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Abstract

This study examined developmental changes and sexual dimorphisms in hypothalamic
microRNAs, and whether gestational exposures to environmental endocrine-disrupting chemicals
(EDCs) altered their expression patterns. Pregnant rat dams were treated on gestational days 16
and 18 with vehicle, estradiol benzoate, or a mixture of polychlorinated biphenyls. Male and
female offspring were euthanized on postnatal days (P) 15, 30, 45, or 90, and microRNA and
MRNA targets were quantified in the medial preoptic nucleus (MPN) and ventromedial nucleus
(VMN) of the hypothalamus. MicroRNAs showed robust developmental changes in both regions,
and were sexually dimorphic in the MPN, but not VMN. Importantly, microRNAs in females were
up-regulated by EDCs at P30, and down-regulated in males at P90. Few changes in mMRNAs were
found. Thus, hypothalamic microRNAS are sensitive to prenatal EDC treatment in a sex-,
developmental age-, and brain region-specific manner.
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Introduction

During the period of brain sexual differentiation in gestation and early postnatal life,
gonadal hormones organize the development of brain structures that govern sex-typical
physiology and behavior (1, 2). Exposure to exogenous hormones or endocrine-disrupting
chemicals (EDCs) during this life stage results in structural and functional neurobiological
changes (3). The underlying molecular pathways for these effects are varied, and can
involve gene and protein expression, apoptosis, neurogenesis, and molecular epigenetic
mechanisms such as DNA methylation and histone modifications (4-8).

A recently identified player in brain sexual differentiation are microRNAs, a family of small
regulatory noncoding RNAs that bind to the 3’-untranslated region of a target mRNA,
causing mRNA translational repression and/or degradation (9). The expression of some
microRNASs is hormone-sensitive, and microRNAs, in turn, influence the expression of
genes involved in mediating hormone responses (10, 11). Individual microRNAs are
expressed in the nervous system in a region- and development-specific manner (12, 13).
Some, such as mir-124a and mir-9 are important in neurodevelopment (14, 15), and are
highly expressed in the hypothalamus (e.g. mir-7, mir-132, mir-219) (16-18). Furthermore,
a number of hypothalamic microRNAs are expressed in a sexually-dimorphic manner during
development (e.g., [in28/let-7 family) (19). Although research on links between prenatal
hormones on microRNA expression on the brain is limited, work on prenatal or maternal
stress demonstrates effects on expression of a subset of these and other microRNAs (20, 21).

The effects of prenatal EDCs on developmental expression of microRNAs have not been
studied in the hypothalamus, but their effects have been shown in other tissues including
mouse Sertoli cells (22), whole brains, and livers (23); rat penile shafts (24) and
hippocampal cultures (25); and human breast carcinoma (26, 27) and placental cell lines
(28). In the current study, we addressed whether a class of prenatal EDCs affect the
expression of microRNAs during brain sexual differentiation following prenatal exposure of
rats to A1221, a mixture of polychlorinated biphenyls (PCBs) that has previously been
shown to perturb expression of sexually dimorphic genes in the brain and cause reproductive
and behavioral phenotypic changes in adulthood (4, 5, 29-32). We also assayed several
MRNA targets of the microRNAs. Work was conducted on two sexually-dimorphic,
hormone-sensitive hypothalamic regions involved in reproductive physiology and behavior
(33-38), the medial preoptic nucleus (MPN) and the ventromedial nucleus (VMN). These
regions function as complementary regulatory hubs for motivated behaviors such as social
interactions and sex, feeding, aggression, and fear (33—-38), and are important potential but
under-studied targets of endocrine disruption.

Materials and Methods

Animals and Treatments

All protocols were performed in accordance with the guidelines from the National Institutes
of Health’s Guide for the Care and Use of Laboratory Animals and approved by the
Institutional Animal Care and Use Committee at the University of Texas at Austin. Brain
regions were collected from rats used for a published study on effects of EDCs on gene
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expression in other hypothalamic regions, and detailed husbandry is provided in that report
(31). In brief, Sprague-Dawley rat dams and sires (Harlan, Houston, TX) were purchased,
and the dams fed low phytoestrogen Harlan Teklad 2019 Global Diet ad libidum for at least
2 weeks prior to mating. The first day of successful pregnancy was termed embryonic day
(E) 0. At the beginning of the third trimester, corresponding to the onset of the period of
hypothalamic sexual differentiation, on E16 and E18, the dams were injected with one of
three treatments: 1 mg/kg A1221 (AccuStandard, New Haven, Connecticut, number C221N,
i.p.): 50 pg/kg estradiol benzoate (EB; Sigma number E8515, s.c.); the vehicle [100%
dimethylsulfoxide (DMSO) Sigma number D4540; Sigma, St. Louis, Missouri] was
alternated i.p. and s.c.; all in 0.1 ml volume. No effect of route was found on the outcomes
examined and therefore the two DMSO routes (s.c. and i.p. injections) groups were
combined for the analysis. The dosage, route, and timing of exposure were based on
published work showing effects on reproductive function and gene expression in exposed
rats (4, 5, 29-32). Average age of vaginal opening in females was 34 days, with no
treatment effects (31). Preputial separation in males occurred on P42.1 (DMSO), P42.5
(EB), and P42.9 (A1221), with the DMSO and A1221 groups significantly different (p <
0.05) from one another (31).

Brain tissue collection and storage

On P15, P30, P45, and P90, one male and one female littermate were euthanized 2—3 hours
before lights out by rapid decapitation. There were a total of 10 litters per treatment, with 30
litters total. The final sample size was n=10 animals per treatment per age. Trunk blood was
collected, allowed to clot, and centrifuged to collect the serum for hormone assays. Body
and organ weights were also measured at euthanasia. The brains were dissected and cut into
1 mm coronal sections using a rat brain matrix, and bilateral micropunches of MPN and
VMN were collected using a Palkovits punch (0.98 mm in diameter) (30). Post-pubertal
females were monitored daily by vaginal smears and euthanized on proestrus.

RNA isolation, preparation, and real-time PCR

Total RNA was isolated from frozen MPN and VMN punches of individual male and female
rats using a mirVana microRNA isolation kit according to the manufacturer’s protocols
(catalog no. AM1560, Life Technologies, Carlsbad, CA). All RNA samples were analyzed
for quantity by Nanodrop spectrophotometry and run on the Bioanalyzer 2100 using the
Agilent RNA 6000 Nano Kit (catalog no. 5067-1511, Agilent Technologies, Santa Clara,
CA) to assess RNA purity and integrity. Only RNA samples with the RIN of 8 or higher
were used.

Total RNA (200 ng total for mRNA, 10 ng for microRNA) was used to generate cDNA.
Tagman MicroRNA Reverse Transcription Kit (catalog no. 4366596) with Tagman RT
primers (catalog no. 4440886, Life Technologies) and high-capacity cDNA reverse
transcription kit with RNase inhibitor (catalog no. 4374966, Life Technologies) were used
for microRNA and mRNA, respectively, according to the manufacturer’s recommended
protocols.
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For microRNA analysis, we selected eight specific microRNA assays based on evidence for
their expression in the hypothalamus (let-7a, let-7b, mir-124a, mir-132, mir-145, mir-219,
mir-7, mir-9) (16, 39, 40). Due to the small amount of starting material, only biological
replicates were used for analysis. Technical replicates were run prior to the experiment to
validate each assay and intra-assay CV was determined to be <2%. For these and other
assays, a no-reverse transcription control was run to confirm the absence of genomic DNA
contamination, and a positive control was run on each plate to control for inter-plate
variability. Inter-plate variability was <4%.

The choice of mMRNAs was based on a combination of in silico predictions from the results
of the Comir analysis of microRNA results, together with a review of the literature on
neuroendocrine functions controlled by these genes (4, 5, 30, 31, 41). We conducted real-
time PCR analysis using Tagman primer and probe sets for subsets of 8 genes (Ar, Clock,
Lepr, Lin28b, Ppara, Grin2a, Igflr, Ar, Pgr) based on microRNA results by sex and brain
region. All samples were run in triplicate to account for pipetting errors. No sample had a
CV > 2%, however, those replicates that were > 1.5 SD from the mean of the individual
were omitted from the analysis, with up to 2 samples per gene removed.

Real-time PCR for microRNA and mRNA analysis was carried out on an ABI ViiA7 using
Applied Biosystems TagMan Universal PCR Master Mix (catalog no. 4324018, Life
Technologies) and using the following run parameters: 95°C for 10 minutes, 50 cycles of
95°C for 15 seconds, and 60°C for 1 minute.

In silico analysis of combinatorial microRNA activity

To determine the potential mMRNA targets of the microRNAs that were affected by sex,
treatment, or age, we used the prediction program ComiR, chosen for its combinatorial
approach in gene target identification, to generate a list of MRNA targets for each region and
sex (43, 44). The selected genes were verified for the number of binding sites of the
predicted microRNAs using Targetscan. The bioinformatic analysis was done across age in
four groups: female MPN, male MPN, female VMN, and male VMN. The microRNA
groups used for ComiR analysis were mir-145 and mir-7 in female MPN; mir-132, mir-219,
mir-9, mir-145, let-7a, and mir-124a in male MPN; let-7a, mir-124a, and mir-219 in female
VMN; mir-124a in male VMN. DAVID was used to provide biological interpretation of the
large gene lists generated by ComiR and annotate them by gene families and function (45,
46). Putative targets were chosen for further analysis based on their known role in neuronal
function and their algorithm score, as determined by the computer modeling programs (43—
46).

Hormone Assays

Serum testosterone and estradiol levels in the same rats used herein have previously been
measured, and assay characteristics and results were published previously (31). For the
current study, hormone concentrations were used for correlation analysis with microRNA
and mRNA levels in the MPN and VMN in bionetwork analyses.
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All raw CT microRNA and mRNA data were normalized within sex to the median of the
DMSO P15 group in an R statistical package for qPCR analysis which utilized a generalized
linear mixed model with Poisson-lognormal errors and a Bayesian Marco Chain Monte
Carlo sampling scheme (47). All data were normally distributed and homoscedastic. The
statistical analysis was done using the multiple comparisons analysis of variance (ANOVA),
which addresses the false discovery rates of multiple comparisons, to compare each endpoint
(genes and microRNAS) using sex, age, and treatment as independent variables. The R
package was run in naive form, without specifying any control genes, and the statistical
significance was set at P < 0.05. Post hoc analyses included t-test for sex effect and Tukey
HSD for treatment effect and interactions. MicroRNA expression data were graphed as fold
change in expression using DMSO female P15 group as control group for females and
males. For gene expression data, since different genes were analyzed in females and males
in the MPN and VMN, DMSO P15 group within sex was used as reference group. All data
shown are mean + SEM.

Bionetwork analysis

Results

To examine possible relationships among microRNAs, genes, and serum estradiol and
testosterone levels (the latter from a companion paper already published on these rats) (31)
throughout development, the data were analyzed using a bootstrap technique, as previously
reported (30, 31).

Effects of sex, age, and EDC treatment on microRNA expression in the MPN

Effects of sex, age, treatment, and their interactions, on microRNA expression in the MPN
were analyzed (Figure 1), and detailed statistical results and p-values are presented in
Supplemental Table 1. In the MPN, five microRNAs showed significant sex effects, of
which three were higher in females than males [mir-219, mir-7 (both, p < 0.05), mir-145 (p
< 0.005)], and two were higher in males than females [mir-9 (p < 0.001) and let-7b (p <
0.05)]. Significant age effects were found for six microRNAs, all of which increased with
advancing age [mir-132, mir-219, mir-7, mir-145, let-7a, let-7b (all p < 0.005)]. Mir-9
expression decreased significantly with age (p < 0.005).

The effects of prenatal treatment in the MPN were age- and sex-specific. A1221 and EB
females had significantly increased expression of six microRNAs and this was specific to
one age, P30 [mir-219, mir-132, mir-7, mir-145, let-7a, and mir-124a (all p < 0.005)].
Expression of mir-132 and mir-9 was increased by EB at P15 (both p < 0.005), and mir-7
was decreased at P45 in the EB females. In the males, A1221 animals had decreased
expression of 6 microRNAs, specifically at P90 [mir-132, mir-219, mir-9, mir-145, let-7a,
and mir-124a (all p < 0.005)]. Mir-145 was decreased in A1221 males (p < 0.005) and let-7b
was increased (p < 0.005) at P45. EB males had decreased expression of mir-145 at P90 (p <
0.005). EB males had increased expression of mir-219, mir-7, mir-9, and let-7b (all p <
0.005) at P45.
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Effects of sex, age, and EDC treatment on microRNA expression in the VMN

In the VMN, main effects of sex, age, treatment, and their interactions on microRNA
expression were examined (Figure 2; detailed statistics and p-values in Supplemental Table
1). Only one sex difference was found, for mir-219 (p < 0.005), with expression higher in
the females compared to males. All eight microRNAS increased expression with advancing
age in the VMN (p < 0.005).

The effects of prenatal treatment in the VMN were age- and sex-specific. In the A1221
females, mir-124a expression was increased at P15 (p < 0.005), and let-7a expression was
decreased at P90 (p < 0.005). EB females had increased expression at P15 of mir-219 (p <
0.0005) and mir-124a (p < 0.005). In the males, A1221 and EB rats had increased
expression at P30 of mir-9 and let-7b (both p < 0.005), and decreased expression of mir-219
at P45 (p < 0.0005). A1221 males also had decreased expression of mir-124a at P90 (p <
0.005).

In silico analysis of combinatorial microRNA activity

In silico analysis was conducted separately for the female MPN, female VMN, male MPN,
and male VMN, to identify mRNA targets. The microRNA groupings were: mir-132,
mir-219, mir-9, mir-145, let-7a, and mir-124a in male MPN; mir-145 and mir-7 in female
MPN; let-7a, mir-124a, and mir-219 in female VMN; mir-124ain male VMN. To provide
an example, the DAVID results in the males in the MPN are discussed. DAVID analysis of
the combined male MPN target list from ComiR yielded 158 clusters, with 25 significantly
enriched (score >1). Annotation clusters 1 and 2 (enrichment scores of 2.5) had the gene
clusters that belonged to the nuclear-hormone receptor, ligand/DNA-binding receptors
families. The pathways included post-transcriptional silencing by small RNAs, nuclear
receptor transcription pathway and nuclear receptors among the top six which highlighted
the hormone regulatory function of chosen microRNA. The genes chosen for gPCR in each
group are shown in Table 1.

Effects of age and EDC treatment on mRNA expression in the MPN

Because gene targets were different in males and females, analyses were conducted
separately by sex and region. In the female MPN, gene expression decreased with increasing
developmental age for Grin2a and Igflr (p < 0.005 for both, Figure 3A, 3B; detailed
statistics and p-values in Supplemental Table 2). A main effect of treatment was also found
for both genes, with decreased expression of Grin2a and Igflr in the A1221-treated females
compared to DMSO females (p < 0.005). There were no treatment by age interactions in
females. In the male MPN (Figure 3C, 3D, 3E), expression of Ar, Pgr, and Ppara decreased
with developmental age (all p < 0.005). A main effect of treatment was found for Pgr and
Ppara, with decreased expression in A1221 compared to DMSO males (both p < 0.005). A
treatment by age interaction for A1221 was also found for Ppara at P15, which was lower in
A1221 compared to DMSO vehicle males (p < 0.005).
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Effects of age and EDC treatment on mRNA expression in the VMN

Age and treatment effects on mMRNA gene expression were found in the VMN (Figure 4;
detailed statistics and p-values in Supplemental Table 2). In the females (Figure 4A, 4B, 4C,
4D), significant developmental increases were found for Lepr, Clock, and Ppara (all p <
0.005). A main effect of EB treatment was found, with increased gene expression of Clock
in the female VMN (p < 0.001). There were also treatment by age interactions in the female
VMN for prenatal EB treatment, with increased expression at P45 of Lepr and Clock (both p
< 0.005). In the males (Figure 4E, 4F), Ar expression increased with age (p < 0.005) and
Clock (p < 0.005) decreased with age. Treatment by age interactions of prenatal A1221 and
EB treatments were also found. Specifically, at P90, A1221 and EB males had decreased
expression of Ar (p < 0.0005), and Clock expression was decreased in A1221 males (p <
0.05).

Bionetwork analysis of microRNAs, mRNAs, and hormones

Bionetwork analysis was conducted using Pearson’s correlation coefficients to enable
investigation into relationships among microRNAs, genes, and hormones, and to determine
whether there were inverse relationships between microRNAs and their predicted mRNA
targets. There were no treatment effects on testosterone and estradiol serum hormone
concentrations in males and females at P30 and P45. In the males on P30, testosterone
concentrations (ng/ml, for the DMSO, EB, and A1221 groups, respectively) were 0.03, 0.02,
and 0.05, and on P45, they were 0.20, 0.20, and 0.34. In the females at P30, testosterone was
undetectable in the DMSO and A1221 groups, and was 0.11 ng/ml in EB females. On P45,
testosterone concentrations were 0.02, 0.03, 0.03 ng/ml for DMSO, EB, and A1221,
respectively. For serum estradiol in males, concentrations (pg/ml for the DMSO, EB, and
A1221 groups, respectively) on P30 were 8.50, 8.25, and 9.96, and on P45, they were 7.20,
7.84, and 8.77. In the females, estradiol concentrations on P30 were 7.09, 7.72, and 7.06,
and on P45, they were 21.94, 20.36, and 28.78.

Only positive correlations were detected, with the correlation strength ranging from 0.5to 1
(Figures 5, 6). The networks were examined within each region, and the numbers of
identical (same as vehicle) and novel (different from vehicle) correlations were identified in
A1221 and EB networks. In the females, there were few differences in correlations with
treatment in either brain region (Figure 5). For example, in the female MPN, mir-132 and
mir-145, mir-124a and let-7b, and mir-9 and let-7a, were significantly correlated in all three
treatment groups. In the female VMN, mir-132 and mir-219, mir-132 and mir-7, and others,
showed similar correlations across the different treatment networks. By contrast, males
showed more differences between networks with treatment (Figure 6). In the MPN, the
A1221 and EB males had correlations not seen in the DMSO males, such as for mir-124a,
mir-7, let-7b, Ar, Ppara, and Pgr. The male VMN networks did not differ substantially by
treatment. Interestingly, serum estradiol concentrations were positively correlated with
mir-219 in both the male MPN and VMN of all treatment groups, and estradiol and mir-132
were correlated in four of these six groups (Figure 6). In females (Figure 5) estradiol was
also correlated with mir-219 in the three treatment groups in the MPN, and in the DMSO
and A1221 VMN.
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Discussion

In the current study we profiled the expression of eight microRNAS in the developing MPN
and VMN of the hypothalamus, and determined effects of gestational exposures to PCBs on
microRNA expression. We further related changes in microRNA expression to changes in
target gene MRNA expression changes in the same animals. Our major findings were that
many more of the selected microRNAs were sexually dimorphic, and affected by prenatal
EDC treatment, in the MPN than the VMN. Importantly, EDC-treated females showed up-
regulation of microRNAs at P30, in the midst of pubertal development, whereas microRNAs
in males were affected (down-regulated) at P90, in adulthood. Relatively few EDC effects
were found on the mRNA targets of these microRNAs, the implications for which are
discussed below. As a whole, the results add to knowledge about EDC effects on microRNA
expression, and provide new information about sex differences and developmental change in
the hypothalamus.

MicroRNA expression in the MPN changes with postnatal development and is sexually

dimorphic

The most common finding of our study was a developmental increase in microRNA
expression as animals progressed from the juvenile through the pubertal period and into
adulthood. In the MPN, six microRNASs (mir-132, mir-219, mir-7, mir-145, let-7a, and
let-7b) exhibited this pattern. The 1in28/let-7 family has previously been investigated in the
preoptic area, for which the expression of let-7a, let-7b, mir-132, and mir-145 increased
with postnatal development. Changes in their expression were suggested to be involved in
the mechanisms permitting or leading to puberty onset (19), as Lin28 overexpression in mice
resulted in delayed puberty and increased body size (48). Another study showed that seven
of the eight microRNAs of the let-7 family were highly expressed in hypothalamic arcuate
and paraventricular nuclei of adult rats (49). Our finding that let-7a, let-7b, mir-132 and
mir-145 expression increase with age in the MPN is consistent with those reports (19) and
adds greater regional specificity by our focus on the MPN, which is a smaller sub-region of
the entire preoptic area.

To our knowledge, this is the first report on developmental changes in mir-219 in the brain.
Together with mir-132, mir-219 is thought to be involved in the regulation of the biological
clock (40), with recent reports implicating a role in early development (50), oligodendrocyte
differentiation (51), and modulation of NMDA receptor-mediated effects (18). Interestingly,
the mir-219 and mir-132 expression patterns were quite similar across development, and
most of our bionetwork analyses showed a significant positive correlation between these two
microRNAs. Furthermore, these two microRNAs also frequently correlated with serum
estradiol concentrations, especially in males. A previous study comparing mir-219 and
mir-132 in the fetal, adult, and diseased hippocampus, showed similar expression profiles
(52), and NMDAR activation downregulated mir-219 and mir-132 expression in the adult
dentate gyrus in vivo (53). Therefore, we speculate that in the MPN, and possibly other
regions, mir-132 and mir-219 are involved in a common signaling pathway.

A developmental decrease in mir-9 was observed for both sexes. Mir-9 is involved in
regulating neurogenesis and maturational events at earlier, fetal stages of brain development
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(54-56). For example, mir-9 expression was highest in the fetal hippocampus and much
lower in adult tissue (52). Our results are consistent with that finding.

Several microRNAs in the MPN had sexually dimorphic expression. Females had higher
expression of mir-219, mir-7, and mir-145 than males, an effect driven by differences at
P30. Although we do not know what this may represent, females mature earlier than males
and are farther along in pubertal development than males at this age. There were also sexual
dimorphisms in expression of mir-9 and let-7b, with males having higher levels of
expression than females at P45, an age when males have just begun to attain adult
reproductive function and where serum testosterone concentrations are at their peak (57).
We suggest that changes in sexually dimorphic microRNAs may be involved in, or reflect,
pubertal changes in the MPN, but further work is needed to get at causal relationships.

MicroRNA expression in the MPN increased by A1221 and EB in P30 females, and
decreased by A1221 in P90 males

In the females, prenatal A1221 and EB treated rats had increased expression of mir-219,
mir-132, mir-7, mir-145, let-7a, and mir-124a at P30. Similarities between A1221 and EB
are consistent with A1221’s ability to act via estrogenic mechanisms (58). Effects of
estrogens on neural microRNA expression have primarily been investigated in adults (10).
In the aging female brain, for example, estradiol treatment differentially altered microRNA
levels in an age- and brain region-dependent manner (10). We are unaware of any studies
that examined the effect of prenatal estradiol on microRNA expression in the hypothalamus;
however adult exposure studies in zebrafish and rodents (10, 59), in addition to in vitro
reports on effects of estradiol on microRNA expression in breast cancer cell lines [reviewed
in (11)], underscore the sensitivity of microRNA expression to estradiol treatment.

In the male MPN, expression of all eight microRNAs examined was decreased in prenatally
treated A1221 males on P90, an effect not mimicked by EB. This suggests that the
mechanism for this A1221 effect in males likely involves a pathway other than through
estrogen receptors. A reason for the sex difference may be the already greater exposure of
prenatal male than female brains to estradiol (60, 61), such that the addition of low-levels of
exogenous EB had little influence in males compared to females. A1221 is weakly
estrogenic but also has been shown to be anti-androgenic at low doses (62, 63) and the
decrease in microRNA expression observed in A1221 males may be caused by an
antagonistic effect on the androgen receptor, something that could potentially be discerned
using an anti-androgenic positive control in future studies.

The finding that prenatal EDC treatment effects are manifested at only a subset of
developmental ages is consistent with our previously published study on these same rats, in
which we measured mRNA expression in the anteroventral periventricular nucleus (AVPV)
and arcuate nucleus (ARC) of the hypothalamus (31). Results from that study showed
individual postnatal gene expression profiles that were often affected at one or two ages, but
not all ages, in prenatally exposed individuals. In other words, the age of analysis of EDC
effects is a key determinant of the outcome. This is not surprising, as the profiles of different
genes and proteins in the brain undergo dynamic change throughout postnatal development
and may continue to change through the life cycle, up to and including aging (64).
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MicroRNA expression in the VMN changes with postnatal development but have few sex
differences or EDC effects

In the VMN, all of the microRNAs studied increased their expression with age in both sexes.
Our results for mir-132, mir-7, mir-145, let-7a, and |et-7b are consistent with recent studies
on microRNA expression in the medial basal hypothalamus (19). Mir-9, on the contrary,
decreased during postnatal development in the medial basal hypothalamus (MBH) (19), a
result that may be explained by our VMN punch being a small sub-region within the entire
MBH in which gene expression levels differ from those in neighboring regions.

There were relatively few sex differences or effects of EDCs on microRNA expression in
the VMN. In the females, there were modest changes in let-7a, mir-124a, and mir-219 in
response to the EDCs that were developmental age-specific. In the male VMN, similarly to
the male MPN, A1221 decreased the expression of mir-124a. To our knowledge, there are
no other EDC studies examining microRNA expression in the VMN.

MRNA expression of targets of selected microRNAs

We examined the expression levels of mMRNAs that were selected based on the microRNA
results together with the literature. In the MPN, few EDC effects were found, but there were
several changes with age. In the female MPN, Igflr and Grin2a decreased expression with
advancing developmental age. Consistent with that result, we previously reported that 1gflr
MRNA decreased postnatally from P1 through P60 in the whole preoptic area (POA) of
developing male and female rats (65). However that same study showed a small
developmental age-related increase in Grin2a, with disparate results from the current study
presumably due to differences in the dissection size from the previous (whole POA) and
current (MPN) work. In our males, expression of Ar, Pgr, and Ppara decreased across
development. These results were surprising, as the expression of Ar in the MPN increased
with age in male hamsters during puberty (66), and in our earlier rat studies, Ar as well as
Pgr expression underwent significant postnatal developmental increases in the whole POA
(65,67). We are unaware of any reports on Ppara expression in the developing MPN.

Results in the VMN also indicated few gene expression changes due to treatment, but there
were several age effects. In females, an age-related increase in expression of Lepr, Ppara,
and Clock was detected. These genes have not been previously examined in the postnatal
developing VMN, to our knowledge. In the male VMN, Ar increased with age, consistent
with other work in whole MBH (65), and Clock expression decreased with age. As the only
MRNA measured in the VMN of both sexes, Clock expression had opposite developmental
patterns (increase in females, decrease in males).

Interestingly, for all of the mMRNA results in both regions, we did not see a predicted inverse
relationship with the microRNA expression. In fact, our network analysis revealed only
positive correlations among mMRNAs, microRNAs, and hormones. The lack of such a finding
is attributable to a number of possibilities. First, we were only able to measure a small
number of microRNAs and their mRNA targets. Other microRNAs were not measured, and
these molecules their combinations, are likely to have a stronger association with mRNAs,
and vice versa, than the subset measured herein. Second, there are other molecular
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mechanisms for the regulation of gene expression that include DNA methylation, histone
modifications, transcription factors, and post-transcriptional processes, that were not
explored in the current study, but which contribute to the absolute expression of any gene.
Finally, we have not looked at protein expression, and thus changes in microRNA
expression might affect protein translation. Moreover, the temporal relationship between
changes in microRNA and subsequently mRNA may not enable detection of a change in a
microRNA leading to a mMRNA change. During the time period between the ages analyzed
(15 or 45 days) there may not be a linear continuum in expression of genes; in fact, there
may be ups and downs in expression between the ages examined. To get at these
relationships we would need to follow animals at much shorter, possibly day-to-day
intervals.

Conclusions and implications

Several global conclusions can be drawn for the microRNAs and mMRNAs measured herein.
First, while both the MPN and VMN are sexually dimorphic in expression of various genes
and proteins (68,69), of the microRNAs measured here, expression was sexually dimorphic
in the MPN, but not the VMN. Second, the PCB mixture A1221 affected microRNA
expression in the MPN, and to a lesser degree, in the VMN, in a region-, sex-, and age-
specific manner. This finding indicates the importance of analyzing endpoints in both sexes
and at multiple ages during postnatal development. Third, few treatment changes in the
target mMRNA expression were found, contrary to the microRNA results. It is also notable
that the changes in mMRNA with age and treatment were far smaller than those seen for
microRNAS, underscoring that different levels of molecular analysis have individual
developmental profiles and sensitivity to EDCs.

This research also has implications for developmental sex differences in the brain. Sexual
dimorphisms in microRNA expression have become an area of investigation for
neurobiological disorders with biases in prevalence and nature, such as autism,
schizophrenia, and stroke (70-72). Furthermore, an increase in EDC exposures is beginning
to be linked to the rise in these multifactorial disorders (73-75). While it is premature to
draw any strong inferences from these correlations, further research on connections among
EDCs, microRNAs, and neurobehavioral outcomes is warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Developmental profiles of the 8 microRNAs in the MPN of female and male rats are shown.
Main effects of age, sex, and treatment are indicated above the panels. Post-hoc analyses of
significant age effects are indicated as: a, P15 vs P30; b, P15 vs P45; ¢, P15 vs P90; d, P30
vs P45; e, P30 vs P90 (all p < 0.05). Post-hoc analyses for significant age x treatment
interactions are indicated as *p < 0.05, A1221 vs. DMSO at the same age; +p < 0.05, EB vs.
DMSO at the same age. Abbreviation: Trt, Treatment.
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Figure 2.

Developmental profiles of the 8 microRNAs in the VMN of female and male rats are shown.
Main effects of age, sex, and treatment are indicated above the panels. Post-hoc analyses for
significant age effects are indicated as: a, P15 vs P30; b, P15 vs P45; ¢, P15 vs P90; e, P30
vs P90; f, P45 vs P90 (all p < 0.05). Post-hoc analyses for significant age x treatment
interactions are indicated as *p < 0.05, A1221 vs. DMSO at the same age; +p < 0.05, EB vs.
DMSO at the same age. Abbreviations: Trt, Treatment.
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Fold Change

Fold Change
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Figure 3.

Developmental profiles of mMRNASs in the MPN that were significantly affected by age,
treatment, or had age X treatment interactions, in female (A, B) and male (C, D, E) rats.
Main effects of age and treatment are indicated above the panels. Post-hoc analyses for age
are indicated as b, P15 vs P45; ¢, P15 vs P90; d, P30 vs P45; e, P30 vs P90; f, P45 vs P90
(all p < 0.05). A significant age x treatment interaction was found only for male Ppara
expression at P15 (*, p < 0.05 A1221 vs. DMSQO). Abbreviations: Trt, Treatment.
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Figure 4.

Developmental profiles of mMRNAs in the VMN that were significantly affected by age,
treatment, or had age X treatment interactions, in female (A — D) and male (E, F) rats. Main
effects are indicated below the panels. Post-hoc analyses for age are indicated as: a, P15 vs
P30; b, P15 vs P45; ¢, P15 vs P90; d, P30 vs P45; e, P30 vs P90; f, P45 vs P90 (all p <
0.05). Age x treatment interaction were found for Lepr and Clock at P45 in females, and for
Ar and Clock at P90 in males (*p < 0.05, A1221 vs. DMSO at the same age; +p < 0.05, EB
vs. DMSO at the same age). Abbreviations: Trt, Treatment.
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Figure 5.

Cytoscape analysis of microRNAs, genes, and hormones for the three treatment groups in
the females, collapsed across development, in the MPN (A-C) and VMN (D-F).
Abbreviations: E2, estradiol, T, testosterone.
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Figure 6.

Cytoscape analysis of microRNAs, genes, and hormones for the three treatment groups in
the males, collapsed across development, in the MPN (A-C) and VMN (D-F).
Abbreviations: E2, estradiol, T, testosterone.
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mMRNA gPCR assays in the MPN and VMN.
List of mRNAs selected for real-time PCR assays in the MPN and VMN of male and female rats. Numbers of
microRNA binding sites for each mRNA are indicated in parentheses.

Table 1

Page 23

Gene ID | Gene name Tissue Predicted Targeting microRNA (# of binding sites)

Igflr Insulin-like growth factor 1 receptor Female MPN | mir-145 (2); mir-7 (3)

Grin2a Glutamate receptor, ionotropic, N-methyl-D-aspartate Female MPN | mir-7 (4); mir-145 (3)

2A

Ar Androgen receptor Male MPN mir-124a (1)
Male VMN

Por Progesterone receptor Male MPN mir-9 (2); let-7a (2); mir-124 (1)

Ppara Peroxisome proliferator-activated receptor alpha Female VMN | mir-124a (2); mir-9 (1); let-7a (1); mir-219 (1)
Male MPN

Lin28b Lin-28 homolog B Female VMN | let7a (4)

Clock Clock gene Female VMN | mir-124a (1)
Male VMN

Lepr Leptin receptor Female VMN | mir-219 (1)

Mol Cell Endocrinol. Author manuscript; available in PMC 2016 October 15.



