefeller University Animal Care and Use Committee and consistent with the NIH Guide
to the Care and Use of Laboratory Animals.

Time-pregnant, Sprague-Dawley rats (220-240g) (Charles River Breeding Laboratories,
Hartford, CT) arrived 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. In all experiments, rodent chow (LabDiet Rodent Chow 5001, St. Louis, MO) and
filtered water were available ad /ibitum. As described in the Experimental Design section
below, female and male embryos were sacrificed before birth at E19, the age used in our
prior study of the embryo (Chang et al., 2019) when MCH neurons in the LH first exhibit an
adult-like pattern (Brischoux et al., 2001). For experiments conducted in neonatal offspring,
the litters on postnatal day 0 (PO) were culled to 7= 8, and both female and male offspring
were sacrificed on P2, P7 or P15 when their MCH neurons are sufficiently dense to
characterize their relationship with the local CCL2 neurons. In all experiments when both
sexes were tested, 1 male and 1 female embryo or pup were taken from each litter while 1
female embryo or pup was taken from each litter when only females were tested, with the
number of rats/sex/group (7= 6-7) equal to the number of litters/group for all experiments.

Maternal administration of ethanol

Pregnant rats (/7= 6—7/experiment) were intraorally administered, from E10-E15 when MCH
neurons develop in the hypothalamus (Brischoux et al., 2001), either a 2 g/kg/day ethanol
solution (30% v/v) or a control solution of maltose-dextrin made isocaloric to the ethanol
solution (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
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on E11, blood ethanol concentration (BEC) was measured using Analox GM7 Alcohol
Analyzer (Lunenburg, MA, USA) and was elevated to ~80 mg/dL, consistent with previous
reports (Qiang et al., 2002; Chang et al., 2012). There were no differences between the
Untreated, Control, and Ethanol-treated groups, in terms of the dam’s body weight (238-256
g) and chow intake (60-80 kcal/day) and of the size (9-13) and body weight (5.5-7.0 g) of
their litters, with no spontaneous abortions.

Quantitative real-time PCR

Quantitative real-time PCR (QRT-PCR) was used to measure the gene expression of CCL2,
CCR2, and MCH in the LH of E19 embryo after maternal administration of ethanol or the
CCR2 antagonist INCB3344. The E19 embryos were sacrificed, their tails were collected for
genotyping to determine sex, their brains were removed, and the LH was dissected as
described (Chang et al., 2018). 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 software from published sequences, were: (1) cyclophilin: 5'-
AATATGATCAAGCATTGGCTGATC-3 (forward) and 5'-TTGTGC
TTTTCGGTATAGTGCTTT-3" (reverse); (2) CCL2: 5’-
GTGCTGTCTCAGCCAGATGCAGTT -3’ (forward) and 5’-
AGTTCTCCAGCCGACTCATTGGG-3’ (reverse); (3) CCR2: 5’-
TACCTGTTCAACCTGGCCATCT-3" (forward) and 5'-
AGACCCACTCATTTGCAGCAT-3’ (reverse); and (4) MCH: 5’-
CAAACAGGATGGCGAAGATGA-3’ (forward) and 5'-AGGCTTTCCCCATCCTGAAT-3’
(reverse). Concentration of the cyclophilin, 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 relative to mRNA levels of an internal
housekeeping gene, cyclophilin, in the same sample, and this ratio of target gene expression
to housekeeping gene expression was calculated in each rat using the standard delta-delta Ct
method. The ANOVA was then run on this ratio calculated for each subject, with the effect
of ethanol on target gene expression determined by comparing the average of the ratio in the
experimental groups to the control groups, as well as the control groups to each other. These
average ratio scores are represented in Tables 2 and 3 as “percent change” relative to the
Untreated control group.

Single- and double-labeling immunofluorescence histochemistry

Immunofluorescence histochemistry (IF) as previously described (Chang et al., 2013, 2015)
was used to characterize the CCL2-immunoreactive (CCL2*) and MCH-immunoreactive
(MCH™) cells and their distribution pattern, to determine if they are neurons as shown in
adolescent rats (Chang et al., 2018), and to quantify their density in the embryo at E19,
neonate at P2, and postnatal offspring at P7 and P15. At these ages, we found both the
CCL2* and MCH™ cells to be densely concentrated in the same area of the LH, as illustrated
by the MCH™ cells at E19 (Fig. 1A) and P2 (Fig. 1B). Further, almost all of these CCL2*
cells similar to MCH™ cells were found to be neurons, exhibiting co-labeling of the neuronal
marker NeuN (Fig. 1C) as demonstrated in weanling and adolescent rats (Chang et al., 2015;
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Chang et al., 2018) but not of the markers of astrocytes, microglia and oligodendrocytes
(Banisadr et al., 2005b; Chang et al., 2018). While all CCL2* cells in the LH of the embryo
and P2 neonate were small and similar in size, we detected in postnatal offspring starting at
P5 and more clearly at P7 two distinct subtypes of CCL2* neurons, larger ones with short
proximal processes that colocalize MCH and smaller ones with minimal processes that do
not, similar to that described in adolescent rats (Chang et al., 2018). To analyze these CCL2"
and MCH™ neurons using IF, the E19 embryos were killed by perfusing their dams
intracardially with 0.9% normal saline followed by 4% paraformaldehyde in phosphate
buffer (PB), and their brains were removed and post-fixed for 4 h in the same fixative at 4°
C, cryo-protected in 25% sucrose at 4° C for 72-96 h, and then frozen and stored at —80° C.
The P2 neonates and P7 and P15 offspring were directly perfused, and their brains were
collected and processed as with the embryos.

Brains were cut with cryostat in serial coronal sections at 30 um, a total 18—-20 sections
(approximately every other one) were taken for immunofluorescence staining in the LH, and
these free-floating sections were processed with primary antibodies and their corresponding
secondary antibodies listed in Table 1. Sections were viewed, and fluorescence images were
captured using a Zeiss fluorescence microscope with MetaVue software. 8-12 of these
sections were collected in each animal to provide images of the LH along the same anterior-
posterior level. The fluorescence images of the entire LH for quantitation were captured
using a 10x objective, while the images for Figs. 1A and 1B were captured with a 2.5x
objective to illustrate and outline the LH area in the embryo and neonate. For analysis in
each animal, images of the LH were taken at the same anterior-posterior level of coronal
plates 12 to 13 in E20 for the E19 embryo brains (Altman and Bayer, 1995) and coronal
plates A2.9 to 2.3 mm in P10 for the P2, P7 and P15 postnatal brains (Sherwood, 1970). The
density of single immunofluorescent cells in this area was then quantified using 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 um? were counted with the 10x objective,
and the population density was used to determine the density reported as cells/um?2. The
measure of cell density, defined by the total cell number/area of LH, was calculated by
Image-plus software, which after revealing no change across groups in the size of the LH
area indicates that a change in cell density reflects a change in total cell number. To examine
the small and large CCL2" cells in the same area, the image was further captured with 20x
and 40x objectives and analyzed. Those CCL2* cells with an area of <100 pm? at 20x or
100-200 um? at 40x are defined as small cells, while those cells with an area of =200 pm? at
20x or 2400 um? at 40x are defined as large cells. The density of small and large CCL2 cells
was quantified with 20x images and reported as cells/um2.

Double-labeling IF was used to examine the co-existence of CCL2 with MCH in the LH.
This was performed using a combination of primary antibodies and their corresponding
secondary antibodies as listed in Table 1, based on our previous procedures (Chang et al.,
2013, 2015). For analysis of the double-labeled CCL2* cells with MCH, the images were
captured by a Zeiss LSM 880 confocal microscope 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 um thick and the step size of 0.44-0.50 um for optimal stack collection
and analysis. Double-labeled cells were counted in 20x images and are reported here as the
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percentage of total, single-labeled 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 cell that might be an edge of a
larger cell. The distance between the small and large cells was also measured, and in some
cases it ranged from 10-30 um when the cells were particularly close while in other cases it
was up to 150 pm. To confirm that the small CCL2* cells were not debris or edges of larger
cells, DAPI was used to stain the nucleus, confocal Z-Stack sectioning (30uM thick and step
size of 1.02uM) of the double-labeling DAPI and CCL2 at 20x was collected, 3D images
were then reconstituted, and DAPI/CCL2 co-labeled 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 independent, intact
cells.

Experimental Design and Statistical Analysis

Effect of prenatal ethanol exposure on CCL2, CCR2 and MCH mRNA in LH of
the embryo.—To determine the effect of moderate prenatal ethanol exposure on mMRNA
levels of CCL2, CCR2 and MCH in the LH of the developing embryo at E19, the dams were
either untreated (Untreated) or received daily intraoral infusions from E10-E15 of either 2
g/kg/day of ethanol (Ethanol) or an isocaloric maltose-dextrin control solution (Control).
The gene expression of CCL2 and MCH as well as CCR2 in the LH of E19 embryos (7= 7/
group/sex) was measured using gRT-PCR, and the data analysis was performed using a two-
way ANOVA and paired #test.

Effect of prenatal ethanol exposure on CCL2* and MCH* neurons in LH of the
neonate.—The density of single-labeled CCL2* and MCH™ neurons, both heavily
concentrated in the LH, were examined using IF in female and male neonatal offspring at P2
(n=T7/group/sex) from Untreated, Control or Ethanol dams, and the data analysis was
performed using a two-way ANOVA and paired ~test.

Effect of prenatal ethanol exposure on large and small CCL2" single-labeled
neurons and large CCL2*/MCH* double-labeled neurons.—Density of the total
population of CCL2* neurons, of the specific large and small CCL2* single-labeled neurons,
and of the large CCL2* neurons that co-label MCH were examined using IF in female and
male postnatal offspring at P7 (n7= 6/group/sex) from Untreated, Control or Ethanol dams,
and the data analysis was performed using a two-way ANOVA and paired #test.

Maternal CCL2 antibody and its effect on ethanol-induced changes in
expression and density of CCL2* and MCH™ neurons in the embryo and
postnatal offspring.—Based on the stronger effects of prenatal ethanol exposure
observed in females compared to males, we tested the CCL2 antibody here only in female
offspring. With no studies to date involving administration of anti-CCL2 neutralizing
antibody to pregnant rats and examining its impact on the offspring, we first tested the effect
of CCL2 antibody injection in non-pregnant females to determine if it has any adverse
effects on their daily food and water intake. Non-pregnant female rats (/7= 4/group) received
at 4 h after dark onset a single intraperitoneal (i.p.) injection of the vehicle (sterile water) or
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CCL2 antibody at 1 or 5 pg/kg, doses based on prior rat studies of pain management
(Thacker et al., 2009; Bell et al., 2013). Analysis of their 24 h food and water intake using a
one-way ANOVA showed no main effect of treatment on their food intake (AH2,18) = 4.05, p
=0.425; 62 + 6.2 vs 69 + 7.1 kcal/day) or water intake (A2,18) = 3.814, p=10.643; 22 £ 5
vs 18 + 4 ml/day). Then, to determine the effect of maternal CCL2 antibody administration
on the density of CCL2 and MCH cells in the female LH, we gave two sets of pregnant dams
daily injections from E10-E15 of the CCL2 antibody (Ab) at one or two doses (1 and 5
ug/rat/day) 30 min after ethanol gavage, creating the following groups: Isocaloric Control +
Vehicle (sterile water) (Control); Ethanol + Vehicle (Ethanol); Ethanol + 1 ug CCL2 Ab;
Ethanol + 5 ug CCL2 Ab; Control + 1 ug CCL2 Ab; and Control + 5 pg CCL2 Ab. In Set 1,
embryos at E19 (n = 7/group) were sacrificed, the two doses of CCL2 antibody were
administered, and their effect on the density of CCL2* and MCH* in the LH was measured
using single-label IF. In Set 2, postnatal offspring at P15 (7= 7/group) were sacrificed, one
dose of the CCL2 antibody (1 ug/rat/day) was administered, and its effect on the density of
MCH™* neurons was measured using single-label IF.

Maternal CCR2 antagonist and its effect on ethanol-induced changes in CCL2
and MCH mRNA and cell density of the embryo.—Again, with females exhibiting
stronger effects of ethanol, we tested here only female embryos at E19 from 2 sets of
pregnant rats given intraoral administration of ethanol (2 g/kg/day, E10-E15) or its isocaloric
control and injected 30 minutes later with either INCB3344 (1 mg/kg/day, i.p.) or its vehicle.
This paradigm yielded the following 4 groups/set: Isocaloric Control + Vehicle (Control);
Ethanol + \ehicle (Ethanol); Ethanol + INCB3344; and Control + INCB3344. As indicated
in our recent study (Chang et al., 2018), comparing the effect of INCB3344 vs Control
revealed no effect on the dam’s food intake (6) = 1.25, p=0.514, 70 + 6 vs 65 + 7 kcal/
day, respectively), water intake (46) = 2.04, p=0.712, 21 £+ 4 vs 19 £ 2 ml/day,
respectively), and body weight (£6) = 0.99, p=0.609, 444 £ 5.0 vs 459 + 5.61 g), and on
the offspring’s body weight at birth ({6) = 2.36, p=0.425,8.9 + 1.9 vs 6.9 + 1.8 g), with no
spontaneous abortions observed. The embryos from Set 1 (/7= 7/group) were sacrificed and
their brains analyzed using gRT-PCR for gene expression of CCL2, CCR2 and MCH in the
LH, and those from Set 2 (7= 7/group) were examined for the density of CCL2* and MCH*
neurons in the LH using single-label IF.

Statistical analysis.—All data were presented as mean + SEM and were analyzed using
SPSS (Version 24), for normality using Shapiro-Wilk test, and homogeneity of variance
using Levene’s test. After finding all data sets to be normally distributed and to have equal
variances, we then determined significance using ANOVA. Data in experiments using
female and male offspring were analyzed using a two-way ANOVA, which tested within-
subject main effects of prenatal ethanol exposure and their respective controls, between-
subject main effects of sex, and the interactions between prenatal treatment and sex. A
significant interaction was interpreted using simple main effect analyses to test the
differences between females and males as well as differences within each sex. In
experiments that tested females only, a one-way ANOVA was used to evaluate the effect of
maternal administration of anti-CCL2 neutralizing antibody on CCL2* and MCH™ single-
labeled neurons in the LH and the effect of maternal CCR2 antagonist (INCB3344)
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administration on gene expression of CCL2, CCR2 and MCH and the density of CCL2" and
MCH™* neurons, followed by Sidak post-hoc test, with multiple comparisons corrected using
Sidak Method. Paired #tests were performed to directly compare between sexes the effects
of maternal treatment vs control groups. All graphs were prepared using the GraphPad Prism
software (Version 6).

Prenatal ethanol exposure increases the expression of CCL2, CCR2 and MCH in LH of
female and male embryos

We first tested whether maternal intraoral administration of ethanol (from E10-E15) alters
the gene expression of CCL2, CCR2 and MCH in the developing LH of the embryo at E19
and, if so, whether the effects of ethanol differ between the female and male embryos.
Analysis via a two-way ANOVA revealed a significant main effect of maternal ethanol
treatment on mRNA levels of both CCL2 (A2,36) = 5.046, p=0.012) and CCR2 (A2,36) =
64.14, p=0.000) and also of MCH (A2,36) = 25.20, p=0.000) in the LH, at 4 days after
stopping /n utero ethanol exposure (Table 2). In addition to a significant main effect of sex
on CCL2 (H1,36) =9.873, p=0.003) and CCR2 (A1,36) = 37.81, p=0.003) but not MCH
(A1,36) =0.128, p=0.722), it revealed a significant interaction between sex and maternal
treatment for mRNA expression of CCL2 (A2,36) = 9.224, p=0.000) and CCR2 (A2,36) =
9.224, p=10.000) as well as MCH (A2,36) = 4.803, p= 0.014). Simple main effect analyses
of the data for the two control groups, Control and Untreated, showed no differences
between the females and males in their mRNA levels of CCL2 (p = 0.284 for Control and p
= 0.220 for Untreated), CCR2 (p = 0.376 for Control and p = 0.591 for Untreated), and
MCH (p= 0.416 for Control and p = 0.208 for Untreated) and between the Control and
Untreated groups for females for CCL2 (p=0.978), CCR2 (p=00.872) and MCH (p=
0.985) and males for CCL2 (p=0.996), CCR2 (p=0.664) and MCH (p = 0.999) indicating
that the intraoral infusion itself had little impact on gene expression in the embryo as
previously shown in adolescent offspring (Chang et al., 2018). On the other hand, female
and male embryos exposed to ethanol were clearly different, with the females having
significantly higher mRNA levels of CCL2 (p = 0.000), CCR2 (p= 0.000), and MCH (p=
0.010) than the ethanol-exposed males (Table 2). Of particular note is the finding that
ethanol exposure strongly increased CCL2 mRNA expression in the female embryos
compared to the Control (p= 0.000) and Untreated (p = 0.000) groups, but had no impact on
the male embryos compared to their Control (o= 0.869) or Untreated (o = 0.756) groups.
Also, whereas maternal ethanol administration increased levels of CCR2 and MCH mRNA
in both females (p = 0.000 and p = 0.000, respectively) and males (p= 0.009 and p=0.047,
respectively) compared to the Control and also for both female (o= 0.000 and p = 0.000,
respectively) and males (p = 0.046 and o= 0.0501, respectively) compared to Untreated
control groups, direct comparisons (via paired £test) between the sexes exposed to ethanol
showed that the ethanol-induced increase in CCR2 mRNA was significantly greater in
females than males when compared to the Control ({12) = 6.086, o = 0.000) and Untreated
(412) = 5.869, p=0.000) groups, similar to the ethanol-induced increase in MCH mRNA
when compared to the Control ({12) = 2.707, p=0.019) and Untreated (#12) = 3.066, p=
0.010) groups. Thus, in addition to confirming the results of our prior studies in adolescent
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offspring (Chang et al., 2015), these changes in the embryos 4 days after the ethanol
treatment had stopped demonstrate that the stimulatory effects of /n utero ethanol exposure
on the CCL2/CCR2 system and MCH neurons in the developing LH are evident at this early
age and even sexually dimorphic, with the effects on CCR2 and MCH significantly stronger
in female than male embryos and the ethanol-induced increase in CCL2 mRNA not evident
in male embryos.

Prenatal ethanol exposure increases the density of CCL2* and MCH™ cells in female and
male neonates

This experiment examined the effects of maternal ethanol administration on the density of
CCL2* and MCH™ neurons in the developing LH of female and male neonatal offspring, at
P2 when these (but not CCR2") neurons could be detected using IF. As with gene
expression, analysis via a two-way ANOVA of the density of single-labeled neurons
revealed a significant main effect of /i utero ethanol exposure on the density of both CCL2*
(A2,36) = 54.203, p=0.000) and MCH* (H2,36) = 53.37, p=0.000) cells in the LH
compared to the Control group (Fig. 2A), as illustrated in the photomicrographs (Fig. 2B). It
also showed a significant main effect of sex on the density of CCL2* (H1,36) = 7.671, p=
0.009) and MCH* (A1,36) = 19.502, p=0.000) cells and a significant interaction between
sex and maternal ethanol treatment for CCL2* (A2,36) = 6.284, p= 0.044) and MCH*
(H?2,36) = 7.656, p=0.002) cells. While simple main effect analyses revealed no difference
between female and male control groups in their density of CCL2* (o= 0.867 for Control
and p = 0.893 for Untreated) and MCH™* (p= 0.863 for Control and p = 0.070 for Untreated)
cells, ethanol-exposed females had a significantly higher density of both the CCL2" (p=
0.000) and MCH™ (p = 0.000) cells in the LH compared to males (Fig. 2A). While ethanol
compared to control groups increased the density of CCL2* cells in both females (p = 0.000
for Control and p = 0.000 for Untreated) and males (p= 0.002 for Control and p = 0.000 for
Untreated) and of MCH?* cells in both females (o = 0.000 for Control and p = 0.000 for
Untreated) and males (p = 0.020 for Control and o = 0.000 for Untreated), direct
comparisons (via paired #test) between sexes showed this stimulatory effect of ethanol to be
significantly greater in females than males for both CCL2* (112) = 3.590, p= 0.004
compared to Control and f12) = 6.821, p = 0.01 compared to Untreated) and MCH™" ((12) =
4.606, p=0.001 compared to Control and #12) = 2.274 p=0.007 compared to Untreated)
cells. These analyses of cell density in the neonate at P2, consistent with the changes in gene
expression in the embryo at E19, demonstrate that prenatal ethanol exposure stimulates
CCL2* and MCH™ neurons in the LH in a sexually dimorphic manner, with female embryos
more responsive to ethanol than male embryos.

Prenatal ethanol increases density of CCL2* neurons in postnatal offspring in a cell-type
and sex-dependent manner

With our recent study in adolescent rats (Chang et al., 2018) showing maternal ethanol
administration to stimulate two types of CCL2* neurons in the LH, some of which are large
and colocalize MCH and others that are small and do not colocalize MCH, we used single-
and double-labeled IF to further examine these different CCL2" neurons in postnatal
offspring to determine if they exhibit MCH co-labeling and are differentially affected by
prenatal ethanol exposure. While our analyses of female and male embryos at E19 and the
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neonatal P2 offspring showed all CCL2" cells in the hypothalamus to be small and similar in
size, we were able to detect in both female and male postnatal offspring at P7 the clearly
differentiated large and small CCL2"* cells in the LH, almost all of which were neurons and
co-labeled NeuN, as described in the Methods and Procedures. Analysis via two-way
ANOVA of the total single-labeled CCL2* cell population in P7 offspring revealed a
significant main effect of prenatal ethanol exposure on their density (AH1,20) = 64.709, p=
0.000), a significant effect of sex (H1,20) = 8.838, p=0.008), and a significant interaction
between sex and prenatal treatment (A1,20) = 11.040, p = 0.003). While showing no
difference between the female and male postnatal offspring in the control group (6.28 x 107°
+3.00 x 108 vs 6.40 x 1075 + 1.01 x 1078, p=0.807, respectively) as shown above in the
P2 neonates, a simple main effect analysis in the ethanol-exposed groups of the total
population of CCL2* cells showed a clear difference between the females and males (8.47 x
1075+ 1.06 x 1078 vs 7.27 x 1075 + 1.94 x 1076), with a direct comparison (via paired
test) between the ethanol-induced increase in cell density revealing a significantly greater
effect in females than males (p = 0.005).

A similar analysis separately of the large, single-labeled CCL2* cells via a two-way
ANOVA revealed a significant main effect of ethanol on their density (H1,20) = 74.041, p=
0.000), a significant effect of sex (A1,20) = 53.467, p= 0.000), and a significant interaction
between sex and maternal treatment (A1,20) = 22.638, p = 0.000) (Fig. 3A), as illustrated
for females in the photomicrographs of single-labeled large cells identified by large
arrowheads (Fig. 3C). While simple main effect analyses showed no differences in the
density of these large CCL2* cells between the female and male Control groups (o= 0.086),
their density as shown with the total CCL2" cells was significantly higher in ethanol-
exposed females (p = 0.000), with ethanol having a significantly greater effect in females
(+45%) than males (+14%) when compared directly via a paired £test ({10) = -3.569, p=
0.016). Our separate analysis of the small, single-labeled CCL2* cells in the LH of postnatal
offspring yielded very different results (Fig. 3B). Analysis via a two-way ANOVA similarly
revealed a significant main effect of prenatal ethanol exposure on their density (AH1,20) =
19.430, p=0.000), as illustrated in the photomicrographs with small cells identified by a
small arrow (Fig. 3C). However, it showed no effect of sex (A1,20) = 3.062, p= 0.095) and
no interaction between sex and prenatal exposure (A1,20) = 0.000, p=1.000). Also, a
simple main effect analysis showed no difference between females and males in the density
of these small CCL2* cells in the Control (p = 0.117) and ethanol-exposed (p = 0.370)
groups, with ethanol compared to Control having a small but significant stimulatory effect in
both the female (+24%, p=0.001) and male (+13%, p = 0.028) offspring.

Further analysis of CCL2" cells that co-labeled MCH in the LH showed in postnatal
offspring that this occurred only in the large CCL2" cells and not the small CCL2* cells, as
described in adolescent offspring (Chang et al., 2018). Analysis of these large CCL2*/MCH
* double-labeled cells via a two-way ANOVA revealed a significant main effect of maternal
ethanol treatment on their density relative to the large single-labeled CCL2* (A1,20) =
120.55, p=0.000) and MCH™* (A1,20) = 193.63, p= 0.000) cells (Fig. 3D), reflecting a
significant increase after ethanol exposure as illustrated in the confocal images (Fig. 3E). It
also revealed a significant main effect of sex on the density of these double-labeled cells
relative to the single-labeled CCL2* (A1,20) = 16.633, p= 0.001) and MCH™* (H1,20) =
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37.510, p=0.000) cells and a significant sex x maternal treatment interaction on their
density relative to single-labeled CCL2" (A1,20) = 23.401, p= 0.000) and MCH™ (A1,20) =
43.683, p=0.000) cells. As with the single-labeled cells, simple main effect analyses of
these large CCL2*/MCH™* double-labeled cells in the Control group revealed no differences
between the females and males in their density relative to single-labeled CCL2" (0= 0.597)
and MCH™* (p=0.736) cells. In the ethanol-exposed offspring, however, these analyses
revealed clear sex differences, with the females compared to males having a significantly
higher density of the CCL2*/MCH™ cells relative to both CCL2* (p=0.000) and MCH* (p=
0.000) single-labeled cells (Fig. 3D). Direct comparisons between the females and males
(via paired ttest) of ethanol’s stimulatory effect on CCL2*/MCH? cell density vs Control
showed this to be significantly greater in females, relative to single-labeled CCL2" ({10) =
4.583, p=0.002) and MCH* (£10) = 6.360, p= 0.000) cells. Thus, while prenatal ethanol
exposure increased the density of both large and small CCL2* cells in the female and male
postnatal offspring, only the large CCL2" neurons that colocalize MCH were affected in a
sex-related manner, with ethanol increasing their density more strongly in females than
males.

Maternal administration of CCL2 antibody blocks the ethanol-induced increase in MCH*
neurons in the embryo

This experiment tested with maternal administration of a CCL2 antibody (Ab) whether
neutralizing of endogenous CCL2 affects the stimulatory effect of maternal ethanol
administration in E19 embryos on the development of MCH™ neurons in the LH. We
examined female embryos from dams in the following six groups: Isocaloric Control +
Vehicle (Control); Ethanol + Vehicle (Ethanol); Ethanol + 1 ug CCL2 Ab; Ethanol + 5 g
CCL2 Ab; Control + 1 ug CCL2 Ab; and Control + 5 pg CCL2 Ab. Maternal injection (i.p.)
of the CCL2 antibody during the period of ethanol exposure produced in the embryo
significant changes in the density of CCL2* neurons and also of MCH?* neurons in the LH.
A one-way ANOVA revealed a significant main effect of maternal treatment on the density
of CCL2* cells (A5,36) = 6.69, p=0.000) (Fig. 4A), as illustrated in the photomicrographs
(Fig. 4B). The post-hoc analysis showed that maternal administration of ethanol compared to
Control group significantly increased the density of CCL2" cells (+39%, p = 0.000). This
stimulatory effect was reversed by maternal administration of the CCL2 antibody which
significantly decreased the density of CCL2* cells in both the Ethanol + 1 ug CCL2 Ab and
Ethanol + 5 ug CCL2 Ab groups compared to the Ethanol group (p = 0.000 and p = 0.000,
respectively), reduced to the same level as in the Control + 1 ug CCL2 (p = 0.460) and
Control + 5 pg CCL2 (p = 0.229) groups, with no difference between the two doses of
antibodies (p = 0.636). These changes in the density of CCL2* cells in the LH of the
embryos was accompanied by significant alterations in the density of MCH™ cells, as
revealed by a one-way ANOVA (A5,36) = 20.489 p=0.000) (Fig. 4A) and illustrated in the
photomicrographs (Fig. 4B). Post-hoc analyses of the ethanol-exposed compared to Control
offspring revealed a significant increase in the density of MCH?* cells (+48%, p= 0.000).
There was a reversal of this effect after administration of the CCL2 antibody, as
demonstrated by a significant decrease in the density of MCH™* cells in the Ethanol + 1 pg
CCL2 Ab and Ethanol + 5 pg CCL2 Ab group compared to the Ethanol groups (p= 0.000
and p = 0.000 respectively), again reduced to the same levels as in the Control + 1 pg CCL2
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Ab (p=0.231) and Control + 5 pg CCL2 Ab (p = 0.690) groups. The CCL2 antibody had
little impact of its own on the density of CCL2* and MCH™* neurons in the Control group, as
revealed by no differences between the Control + 1 ug CCL2 Ab and Control + 5 pg CCL2
Ab compared to Control group for CCL2* (p=0.163 and p = 0.235, respectively) and MCH
* (p=10.812 and p=0.321, respectively) cells.

To determine if this effect of the CCL2 antibody on MCH* cells persists postnatally, we
tested 3 additional groups of offspring, Control, Ethanol and Ethanol + 1 ug CCL2 Ab, and
analyzed the offspring at P15. Analysis of the data via a one-way ANOVA revealed a
significant main effect of maternal treatment on the MCH™ cells (A2,18) = 13.46, p = 0.000)
(Fig. 4C), as illustrated in the photomicrographs (Fig. 4D). Post-hoc analyses showed that
ethanol administration compared to Control group significantly increased the density of
MCH™ cells (+56%, p= 0.000), and this ethanol-induced effect was blocked by maternal
administration of the CCL2 antibody, with the density of MCH™ cells significantly decreased
in the Ethanol + CCL2 Ab compared to Ethanol group (o = 0.000) and reduced to the same
level as in the Control group (p= 0.307). These results demonstrate that administration of a
CCL2 antibody during ethanol exposure, which reduces endogenous CCL2 in the embryo,
blocks the stimulatory effect of ethanol on CCL2* and MCH™ neurons in the LH, as shown
in both the embryo and postnatal offspring.

Maternal administration of a CCR2 antagonist blocks ethanol’s stimulatory effect on CCL2,
CCR2 and MCH mRNA

Building on our recent report that prenatal administration of the CCR2 antagonist
INCB3344 blocks the stimulatory effect of prenatal ethanol on CCL2/MCH neurons in
adolescent rats (Chang et al., 2018), this experiment by administering the CCR2 receptor
antagonist INCB3344 during the period of ethanol exposure (E10-E15) tested in the embryo
a possible involvement of the endogenous CCR2 receptor in mediating ethanol’s stimulatory
effect on MCH along with CCL2 and CCR2 expression in the LH. We examined female
embryos at E19 from dams in the following four groups: Isocaloric Control + Vehicle
(Control); Ethanol + Vehicle (Ethanol); Ethanol + INCB3344; and Control + INCB3344. A
one-way ANOVA revealed a significant main effect of treatment on the expression of CCL2
(A3,27) = 10.004, p=0.000), CCR2 (AH3,27) = 66.515, p=0.000), and MCH (A3,27) =
25.054, p=0.000) (Table 3). Post-hoc analyses showed that maternal administration of
ethanol compared to Control significantly increased the expression of CCL2 (+75%, p=
0.000), CCR2 (+125%, p=0.000) and MCH (+98%, p = 0.000), and maternal
administration of the CCR2 antagonist blocked these effects, as indicated by a significant
decrease in mRNA levels of CCL2 (p=0.001), CCR2 (p=0.000), and MCH (p = 0.000) in
the Ethanol + INCB3344 compared to Ethanol group, reduced to the same level as those in
the Control group (o= 0.604, p=0.524 and p = 0.378, respectively). There was no effect of
the CCR2 antagonist alone (Table 3), with no differences detected between the Control +
INCB3344 and the Control group in their expression of CCL2 (p= 0.604), CCR2 (p=
0.524), and MCH (p = 0.193). These results with pharmacological antagonism of the CCR2
receptor during /in utero ethanol exposure show that the integrity of endogenous CCL2 to
CCR2 signaling in the embryo is essential for the stimulatory effects of prenatal ethanol
exposure on mRNA expression of MCH in addition to CCL2 and CCR2 in the LH.
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Maternal administration of CCR2 antagonist blocks ethanol’s stimulatory effect on density
of CCL2 and MCH neurons

This experiment tested in embryos at E19 the effect of maternal administration of the CCR2
receptor antagonist INCB3344 during the period of ethanol exposure on the density of
CCL2* and MCH™ neurons in the LH. As with the analysis of gene expression, four groups
of female embryos were examined: Control, Ethanol, Ethanol + INCB3344 and Control +
INCB3344. Analysis of the data via one-way ANOVA revealed a significant main effect of
treatment on the density of CCL2* (A3,27) = 33.24, p=0.000) and MCH* (A3,27) = 24.18,
p=0.000) cells in the LH. Post-hoc analyses showed that maternal ethanol administration
compared to Control significantly increased the density of CCL2* (+50%, p= 0.000) and
MCH* (+72%, p= 0.000) cells (Fig. 5A), as illustrated in the photomicrographs (Fig. 5B),
and that these stimulatory effects of ethanol were blocked by maternal administration of the
CCR2 antagonist, as indicated by a significant decrease in the Ethanol + INCB3344
compared to Ethanol group in the density of CCL2* (p= 0.000) and MCH* (p = 0.000) cells
that returned their density to the same level as in the Control group (p= 0.156 and p = 0.238,
respectively). There were no differences between the Control + INCB3344 and the Control
group in the density of CCL2* (p = 0.270) and MCH™* (p = 0.383) cells, showing that the
antagonist had no effect of its own on these LH cells under control conditions. These results
in the embryo demonstrate that the integrity of CCR2 receptors, similar to the activity of
endogenous CCL2, is essential for the stimulatory effects of prenatal ethanol exposure on
the density of both CCL2* and MCH™ neurons as well as their gene expression in the LH

DISCUSSION

The present study demonstrates that prenatal ethanol exposure at a moderate dose (2 g/kg/
day) from E10-E15 during the period of peak neurogenesis has strong effects on neuronal
systems in the LH of the embryo and neonate, similar to that described during adolescence.
The major findings listed in Table 4 demonstrate that: 1) prenatal ethanol stimulates the
CCL2/CCR2 neuroimmune system, the expression and density of MCH neurons, and the co-
localization of CCL2 with MCH in neurons of the LH; 2) these stimulatory effects of
prenatal ethanol on CCL2 and MCH neurons are blocked by maternal administration of an
anti-CCL2 neutralizing antibody and a CCR2 receptor antagonist during the period of
ethanol exposure; 3) these effects of ethanol are sexually dimorphic, with female embryos
consistently responding more strongly than male embryos and CCL2 mRNA in male
embryos unresponsive to ethanol; and 4) CCL2 neurons in the LH, while small and
undifferentiated in the embryo, become differentiated shortly after birth into two distinct
subtypes, large CCL2 neurons that are concentrated in the LH and colocalize MCH and are
stimulated by ethanol in a sexually dimorphic manner, and small CCL2 neurons that are
stimulated by ethanol but show no colocalization with MCH and no sex difference in their
response to ethanol. Together, these findings demonstrate marked effects of prenatal ethanol
exposure on neuronal development in the LH of the embryo, which involve a close
relationship between the CCL2/CCR2 chemokine system and MCH neurons, are
consistently stronger in female embryos, and are long lasting, with the ethanol-induced
effects in the embryo and neonate very similar to those described in adolescent offspring
(Chang et al., 2018).
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With much of the literature on prenatal challenges focusing on adolescent and adult rodent
models, there is little information on the immediate or short-term changes in the
neuroimmune system of the developing embryo, which ultimately form the basis of later
disturbances in the brain and behavior and, if identified, may be targeted with treatment to
ameliorate such disturbances. While there are no studies of CCR2 in the embryo, the limited
evidence with measurements of CCL2 in the rat have revealed this chemokine in the
hypothalamus at E15 (Rosin and Kurrasch, 2018) and the hippocampus and cortex during
the early postnatal period (Pousset, 1994). The present report provides evidence for CCL2
and CCR2 mRNA in E19 embryos and also for CCL2 cells in the neonate, which similar to
that described in adolescent rats (Chang et al., 2018) are particularly dense in the LH and are
found after prenatal ethanol exposure at a moderate dose to be almost exclusively neurons
co-labeling NeuN, in contrast to the increased CCL2 and other chemokines detected in
microglia and astrocytes when stimulated by higher concentrations of ethanol and
inflammatory agents (Zou and Crews, 2010; Kane et al., 2014). In addition, we demonstrate
that prenatal ethanol exposure markedly increases the expression and density of these CCL2
neurons, consistent with ethanol’s effect on CCL2 gene expression in the hippocampus and
cortex of the rat embryo (Terasaki and Schwarz, 2016) and on CCR2 in the LH of adolescent
rats (Chang et al., 2015; Chang et al., 2018). These changes in the embryonic LH are evident
up to at least 21 days after maternal administration of ethanol is stopped and at a dose of
ethanol that has no impact on the CCL2/chemokine balance in the amniotic environment
(Chang et al., 2018). Being similar to those reported in adolescent offspring, it is clear that
these effects occur at an early age in the embryo, indicating that local alterations in neuronal
CCL2 and CCR2 arise immediately or shortly after ethanol exposure, and that they are
robust enough to persist at least into adolescence.

In addition to the CCL2/CCR?2 system, our results demonstrate in the LH that prenatal
ethanol exposure also increases mMRNA expression of MCH in the embryo and the density of
MCH neurons in the neonate. While there are few studies of MCH in the embryo, those that
exist indicate that MCH neurogenesis peaks around E12-E13, with the vast majority of
neurons concentrated in the LH (Brischoux et al., 2001; Chometton et al., 2014). This
developmental stage is precisely the same period in our paradigm when ethanol is
administered /in utero, indicating that its effects on the developing MCH neurons also arise
very early and can persist into adolescence as previously shown (Chang et al., 2018). There
is evidence that the effect on MCH neurons may vary with the intensity of the stimulation
produced by prenatal exposure to ethanol and also to stress and inflammatory factors.
Whereas a high level of prenatal stimulation is shown to either decrease (Le Thuc et al.,
2016) or have no impact on MCH expression and neuronal density (Chometton et al., 2014),
we find here and in other reports (Chang et al., 2015; Chang et al., 2018) that low-to-
moderate levels of ethanol during gestation stimulate neurogenesis and persistently increase
MCH expression and cell density in the offspring, an effect also seen with ethanol exposure
in adult rats (Morganstern et al., 2010). These dose-dependent effects of ethanol on MCH
neurons may reflect varying degrees of oxidative stress produced by ethanol at different
doses (Montoliu et al., 1995), with low stress levels stimulating MCH neurons and high
stress levels inhibiting or damaging MCH neurons.
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With prenatal ethanol exposure found to stimulate MCH neurons in the embryo concurrently
with an increase in the CCL2/CCR2 signaling cascade, the effects of ethanol on MCH may
involve the actions of this chemokine system. This is supported by the close, anatomical
relationship of CCL2 or CCR2 with MCH neurons, as indicated by their co-localization in
the LH where these neuroimmune and neuropeptide systems are particularly dense (Banisadr
et al., 2005b; Banisadr et al., 2005c; Chometton et al., 2016; Chang et al., 2018) and by our
finding here in the neonate showing prenatal ethanol to markedly increase the percentage of
MCH neurons that colocalize CCL2, similar to results described in adolescent offspring
(Chang et al., 2018). It is noteworthy that the percentage of CCL2/MCH co-labeled neurons
detected in the neonate after ethanol exposure greatly increases with age, from ~20% up to
~80% in females, in the absence of any further ethanol exposure. This suggests that the
changes initiated by ethanol exposure in the embryo are dynamic and after initial priming
continue to grow over time to reach the high level of colocalization during adolescence.

In addition to this anatomical relationship between CCL2 and MCH in the LH, our findings
also suggest a functional relationship that ascribes a mechanistic role to endogenous CCL2
in mediating ethanol’s effects on the development of MCH neurons. Maternal administration
of CCL2 during pregnancy (E10-E15), similar to maternal ethanol administration at lowto-
moderate doses, increases endogenous CCL2 in addition to CCR2 in the LH consistent with
a positive feedback loop shown for CCL2 in monocytes and mesenchymal progenitor cells
(Sakai et al., 2006; Harris et al., 2013), with our recent study (Chang et al., 2018) suggesting
that CCR2 which colocalizes with CCL2 is involved in these stimulatory effects on CCL2
neurons. Maternal CCL2 administration also stimulates the development of MCH neurons
and their expression and density in adolescent offspring (Chang et al., 2015), with high-
grade inflammation having an opposite effect on MCH (Le Thuc et al., 2016). Further,
CCL2 in vitro stimulates neurogenesis and increases the expression and density of
hypothalamic neurons containing the orexigenic peptide, enkephalin (Poon et al., 2014). On
a mechanistic level, neuronal CCL2 can induce Ca?* mobilization that stimulates
neurotransmitters and neuropeptides (Banisadr et al., 2005a; van Gassen et al., 2005) and
can enhance spontaneous excitatory currents in neurons (Sun et al., 2006; Gao et al., 2009;
Takeda et al., 2018). The importance of CCL2/CCR2 signaling in the development of MCH
neurons is further substantiated by our evidence that maternal administration of an anti-
CCL2 neutralizing antibody during the period of ethanol exposure blocks ethanol’s
stimulatory effect on both MCH and CCL2 neurons in the LH of the neonate as well as
postnatal offspring. Whereas there are no prior studies that have used this or any other
chemokine antibody to manipulate brain development in utero, its efficacy in neutralizing
cognate CCL2 molecules has been confirmed in numerous /n vivoand in vitro reports in
human and adult rodent models (Loberg et al., 2007; Guo et al., 2011; Zhu et al., 2011,
Zhang et al., 2018), and a human anti-CCL2 neutralizing antibody CNTO888 that is
effective in blocking endogenous CCL2 is shown to have therapeutic potential in inhibiting
CCL2/CCR2 mediated primary tumor growth in epithelial cells (Huang et al., 2007; Loberg
et al., 2007). With the placenta known to have specific receptor-mediating mechanisms to
actively transport immunoglobulins (Saji et al., 1999), the effects of this peripherally
administered CCL2 antibody found to be opposite to those of peripherally administered
CCL2 itself may reflect their actions directly on the fetal brain. With early stimulation by
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ethanol of neuronal CCL2 found here to fundamentally alter the patterning of MCH neurons
in the embryonic LH, such treatment which neutralizes endogenous CCL2 molecules could
help to rescue offspring from the effects of /n utero ethanol exposure on the brain and
behavior.

Our findings in the embryo also demonstrate the importance of CCR2, the receptor for
CCLZ2, in mediating the stimulatory effects of prenatal ethanol exposure on the development
of MCH neurons and their colocalization with CCR2 as well as CCL2. Antagonists of this
receptor are effective in blocking the actions of CCL2 signaling, including its stimulatory
effects on the differentiation of neural precursor cells as well as on inflammatory factors,
stress, and microglial activation (Turbic et al., 2011; Shahlaei et al., 2013; Belkouch et al.,
2014; Ren et al., 2017). Maternal administration of the CCR2 receptor antagonist
INCB3344, during the period of ethanol exposure, is shown here to block the stimulatory
effect of ethanol on MCH neurons in the LH of the embryo, consistent with its antagonism
of ethanol’s behavioral as well as neural effects demonstrated in adolescent offspring (Chang
et al., 2018). This evidence with selective blocking of CCL2’s main receptor supports the
importance of CCR2 in mediating ethanol’s effect on this neuropeptide, revealing
therapeutic potential for a CCR2 receptor antagonist in preventing the detrimental effects of
moderate ethanol administration on neuronal development.

Interestingly, the stimulatory effects of ethanol on fetal programming of both the CCL2/
CCR2 system and MCH neurons in the LH are found to be sexually dimorphic, with female
embryos exhibiting consistently stronger responses than male embryos. While not seen
under basal conditions as indicated here and in another report showing no effect of sex on
CCL2 gene expression in rat hippocampus and cortex at any age (Schwarz et al., 2012), this
sexual dimorphism becomes evident after prenatal exposure to ethanol, indicating that it is
challenge based. Our findings here in the embryo illustrated in Figs. 2 and 3, revealing
similar effects as reported in adolescent offspring (Chang et al., 2018), demonstrate that the
sexual dimorphism of ethanol’s actions occurs very early in development, around the time
when sexual differentiation starts (Vito and Fox, 1981) and well before the onset of puberty
(Sengupta, 2013; Greco et al., 2015; Gillette et al., 2017), and it is remarkably robust and
long lasting, continuing well into adolescence. Whereas ethanol’s stimulatory effects on
MCH neurons and most effects on the CCL2/CCR2 system in the LH are evident in both
female and male embryos, they are consistently and significantly stronger in females.
Notably, measurements of CCL2 mRNA which show a strong stimulatory effect of ethanol
in female embryos reveal no response in male embryos. This marked sex difference,
consistent with evidence that prenatal ethanol increases CCL2 expression in the cortex of
female embryos but reduces it in male embryos (Terasaki and Schwarz, 2016), may reflect a
reduced CCL2 signaling and Ca2* modulation in males during neurogenesis (Bizzarri et al.,
1995; van Gassen et al., 2005). While the molecular mechanism underlying such sex
differences remains to be determined, this evidence focuses our attention specifically on
neuronal CCL2 during the embryonic period of peak neurogenesis as a possible source
and/or mediator of the persistent sexual dimorphism in response to /n utero ethanol
exposure. Further investigations of this chemokine and its possible priming effects may help
us to understand the general finding that females and males are differentially affected by
adolescent and adult exposure to ethanol, with females more vulnerable to its effects and
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exhibiting a greater increase in inflammatory mediators along with more neurocinflammatory
damage and neurodevelopmental dysfunction (Hommer et al., 2001; Squeglia et al., 2012;
Alfonso-Loeches et al., 2013; Pascual et al., 2017).

Further insight into these neuronal sex differences is provided by our analysis of the
subtypes of CCL2 neurons in the LH. In adolescent rats, we recently described two distinct
subtypes of CCL2 neurons that colabel NeuN and are stimulated by ethanol, showing large
CCL2 neurons to be densely concentrated in the LH and to co-express MCH and small
CCL2 neurons to be scattered throughout the hypothalamus and surround MCH neurons
rather than colocalize MCH (Chang et al., 2018). In the present study, we found the CCL2
cells in the embryonic LH to be generally small and similar in size but to develop further
postnatally into these two distinct subtypes of CCL2 neurons. While prenatal ethanol
exposure significantly increased the density of both CCL2 neuronal subtypes in female and
male offspring at 7 days of age, we discovered that its effect on the large CCL2 neurons
many of which co-label MCH is sexually dimorphic, significantly stronger in females than
males, while its effect on the small CCL2 neurons is not. To our knowledge, this is the first
evidence showing that cells in the brain with many similar characteristics respond differently
in relation to sex depending on their size, a phenomenon similarly described in an earlier
study of large and small cells in the pineal body (Bastianelli and Pochet, 1993).

This effect of ethanol on hypothalamic neuronal programming, involving a marked increase
in the density of MCH neurons in the embryo that colocalize CCL2, is likely to have
behavioral consequences. Persisting into adolescence, this effect occurs predominantly in the
LH (Chang et al., 2018), where the CCL2, CCR2 and MCH neurons are most concentrated
(Brischoux et al., 2001; Banisadr et al., 2005b; Banisadr et al., 2005c; Chang et al., 2015).
The LH is known to be involved in arousal and active during exploratory behavior and to
have a major role in substance abuse (Barson and Leibowitz, 2017; James et al., 2017).
There is considerable evidence that prenatal ethanol exposure increases ethanol consumption
and anxiety in adolescent offspring, as demonstrated by our lab (Chang et al., 2015) and
others (Carneiro et al., 2005; March et al., 2009; Fabio et al., 2015). Moreover, there are
numerous studies positively linking CCL2 and CCR2 to excess ethanol drinking (Blednov et
al., 2005; June et al., 2015; Valenta and Gonzales, 2016; Chang et al., 2018) and anxiety
(Pascual et al., 2014; Sawicki et al., 2015) and also MCH to increased ethanol consumption
(Duncan et al., 2005; Cippitelli et al., 2010; Morganstern et al., 2010) and anxiety (Gonzalez
et al., 1996; Borowsky et al., 2002; Smith et al., 2006), with MCH injection into the LH
found to stimulate drinking behavior in adult rats (Morganstern et al., 2010). Our recent
evidence in adolescent rats, showing that ethanol drinking is stimulated by maternal
administration of CCL2 and prenatal ethanol’s stimulatory effect on this behavior is blocked
by a CCR2 antagonist (Chang et al., 2018), indicates that CCL2/CCR2 signaling is a major
factor in the ethanol-induced increase in such MCH-mediated behaviors, having long-term
positive feedback or priming effects. Thus, the fetal programming induced by ethanol of this
CCL2/CCR2 chemokine system, as it relates to and colocalizes with MCH neurons in the
LH, may contribute to the behavioral disturbances during adolescence, a time when
substance abuse strongly predicts later adult abuse and dependence (Anthony and Petronis,
1995).
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In conclusion, with most studies of this nature examining adolescent or adult animals and
administering higher ethanol doses for longer periods, the present study provides much
needed, new information about the origins and early developmental mechanisms by which
low-to-moderate prenatal ethanol exposure for a few days affects developing neurons and
later behavior. These lower doses and short duration of exposure more accurately reflect
common maternal ethanol consumption and the most prevalent and mild forms of fetal
alcohol spectrum disorders (Astley, 2010; Brady et al., 2012; Chang et al., 2015). From our
rat model studies, it is clear that low-to-moderate amounts of maternal ethanol exposure
produces marked changes in neuroimmune function and neuronal organization in the LH of
the developing embryo which persist and manifest as behavioral disturbances in adolescence
(Chang et al., 2018). Our results revealing the stimulated CCL2 and MCH neurons, together
with the greater observed sensitivity in females, are the first to demonstrate a potential
functional pathway during embryonic development that can explain the origins of long-term
prenatal ethanol-induced changes in neuronal populations of the LH and behavioral
outcomes during adolescence that disproportionately impact females (Foster et al., 2015).
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Highlights:

1. Prenatal ethanol exposure stimulates CCL2, MCH and their colocalization in
LH of the embryo and neonate

2. These effects of prenatal ethanol exposure are sexually dimorphic, stronger in
female than male embryos

3. Endogenous CCL2 and CCR2 receptors are required for prenatal ethanol’s
stimulatory effect on MCH neurons

4, These effects in the embryo are long lasting, similar to those described in
adolescent offspring that affect behavior.
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Figure 1:
Photomicrographs illustrate in the anterior-posterior level of the lateral hypothalamus (LH)

the MCH™ neurons (A, B outlined by dotted line) and CCL2* neurons (C, D located in box).
A. Image shows MCH™* neurons at 2.5x in E19 embryo brain at coronal plate 12 to 13 at E20
embryo brain. B. The MCH™* neurons at 2.5x are shown in P2 neonatal brain at coronal
plates A2.9 to 2.3 mm at P10. C. This image illustrates at 20x both large and small CCL2*
neurons (green) in P7 brain exposed /n uteroto a moderate dose of ethanol from E10-E15
showing that almost all (~95%) colabel NeuN (red) and appear yellow or red/yellow, similar
to results obtained in adolescent offspring (Chang et al., 2018). D. CCL2* neurons at 40X in
box from C, showing both the large (arrowhead) and small (arrow) CCL2* single-labeled
neurons (green), NeuN™ single-labeled neurons (red), and CCL2*/NeuN* double-labeled
neurons (yellow). Abbreviations: DMH, dorsomedial hypothalamus; VMH, ventromedial
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hypothalamus; F, fornix; LH, lateral hypothalamus; V, ventricle. Scale bar: 500 um in A and
B, 100 um in C and D.
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Control Ethanol

Figure 2:

Prenatal exposure to ethanol (2 g/kg/day, E10-E15) compared with Untreated and isocaloric
Control groups affects CCL2* and MCH™ neurons in the LH of neonatal offspring at P2 (n=
7/group/sex). A. Ethanol compared with control groups significantly increased the density of
CCL2* (top) and MCH™ (bottom) single-labeled neurons in both female and male offspring,
with the effects in females significantly greater. B. This effect in female offspring is
illustrated in representative immunostaining confocal images of CCL2* (green) and MCH*
(red) single-labeled neurons. Scale bar, 100 pm. Data are mean + SEM. * p < 0.05 versus
control groups. # p< 0.05 versus male groups.
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Figure 3:
Prenatal exposure to ethanol (2 g/kg/day, E10-E15) compared with Control group increased

the density of both large and small CCL2* neurons in the LH of postnatal offspring in P7
offspring. A. Ethanol compared with Control (7=7/group) significantly increased the density
of large CCL2* single-labeled neurons in both female and male offspring, with the effect on
the large CCL2* neurons significantly larger in females. B. Ethanol compared with Control
(n=7/group) significantly increased the density of small CCL2" single-labeled neurons in
both female and male offspring, with no significant effect of sex. C. The stimulatory effect
of ethanol compared to control is shown in representative 20x confocal images of CCL2*
single-labeled neurons in female offspring. These are more clearly illustrated at 40x by the
few large (arrowhead) and small (arrow) CCL2* neurons in the box from the Ethanol group.
D. Prenatal ethanol compared with Control (77 =6/group) increased the density also of large
CCL2*/MCH* double-labeled neurons relative to the large single-labeled CCL2* and MCH*
neurons, with this effect significantly stronger in females. E. This effect of ethanol is
illustrated in 20x confocal images showing CCL2*/MCH?* double-labeled neurons, with
those in the box illustrated to the right at 40x, with a CCL2* (green) or MCH* (red) single-
labeled neuron exhibiting CCL2*/MCH™ double-labeling (yellow). Scale bar, 100 pm. Data
are mean + SEM. *p < 0.05 versus control group. #, p < 0.05 versus males.
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Figure 4:

Maternal administration of anti-CCL2 neutralizing antibody (1 and 5 ug/rat/day, i.p.), during
the period of prenatal ethanol exposure (2g/kg/day, E10-E15), prevented the stimulatory
effect of ethanol on CCL2* and MCH?* single-labeled neurons of female embryos and
postnatal offspring. A. Ethanol treatment compared to Control increased the density of
CCL2* and MCH* neurons in E19 embryos (1 =7/group), while anti-CCL2 neutralizing
antibody (Ab) treatment blocked this effect of ethanol, similarly at both doses. B. This effect
is illustrated in representative confocal images of CCL2* and MCH?* single-labeled neurons
from Control, Ethanol and Ethanol + CCL2 Ab treated embryos. C. Ethanol treatment
compared to Control increased the density of MCH™* neurons in P15 offspring (/7= 7/group),
whereas anti-CCL2 neutralizing Ab treatment blocked this effect of ethanol. D. This effect is
illustrated in representative images of MCH™ single-labeled neurons in P15 offspring. Scale
bar, 100 um. Data are mean = SEM. *p < 0.05 versus Control and versus Ethanol + CCL2
Ab.
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Figure 5:

Maternal administration of CCR2 receptor antagonist, INCB3344 (1 mg/kg/day, i.p.), during
the period of prenatal ethanol exposure (2 g/kg/day, E10-E15), prevented the stimulatory
effect of ethanol compared to control on CCL2* and MCH?* single-labeled neurons in the

LH of female E19 embryos (n7 = 7/group). A. Ethanol treatment compared to Control
increased the density of CCL2* and MCH™ neurons, while INCB3344 treatment blocked this
effect of ethanol. B. This effect in the embryo is illustrated in representative confocal images
of CCL2* and MCH™ single-labeled neurons from Control, Ethanol, and Ethanol +
INCB3344 treated offspring. Scale bar, 100 um. Data are mean = SEM. *p < 0.05 versus
Control and versus Ethanol + INCB3344.
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Antibodies used for single- and double-labeled immunofluorescence histochemistry.
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Primary antibody  Dilution  Vendor Secondary antibody Dilution  Vendor
Single-labeling
Rabbit anti-CCL2 1:100 Cat#:0rb36895, Biorbyt Bio-Horse anti-Rabbit IgG +TSA 1:100 Vector
Fluorescin
Rabbit anti-MCH 1:200 Cat#:H-070-47, Phoenix Cy3-Donkey anti-Rabbit 1gG 1:100 Jackson
Pharmaceuticals ImmunoResearch
Laboratories
Double-labeling
Rabbit anti-CCL2 1:200 Cat#:0rb36895, Biorbyt Bio-Horse anti-Rabbit IgG + TSA 1:100 Vector
Fluorescein
Goat anti-pro-MCH  1:200 Cat#:sc-14509, Santa Cruz Cy3-Donkey anti-Goat IgG 1:100 Jackson
Biotechnology ImmunoResearch

Laboratories
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Table 2:

Prenatal ethanol exposure (2 g/kg/day, E10-E15) compared to control groups (7= 7/group) significantly
increases the lateral hypothalamus the mRNA expression (measured using gRT-PCR) of CCR2 and MCH in
both female and male embryos at E19, with the females showing a significantly greater effect, and of CCL2
mRNA in female embryos but not in male embryos. The data are represented here as mMRNA percent change,
based on average ratio scores of ethanol-treated embryos compared to the Untreated and Control groups. Data
are mean + SEM. *p < 0.05 versus control group. #, p< 0.05 versus males.

Female Male
mRNA expression

Untreated Control Ethanol Untreated Control Ethanol
CCL2 100+9.78 105+5.07 173+9.7*%  100+9.78 103+10.01 88+9.98
CCR2 100+7.19 107 +504 223+4.71* 100+3.42 112+5.08 139 + 8.38*
MCH 100 £8.23 95+7.27 191 +8.64*% 100+7.09 102 +8.57 134 +7.14*
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Table 3:

Maternal administration of a CCR2 antagonist INCB3344 (1 mg/kg/day) during the period of prenatal ethanol
exposure (2 g/kg/day, E10-E15) prevents the stimulatory effect of ethanol on CCL2, CCR2, and MCH mRNA
in the LH of female E19 embryos (7= 7/group) as measured using gRT-PCR. The data are represented here as
MRNA percent change, based on average ratio scores of ethanol-treated embryos compared to the Control
group. Data are mean = SEM. *p < 0.05 versus control group.

mRNA Control Ethanol Ethanol+INCB3344  Control+INCB3344
expression

CCL2 100+5.08 175+6.98* 118+7.27 108 + 4.06

CCR2 100 +4.11 226 +5.81* 107+3.79 102 £4.61

MCH 100+9.02 198 +8.99* 111+3.25 117 £3.41
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