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Abstract

Clinical and animal studies show maternal alcohol consumption during pregnancy causes in 

offspring persistent alterations in neuroimmune and neurochemical systems known to increase 

alcohol drinking and related behaviors. Studies in lateral hypothalamus (LH) demonstrate in 

adolescent offspring that maternal oral administration of ethanol stimulates the neuropeptide, 

melanin-concentrating hormone (MCH), together with the inflammatory chemokine C-C motif 

ligand 2 (CCL2) and its receptor CCR2 which are increased in most MCH neurons. These effects, 

consistently stronger in females than males, are detected in embryos, not only in LH but 

hypothalamic neuroepithelium (NEP) along the third ventricle where neurons are born and CCL2 

is stimulated within radial glia progenitor cells and their laterally projecting processes that 

facilitate MCH neuronal migration toward LH. With ethanol’s effects similarly produced by 

maternal peripheral CCL2 administration and blocked by CCR2 antagonist, we tested here using 

in utero intracerebroventricular (ICV) injections whether CCL2 acts locally within the embryonic 

NEP. After ICV injection of CCL2 (0.1 μg/μl) on embryonic day 14 (E14) when neurogenesis 

peaks, we observed in embryos just before birth (E19) a significant increase in endogenous CCL2 

within radial glia cells and their processes in NEP. These auto-regulatory effects, evident only in 

female embryos, were accompanied by increased density of CCL2 and MCH neurons in LH, more 

strongly in females than males. These results support involvement of embryonic CCL2/CCR2 

neuroimmune system in radial glia progenitor cells in mediating sexually dimorphic effects of 

maternal challenges such as ethanol on LH MCH neurons that colocalize CCL2 and CCR2.

Keywords

embryo; radial glia; hypothalamus; CCL2; CCR2; melanin-concentrating hormone

Correspondence should be addressed to Dr. Sarah Leibowitz, Laboratory of Behavioral Neurobiology, The Rockefeller University, 
1230 York Avenue, New York, NY 10065, USA. Phone: 212-327-8378, Fax: 212-327-8447. leibow@rockefeller.edu. 

Declaration of Interest: None

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Neuroscience. Author manuscript; available in PMC 2021 September 01.

Published in final edited form as:
Neuroscience. 2020 September 01; 443: 188–205. doi:10.1016/j.neuroscience.2020.01.020.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION

Recent studies have demonstrated that the neuroimmune system in the brain, functioning 

beyond the signaling for immune responses, produces profound changes in the development 

of neurons that result in long-term behavioral consequences (Cui et al., 2014; Crews et al., 

2015; Chang et al., 2015, 2018). The wide-ranging and long-lasting functionalities of 

neuroimmune signaling are evident in the progression of ethanol’s effects on neuronal 

development in the embryo and subsequent changes in the offspring’s behavior associated 

with increased alcohol consumption. While chronic high doses or binge drinking episodes of 

ethanol are found to affect inflammatory pathways involving such molecules as Toll-like 

receptors which cause considerable neurodegeneration that exacerbates existing alcohol use 

disorder (Lippai et al., 2013; Crews and Vetreno, 2014; Flores-Bastias and Karahanian, 

2018), there is evidence that lower levels and shorter periods of ethanol exposure can have 

very different effects. Along with elevated neuroimmune activity, these include an increase 

in cell proliferation, neurogenesis and migration (Camarillo and Miranda, 2008; Mooney 

and Miller, 2010; Skorput and Yeh, 2015) and in the expression and density of neurons in 

the lateral hypothalamus (LH) that express melanin-concentrating hormone (MCH) (Chang 

et al., 2015, 2018), a neuropeptide that promotes alcohol drinking and other behaviors 

associated with alcohol use disorder (Duncan et al., 2005; Morganstern et al., 2010; 

Karlsson et al., 2016). These studies of MCH in the LH demonstrate in the rat that maternal 

intraoral administration of ethanol, at low-to-moderate doses from embryonic day 10 (E10) 

to E15 during the period of peak hypothalamic neurogenesis (Ifft, 1972), increases in 

adolescent offspring the density of neurons that express the inflammatory chemokine C-C 

motif ligand 2 (CCL2) and its main receptor CCR2, a neuroimmune system also positively 

linked to alcohol intake (Blednov et al., 2005; June et al., 2015; Valenta and Gonzales, 

2016). It also stimulates the co-expression of CCL2 and CCR2 in up to 90% of the MCH 

neurons (Chang et al., 2015, 2018)

The possibility that the CCL2/CCR2 system actually mediates these stimulatory effects of 

ethanol on MCH neurons is supported by the additional findings that they are similarly 

produced by maternal peripheral administration of CCL2 and are blocked by maternal 

administration of the CCR2 antagonist INCB3344 during the period of ethanol exposure 

(Chang et al., 2018, 2019a). A recent study of the developmental origins of this CCL2/

CCR2-mediated stimulatory effect on neuronal development has shown that ethanol’s effects 

on MCH neurons that colocalize CCL2 and CCR2 in LH are evident in the embryo and 

neonatal offspring and are reversed by maternal administration of a CCL2 antibody that 

neutralizes endogenous CCL2 and a CCR2 antagonist that blocks CCL2’s main receptor 

(Chang et al., 2019a). Also in the embryo, maternal ethanol administration stimulates CCL2 

cells dense in the hypothalamic neuroepithelium (NEP), a primary source of neurons along 

the third ventricle (Bedont et al., 2015), and it also increases the colocalization of CCL2 

within radial glia progenitor cells and their laterally projecting processes, effects that are 

mimicked by maternal CCL2 administration and accompanied by an increased number of 

MCH neurons close to the radial glia cells and positioned along their processes (Chang et 

al., 2019b). Further tests demonstrate that these effects of maternal ethanol and CCL2 

administration on the development of CCL2 and MCH neurons are consistently stronger in 
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females than males, as shown in the embryo as well as adolescent offspring (Chang et al., 

2018; 2019a, 2019b) Thus, in response to inflammatory challenges such as ethanol, these 

studies suggest the involvement of endogenous CCL2-rich radial glia progenitor cells in 

embryos in promoting, in a sexually dimorphic manner, the genesis and migration of MCH 

neurons toward their final destination in the LH.

While bringing attention to the CCL2/CCR2 system and radial glia in the NEP as a possible 

mechanism underlying these strong stimulatory effects on neuronal development, these 

studies with maternal peripheral manipulations of ethanol or CCL2 in pregnant rats leave 

open the question as to whether these alterations in this neuroimmune mechanism result 

from direct effects on the embryonic brain or whether they are indirect consequences of 

effects in the mother produced by peripheral manipulations. To investigate this question, we 

employed here in utero intracerebroventricular (ICV) injections to directly manipulate the 

embryonic brain during the period of peak hypothalamic neurogenesis, while having 

minimal impact on maternal neuroimmune factors. This ICV technique, allowing delivery of 

substances directly into the microenvironment of developing neural systems, not only avoids 

the confounding variables of maternal peripheral injections but also reduces some 

uncertainty regarding the molecular dynamics of neuroimmune compounds crossing the fetal 

blood brain barrier. While studies over the years have employed ICV injections to alter brain 

microenvironments in adult, adolescent, and postnatal rodents (Lewinski et al., 1984; Jung et 

al., 1994; Fang et al., 2013; Li et al., 2016), this technique has more recently been used in 

the embryo to administer genetic material with electroporation to induce localized changes 

in gene expression in both superficial and deeper embryonic brain regions (Walantus et al., 

2007; Vomund et al., 2013; Fekete et al., 2017; Rosin and Kurrasch, 2018). These 

investigations have reported good success in terms of both embryo survival rates and the 

effectiveness of gene transfer as revealed by measurements after birth and into adolescence. 

To our knowledge, there are only a few in utero ICV injection studies in rodent models that 

have administered non-genetic material without electroporation directly into the embryonic 

brain for purposes of providing pharmacological manipulations. In two such reports, direct 

injections of neuroimmune signaling molecules, the growth factor TGF-B1 that promotes 

radial glia differentiation (Stipursky et al., 2014) and maternal autoantibodies related to 

autism spectrum disorders (Camacho et al., 2014), have been performed, with little 

complication and significant success in demonstrating subsequent changes in target 

molecules and target regions.

In this manuscript, we use this technique of in utero ICV injection to accomplish two goals. 

The first is to determine if this technique is a viable method for investigating and directly 

manipulating mechanisms in the embryonic brain. The second is to test whether the effects 

in the offspring produced by maternal manipulations of a neuroimmune agent during 

pregnancy can be reproduced by delivering this agent into the embryonic brain, indicating 

that they reflect direct actions on the embryo rather than indirect consequences from changes 

in the mother. Specifically, using the in utero ICV injection technique, we delivered CCL2, a 

potent signaling molecule, directly into the third ventricle of the embryo at E14, when 

hypothalamic neurogenesis peaks (Ifft, 1972), and investigated in the embryo just before 

birth at E19 its effects on neuroimmune function in both the highly proliferative NEP 

surrounding the third ventricle and the more distant neuronal systems in the LH. In the NEP, 
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we examined the CCL2-containing radial glia progenitor cells in addition to their processes 

in the medial hypothalamus (mHYP) that facilitate neuronal migration and then tested the 

CCL2 and MCH neurons in the LH, the site of their final destination. The results obtained 

with embryonic ICV CCL2 injection reveal very similar effects on the embryo as those 

produced by maternal peripheral administration of CCL2. In addition to validating this 

technique which negates potential confounding effects of maternal manipulations that 

indirectly alter the embryonic and amniotic environment, these results provide strong 

evidence for the involvement of a localized CCL2 system in the embryo brain in mediating 

the effects of maternal manipulations. They specifically demonstrate how CCL2 functions in 

an autoregulatory and sexually dimorphic manner to stimulate the radial glia progenitor cells 

and processes in which it colocalizes and the development of CCL2 neurons in the LH along 

with MCH neurons which themselves grow to colocalize CCL2 as well as CCR2.

EXPERIMENTAL PROCEDURES

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.

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 E14, at which time the 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 libitum. As described in the Experimental Design section 

below, female and male embryos were sacrificed at E19, the age before birth used in our 

prior study of the embryo (Chang et al., 2019a) when MCH neurons in the LH first exhibit 

an adult-like pattern (Brischoux et al., 2001). A total of 36 dams and 194 embryos were used 

in the experiments described below.

Embryonic third ventricular injection

Embryonic ICV injection was used to administer CCL2 (0.1 μg/μl) or a control solution 

directly into hypothalamic third ventricle of the embryo at E14, two hours after dark onset. It 

was performed as described (Haddad-Tovolli et al., 2013; Vomund et al., 2013) with minor 

modifications: 1) All surgical instruments and materials used in the procedure were 

autoclaved. 2) Glass micropipettes (1.2 mm in diameter) were prepared from 1.2 mm 

diameter glass microcapillaries (Harvard Apparatus Limited, GC120TF-10, 1.2 mm O.D. x 

0.94 mm I.D.) by being pulled in a conventional Sutter P-80 device with the settings of 

P=103, Heat=719, and Velocity=0.45. 3) Prior to the injection, the pregnant rat at E14 (or in 

one experiment at E16) was anesthetized with isoflurane inhalation, with a flow rate of 3% 

for the duration of the surgery. The dam was then placed in a supine position on a 37° C-

warmed heating pad, with a breathing mask connected to the anesthesia device (oxygen 

setting of 0.5 L/min and isoflurane at 1.5–3%) and her body fixed in place by taping her four 

legs to the table. The depth of anesthesia was frequently assessed by checking for a loss of 
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response to reflex stimulation by toe or tail pinch with firm pressure. 4) To prepare for the 

laparotomy, the abdomen was shaved and disinfected with 70% ethanol followed by three 

times with iodine-iodophorpovidone, and the rat was then covered with sterile cloths, 

exposing only the shaved operation field. 5) A longitudinal incision (1.5 to 2 cm long) was 

then made on the abdominal skin, the peritoneum was cut, and a warm cotton gauze (37° C) 

made wet with sterile normal saline dispensed from a syringe was placed around the 

incision. 6) The uterus was then made visible, pulled out carefully with blunt forceps, and 

then placed onto the warm gauze frequently rinsed with normal saline to keep it moist 

throughout the surgery. Particular care during this entire procedure was taken to avoid 

pulling tightly on the mesometrium or uterus which can increase the risk for abortion. 7) 

Observing the embryo’s head from a dorsal view, the gap or fissure between the left and 

right cortical hemispheres was located visually, with the hemispheres easy to distinguish and 

the lateral ventricles inside them generally perceived as somewhat darker shapes. Injections 

were performed only in an embryo whose head was perfectly oriented for the injection, since 

reorienting the head can injure the embryo. With the head held stationary by one hand and 

the glass micropipette by the other at a 45° angle relative to the uterine wall, the head was 

gently punctured by the micropipette at the rostral end of the gap between the cortical 

hemispheres penetrated for about 2 mm, and a 1 μl injection was slowly administered into 

the third ventricle. This procedure was repeated in all embryos with good head positions, 

with the first and last embryos (from left to right) always kept without an injection to 

minimize chances of miscarriage. 8) All injections including the vehicle (normal saline) and 

CCL2 contained the dye (0.1% Fast Green) to give visual validation as to the success of the 

injection. The CCL2 (ProSpec Protein Specialist, Cat. # CHM-315) was diluted in 0.1% Fast 

Green solution for the final concentration of 0.1 μg/μl CCL2 per injection, a dose chosen 

based on a study in adult mice (LeThuc et al., 2016) and designed to be less than one-tenth 

the dose used in our recent study with maternal peripheral administration of CCL2 (Chang et 

al., 2018). Each litter yielded embryos from the following 3 groups: 2–3 embryos were 

injected with 1μl of the saline vehicle (“ICV Control”), 3–4 were injected with the 0.1 μg/μl 

of the CCL2 solution (“ICV CCL2”), and the remaining embryos were handled but received 

no injection (“No-ICV Control”). After the injection or being handled, each embryo was 

gently returned to the uterus in its original position before moving onto the next embryo. 9) 

The peritoneal cavity was moistened with the warmed normal saline solution before it was 

closed and sutured with surgical catgut (Chromic Gut 4–0, Ethicon), and then the skin was 

closed using the “interrupted stitching” method with a more resistant suture (Vicryl 3–0, 

Ethicon). After the incision and abdomen surface were disinfected with iodine-

iodophorpovidone, the pregnant rat was removed from the anesthesia machine and placed 

into a clean recovery cage which was warmed by a heating pad (at middle gauge) until full 

recovery, which generally took approximately 1 hour. After this, the dam was moved to a 

new cage with regular diet and water, returned to the rat housing room, and monitored at 

least twice daily to insure successful recovering from the procedure without any signs of 

infection or pain. At E19, the embryos with about 85–90% survival rate were harvested, 

their tails were collected for genotyping to determine sex, and their brains were examined 

using quantitative real-time PCR and immunofluorescence histochemistry as described 

below. From each dam, we collected a total of 6 embryos, 1 embryo/sex/group, for a given 

experiment.
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Quantitative real-time PCR

Quantitative real-time PCR (qRT-PCR) was used to measure the gene expression of brain 

lipid-binding protein (BLBP), a radial glia marker (Anthony et al., 2004), along with CCL2, 

CCR2 and MCH in the NEP, mHYP and LH of the embryos. They were sacrificed at E19, 

and their brains were immediately removed and placed on a microscope slide on top of an 

ice-filled petri dish, with the ventral surface facing up for slicing. With preliminary tests 

showing the NEP and mHYP areas to yield similar results, we combined these areas for the 

qRT-PCR analysis, which are referred to in the text as “NEP+mHYP”, and dissected them 

using gem razor blades (American Safety Razor Co., Verona, VA). Two coronal cuts were 

made, with the anterior cut 0.5 mm caudal to the posterior edge of the middle optic chiasm 

(Coronal Plate 10, E20) (Altman and Bayer, 1995) and the posterior cut 1.0 mm caudal to 

the anterior cut (Coronal Plate 10 to 13, E20). After putting this slice on a microscope glass 

with its posterior level plain facing up, the NEP+mHYP area and the LH were further 

microdissected. For the NEP+mHYP dissection, a lateral cut was made 0.6 mm bilateral to 

hypothalamic third ventricle, a ventral cut was then made at dorsal edge of the medial 

eminence, and a dorsal cut was made 0.1 mm ventral to the fornix. For the LH, a dissection 

was made 0.6 to 1.0 mm bilateral to hypothalamic ventricle, with the ventral border at 0.2 

mm dorsal to the bottom of the hypothalamus and the dorsal border at the level of the fornix. 

Total RNA was then extracted from each microdissected sample, cDNA was synthesized, 

and qRT-PCR was performed, as previously described in our publications (Chang et al., 

2012; Barson et al., 2013; Chang et al., 2018) and others (West et al., 2017; Adachi et al., 

2018). The primers for BLBP, CCL2 and MCH, designed with ABI Primer Express Version 

3.0 software from published sequences, and their sequence and concentrations are presented 

in Table 1. The mRNA levels of the target gene in each rat were normalized within subject 

relative to mRNA levels of the 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. An 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 ratio in the experimental groups to the control groups, as well as 

the control groups with each other. The mRNA gene expression data are presented as 

average ratio scores in the text and as fold changes in the figures.

Single- and double-label immunofluorescence histochemistry

Immunofluorescence histochemistry (IF) was used, as previously described (Chang et al., 

2013, 2015, 2018), to characterize the distribution pattern and quantify in the embryo at E19 

the following: 1) BLBP-immunoreactive (BLBP+) radial glia progenitor cells and CCL2-

immunoreactive (CCL2+) cells in the NEP, with CCR2+ cells not detected here at E19 using 

available antibodies; 2) BLBP+ and CCL2+ fibers or processes of these NEP cells, which are 

seen in the mHYP as they project laterally toward the LH and found to be longer and more 

clearly defined for the BLBP+ than CCL2+ processes; and 3) MCH-immunoreactive (MCH
+) neurons, which in the embryo can be detected sparsely in the NEP, become denser in the 

mHYP, and are most dense in the LH. The precise areas examined, the NEP and mHYP as 

they relate to the LH, are illustrated in the photomicrographs (2.5x) of embryonic brain 

sections showing the relatively low levels of CCL2, BLBP and MCH immunoreactivity 

observed in control embryos at E19 (Fig. 1).

Chang et al. Page 6

Neuroscience. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We first examined using single-labeling IF the BLBP+ and CCL2+ cells in the NEP in 

addition to their processes in the mHYP and also the CCL2+ and MCH+ cells in the LH, 

with the embryos killed by perfusing their dams intracardially with 0.9% normal saline 

followed by 4% paraformaldehyde in phosphate buffer (PB). The tails of the embryos were 

collected for genotyping to determine the sex, and their brains were removed and post-fixed 

for 4–6 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. Brains were cut at 30 μm with a cryostat, and free-

floating coronal sections were processed with primary antibodies and their corresponding 

secondary antibodies listed in Table 2. Sections were viewed, and fluorescence images were 

captured using a Zeiss LSM 880 confocal microscope with 20x objective. For quantitation, 

the fluorescence image of the NEP, mHYP and LH as shown in Fig. 1 was outlined and 

analyzed. For each embryo, 8–10 images were collected at the anterior-posterior level of 

coronal plates 12 to 13 in E20 brains (Altman and Bayer, 1995). The density of single-label 

immunofluorescent cells in the NEP and LH was then quantified, using Image-Pro Plus 

software (Version 4.5; Media Cybernetics) as previously described (Chang et al., 2013, 

2015, 2018). Only intact cells with an area of 50–100 μm2 were counted, and the population 

density of these cells in the NEP and LH is reported as cells/μm2. The measure in the mHYP 

recorded as objects/μm2 reflects mostly the processes or fibers of the BLBP+ and CCL2+ 

cells found to be dense in this area where few cells are evident, leading us to refer to these 

objects as “processes” in the text.

Double-labeling IF was then used to determine whether CCL2 in the NEP and mHYP of the 

embryo colocalizes with the radial glial marker BLBP in its cells and processes. This double 

labeling was performed using a combination of primary antibodies and their corresponding 

secondary antibodies listed in Table 3, based on our procedures described previously (Chang 

et al., 2013, 2015, 2018). For this analysis of double-labeling, the images were captured by a 

Zeiss LSM 880 confocal microscope with 20x objective, and the double-labeling was further 

confirmed by Z-stack sectioning with a 40x oil-immersion lens, with the Z-stacks 30 μm 

thick and the step size of 0.7–0.8 μm for optimal stack collection and analysis. In all 

analyses, the cells and processes were counted in each section, and only the cells of a 

designated size (50–100 μm) were counted. The double-labeled cells counted in 20x images 

and double-labeled processes counted in 40x images are reported as the percentage of total 

single-labeled cells or processes, respectively. To confirm that the BLBP and CCL2+ cells in 

the NEP are epithelial cells, we used DAPI to stain the nucleus. Confocal Z-Stack sectioning 

(30μm thick and step size of 1.02 μm) of double-staining of DAPI with BLBP or CCL2 in 

the NEP showed with 40x objective that almost all of the radial glia cells and CCL2+ cells 

contain a nucleus, confirming that they are epithelial in nature (Chang et al., 2019b).

TUNEL, Iba-1 and GFAP immunofluorescence histochemistry

Immunofluorescence histochemistry (IF) was used, as previously described (Chang et al., 

2012, 2013, 2018), to test in the NEP and LH the effect of the ICV injection procedure itself 

compared to no injection on cell apoptosis, evaluated by TUNEL using the In Situ Cell 

Death Detection kit, Fluorescein (Roche, Catalog # 11684795910), and also on the density 

of microglia and astrocytes, evaluated using antibodies for Iba-1 and GFAP, respectively.
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Experimental Design and Statistical Analysis

Visual validation of in utero ICV injection technique: To determine the success of 

the ICV injections and the spread of the injected solution, we included Fast Green dye 

(0.1%) in each injection and performed several control tests. In E16 embryos injected with 

the Fast Green vehicle solution (1 μl), brain sections were cut 2 hours after injection to 

examine the nature of the spread through the NEP and hypothalamus. Also, after injection in 

E14 embryos of the Fast Green vehicle solution compared to no injection (n = 7/group), we 

sacrificed the embryos at E19, the age studied in the experiments, and examined the effects 

of the injection procedure itself on the density of cells stained with TUNEL for apoptosis, 

Iba-1 for microglia, and GFAP for astrocytes.

Effect of ICV CCL2 injection at E14 on CCL2, CCR2, and BLBP mRNA in NEP
+mHYP of female and male E19 embryos: In all experiments, we performed a single 

in utero ICV injection, in embryos at E14 from dams (n = 7/group) administered 1 μl of 0.1 

μg CCL2 (“ICV CCL2”) or of the saline control solution (“ICV Control”) or given no 

injection (“No-ICV Control”), with both solutions containing 0.1% Fast Green, and we then 

examined both female and male embryos at E19 (n = 7/sex/group). This first experiment 

used qRT-PCR to examine the effects of ICV CCL2 injection on gene expression of CCL2, 

CCR2 and BLBP in the NEP+mHYP as compared to the two control groups and to 

determine whether these effects differ between the sexes. The data analysis was performed 

using a two-way ANOVA and paired t-tests.

Effect of ICV CCL2 at E14 on single- and double-labeled CCL2+ and BLBP+ 

cells and processes in female and male E19 embryos: Using the same 

experimental procedure as described above, we used IF in this experiment to examine a 

separate set of female and male embryos at E19 (n = 7/sex/group) the effect of ICV CCL2 

injection (0.1 μg/μl) at E14 on the density of single-labeled CCL2+ and BLBP+ cells in the 

NEP and single-labeled CCL2+ and BLBP+ processes in the mHYP, in addition to double-

labeled CCL2+/BLBP+ cells in the NEP and CCL2+/BLBP+ processes in the mHYP. We 

also tested for sex differences in these effects. The data analysis was again performed using 

a two-way ANOVA and paired t-tests.

Effect of ICV CCL2 at E14 on mRNA levels of CCL2, CCR2 and MCH in the LH 
of female and male E19 embryos: This experiment used the same procedures and 

specifically qRT-PCR to further examine gene expression changes in the LH. In the same set 

of E19 embryos used to examine the NEP+mHYP (see above), we tested in females and 

males (n = 7/sex/group) the effect of ICV injection of CCL2 (0.1 μg/μl) at E14 on gene 

expression of CCL2, CCR2 and MCH in the LH and analyzed possible sex differences. The 

data analysis was performed using a two-way ANOVA and paired t-tests.

Effect of ICV CCL2 at E14 on the density of CCL2+ and MCH+ neurons in LH of 
female and male E19 embryos: Here, we examined embryos at E19 from a separate set 

of dams (n = 7/sex/group) using IF the effect of ICV CCL2 injection (0.1 μg/μl) at E14 on 

the density of CCL2+ and MCH+ neurons in the LH, with the data analysis performed using 

a two-way ANOVA and paired t-tests.
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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 a two-way ANOVA, which tested within-subject main effects 

of maternal ethanol administration and their respective controls, between-subject main 

effects of sex, and the interactions between maternal treatment and sex. A significant 

interaction was interpreted using simple main effect analyses to test the differences between 

sexes as well as the differences within each sex. Paired t-tests were performed to directly 

compare the effects of CCL2 ICV injections vs control groups within each sex. All graphs 

were prepared using the GraphPad Prism software (Version 6).

RESULTS

Technique involving ICV injection of CCL2 at E14 and brain analyses at E19

To more fully understand the technique of in utero ICV injection, we used a dye solution 

(0.1% Fast Green in normal saline) to reveal the nature and extent of its spread and 

performed histological analyses to verify the site of the injection and assess the extent of 

damage. As illustrated in the photomicrograph of an E16 embryo sacrificed 2 hours after 

injection (Fig. 2A), the injection through the anterior fissure of the dye solution (1 μl) shows 

from the surface of the skull how the dye is almost immediately seen filling the lateral 

ventricles of the embryo’s cortical hemispheres, a sign that the injection was successful. 

Also, as shown in a hand-cut coronal brain slice (Fig. 2B), a dense concentration of the dye 

solution is also clearly seen in the third ventricle, with the tip of the injection site (black 

arrow) evident along its ventral region. To further assess with histological analysis the extent 

of injury to the brain as well as spread of the dye, we then performed in E14 embryos from 

two dams (n = 7/dam) either a 1.0 μl injection of the dye solution (0.1% Fast Green in 

normal saline) or administered no injection and then sacrificed the embryos 2 hours later. A 

cryostat-cut section from a fresh brain at E14 reveals the point of entry of the injector (black 

arrow) in the dorsal region of the third ventricle (Fig. 2C) and illustrates at a higher 

magnification (Fig. 2D) a dense concentration of the dye solution within the NEP, as 

revealed by spots of purple or blue color along the third ventricle (small black arrows), that 

are not seen in the mHYP, suggesting that the effects of the injected solution, such as CCL2, 

may be greatest in the NEP. This is likely for the hypothalamus, with the injection occurring 

directly into the third ventricle, but also for other brain regions, with the injected solution 

spreading into the lateral ventricle. Tests with smaller volumes to reduce spread were found 

to increase the chances of an unsuccessful injection.

In an experiment using embryos sacrificed from 3 dams (n = 8–10/dam) at E19, the age 

studied in this report, we next used IF to examine the effects of the injection procedure itself 

on cells in the NEP and LH. Specifically, we tested whether ICV injection of the saline dye 

solution (1 μl) in embryos at E14 (“ICV Control”), as compared to embryos that were 

handled but received no injection (“No-ICV Control”), had effects on hypothalamic cells 

stained with TUNEL, a marker of apoptosis, and with the antibodies Iba-1 and GFAP, 

markers respectively of microglia and astrocytes. In all dams, 85–90% of the embryos were 
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found to survive in both groups. Examination of these embryo brains showed that ICV 

injection of the saline dye solution compared to no injection (n = 7/group) had no effect on 

any of these measures in the NEP and LH (Table 4). The effects on GFAP could not be 

measured, as the immunostaining of this marker was too weak in the embryo to yield 

reliable results, as described in another report (Sancho-Tello et al., 1995). These results 

demonstrate that this experimental procedure, involving ICV injections into the third 

ventricle of the embryo at E14 and analyses of brain tissue at E19, allows a compound to be 

administered that remains most concentrated in the area of the NEP along the third ventricle, 

causes minimal damage at the needle entry site and tip of the injection site that are distant 

from the observation areas in the NEP as well as LH, and produces no signs of cellular 

damage or inflammation in these areas.

ICV CCL2 increases mRNA of CCL2, CCR2, and BLBP in NEP+mHYP of female E19 
embryos

This experiment tested in the E19 embryo whether a single ICV injection of CCL2 (0.1 μg/

μl), directly into the third ventricle at E14 when neurogenesis peaks, as compared to the ICV 

Control or No-ICV Control groups stimulates the expression of CCL2 and CCR2 in the NEP

+mHYP measured using qRT-PCR. We found a significant main effect of ICV CCL2 

injection on mRNA levels of both CCL2 (F(2,36) = 4.207, p = 0.023) and CCR2 (F(2,36) = 

16.12, p < 0.0001), in addition to a significant effect of sex on CCL2 (F(1,36) = 29.06, p < 

0.0001) and CCR2 (F(1,36) = 26.76, p < 0.0001) mRNA and a significant sex x treatment 

interaction on CCL2 (F(2,36) = 11.678, p < 0.0001) and CCR2 (F(2,36) = 6.04, p = 0.005) 

mRNA expression. There were no differences between the ICV Control and No-ICV Control 

groups for CCL2 mRNA in females ( p = 0.349) and males (p = 0.287) and for CCR2 

mRNA in females (p = 0.417) and males (p = 0.728) (Table 5), indicating that the ICV 

injection procedure itself had little impact on gene expression. There were also no 

differences between female and male control groups in their mRNA levels of CCL2 (p = 

0.277 for ICV Control and p = 0.247 for No-ICV Control) and CCR2 (p = 0.198 for ICV 

Control and p = 0.074 for No-ICV Control), indicating no sex differences in these baseline 

measures. In contrast, there were clear sex differences in the embryos given ICV CCL2 

injections, with significantly higher mRNA levels in females than males of both CCL2 (p < 

0.0001) and CCR2 (p < 0.0001) in the NEP+mHYP (Table 5). Furthermore, compared to the 

ICV Control and No-ICV Control groups, the ICV CCL2 injection significantly increased in 

females mRNA expression of CCL2 (p < 0.0001 and p < 0.0001, respectively) and CCR2 (p 
< 0.0001 and p < 0.0001, respectively) while having no effect in males on CCL2 (p = 0.358 

and p = 0.079, respectively) and CCR2 (p = 0.191 and p = 0.178, respectively) (Fig. 3).

These CCL2-induced changes in expression of CCL2 and CCR2 in the NEP+mHYP were 

accompanied by changes in expression of the radial glial marker, BLBP. There was a 

significant main effect of ICV CCL2 injection on BLBP mRNA levels (F(2,36) = 27.65, p < 

0.0001), along with a main effect of sex (F(1,36) = 28.26, p < 0.0001) and a sex x treatment 

interaction (F(2,36) = 5.47, p = 0.008) (Fig. 3). Again, while control females and males did 

not differ in their levels of BLBP mRNA in the ICV Control group (p = 0.066) and No-ICV 

Control group (p = 0.129), there was a significant sex difference in BLBP expression (p < 

0.0001) in the CCL2-injected group (Table 5). The ICV CCL2 treatment compared to both 
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the ICV Control and No-ICV Control groups caused a significant increase in BLBP mRNA 

in both female (p < 0.0001 and p < 0.0001, respectively) and male (p = 0.020 and p = 0.013, 

respectively) embryos (Fig. 3). Furthermore, direct comparisons between the CCL2-injected 

females and males (via paired t-test) showed this stimulatory effect to be significantly 

greater in females compared to the ICV Control (t(12) = 3.620, p = 0.006) and No-ICV 

Control (t(12) = 3.931, p = 0.003) groups. Thus, central injection of CCL2 directly into the 

embryonic third ventricle has stimulatory effects on expression of both CCL2 and CCR2 and 

also of the radial glia marker BLBP that are sexually dimorphic, with the CCL2/CCR2 

neuroimmune system in the NEP highly responsive to CCL2 in females but unresponsive in 

males.

ICV CCL2 increases single-labeled CCL2 and BLBP cells and processes in female E19 
embryos

In our recent study of embryos at E19 (Chang et al., 2019b), we found that CCL2+ and 

BLBP+ cells are dense in the hypothalamic NEP, and they both have processes that project 

laterally through the mHYP. Here we tested in both female and male embryos at E19 

whether ICV injection of CCL2 (0.1 μg/μl) at E14 affects these single-labeled CCL2+ and 

BLBP+ cells and processes. In the NEP, there was a significant main effect of ICV CCL2 

injection on the density of single-labeled CCL2+ cells (F(2,36) = 18.42, p < 0.0001), along 

with a significant effect of sex (F(1,36) = 21.83, p < 0.0001) and a significant sex x 

treatment interaction (F(2,36) = 11.86, p = 0.00), and also a significant main effect of ICV 

CCL2 on the density of single-labeled BLBP+ cells (F(2,36) = 19.76, p < 0.0001), along 

with a significant effect of sex (F(4,36) = 5.75, p = 0.022) and a significant sex x treatment 

interaction (F(2,36) = 3.601, p = 0.038) (Fig. 4A). In addition, there was a significant main 

effect of ICV CCL2 injection on the density of single-labeled CCL2+ processes (F(2,36) = 

17.23, p < 0.0001), along with a main effect of sex (F(1,36) = 31.14, p = 0.001) and 

significant sex x treatment interaction (F(2,36) = 8.27, p = 0.001), and also a significant 

main effect on the density of single-labeled BLBP+ processes (F(2,36) = 34.09, p < 0.0001), 

along with a main effect of sex (F(1,36) = 18.14, p < 0.0001) and a significant sex x 

treatment interaction (F(2,36) = 18.31, p < 0.0001) (Fig. 4B). There were no differences 

between the female and male control groups and between the two control groups within each 

sex. The female and male control embryos were similar in the density of single-labeled cells, 

both CCL2+ for the ICV Control (p = 0.7154) and No-ICV Control (p = 0.487) groups and 

BLBP+ for the ICV Control (p = 0.539) and No-ICV Control (p = 0.990) groups, and the 

density of single-labeled processes, both CCL2+ for the ICV Control (p = 0.134) and No-

ICV Control (p = 0.329) groups and BLBP+ for the ICV Control (p = 0.801) and No-ICV 

Control (p = 0.790) groups. There were also no sex differences between the ICV Control and 

No-ICV Control groups in the density of single-labeled CCL2+ cells for females (p = 0.884) 

and males (p = 0.872) and BLBP+ cells for females (p = 0.702) and males (p = 0.806) and of 

single-labeled CCL2+ processes for females (p = 0.073) and males (p = 0.534) and BLBP+ 

processes for females (p = 0.431) and males (p = 0.797).

In contrast, ICV CCL2-injected embryos showed significant sex differences in the single-

labeled cells in the NEP (Fig. 4A) and their processes in the mHYP (Fig. 4B). The females 

had a markedly higher density than male embryos of both single-labeled CCL2+ (p < 
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0.0001) and BLBP+ (p = 0.001) cells and single-labeled CCL2+ (p < 0.0001) and BLBP+ (p 
< 0.0001) processes. Further, ICV injection of CCL2 in female embryos caused a significant 

increase in the density of single-labeled CCL2+ cells compared to their ICV Control (p < 

0.0001) and No-ICV Control (p < 0.0001) groups and of single-labeled CCL2+ processes 

compared to their ICV Control (p < 0.0001) and No-ICV Control (p = 0.043) groups. This is 

in contrast to the ICV CCL2-injected male embryos, which exhibited no change in the 

density of CCL2+ cells compared to their control groups (p = 0.421 and p = 0.872, 

respectively) and CCL2+ processes compared to their control groups (p = 0.499 and p = 

0.198, respectively). The ICV CCL2-injected embryos also showed significant sex 

differences in the single-labeled BLBP+ cells and processes, with the females having a 

higher density than males of single-labeled BLBP+ cells (p = 0.001) and processes (p < 

0.0001). Also, while ICV CCL2 injection increased in both females and males the density of 

single-labeled BLBP+ cells compared to the ICV Control (p < 0.0001 for female and p = 

0.024 for male) and No-ICV Control (p < 0.0001 for female and p = 0.042 for male) groups 

and of BLBP+ processes compared to the ICV Control (p < 0.0001 for female and p = 0.015 

for male) and No-ICV Control (p < 0.0001 for female and p = 0.028 for male) groups, direct 

comparisons between the CCL2-injected females and CCL2-injected males (via paired t-
test) showed the stimulatory effect of CCL2 to be significantly greater in females than males 

on the BLBP+ cells when compared to ICV Control (t(12) = 2.554, p = 0.035) and No-ICV 

Control (t(12) = 3.107, p = 0.009) groups and the BLBP+ processes when compared to the 

ICV Control (t(12) = 4.626, p = 0.001) and No-ICV Control (t(12) = 4.251, p = 0.002) 

groups. These effects of ICV CCL2 injection detected only in female embryos are clearly 

illustrated in the photomicrographs (Fig. 4C). While sparse under control conditions, the 

CCL2+ and BLBP+ cells in the NEP of embryos given ICV CCL2 injections become very 

dense along the third ventricle, as do their CCL2+ and BLBP+ processes extending into the 

mHYP with are shorter and fewer in number for CCL2.

ICV CCL2 increases double-labeling of CCL2 within BLBP cells and processes in female 
E19 embryos

Further analyses in the same embryos of the CCL2+ and BLBP+ cells and processes showed 

CCL2 to exist in the BLBP-labeled radial glia cells of the NEP and their processes in the 

mHYP, as previously described (Chang et al., 2019b). There was a significant main effect of 

ICV CCL2 injection (0.1 μg/μl) on the density of double-labeled CCL2+/BLBP+ cells 

relative to the single-labeled CCL2+ (F(2,36) = 75.49, p < 0.0001) and BLBP+ (F(2,36) = 

31.63, p < 0.0001) cells, along with a significant effect of sex on these double-labeled cells 

relative to single-labeled CCL2+ (F(1,36) = 54.86 p < 0.0001) and BLBP+ (F(1,36) = 17.92, 

p < 0.0001) cells and a significant sex x treatment interaction for CCL2+/BLBP+ cells 

relative to single-labeled CCL2+ (F(2,36) = 50.52, p < 0.0001) and BLBP+ (F(2,36) = 18.85, 

p < 0.0001) cells (Fig. 4D). It similarly showed a significant main effect of ICV CCL2 

injection on the density of double-labeled CCL2+/BLBP+ processes relative to the single-

labeled CCL2+ (F(2,36) = 75.49, p < 0.0001) and BLBP+ (F(2,36) = 31.63, p < 0.0001) 

processes, along with a significant effect of sex on these double-labeled processes relative to 

single-labeled CCL2+ (F(1,36) = 54.86, p < 0.0001) and BLBP+ (F(1,36) = 17.92, p < 

0.0001) processes and a significant sex x treatment interaction for CCL2+/BLBP+ processes 

relative to single-labeled CCL2+ (F(2,36) = 5.052, p < 0.0001) and BLBP+ (F(2,36) = 18.85, 
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p < 0.0001) processes (Fig. 4E). Double-labeled cells and processes in control groups 

showed no differences between the female and male embryos and between the control 

groups within each sex. In contrast to control embryos, the ICV CCL2-injected embryos 

exhibited strong sex differences in the colocalization of CCL2 with the BLBP+ radial glia 

cells and processes. Female embryos compared to males had a significantly greater 

percentage of double-labeled CCL2+/BLBP+ cells, relative to single-labeled CCL2+ (p < 

0.0001) and BLBP+ (p < 0.0001) cells, and double-labeled CCL2+/BLBP+ processes, 

relative to single-labeled CCL2+ (p < 0.0001) and BLBP+ (p < 0.0001) processes. 

Furthermore, ICV CCL2 injection in female embryos compared to controls significantly 

increased the percentage of double-labeled CCL2+/BLBP+ cells, relative to single-labeled 

CCL2+ (p < 0.0001 for ICV Control and p < 0.0001 for No-ICV Control) and BLBP+ (p < 

0.0001 for ICV Control and p < 0.0001 for No-ICV Control) cells, and of double-labeled 

CCL2+/BLBP+ processes, relative to single-labeled CCL2+ (p < 0.0001 for ICV Control and 

p < 0.0001 for No-ICV Control) and BLBP+ (p < 0.0001 for ICV Control and p < 0.0001 for 

No-ICV Control) processes (Fig. 4E). This is in contrast to ICV CCL2 injection in male 

embryos, which had no effect on double-labeled CCL2+/BLBP+ cells, relative to single-

labeled CCL2+ (p = 0.119 for ICV Control and p = 0.246 for No-ICV Control) and BLBP+ 

(p = 0.187 for ICV Control and p = 0.489 for No-ICV Control) cells, and on double-labeled 

CCL2+/BLBP+ processes, relative to single-labeled CCL2+ (p = 0.735 for ICV Control and 

p = 0.635 for No-ICV Control) and BLBP+ (p = 0.188 for ICV Control and p = 0.182 for 

No-ICV Control) processes. These effects of ICV CCL2 injection in female embryos are 

illustrated in the photomicrographs (Fig. 4F), which show the marked increase in percentage 

of radial glia progenitor cells in the NEP and processes in the mHYP that colabel CCL2, an 

effect that is not evident in male embryos.

ICV CCL2 increases mRNA levels of CCL2, CCR2 and MCH in LH of female and male E19 
embryos

This experiment tested whether the stimulatory effect of ICV CCL2 injection at E14 on 

CCL2 within radial glia in the NEP is accompanied by a change in expression of CCL2, 

CCR2 and MCH at E19 in the LH where their cells are densest and the gene expression of 

CCL2 and CCR2 mRNA is 5-fold lower in concentration than that in the NEP+mHYP. This 

analysis revealed a significant main effect of ICV CCL2 injection (0.1 μg/μl) on gene 

expression of CCL2 (F(2,54) = 14.61, p < 0.0001), CCR2 (F(2,54) = 12.459, p < 0.0001) 

and MCH (F(2,54) = 65.28, p < 0.0001), along with an effect of sex on CCL2 (F(1,54) = 

12.40, p = 0.001),CCR2 (F(1,54) = 4.141, p = 0.047) and MCH (F(1,54) = 28.06, p < 

0.0001) and a sex x CCL2 treatment interaction for CCL2 (F(2,54) = 15.60, p < 0.0001), 

CCR2 (F(2,54) = 6.525, p = 0.003) and MCH (F(2,54) = 16.14, p < 0.0001). There were no 

differences between the female and male control groups and also between the ICV Control 

and No-ICV Control groups (Table 5). In embryos given an ICV injection of CCL2 at E14, 

however, there were clear differences between the females and males. The CCL2-injected 

females compared to CCL2-injected males had significantly higher mRNA levels in the LH 

of both CCL2 (p < 0.0001) and CCR2 (p < 0.0001). Also, ICV CCL2 injection compared to 

control groups significantly increased in the LH of female embryos mRNA levels of both 

CCL2 (p < 0.0001 for ICV Control and p < 0.0001 for No-ICV Control) and CCR2 (p < 

0.0001 for ICV Control and p < 0.0001 for No-ICV Control). However, ICV CCL2 had no 
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effect in male embryos on the expression of CCL2 (p = 0.195, for ICV Control and p = 

0.259 for No-ICV Control) and CCR2 (p = 0.312 for ICV Control and p = 0.534 for No-ICV 

Control) (Fig. 5). Similarly, ICV CCL2 injection significantly increased MCH gene 

expression in the LH of both females and males as compared to the ICV Control (p < 0.0001 

for females and p = 0.001 for males) and No-ICV Control (p < 0.0001 for females and p = 

0.001 for males) groups. However, the direct comparisons between the female and male 

embryos injected with CCL2 showed the stimulatory effect on MCH in the LH to be 

significantly greater in the females compared to the ICV Control (t(18) = 2.655, p = 0.016) 

and No-ICV Control (t(18) = 2.577, p = 0.019) groups (Fig. 5). Further analyses of MCH 

mRNA levels in the NEP+mHYP, while 10-fold lower than in the LH, revealed a similar 

stimulatory effect of ICV CCL2 injection, with a significant main effect of ICV CCL2 

treatment on MCH expression (F(2,36) = 27.573, p < 0.0001), along with no significant 

effect of sex (F(1,36) = 2.569, p = 0.118) and a significant sex x CCL2 treatment interaction 

(F(2,36) = 4.481, p = 0.018) (Table 5). While ICV CCL2 injection significantly increased 

MCH gene expression in both females and males as compared to the ICV Control ( p < 

0.0001 for females and p = 0.023 for males) and No-ICV Control (p < 0.0001 for females 

and p = 0.005 for males) groups, direct comparisons of CCL2’s effect in female and male 

embryos showed it to be significantly greater in the females compared to the ICV Control 

(t(12) = 2.389, p = 0.034) and No-ICV Control (t(12) = 2.709, p = 0.019) groups. These 

results demonstrate that ICV injection of CCL2 has similar stimulatory effects on CCL2, 

CCR2 and MCH in the LH as observed in the NEP.

ICV CCL2 increases density of CCL2+ and MCH+ cells in LH of female and male embryos

Here we used single-labeled IF to test whether ICV CCL2 injection at E14 affects the 

density of CCL2+ and MCH+ neurons in the LH of E19 embryos. There was a significant 

main effect of ICV CCL2 administration (0.1 μg/μl) compared to control groups on the 

density of CCL2+ cells in the LH (F(2,36) = 7.84, p = 0.001), together with a significant 

effect of sex (F(1,36) = 6.093, p = 0.005) and a significant interaction between sex and ICV 

CCL2 treatment (F(2,36) = 6.093, p = 0.005). There were no differences between ICV 

control and No-ICV control groups for females and males and between the females and 

males. In contrast, there were significant differences between the female and male embryos 

that received ICV injection of CCL2 (Fig. 6A). The ICV CCL2-injected females had 

significantly greater CCL2+ cell density in the LH than the males (p < 0.0001), and the ICV 

CCL2 treatment significantly increased in female embryos the density of CCL2+ cells 

compared to the ICV Control (p < 0.0001) and No-ICV Control (p < 0.0001) groups (Fig 

6A), as illustrated in the photomicrographs (Fig. 6B). The male embryos exhibited no 

response to the ICV CCL2 injection compared to both their ICV Control (p = 0.604) and 

No-ICV Control (p = 0.711) groups (Fig. 6A).

This sexually dimorphic effect of ICV-injected CCL2 on endogenous CCL2 in the LH was 

accompanied by changes in the density of MCH+ neurons in this area that were also sexually 

dimorphic (Fig. 6C). There was a significant main effect of ICV CCL2 treatment (F(2,36) = 

18.96, p < 0.0001), along with a significant effect of sex (F(1,36) = 12.33, p = 0.001) and a 

significant interaction between sex and ICV CCL2 treatment (F(2,36) = 3.303, p = 0.0048). 

While there were no differences between the ICV control and No-ICV control groups for 
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females and males and between the females and males, the females had a significantly 

higher density than males of MCH+ neurons (p < 0.0001). Whereas ICV CCL2 treatment 

caused a significant increase in MCH+ cell density in both the females compared to their 

ICV Control (p < 0.0001) and No-ICV Control (p < 0.0001) groups and the males compared 

to their ICV Control (p < 0.0001) and No-ICV Control (p < 0.0001) groups, direct 

comparisons (via paired t-test) between females and males of the CCL2-induced increase in 

MCH+ neurons showed this effect to be significantly stronger in the females than males 

when compared to the ICV Control (t(12) = 2.836, p = 0.015) and No-ICV Control (t(12) = 

2.185, p = 0.049) groups (Fig. 6C). This effect on MCH+ neurons in the LH of female 

embryos is illustrated in the photomicrographs (Fig. 6D). These single-labeled CCL2+ and 

MCH+ cells, while too few in number in the embryonic hypothalamus to reveal significant 

colocalization using double-labeling IF, are most concentrated in the same area of the LH 

(see Materials and Methods) where they are shown to exhibit significant CCL2+/MCH+ 

colabeling in the neonate as well as adolescent offspring (Chang et al., 2018, 2019a). These 

results, consistent with measurements of gene expression, show ICV CCL2 injection to 

increase the density of CCL2+ cells in the LH along with MCH+ neurons in the same area, 

supporting a close relationship between this chemokine and neuropeptide.

DISCUSSION

Studies investigating prenatal exposure to teratogenic compounds are generally limited to 

maternal peripheral manipulations, precluding an analysis of disturbances that reflect actions 

directly within the fetal brain. Such functional clarity at the fetal level, however, is crucial 

for a comprehensive understanding of embryonic mechanisms mediating the effects 

observed subsequently in the offspring, as well as for developing effective therapeutic 

interventions. The current study demonstrates the use of in utero ICV injections for 

delivering pharmacological agents, first to directly manipulate in the embryo specific 

neuroimmune signaling in a particular region, as shown here for the CCL2/CCR2 axis in the 

NEP where neurons are born, and then to investigate the anatomical and functional 

relationship of this CCL2/CCR2 system and local cell development to the density of neurons 

in a distant area, as shown here for the LH where both CCL2 and CCR2 are found to exist in 

neurons and colocalize with the orexigenic neuropeptide, MCH. After several practice tests, 

we garnered an 85–90% survival rate with direct injections into the third ventricle at E14. 

We also performed control tests that allow us to exclude possible confounding effects of the 

injection procedure itself, showing that the vehicle injection compared to no injection has no 

apparent impact on cell development or inflammation in the embryonic brain. Further, by 

delaying nearly a week after the injection before extracting the offspring brains just prior to 

the usual birth date, we further mitigated any confounding variables that may arise, not only 

from the injection procedure itself but also from the birth process and postnatal environment. 

To determine the extent of spread of the injected substance, we tracked the progression of an 

injected Fast Green solution and found it to fill the lateral ventricles of the cortical 

hemispheres, an indication that the ICV injection was successful, and also the hypothalamic 

third ventricle as demonstrated in a fresh tissue dissection shortly after injection. Further 

histological analyses revealed a very dense concentration of Fast Green specifically in the 

NEP itself, with much lower concentrations evident within the hypothalamus, and they 
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showed little dye beyond the adjacent ventricles, suggesting that the injected solution 

remained confined within the embryonic brain and did not spread to the amniotic fluid or 

maternal brain. With the present experiments injecting a CCL2 solution directly into the 

third ventricle at E14 during peak hypothalamic neurogenesis, the success of this single ICV 

injection and the likelihood that CCL2 is directly affecting the hypothalamic CCL2/CCR2 

neuroimmune system in an auto-regulatory manner are indicated by the marked changes in 

the embryonic NEP and LH observed days later at E19.

Our results demonstrate that ICV CCL2 injection significantly stimulates CCL2/CCR2 

signaling in the NEP. While the vehicle injection procedure itself causes no apparent 

apoptosis or inflammatory response, administration of CCL2 into the third ventricle 

significantly increases in female embryos mRNA expression of both CCL2 and CCR2 and 

the density of CCL2 cells, some of which are shown to be neurons (Chang et al., 2019a, 

2019b). Whereas endogenous CCL2 has been implicated in alcohol-induced neurotoxicity 

(Ren et al., 2017; Zhang and Luo, 2019), the cytotoxic effects produced by CCL2 

administration have yet to be investigated and can be directly tested in the embryo brain with 

ICV injection of CCL2. With a moderate dose of prenatal ethanol exposure that stimulates 

CCL2 found to have no effect on apoptosis (Chang et al., 2012) and a study with CCL2 

siRNA suggesting that CCL2 reduces cellular apoptosis while increasing cell proliferation 

(Lu et al., 2017), CCL2 at least at low-to-moderate concentrations may be more involved in 

neuronal development than apoptosis. There are numerous in vitro studies showing CCL2 to 

be a potent neuromodulator, causing an increase in the proliferation, differentiation and 

migration of neurons (Liu et al., 2007; Turbic et al., 2011; Poon et al., 2014), in neuronal 

excitability (Gao, 2009; Takeda et al., 2018), and in neurotransmitters and neuropeptides 

(van Gassen et al., 2005). There is also a recent in vivo study showing peripheral CCL2 

administration to increase the density of CCL2 neurons that co-express CCR2 in the LH 

(Chang et al., 2019a) and in vitro evidence that CCL2 acting on its own cell containing 

CCR2 stimulates its own production and secretion (Sakai et al., 2006; Harris et al., 2013; 

Cazareth et al., 2014). These different reports consistent with the present study suggest that 

CCL2 has a potent stimulatory effect on neural systems in the brain and that it functions 

under autocrine regulation, properties that need to be further investigated with direct 

pharmacological manipulation of the fetal brain. The present results obtained with in utero 
ICV CCL2 injection focus attention on the NEP as a site where this auto-regulatory loop 

functions, with CCL2 activating its own signaling within cells along the third ventricle and 

promoting the development of neurons that express CCL2 as well as CCR2.

Further tests here reveal a close relationship of this CCL2/CCR2 system in the hypothalamic 

NEP to radial glia progenitor cells that are dense in the NEP and have processes that branch 

through the mHYP toward the LH. Radial glia have a diverse set of functionalities based on 

their subpopulation distinction, which include serving as the primary neural progenitor cells 

for the brain and providing extended processes or scaffolds that guide migrating neurons 

from their site of differentiation to their terminal locations, determining their distribution 

and patterning (LaMonica et al., 2013; Barry et al., 2014; Taverna et al., 2014; Bedont et al., 

2015). With direct pharmacological manipulation of the embryonic brain, we show here that 

CCL2 injected into the third ventricle at E14, in addition to upregulating the endogenous 

CCL2/CCR2 system and increasing CCL2 cell proliferation in the NEP, stimulates at E19 
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the expression and density of BLBP-labeled radial glia progenitor cells and their processes 

projecting laterally through the mHYP toward the LH. Consistent with evidence showing 

CCL2 to co-express with BLBP-labeled radial glia-like cells in a neural stem cell niche of 

the spinal cord (Knerlich-Lukoschus et al., 2010), we additionally demonstrate that ICV 

CCL2 injection markedly stimulates the colocalization of CCL2 within radial glia cells and 

processes. This close anatomical relationship suggests that the CCL2/CCR2 system in the 

hypothalamic NEP has a function within radial glia in promoting neurogenesis and 

providing processes to facilitate the migration of neurons to distant hypothalamic regions 

such as the LH. This is further supported by in vitro evidence that CCL2 strongly stimulates 

the migration of primary hypothalamic neurons (Poon et al., 2014) and in vivo evidence that 

CCR2 receptors in the embryo are required for the stimulatory effect on radial glia and local 

neurons produced by ethanol (Chang et al., 2019b). Together, these findings indicate a 

potential functional pathway through which endogenous CCL2 acts in an auto-regulatory 

fashion to stimulate CCL2/CCR2 signaling in the NEP and increase the proliferation and 

migration of neurons toward the LH, including those that colocalize CCL2 and CCR2.

Our findings additionally suggest that these stimulatory effects of CCL2 in the proliferative 

NEP are accompanied by changes in neuronal patterning in an outer region of the 

hypothalamus, the LH. Direct manipulation by ICV CCL2 injection in the developing brain 

at E14 markedly increases in this area both mRNA expression of CCL2 and CCR2 and the 

density of CCL2 cells in E19 embryos. These cells are clustered in the middle of the LH, 

where they have been identified as neurons colabeling NeuN and found to colocalize CCR2 

(Chang et al., 2015, 2018, 2019a). With this stimulatory effect in the embryonic LH similar 

to that observed in the NEP and this same effect of ethanol shown to be blocked by a CCR2 

antagonist (Chang et al., 2019a), the results here suggest that the CCL2 cells originate in the 

NEP, deriving specifically from CCL2-colocalizing radial glia cells, and they act within 

radial glia processes that provide scaffolds to facilitate cell migration, similar to that 

described for neuroepithelial radial glia in the cortex that generate neurons in outer cortical 

regions (Noctor et al., 2007; Franco et al., 2012; Barry et al., 2014). This idea receives 

additional support from our tests showing that the injected dye, and likely CCL2, is highly 

concentrated within the NEP while weaker throughout the hypothalamus, the mRNA levels 

of both CCL2 and CCR2 in the NEP are 5-fold higher than those in the LH, and the CCL2 

cells in the NEP are distinct in having laterally projecting processes which likely participate 

in guiding the migration of neurons toward the LH.

Of particular interest is that these effects produced by direct pharmacological manipulation 

of the embryonic brain via ICV injection are similar to those produced by maternal 

peripheral administration of CCL2, which as recently reported include a stimulatory effect 

of maternal CCL2 on the CCL2/CCR2 system in the NEP and LH along with the radial glia 

cells and processes (Chang et al., 2018, 2019a, 2019b). In addition to revealing a similarity 

in these effects of peripheral and central administration, the present findings are notable in 

showing a single ICV injection of CCL2 at E14 during peak hypothalamic neurogenesis to 

be sufficient in producing effects similar in magnitude to those caused by 5 days of maternal 

peripheral injections of CCL2 from E10 to E15. This demonstrates how vulnerable the 

embryonic brain is to direct challenges, such as that produced by neuroimmune factors 

(Akhtar et al., 2017), and how the effects of maternal peripheral administration are 
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significantly buffered, requiring a higher dose and longer period of exposure. With proper 

controls for confounding effects of in utero ICV manipulations and a lack of confounding 

variables from maternal manipulations, the present findings lead us to conclude that the 

peripheral manipulations in pregnant dams are, in fact, acting directly on chemokine systems 

in the embryonic brain rather than indirectly through effects on the mother. Studies with 

maternal administration of ethanol, at a moderate dose and during the same embryonic 

period, reveal similar stimulatory effects on this neuroimmune system and show them to be 

blocked by maternal administration of a CCR2 antagonist and to be evident not only in the 

embryo but also in adolescent offspring (Chang et al., 2015, 2018, 2019a). Together, this 

evidence suggests that the endogenous CCL2/CCR2 system in radial glia of the embryo is 

necessary for, and a strong mediator of, a CCL2- or ethanol-induced increase in cell 

proliferation in the NEP and the migration through the mHYP of neurons that terminate in 

the LH, effects that persist into adolescence.

Along with the increased expression and density of CCL2 cells in the LH, our study 

demonstrates that ICV injection of CCL2 in the embryo at E14 has a stimulatory effect on 

the neuropeptide MCH, increasing its expression and density of MCH neurons in the LH. 

These MCH-expressing neurons, also stimulated in embryos and adolescent offspring by 

maternal peripheral administration of CCL2 or ethanol, are clustered in the middle part of 

the LH where the CCL2 cells are dense and up to 90% of MCH neurons are found to 

colocalize CCL2 as well as CCR2 (Chang et al., 2015, 2018, 2019a). These results are 

consistent with in vitro reports, showing CCL2 to increase the expression and density of 

other peptide-expressing neurons (Poon et al., 2014) and stimulate the differentiation of 

neurons (Edman et al., 2008) and also to have lasting impact on the excitability and function 

of surrounding proinflammatory mediators (Cerri et al., 2016). Together with this evidence, 

the close relationship between CCL2 and MCH in LH neurons suggests a specific 

mechanism through which this neuroimmune system acts intracellularly to stimulate and 

contribute to changes in development of specific peptide-expressing neurons induced by 

challenges such as ethanol that stimulate CCL2. After initial priming by embryonic ethanol 

exposure, this mechanism linking CCL2 to MCH appears to be dynamic in nature without 

further exposure, with the percent of MCH neurons colocalizing CCL2 that are very low in 

E19 embryo when cells are relatively sparse markedly increased a few days later to 

approximately 40% in the neonate and to almost 90% in adolescent offspring (Chang et al., 

2015, 2018). The additional finding, that ICV injection of CCL2 stimulates MCH mRNA in 

the NEP as well as the LH, supports the possibility that MCH neurons in the LH originate 

from the NEP, as previously suggested (Chang et al., 2019b). With knock-down of a similar 

pro-inflammatory chemokine, CXCL12, shown to disrupt radial glia migratory scaffolds and 

ultimately alter migratory patterns (Abe et al., 2015; Ding et al., 2015; Zhu et al., 2015), we 

propose that CCL2 by acting within radial glia cells in the NEP and their processes in the 

mHYP promotes the genesis and migration specifically of MCH neurons to the LH. This is 

substantiated by evidence that maternal ethanol administration which stimulates CCL2 

increases the number of MCH neurons within the NEP, where the radial glia cells colocalize 

CCL2, and also within the mHYP, where the MCH neurons are positioned along the CCL2-

upregulated processes of the radial glia that appear to be guiding the MCH neurons into the 

LH (Chang et al., 2019b).
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An important finding of the present study is that the effects of ICV CCL2 injection 

examined in both female and male embryos are sexually dimorphic. As shown with maternal 

peripheral administration of CCL2 or ethanol (Chang et al., 2018; 2019a, 2019b), the 

stimulatory effects of ICV CCL2 injection on radial glia in the NEP and MCH neurons in 

the LH are consistently stronger in female embryos, although also evident in males. Of 

particular note is that the positive, auto-inducing effects of ICV CCL2 injection on the 

hypothalamic CCL2/CCR2 system, both the expression of CCL2 and CCR2 and the density 

of CCL2 cells in the NEP and LH, occurs only in female embryos, with no such effects 

detected in male embryos. This dramatic sex difference evident in the embryonic NEP and 

LH is consistent with two other studies in the embryo which measured CCL2 cell density in 

the LH (Chang et al., 2019a) and CCL2 gene expression in the cortex and hippocampus 

(Terasaki and Schwarz, 2016). While these sex differences in response to CCL2 or ethanol 

likely reflect the effects of sex hormones and enzymes known to stimulate neurogenesis 

(Pellegrini et al., 2016; Brocca and Garcia-Segura, 2019), specific evidence that male testes 

are active in the embryo while female ovaries are quiescent (McCarthy et al., 2018), leading 

to high intracerebral levels of estrogen in male embryonic brain (Bakker et al., 2006), 

suggests that the neuroprotective effects of this steroid (Chakrabarti et al., 2016; McEwen 

and Milner, 2017) may serve to diminish the auto-inducing effects of CCL2 in males. While 

there is limited evidence suggesting sexual dimorphism in neuroimmune systems that affect 

neuronal differentiation (Alfonso-Loeches et al., 2013; Terasaki and Schwarz, 2016; Pascual 

et al., 2017), these results with central administration of CCL2 similar to peripheral CCL2 or 

ethanol focus attention specifically on the hypothalamic CCL2/CCR2 system in the NEP as 

a key mechanism contributing to the sexual dimorphic, stimulatory effects on CCL2-labeled 

radial glia and also on MCH neurons. With males still exhibiting a small increase in MCH 

despite no effect on embryonic CCL2/CCR2 system in the NEP, additional factors are likely 

to be involved in the increased density of MCH neurons. These include other neuroimmune 

systems known to be stimulated by ethanol (Crews et al., 2015) and other signals that 

contribute to the greater responsiveness in females of MCH neurons to metabolic challenges 

(Fukushima et al., 2015).

These results obtained with direct manipulations of embryonic CCL2/CCR2 systems further 

advance our understanding of the neuroimmune mechanisms in the embryonic brain and 

how they mediate effects on neuronal development produced by maternal challenges such as 

ethanol. This mechanism involves the production and dispersion of endogenous CCL2, 

which through CCR2 acts within neuroepithelial radial glia cells to promote neural 

differentiation and migration toward LH of MCH neurons that colocalize CCL2 and CCR2. 

This neuroimmune system in embryos, found to be strongly stimulated in females while 

unresponsive in males, likely mediates the sexually dimorphic effects of CCL2 and ethanol 

on MCH neurons and possibly contributes to the higher levels of adolescent risk factors for 

alcohol use disorders described in women (Foster et al., 2015; Peltier et al., 2019).
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Abbreviations

CCL2 Chemokine C-C motif ligand 2

CCR2 CCL2 receptor

MCH Melanin-concentrating hormone

ICV intracerebroventricular injection

LH Lateral hypothalamus

E10, E14, E19 Embryonic day 10, embryonic day 14, embryonic day 19

qRT-PCR Quantitative real-time polymerase chain reaction

NEP Neuroepithelium

mHYP Medial hypothalamus

IF Immunofluorescence histochemistry

BLBP Brain lipid-binding protein

Iba-1 Microglial marker

CXCL12 C-X-C motif chemokine 12
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Highlights:

1. Intracerebroventricular (ICV) injection in utero of CCL2 has similar effects 

on embryo as maternal CCL2 administration.

2. ICV CCL2 stimulates endogenous CCL2 in hypothalamic neuroepithelial 

radial glia progenitor cells.

3. These autoregulatory effects are accompanied by increased CCL2 and MCH 

neurons in lateral hypothalamus that colocalize CCL2.

4. These effects are sexually dimorphic, with neuroepithelial CCL2/CCR2 

system auto-regulated in female but not male embryos.

5. These results support involvement of embryonic CCL2/CCR2 system in 

mediating effects of maternal challenges such as ethanol.
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Figure 1: 
DIC image (2.5x) illustrates in E19 embryo the three hypothalamic regions investigated in 

this manuscript. It shows from medial to lateral the hypothalamic neuroepithelium (NEP) 

along the third ventricle (V), the medial hypothalamus (mHYP) immediately lateral to the 

NEP, and the lateral hypothalamus (LH). Scale bar, 200 μm.
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Figure 2: 
A dye solution (0.1% Fast Green in normal saline) was used and histological analyses were 

performed to investigate the ICV injection technique, verify the injection site, and determine 

the nature and extent of spread of the injected solution. Immunofluorescence histochemistry 

(IF) was also performed to examine the effects of the injection procedure on cells in the NEP 

and LH. A, Photomicrograph of surface of embryo brain illustrates the dye solution injected 

through the anterior fissure as it fills the lateral ventricles of an E16 embryo. B, Coronal 

brain slice shows dense concentration of dye solution in the third ventricle and the tip of 

injection site (black arrow) in the ventral region. C, Cryostat-cut section from E14 brain 

shows point of entry of injector (black arrow) in the third ventricle. D, Higher magnification 

shows dense concentration of the dye solution within the NEP, indicated by blue and purple 

colored spots (small black arrows) along the third ventricle. E, Photomicrographs of ICV 

Control compared to No-ICV Control groups stained with TUNEL, a marker for apoptosis, 

show ICV injection of dye solution has no effect on TUNEL+ cells in the NEP and LH of 

E19 embryos (data in Table 4). F, Photomicrographs of ICV Control compared to No-ICV 

Control groups stained with Iba-1, marker for microglia, show ICV injection of dye solution 

has no effect on the density of Iba-1+ cells in the NEP and LH of E19 embryos (data in Table 

4). Abbreviations: af: anterior fissure; ch, cortical hemisphere; IF, immunofluorescence; 

mHYP, medial hypothalamus; NEP, neuroepithelium; 3v, third ventricle; vl, lateral ventricle; 

Scale bars, 500 μm.
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Figure 3: 
ICV CCL2 administration (0.1 μg/μl, E14) compared to ICV Control and No-ICV Control 

groups (n = 7/sex/group) significantly increases mRNA levels (using qRT-PCR) of CCL2, 

CCR2, and BLBP in the NEP+mHYP of E19 embryos, with the data presented here as 

mRNA fold change (compared to No-ICV Control) based on average ratio scores given in 

Table 4. This stimulatory effect of CCL2 on endogenous CCL2 and CCR2 mRNA levels is 

evident only in female embryos, with the effect on BLBP mRNA significantly greater in 

females compared to that seen in males. Abbreviations: CCL2, C-C motif ligand 2; BLBP, 

brain lipid-binding protein; mHYP, medial hypothalamus; NEP, neuroepithelium. Data are 

mean ± SEM. *p < 0.05 versus control group. #, p < 0.05 versus males.
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Figure 4: 
ICV CCL2 administration (0.1 μg/μl, E14) compared to ICV Control and No-ICV Control 

groups (n = 7/sex/group) increases the density of single-labeled CCL2 and BLBP cells in the 

NEP and processes in the mHYP and the percentage of double-labeled CCL2+/BLBP+ radial 

glia cells and processes in NEP and mHYP of E19 embryos. A, ICV CCL2 compared to 

control groups increases in the NEP the density of CCL2+ cells, in female but not males 

embryos, and of BLBP+ cells, in both sexes but significantly greater in females. B, ICV 

CCL2 compared to control groups increases in the mHYP the density of CCL2+ processes, 
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in female but not male embryos, and BLBP+ processes, in both sexes but significantly 

greater in females. C, These effects in ICV CCL2 compared to ICV Control embryos are 

illustrated in representative immunostaining images (40x) of single-labeled CCL2+ cells and 

processes (green) and BLBP+ cells and processes (red) in female embryos, with individual 

cells in Control embryo identified by white arrows.. D, ICV CCL2 compared to control 

groups significantly increases in the NEP the percentage of double-labeled CCL2+/BLBP+ 

radial glia cells, relative to single-labeled CCL2+ or BLBP+ cells, in female but not male 

embryos. E, ICV CCL2 compared to control groups significantly increases in the mHYP the 

percentage of double-labeled CCL2+/BLBP+ radial glia processes relative to single-labeled 

CCL2+ and BLBP+ processes, in female but not male embryos. F, This effect of ICV CCL2 

on double-labeled CCL2+/BLBP+ cells and processes is illustrated in the 20x images, with 

those in the box enlarged to the right (40x) showing (white arrows) the single-labeled 

CCL2+ (green) and BLBP+ (red) cells and processes and the double-labeled CCL2+/BLBP+ 

cells and processes (yellow). Abbreviations: CCL2, C-C motif ligand 2; BLBP, brain lipid-

binding protein; mHYP, medial hypothalamus; NEP, neuroepithelium; V, third ventricle. 

Scale bars, 200 μm. *p < 0.05 versus control group.
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Figure 5: 
ICV CCL2 administration (1 μg/μl, E14) compared to ICV Control and No-ICV Control 

groups (n = 7/sex/group) stimulates in the LH of E19 embryos the expression of CCL2, 

CCR2, and MCH measured using qRT-PCR, with the data presented here as mRNA fold 

change (compared to No-ICV Control) based on average ratio scores given in Table 5. This 

stimulatory effect on CCL2, CCR2, and MCH mRNA levels is evident in both the female 

and male embryos but is significantly greater in the female embryos. Abbreviations: CCL2, 

C-C motif ligand 2; MCH, melanin-concentrating hormone; LH, lateral hypothalamus. Data 

are mean ± SEM. *p < 0.05 versus control group. #, p < 0.05 versus males.
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Figure 6: 
ICV CCL2 administration (0.1 μg/μl, E14) compared to ICV Control and No-ICV Control 

groups (n = 7/sex/group) increases the density of CCL2+ and MCH+ cells in the LH of E19 

embryos. A, CCL2 ICV compared to control groups significantly increases the density of 

CCL2+ cells in the LH of female but not male embryos. B, Photomicrographs (20x) 

illustrate the CCL2+ cells in the LH of E19 embryos in the three groups, with individual 

cells in Control embryos identified by white arrows. C, ICV CCL2 compared to control 

groups significantly increases the density of MCH+ neurons in the LH of both female and 

male embryos, with the females showing a significantly greater effect. D, Photomicrographs 

(20x) illustrate the MCH+ neurons (and their processes) in the LH of female embryos in the 

three groups, with individual cells in Control embryos identified by white arrows. 

Abbreviations: CCL2, C-C motif ligand 2; MCH, melanin-concentrating hormone; mHYP, 

medial hypothalamus; NEP, neuroepithelium. Scale bars, 100 μm. Data are mean ± SEM. *p 
< 0.05 versus control group. #, p < 0.05 versus males
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Table 1:

Primers for measurements of mRNA levels using qRT-PCR

Gene GenBank 
Accession

Forward 5’−3’ Reverse 5’−3’ Concentration 
(nM)

Cyclophilin NM_001004279 TGTGCTGAATATTGGTGCTTGTAA TGTGCTGAATATTGGTGCTTGTAA 200

BLBP NM_030832 TGATTCGGTTGGATGGAGACA CGACATCCCCAAAGGTGAGA 200

CCL2 NM_031530 GTG CTG TCT CAG CCA GAT GCA 
GTT

AGT TCT CCA GCC GAC TCA TTG 
GG

400

CCR2 NM_021866 TAC CTG TTC AAC CTG GCC ATC T AGA CCC ACT CAT TTG CAG CAT 400

MCH M_29712 CAAACAGGATGGCGAAGATGA AGGCTTTCCCCATCCTGAAT 50

Abbreviations: BLBP, brain lipid-binding protein; CCL2, C-C motif ligand 2; CCR2, receptor for CCL2; MCH, melanin-concentrating hormone.
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Table 2:

Antibodies used for single-labeling immunofluorescence histochemistry

Primary antibody Dilution Vendor Secondary antibody Dilution Vendor

Rabbit anti-CCL2 1:200 Biorbyt, CA Bio-Horse anti-Rabbit IgG + 
TSA Fluorescin

1:100 Vector, CA

Rabbit anti-BLBP 1:200 Abcam, MA Cy3-Donkey anti-Rabbit IgG 1:100 Jackson ImmunoResearch 
Laboratories Inc, PA

Rabbit anti-MCH 1:1000 Phoenix Cy3-Donkey anti-Rabbit IgG 1:100 Jackson ImmunoResearch

Pharmaceuticals, CA Laboratories. Inc, PA

Rabbit anti-Iba-1 1:1000 Wako Chemicals USA, VA Cy3-Donkey anti-Rabbit IgG 1:100 Jackson ImmunoResearch

Laboratories. Inc, PA

Mouse anti-GFAP 1:50 EMD Millipore, MA Cy3-Donkey anti-Mouse IgG 1:100 Jackson ImmunoResearch

Laboratories. Inc, PA

Abbreviations: CCL2, C-C motif ligand 2; BLBP, brain lipid-binding protein, marker for radial glia; MCH, melanin-concentrating hormone; Iba-1, 
marker for microglia; GFAP, marker for astrocytes.
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Table 3:

Antibodies used for double labeling immunofluorescence histochemistry

Combination Primary 
antibody Dilution Vendor Secondary antibody Dilution Vendor

CCL2+BLBP Rabbit anti-CCL2 1:200 Biorbyt, CA Bio-Horse anti-Rabbit IgG 
+ TSA Fluorescein

1:100 Vector, CA

Mouse anti-BLBP 1:200 Abcam, MA Cy3-Donkey anti-Mouse 
IgG

1:100 JacksonImmunoResearch 
Laboratories. Inc, PA
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Table 4:

Density of TUNEL+and Iba-1+cells in NEP+mHYP and LH of the embryo brain

Labeled Cells Location No-ICV Control (cells/μm2) ICV Control (cells/μm2)

TUNEL NEP+mHYP 1.81E-4 ± 1.52E-5 1.80E-4 ± 4.52E-6

LH 1.33E-4 ± 2.35E-6 1.33E-4 ± 2.42E-6

Iba-1 NEP+mHYP 1.64E-4 ± 8.67E-6 1.67E-4 ± 6.36E-6

LH 4.74E-5 ± 4.08E-6 5.10E-5 ± 3.01E-7

Abbreviations: CCL2, C-C motif ligand 2; BLBP, brain lipid-binding protein, radial glia marker.

Abbreviations: LH, lateral hypothalamus; NEP, neuroepithelium; mHYP, medial hypothalamus; TUNEL, terminal deoxynucleotidyl transferase 
dUTP nick end labeling; Iba-1, marker for microglia; ICV, intracerebroventricular
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Table 5:

Effects of CCL2 ICV injection on mRNA expression in NEP+mHYP and LH of embryo brain

NEP+mHYP Female Male

mRNA No-ICV Control ICV Control ICV CCL2 No-ICV Control ICV Control ICV CCL2

CCL2 6.2E-4 ± 3.1E-5 6.9E-4 ± 3.7E-5 9.8E-4 ± 8.7E-5*# 5.4E-4 ± 3.8E-5 6.1E-4 ± 4.3E-5 4.7E-4 ± 5.0E-5*

CCR2 3.3E-3 ± 1.9E-4 3.0E-3 ± 1.3E-4 4.9E-3 ± 2.2E-4*# 2.4E-3 ± 1.6E-4 2.6E-3 ± 1.7E-4 3.0E-3 ± 3.9E-4*

BLBP 5.6E-2 ± 3.2E-3 5.7E-2 ± 5.0E-3 8.2E-2 ± 4.5E-3* 4.5E-2 ± 1.6E-3 4.8E-2 ± 1.3E-3 6.4E-2 ± 3.8E-3

MCH 6.6E-4 ± 3.9E-5 7.1E-4 ± 1.1E-5 1.1E-3 ± 6.1E-5* 6.8E-4 ± 4.3E-5 7.2E-4 ± 3.2E-5 8.6E-4 ± 4.9E-5

LH Female Male

mRNA No-ICV Control ICV Control ICV CCL2 No-ICV Control ICV Control ICV CCL2

CCL2 6.8E-4 ± 4.7E-5 7.1E-4 ± 4.6E-5 1.2E-3 ± 5.0E-5*# 7.1E-4 ± 6.0E-5 7.2E-4 ± 6.3E-5 8.2E-4 ± 4.6E-5*

CCR2 2.4E-3 ± 1.4E-4 2.5E-3 ± 1.5E-4 4.0E-3 ± 3.3E-4*# 2.5E-3 ± 2.9E-4 2.6E-3 ±1.7E-4 2.8E-3 ± 9.8E-5*

MCH 7.5E-3 ± 4.1E-4 7.5E-3 ± 3.9E-4 1.5E-2 ± 9.7E-4*# 7.5E-3 ± 3.2E-4 6.91E-3 ± 5.0E-4 9.6E-3 ± 3.3E-4*

Abbreviations: LH, lateral hypothalamus; NEP, neuroepithelium; mHYP, medial hypothalamus; CCL2, C-C motif ligand 2;

CCR2, C-C motif receptor 2; BLBP, brain lipid-binding protein, marker for radial glia; MCH, melanin-concentrating hormone;

ICV, intracerebroventricular
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