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Abstract  24 

In female mammals, puberty and fertility are regulated by the synthesis of estradiol (E2) by 25 

the ovaries at the infantile stage and at the approach of puberty, a process which may be 26 

affected by endocrine disrupting chemicals (EDC)s acting through the Aryl hydrocarbon 27 

receptor (AhR). However, there is no information on AhR-mediated regulation of ovarian 28 

estrogenic activity during these developmental periods. Here, we assessed in mouse models, 29 

the intrinsic and exogenous ligand-induced AhR action on E2 synthesis at the infantile stage 30 

(14 days postnatal (dpn)) and at the approach of puberty (28 dpn). Intrinsic AhR pathway 31 

became activated in the ovary at the approach of puberty, as suggested by the decreased intra-32 

ovarian expression in prototypical and steroidogenesis-related AhR targets and E2 contents in 33 

Ahr knockout (Ahr -/-) mice versus Ahr +/+ mice exclusively at 28 dpn. Accordingly, AhR 34 

nuclear localization in granulosa cells, reflecting its activity in cells responsible for E2 35 

synthesis, was much lower at 14 dpn than at 28 dpn in C57BL/6 mice. However, AhR 36 

signaling could be activated by exogenous ligands at both ages, as revealed by FICZ- and 37 

TCDD-induced Ahrr and Cyp1a1 expression in C57BL/6 mice. Nevertheless, TCDD 38 

impacted ovarian estrogenic activity only at 28 dpn. This age-related AhR action may be 39 

ligand-dependent, since FICZ had no effect on E2 synthesis at 28 dpn. In conclusion, AhR 40 

would not regulate ovarian estrogenic activity before the approach of puberty. Its activation 41 

by EDCs may be more detrimental to reproductive health at this stage than during infancy. 42 

 43 

Keywords : puberty, fertility, AhR, ovary, estradiol 44 

  45 
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Introduction 46 

Puberty onset and fertility are highly sensitive to environmental cues (Tena-Sempere, 47 

2010). Recent epidemiological studies have pointed out the increased frequency of earlier 48 

puberty onset in girls, with possible long-term adverse outcomes on reproductive health 49 

(Aksglaede et al., 2009b, 2009a; Euling et al., 2008). The possible detrimental effect of 50 

endocrine disrupting chemicals (EDCs) exposure on these physiological processes has been 51 

advanced, notably because EDCs can interfere with sex hormone signaling through 52 

interaction with steroid receptors or modify steroid biosynthesis (Parent et al., 2016). Timing 53 

of puberty and fertility requires estradiol (E2)-mediated maturation of neural circuitry 54 

involved in sexual cyclicity and sexual behavior during the prepubertal period (Brock et al., 55 

2011; Clarkson et al., 2009; Kuiri-Hänninen et al., 2013; Stewart and Cygan, 1980). Analyses 56 

on rodent models have demonstrated the importance for this process of E2 synthesized at two 57 

distinct developmental stages leading to high circulating levels (Clarkson, 2013), i.e. at the 58 

infantile stage especially during the so-called phase of mini-puberty (first two years after birth 59 

in girls, ~12-17 days postnatal [dpn] in mice) and at the late juvenile stage (~9-10 years old in 60 

girls, ~25-30 dpn in mice) (François et al., 2017; Kuiri-Hänninen et al., 2014). A number of 61 

studies, including ours, have shown the importance of gonadotropins, i.e. luteinizing hormone 62 

(LH) and follicle-stimulating hormone (FSH), and of intra-ovarian factors for the regulation 63 

of E2 synthesis by growing follicles during the prepubertal period (Devillers et al., 2019; 64 

François et al., 2017). However, the mechanisms underlying E2 synthesis are still far from 65 

being fully elucidated. Yet, understanding how E2 synthesis is regulated during this period is 66 

of importance, notably to identify mechanisms that could impair the timing of puberty and 67 

fertility, such as those involving EDCs.  68 

A possible pathway relaying the effects of EDCs to impair E2 synthesis in the ovary is the 69 

one regulated by the Aryl hydrocarbon receptor (AhR). Indeed, AhR is an important mediator 70 
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of toxicological responses to a number of EDCs, such as 2,3,7,8-tetrachlorodibenzo-p-dioxin 71 

(TCDD), commonly referred to as dioxin (or the Seveso dioxin). TCDD exposure can affect 72 

E2 production, leading to altered ovulation and fertility (Li et al., 1995a, 1995b; Salisbury and 73 

Marcinkiewicz, 2002). A number of additional synthetic and natural AhR ligands, like the 74 

tryptophan metabolite FICZ (6-formylindolo[3,2-b]carbazole), has been identified, pointing 75 

out the fact that this receptor can be activated under a large number of physiological and 76 

toxicological conditions, sometimes with different outcomes according to the nature of its 77 

ligand (Busbee et al., 2013). In its unbound state, AhR is located in the cytoplasm and upon 78 

ligand binding, it translocates into the nucleus where it heterodimerizes with the AhR Nuclear 79 

Translocator (ARNT). The AhR/ARNT complex binds to various AhR response elements 80 

(AHRE, or XRE for xenobiotic responsive elements) depending on the nature of the ligands, 81 

to activate the expression of target genes, including that of the AhR Repressor (AhRR, 82 

encoded by the Ahrr gene), which sequesters ARNT and thereby counteracts AhR activity. It 83 

may also induce the expression of detoxifying enzymes such as Cyp1a1, enabling the 84 

metabolism of xenobiotic substances (Guyot et al., 2013; Larigot et al., 2018). In the ovary, in 85 

vivo studies on Ahr knockout mice and cell-based studies have demonstrated that intrinsic 86 

AhR signaling directly regulates the expression of cytochrome P450 19A1 aromatase 87 

(encoded by the Cyp19a1 gene), the enzyme catalyzing E2 synthesis in antral follicles using 88 

androgens as substrates, by binding to a specific XRE in the promoter of Cyp19a1 (Baba et 89 

al., 2005; Hernandez-Ochoa et al., 2010). Additional works suggest that it regulates other 90 

components of the steroid biosynthesis pathway, such as steroidogenic acute regulatory 91 

protein (StAR, encoded by the Star gene), a transport protein that regulates cholesterol 92 

transfer within the mitochondria, and cytochrome P450 17A1 (encoded by the Cyp17a1 93 

gene), an enzyme that leads to androgens biosynthesis (Morán et al., 2003; Sugawara et al., 94 

2001; Tijet et al., 2006). Although intrinsic AhR signaling acts on ovarian steroidogenesis in 95 
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mice around the time of puberty and in adulthood with reported differences in its effects 96 

between these two stages (Hernandez-Ochoa et al., 2010), there is no information regarding 97 

its physiological action on ovarian steroidogenesis during the prepubertal period. 98 

Studies dealing with the effects of EDCs on reproductive health in humans and rodents, 99 

including ours, have mainly focused on the consequence of in utero, lactational and adult 100 

exposure (Eskenazi et al., 2018; Magre et al., 2012; Salisbury and Marcinkiewicz, 2002). 101 

None has aimed at defining developmental windows of susceptibility during the prepubertal 102 

period, although the sensitivity to AhR ligands could greatly vary at this time of intensive 103 

maturation of the reproductive system. EDCs such as dioxins can enter the body upon food 104 

consumption (over 90% of contamination by dioxins) and accumulate in the adipose tissue. 105 

Concentration of dioxins in the maternal milk (rich in lipids) is considered an important route 106 

of intake for infants, because they are very efficiently adsorbed in the digestive tracts 107 

(Abraham et al., 1994; Dahl et al., 1995). Thus, one could hypothesize that prepubertal 108 

exposure to dioxins as early as the infantile period could disrupt AhR signaling to impair 109 

ovarian steroidogenesis with possible adverse outcomes on reproductive health. On the other 110 

hand, several studies on the human population suggest an age-dependent elimination half-life 111 

of TCDD, with a markedly shorter half-life observed in infants (~5 months) as compared with 112 

that in the adults (~ 10 years), possibly related to the adipose tissue volume and rate of fecal 113 

excretion (Kerger et al., 2006; Kreuzer et al., 1997). In view of these data, this study sought to 114 

investigate for the first time whether intrinsic AhR signaling could regulate E2 synthesis in 115 

the ovary and could be disrupted by TCDD specifically at the infantile and the late juvenile 116 

stages when its action on steroidogenesis would be critical for reproductive function 117 

programming. To address these issues, we analyzed AhR signaling at different stages of the 118 

prepubertal period in the Ahr-/- knockout mouse and in FICZ- or TCDD- treated C57BL/6 119 
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mouse harboring the Ahrb-1 allele encoding an AhR with high ligand binding affinity (Ema et 120 

al., 1994).  121 

  122 
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Methods 123 

 124 

Animals and treatments 125 

The colony of Ahr+/+ and Ahr-/- mice (Fernandez-Salguero et al., 1995) was generously 126 

provided by Dr Frank Gonzalez (NCI, National Institutes of Health, Bethesda, USA) and 127 

maintained in our animal facility. Genotyping was performed on tail genomic DNA after 128 

extraction with a buffer containing 50 mM Tris pH 8.5, 100 mM NaCl, 0.5% Tween, 129 

proteinase K 100 μg mL-1 overnight at 55 °C followed by a denaturation step at 95 °C. PCR 130 

amplification was performed with primers pairs Ahr Forward 5’-131 

CTAGCGTGCGGGTTTCTCCT-3’ and Ahr reverse 5’ CAATTCTGCGCCTACACCG-3’ using 132 

GoTaq Polymerase (Promega) following manufacturer’s instructions. Some studies were 133 

conducted on C57BL/6JRj (Ahrb-1) female mice aged 14 and 28 days post-natal (dpn) or 3 134 

months old born at the animal facility from genitors purchased at Janvier Labs (Le Genest St 135 

Isle, France). The day of birth was designed as 0 dpn. Fifty μg kg-1 of body weight (BW) of 136 

the AhR agonist, FICZ (Tocris) or vehicle (1% DMSO in saline) was subcutaneously injected 137 

twice, at both 13 and 14 dpn or at 27 and 28 dpn, and mice were then dissected 6 h after the 138 

final injection to collect ovaries. This concentration is within the usual concentration range in 139 

in vivo studies reporting a stimulatory effect of FICZ on AhR (Jeong et al., 2012). FICZ is a 140 

photo by-product of tryptophan, which has high, but reversible, affinity for AhR, justifying 141 

the two injections and analyses of ovaries only 6 h after the second injection. TCDD (LGC 142 

Standards, Molsheim, France) or vehicle (0.6% nonane in corn oil) was intra-peritoneally 143 

injected at 13 dpn and 27 dpn at the dose of 5 μg kg-1 BW, and mice were dissected 24 hours 144 

later to collect ovaries and blood. We chose this dose based on our previous study showing 145 

that this concentration is followed by a significant accumulation of TCDD in adipose tissue 146 

and liver and by elevated levels in the serum, mimicking high dioxin exposure in the human 147 
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population (Duval et al., 2017). The number and genotypes of mice for each experiment is 148 

given in the legends of the figures. Mice were anesthetized with a mix of ketamine 149 

(Imalgene® 1000) and xylazine (Rompun® 2%) before cervical dislocation. Mice were 150 

maintained under controlled conditions (22 °C, 12 h light/dark cycle) with food (Scientific 151 

Animal Food and Engineering (SAFE), A03-10) and water available ad libitum. Experiments 152 

were performed in accordance with the ethics guidelines of the French Ministry of 153 

Agriculture and of the Ethic Committee of University of Paris (Agreement #04015.02). 154 

 155 

Determination of intra-ovarian E2 content 156 

The mass spectrometry coupled with gas chromatography (GC-MS) procedure was 157 

used to determine E2 content in the ovaries of Ahr+/+ and Ahr-/- mice at 14, 21 and 28 dpn or 158 

of vehicle and TCDD-treated C57BL/6 mice at 14 and 28 dpn, following a procedure 159 

described previously with some minor modifications (Devillers et al., 2019). A TQ8050 160 

(Shimadzu, Japan) triple quadrupole mass spectrometer equipped with a chemical ionization 161 

source and operating in Q3 single ion monitoring (SIM) mode was used for detection. The 162 

linearity of E2 measurement was confirmed by plotting the ratio of the peak response/internal 163 

standard peak response to the concentration of E2 for calibration standard. Accuracy, target 164 

ions, corresponding deuterated internal control, range of detection, low limit of quantification 165 

(LLOQ), and intra & inter assay CVs of the quality control are reported in Supplemental 166 

Table 1. 167 

 168 

FSH and LH measurements  169 

FSH and LH were assayed using the Luminex technology with the mouse pituitary 170 

magnetic bead panel Milliplex Map kit (Merck-Millipore, Nottingham, UK), as previously 171 

described (François et al, 2017). 172 
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 173 

RNA extraction, reverse transcription and quantitative real-time PCR 174 

Pooled (2 ovaries at 7 dpn) or single ovaries (14, 21, 28 dpn and adults) were lysed 175 

with TissueLyser II (Qiagen, Courtaboeuf, France). Total RNA extraction was performed 176 

using the RNeasy mini kit (#74106, Qiagen), following manufacturers protocol as previously 177 

described (François et al., 2017). Concentration and quality of RNAs were assessed by the 178 

ratio of 260/230 nm and 260/280 nm with the Nanodrop device (Thermo Scientific, France). 179 

Reverse transcription was performed on 100-200 ng RNA for ovaries from mice aged 7 to 14 180 

dpn and on 1 µg for ovaries from mice aged 21 to 28 dpn using Superscript II (Invitrogen, 181 

Cergy Pontoise, France) and random primers (Invitrogen) following manufacturer’s 182 

instructions. Real-time PCR was performed with Lightcycler® 480 SYBR Green I Master and 183 

Light Cycler instrument (Roche Molecular Biochemicals, La Rochelle, France). Primers used 184 

for quantitative real-time PCR were designed using Primer-BLAST (National Institutes of 185 

Health) and obtained from Eurofins (Table 1). For each primer pair, a standard curve was 186 

generated using serial dilutions of cDNA prepared from ovarian RNA and used to determine 187 

the efficiency of amplification (Cyp19a1 and Hprt amplification efficiency curves are 188 

provided in Supplementary Information). Melt-curve analysis and electrophoresis of 189 

amplified products confirmed that only a single product of the expected size was generated. 190 

Experiments were performed from one out of the two ovaries of a female, with all samples 191 

run in triplicate reactions. Relative quantities of amplified product were calculated according 192 

to 2−ΔΔCT method, using hypoxanthine phosphoribosyltransferase (encoded by the Hprt gene) 193 

for normalization, with the software provided by the manufacturer (Relative Quantification 194 

Software, Roche Diagnostics). Relative gene expression levels in FICZ- and TCDD-treated 195 

animals were further normalized to those of their age-matched control group.  196 

 197 



 10

Western blot 198 

Ovarian protein lysates were prepared as described (François et al., 2017). Twenty µg 199 

of lysates were used for the determination of AhR (Santa-Cruz, sc-8089, dilution: 1/200) and 200 

GAPDH (Santa-Cruz, sc-25778, dilution: 1/4000). Proteins were detected by 201 

chemiluminescence with ECL using CCD camera (LAS 4000, FujiFilm). Normalization was 202 

performed by calculating the ratios of AhR to GAPDH levels after quantification of the bands 203 

with Image J software (NIH, USA, 1.64 version). 204 

 205 

Immunohistochemistry on mouse and human ovaries 206 

Mouse ovaries were rapidly collected and fixed for 1 hour in 4% paraformaldehyde 207 

(PFA), rinsed in PBS, dehydrated in alcohol, and paraffin-embedded using standard protocols. 208 

Sections of 7 µm thickness were mounted on glass slides. Tissue was rehydrated and heated to 209 

98 °C for 45 minutes in citraconic anhydride (pH 7.4) for antigen retrieval, as reported 210 

elsewhere (Guigon et al., 2010). Primary antibodies for AhR (Santa-Cruz, sc-8089, dilution 211 

1/200) were incubated overnight at 4 °C. After DAB reaction (Vector), tissue sections were 212 

counterstained by hematoxylin, dehydrated and mounted in Eukitt (Sigma).  213 

Formalin-fixed paraffin-embedded ovaries from three girls aged 2, 5 and 17 months old who 214 

died suddenly and unexpectedly, were provided by Dr Célia Ravel (INSERM U1085-IRSET, 215 

Rennes, France). The French autopsy law allows the use of such tissues for in-depth anatomo-216 

pathological examination (Law 94-654, published on 29 July 1994). Autopsy was performed 217 

with informed consent of the parents in all cases. Ovaries from women of reproductive age 218 

were provided by Dr Alain Gougeon (Univ Paris, U1133, Paris, France). They were obtained 219 

from the Laboratory of Pathology of Gustave Roussy Institute (Villejuif, France) after 220 

prophylactic removal due to breast cancer between 1975 and 1980, with informed consent of 221 

the patients. These methods were carried out in accordance with relevant guidelines and 222 
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regulations. All the experiments and experimental protocols on human subjects were 223 

approved by the institutional committee of the French agency for biomedical research 224 

(Agence de la Biomédecine, Saint-Denis la Plaine, France). Immunohistochemistry was 225 

performed as previously described (François et al, 2017). Slides were incubated overnight 226 

with primary antibodies for AhR (Sigma, HPA029723, dilution: 1/100). They were 227 

counterstained in hematoxylin, dehydrated and mounted in Eukitt (Sigma). 228 

 229 

Statistical analyses   230 

All data were analyzed by Prism 6 (version 6.0, GraphPad Software). Depending on 231 

the experimental setting, statistical analyses were performed by one-way ANOVA (one 232 

parameter and >two groups) when data showed normal distribution as assessed by the 233 

Shapiro-Wilk test, or non-parametric Kruskal-Wallis test, or using two-way ANOVA (at least 234 

two parameters) followed by Sidak’s multi-comparisons tests. Data are shown as scatter dot 235 

plots with means as horizontal lines. A P value<0.05 was considered as significant. 236 

  237 
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Results 238 

 239 

Expression of ovarian steroidogenesis-related and Ahrr genes, estradiol production and 240 

pituitary function in Ahr wild-type and knock-out mice during the prepubertal period 241 

We first investigated whether AhR could contribute to E2 production in the ovary 242 

during the prepubertal period by analyzing AhR target genes encoding factors regulating E2 243 

synthesis, i.e., Star, Cyp17a1 and Cyp19a1, in Ahr wild-type versus knock-out mice. For each 244 

developmental stage of the prepubertal period (depicted in Figure 1A), we selected a given 245 

age (neonatal: 7 dpn; infantile: 14 dpn; early juvenile: 21 dpn; late juvenile, when females 246 

approach puberty: 28 dpn). We started our analysis at 7 dpn, since ovarian steroidogenesis 247 

and the expression of steroidogenesis-related genes become detectable at this age in the 248 

mouse. We chose to perform this analysis on transcripts rather than on proteins due to the 249 

very small size of mouse ovaries at some studied ages. Both Ahr+/+ and Ahr-/- mice had similar 250 

expression levels of Star and Cyp17a1 at the different studied ages, except at 28 dpn when 251 

both transcripts were reduced by ~10 and  ~4 fold, respectively, in Ahr-/- as compared with 252 

Ahr+/+ mice (Figures 1B and C). In addition, Ahr+/+ and Ahr-/- mice displayed similar 253 

Cyp19a1 mRNA levels at 7 and 14 dpn, and a non-significant decrease at 21 dpn (Figure 1D). 254 

However, Ahr-/- mice showed a ~3 fold reduction in Cyp19a1 relative abundance at 28 dpn, as 255 

compared with Ahr+/+ mice (Figure 1D). To further determine the impact of AhR loss on 256 

ovarian steroidogenesis, we measured the intra-ovarian content of E2 by GC-MS, which is the 257 

most accurate method to measure steroids (Figure 1E). In line with the study of gene 258 

expression, Ahr-/- mice displayed no significant changes in intra-ovarian E2 content at 14 and 259 

21 dpn, but a significant ~5 fold decrease at 28 dpn when compared to Ahr+/+ mice. We 260 

excluded the possibility that the observed changes in ovarian steroidogenesis at 28 dpn could 261 

be related to defects in FSH synthesis and/or release by the pituitary since there was no 262 
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change in circulating FSH levels at any ages (Figure 1F). It also did not result from an 263 

alteration in circulating LH levels that displayed similar levels between Ahr+/+ and Ahr-/- mice 264 

at 28 dpn. Noteworthy, circulating LH levels showed a dramatic decrease at 14 dpn in Ahr-/- 265 

mice when compared to Ahr+/+ mice (Figure 1G). We also investigated whether the observed 266 

decrease in E2 synthesis could rely on the alteration in the expression of either the FSH 267 

receptor (encoded by the Fshr gene) or the LH receptor (encoded by the Lhcgr gene), both 268 

previously reported to display reduced levels in Ahr-/- mice versus Ahr+/+ mice at puberty and 269 

in adult cycling females (Barnett et al., 2007; Hernandez-Ochoa et al., 2010; Teino et al., 270 

2012). However, there was no alteration in the relative abundance of Fshr transcripts at 28 271 

dpn as at any other studied age (Figures 1H and I). Lhcgr transcripts displayed no alteration in 272 

their levels at 28 dpn or at 7 and 21 dpn, but surprisingly they showed a ~2-fold decrease in 273 

their relative abundance at 14 dpn (Figures 1 I). We thus conducted subsequent experiments 274 

to determine whether Lhcgr transcript down-regulation could result from the decrease in 275 

circulating LH levels. Importantly, the pharmacological decrease in gonadotropin levels in 276 

vivo from 12 to 14 dpn led to a significant decrease in the expression of Lhcgr, while 277 

supplementation with hCG to stimulate LH signaling partially prevented this decrease 278 

(Supplementary Figure 1). Besides, treatment of cultured ovaries in serum-free medium with 279 

purified LH increased Lhcgr transcript abundance (Supplementary Figure 2).  280 

We next sought to evaluate whether the restricted time-window of AhR action on 281 

ovarian steroidogenesis during the prepubertal period could be extended to canonical AhR-282 

regulated pathways. We analyzed in the prepubertal Ahr knockout mouse the expression of 283 

Ahrr, which is routinely used as a mark of active AhR signaling. Ahrr transcripts were 284 

detected in the ovary at all studied ages, with maximal expression levels at 14 dpn in both 285 

groups. However, there was no change in their relative abundance between the two groups at 286 
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any studied ages except at 28 dpn, when Ahrr levels were ~2 fold lower in Ahr-/- mice than in 287 

Ahr+/+ mice (Figure 1J).  288 

 289 

Effect of a putative endogenous AhR ligand, the FICZ, on ovarian steroidogenesis-290 

related genes, estradiol production and AhR activity at the infantile and late juvenile 291 

stages 292 

These results led us to investigate whether the lack of intrinsic AhR activity on 293 

steroidogenesis in the infantile ovary could rely on the presence of an endogenous ligand. To 294 

test this hypothesis, we used a pharmacological approach in vivo by treating infantile 295 

C57BL/6 mice with a putative endogenous ligand, the FICZ (Rannug et al., 1987), given that 296 

ovarian ligands have not been identified yet. As a comparison, we also treated mice at the late 297 

juvenile stage, which display active AhR signaling according to our results on Ahr knockout 298 

mice, following the procedure depicted in Figure 2A. 299 

FICZ treatment had no effect on the relative intra-ovarian abundance of Star, Cyp17a1 300 

and Cyp19a1 at 14 dpn (Figures 2B-D). Surprisingly, it also did not affect the expression of 301 

these genes at 28 dpn, although there was a non-significant increase in the relative levels of 302 

Star and Cyp19a1 mRNA at this age (Figure 2D). In line with these findings, FICZ did not 303 

alter intra-ovarian E2 contents at either 14 or 28 dpn (Figure 2E). However, under this 304 

regimen it could efficiently stimulate AhR activity at both stages, as shown by the ~1.7 fold 305 

and  ~1.4 fold increase in relative intra-ovarian Ahrr expression at 14 and 28 dpn, 306 

respectively, as compared with the control group (Figure 2F). It also dramatically up-307 

regulated the expression of the xenobiotic-metabolizing enzyme Cyp1a1 by ~7 and 10 fold at 308 

14 and 28 dpn, respectively (Figure 2G).  309 

 310 
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TCDD-induced ovarian expression of steroidogenesis-related factors, pituitary function, 311 

and AhR activity at the infantile and late juvenile stages 312 

 We determined whether TCDD-mediated AhR action on ovarian steroidogenesis could 313 

also display a restricted time-window during the prepubertal period. To that purpose, we 314 

administered TCDD to C57BL/6 mice at either the infantile or the late juvenile stage 315 

following the same reasoning as that used for FICZ, as depicted in Figure 3A. TCDD 316 

exposure induced no alteration in Star or Cyp17a1 transcript levels at these two ages (Figures 317 

3B, C). Importantly, it did not affect Cyp19a1 mRNA abundance at 14 dpn, but it induced an 318 

up-regulation by two-fold of Cyp19a1 mRNA abundance at 28 dpn (Figure 3D). Accordingly, 319 

TCDD treatment had no impact on intra-ovarian E2 amount at 14 dpn and it induced a ~1.5 320 

fold increase at 28 dpn (Figure 3E). Despite documented effects of TCDD on gonadotropin 321 

expression (Formosa and Vassallo, 2017), the measurement of circulating FSH and LH levels 322 

revealed no alteration in TCDD-treated females in comparison with vehicle-treated females at 323 

28 dpn that could account for the observed increase in both Cyp19a1 expression and intra-324 

ovarian E2 contents (Figures 3F, G). However, there was a slight but significant increase in 325 

the relative intra-ovarian abundance of Fshr transcripts that may well have impacted  326 

Cyp19a1 expression and the intra-ovarian E2 amount at this age (Figure 3H). The 327 

measurement of the relative intra-ovarian abundance of Lhcgr transcripts revealed no 328 

significant changes at 28 dpn, but a 1.3 fold decrease at 14 dpn (Figures 3I).  329 

TCDD treatment was efficient on AhR signaling at both stages, as observed by the 2 330 

fold up-regulation in the relative intra-ovarian Ahrr expression as compared with vehicle-331 

treated mice at 14 and 28 dpn (Figure 3J). In addition, it induced a ~20 and  ~200 fold 332 

increase in the relative abundance of Cyp1a1 at 14 dpn and 28 dpn, respectively (Figure 3K).  333 

 334 
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AhR intra-ovarian levels, cellular and subcellular localization during the prepubertal 335 

period 336 

To gain insights into the mechanisms underlying the time-restricted window of AhR 337 

action during the prepubertal period, we analyzed the intra-ovarian expression of AhR and its 338 

binding partner ARNT. We found that Ahr transcripts and proteins were present in the ovary 339 

at all studied ages during the prepubertal period (Figures 4A, B), consistent with the 340 

observation of FICZ/TCDD-mediated activation of AhR at both the infantile and late juvenile 341 

stages. No AhR protein was detected in the ovaries of Ahr-/- mice, thus confirming the 342 

specificity of the commercial antibody that we used (Figure 4B). Arnt transcripts were 343 

detected throughout the prepubertal development, being roughly stable in their relative 344 

ovarian levels between 7 and 21 dpn to subsequently decrease at 28 dpn (Figure 4C).  345 

We next investigated by immunohistochemistry studies the cellular and subcellular 346 

AhR expression in the ovary, with a special focus on granulosa cells, which is the cell type 347 

expressing Cyp19a1 aromatase and synthesizing E2. We used adult ovaries as positive 348 

controls, since they are known to express significant amount of AhR in the nucleus of 349 

granulosa cells of growing follicles (Baba et al., 2005; Robles et al., 2000). Our analyses of 350 

adult ovaries showed that antral follicles exhibited a notable AhR nuclear expression in 351 

virtually all granulosa cells, as expected (Figure 5Aa). A similar expression pattern could be 352 

observed in the ovaries of late juvenile females at 28 dpn harboring a prominent nuclear 353 

expression in antral follicles and in a few thecal cells (Figure 5Ab). In contrast at 14 dpn, the 354 

growing follicles located in the center of the ovary, which are responsible for E2 synthesis 355 

(François et al., 2017; Guigon et al., 2003), exhibited a faint AhR nuclear expression in a 356 

subset of granulosa cells (Figure 5Ac). Thecal cells also exhibited a weak nuclear staining. No 357 

consistent staining was observed in the ovaries of Ahr-/- mice used as controls of antibody 358 

specificity (Figure 5Ad).  359 
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We had the opportunity to evaluate AhR activity in the prepubertal human ovary, by 360 

analyzing ovaries from three infant girls aged 2, 5 and 17 months. We also used ovaries from 361 

women of reproductive age considered as positive controls. In adult human ovaries, large 362 

antral follicles displayed numerous granulosa cells with a strong nuclear expression of AhR 363 

(Figure 5Ba). By contrast, in infant ovaries, the small antral follicles, which may express 364 

CYP19A1 aromatase as described previously (François et al, 2017), showed AhR expression 365 

only in a small subset of granulosa cells, with a predominant cytoplasmic expression (shown 366 

at 2 months in Figure 5Bb). A weak or low staining was observed in thecal cells and in the 367 

oocyte of these growing follicles. 368 

 369 

Discussion 370 

While many studies have focused on the impact of in utero or adult exposure to EDCs, 371 

few have focused on the consequence of EDC exposure from birth to puberty albeit this 372 

period may be at high risk because developmental processes are still ongoing (Schug et al., 373 

2011). In particular, E2 action would be critical during both the infantile and late juvenile 374 

stages for the proper timing of puberty, implementation of ovulation at each sexual cycle and 375 

reproductive behavior (Clarkson, 2013). Given the fact that AhR regulates physiological 376 

processes and can mediate EDCs action, deciphering its role on ovarian steroidogenesis 377 

during these two stages is of importance to identify the possible mechanisms whereby 378 

environmental contaminants could impair reproductive function. By using complementary 379 

approaches on the Ahr-/- mouse, treatments with FICZ or TCDD on the highly AhR sensitive 380 

C57BL/6 mouse strain and in situ analyses on mouse and human ovaries, this work provides 381 

some evidence that AhR signaling would start regulating E2 production in the ovary at the 382 

end of the prepubertal period. It highlights the existence of a time-restricted window during 383 

this period for the vulnerability of ovarian steroidogenesis to EDCs acting through AhR. 384 
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We report here that the loss of Ahr in Ahr knock-out mice led to the down-regulation in 385 

the expression of three factors involved in steroidogenesis including Star, Cyp17a1 and 386 

Cyp19a1, thereby resulting in decreased E2 synthesis by the ovary, but exclusively in late 387 

juvenile mice. Besides, administration of the prototypical AhR ligand TCDD resulted in a 388 

significant up-regulation in Fshr, Cyp19a1 expression and E2 biosynthesis in late juvenile 389 

mice and not in infantile mice. The distinct regulation of the expression of Fshr, Star and 390 

Cyp17a1 between intrinsic AhR signaling and TCDD-activated AhR signaling may reflect the 391 

occurrence of ligand-specific activation of AhR pathways, as proposed (Guyot et al., 2013). 392 

This idea is further supported by our observation that TCDD, but not FICZ, could impact 393 

Cyp19a1 expression and E2 biosynthesis in late juvenile females. However, we cannot 394 

exclude that these apparent differences between FICZ and TCDD could result from the doses 395 

used for in vivo treatments and distinct kinetics of action. From the present studies, we do not 396 

know whether FICZ could be an ovarian endogenous ligand. But its relative inefficiency in 397 

regulating steroidogenesis at the late juvenile stage leads us to assume that other ligands, such 398 

as arachidonic acid, leukotrienes or heme metabolites, could mediate this process (Guyot et 399 

al., 2013).   400 

Our observation that intrinsic and TCDD-mediated AhR action on ovarian steroidogenesis 401 

is related to the developmental stage parallels previous works also performed in rodents. 402 

Indeed, regulation of intra-ovarian E2 biosynthesis by intrinsic AhR signaling was reported to 403 

be either stimulated or repressed depending on the stage of sexual maturation (30-32 dpn 404 

versus adulthood) through the use of Ahr-/- mice (Hernandez-Ochoa et al., 2010). Besides, our 405 

analyses of the ovaries from rats chronically exposed in utero and through lactation to TCDD 406 

revealed no alteration in the expression of genes encoding factors involved in steroidogenesis 407 

at any studied ages from birth to the early juvenile stage (Magre et al., 2012). Collectively, 408 
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these data supports the idea that intrinsic AhR signaling, like EDC-mediated AhR activation 409 

during early prepubertal life, have no impact on E2 synthesis.   410 

The occurrence of abnormal E2 levels despite the lack of alteration in serum FSH and LH 411 

levels in late juvenile mice with Ahr invalidation or treated with TCDD suggests that AhR 412 

signaling in the pituitary unlikely contributes to the regulation of E2 synthesis and rather 413 

supports the hypothesis of a direct implication of an ovarian AhR signaling. Besides, the 414 

observation that the levels of both Fshr and Lhcgr transcripts remained unaffected by Ahr 415 

knock-out at the late juvenile stage supports the idea that gonadotropin signaling does not 416 

interact with that of AhR to regulate E2 synthesis at this stage. The apparent discrepancy with 417 

another study led on Ahr knockout mice wherein Fshr and Lhcgr expression was down-418 

regulated as compared with that in wild-type mice, at almost the same age (30-32 dpn) may 419 

owe for distinct mouse genetic background (Hernandez-Ochoa et al., 2010).  420 

We do not know at present the mechanisms underlying this stage-dependent action of 421 

intrinsic and TCDD-mediated AhR signaling on ovarian steroidogenesis during the 422 

prepubertal period. We detected AhR and the transcripts of its binding partner ARNT in the 423 

ovary at all studied prepubertal ages. The fact that FICZ and TCDD significantly induced 424 

Ahrr and Cyp1a1 in the infantile ovary indicates that the molecular machinery required for 425 

AhR transcriptional action could become functional in the ovary at an early stage, providing 426 

exogenous ligand supply. However, AhR nuclear expression was rather weak in E2-427 

synthesizing follicles in mice at the infantile stage as compared with that in adults. Although 428 

quantitative studies would be necessary to confirm these in situ data, one may hypothesize 429 

that virtually low AhR abundance in granulosa cells could be responsible for the lack of AhR-430 

mediated regulation of E2 synthesis at this stage. Importantly, our studies on human ovaries 431 

indicated that AhR expression was also virtually low in granulosa cells during infancy, 432 

therefore suggesting that the stage-dependent action of AhR occurring in the prepubertal 433 
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mouse may be extended to humans. The mechanisms behind the regulation of AhR abundance 434 

have been the matter of a number of studies. The expression of AhR transcripts and proteins 435 

in granulosa cells is tightly controlled by E2 and by the gonadotropins LH and FSH 436 

(Bussmann and Barañao, 2006; Matvere et al., 2019; Teino et al., 2014). In one of these 437 

studies, FSH and E2 were reported to decrease AhR expression in rat granulosa cells in 438 

primary culture (Bussmann and Barañao, 2006), in line with the fluctuations in AhR 439 

expression during the estrus cycle in the rat (Chaffin et al., 2000). Besides, up-regulation of 440 

AhR expression in granulosa cells in vivo has been recently demonstrated to involve the 441 

cooperation of FSH and LH (Matvere et al., 2019). We have shown that the growing follicles 442 

responsible for E2 synthesis at the infantile stage were responsive to FSH but not to LH, in 443 

contrast to those in late juvenile and adult ovaries (François et al., 2017). Hence, one may 444 

advance that the specific hormonal environment of the infantile period together with the low 445 

degree of maturation of growing follicles could underlie this stage-dependent action of AhR 446 

signaling in the prepubertal ovary. It would be of interest to explore this issue in future 447 

studies.  448 

Interestingly, our analyses on Ahr wild-type and knockout mice showed that Ahr loss did 449 

not affect Ahrr expression in addition to that of steroidogenesis-related genes at the neonatal, 450 

infantile and early juvenile stages. These observations support the idea that intrinsic ovarian 451 

AhR signaling is still dormant at these early stages. The fact that Lhcgr expression was down-452 

regulated at 14 dpn may simply result from the sharp decrease in circulating LH levels at this 453 

stage, as suggested by our studies. However, the fact that TCDD could induce Ahrr and 454 

Cyp1a1 expression and represses that of Lhcgr in the infantile ovary indicates that EDCs 455 

acting through AhR could potentially impair ovarian function, aside from steroidogenesis, 456 

even at early prepubertal stages. This hypothesis is supported by our previous study carried 457 

out in the Sprague-Dawley rat exposed in utero and through lactation to TCDD (Magre et al., 458 
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2012). These females displayed increased levels of components of the inflammatory pathway 459 

in the ovary, such as the chemokines Ccl5 (C-C motif ligand 5) and Pf4 (Platelet factor 4) at 460 

the infantile stage (Magre et al., 2012). Chronic inflammation, as that observed in metabolic 461 

disorders related to obesity, has been linked to polycystic ovarian syndrome, altered sexual 462 

cycles and reduced oocyte quality (Snider and Wood, 2019). But the possibility that EDC-463 

mediated activation of AhR at early prepubertal stages could alter ovarian function to disrupt 464 

fertility warrants future studies.  465 

This is to our knowledge the first report relating that circulating LH levels are 466 

dramatically decreased in the prepubertal Ahr knockout mice, in particular at 14 dpn. We 467 

previously reported that circulating LH levels are particularly high at the time of mini-puberty 468 

in the mouse (François et al., 2017), but the underlying mechanisms responsible for LH surge 469 

remain unknown. LH, like FSH, is a dimeric glycoproteins composed of a common α-subunit 470 

and rate-limiting β-subunits (LHβ and FSHβ). Their synthesis and secretion is under the 471 

control of GnRH, secreted by hypothalamic neurons in a pulsatile manner. Our additional 472 

studies on gonadotropin subunits alpha (Cga), Lhbeta (Lhb) and Fshbeta (Fshb) mRNA in 473 

prepubertal Ahr+/+ and Ahr-/- mice did not reveal any alteration in their relative abundance 474 

(data not shown). Hence, the observed fall in circulating LH would not result from the loss of 475 

AhR transcriptional action on Cga or Lhb. Whether this deregulation arises from altered 476 

hypothalamic or pituitary function warrants additional studies.  477 

In conclusion, this work highlights the existence of a window of vulnerability of ovarian 478 

steroidogenesis to AhR-mediated EDC action during the prepubertal period restricted to the 479 

late juvenile stage. It points out the existence of a developmental period at which EDCs acting 480 

via AhR could exert adverse effects on puberty onset and fertility by impacting prepubertal 481 

ovarian function. However, individuals are exposed from early life to a large number of EDCs 482 

not necessarily acting through AhR, such as Bisphenol A (BPA), which is an estrogenic 483 
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compound considered as a prevalent contaminant (Vandenberg et al., 2007). Perinatal 484 

exposure to BPA is linked to the advent of reproductive disorders, presumably by prematurely 485 

activating E2 signaling in maturing neuronal circuitries (Rubin et al., 2001; Ruiz-Pino et al., 486 

2019). Future studies should determine the possible age-dependent vulnerability of the 487 

reproductive system to common EDCs during the prepubertal period.  488 
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Figure legends 515 

Figure 1-Effect of Ahr deletion in Ahr knockout mice on ovarian steroidogenesis and 516 

pituitary function during the prepubertal period 517 

(A) Scheme presenting the different stages of the prepubertal period in the mouse. (B-D) 518 

Relative intra-ovarian contents of Star, Cyp17a1 and Cyp19a1 transcripts at 7, 14, 21 and 28 519 

dpn in Ahr+/+ and Ahr-/- mice. They were determined by RT-qPCR and normalized to the 520 

mRNA levels of Hprt. The number of ovaries was the following: n=2 and 4 at 7 dpn, n=5 and 521 

6 at 14 dpn, n=6 and 6 at 21 dpn, n=5 and 6 at 28 dpn, in Ahr+/+ and Ahr-/- mice, respectively. 522 

(E) Intra-ovarian estradiol (E2) contents were determined by GC-MS at 14, 21 and 28 dpn in 523 

Ahr+/+ and Ahr-/- mice (n=4 to 5 mice/age group in each genotype). (F, G) Circulating FSH 524 

and LH levels were assayed by Luminex technology at 14, 21 and 28 dpn in Ahr+/+ and Ahr-/- 525 

mice (n=6 to 7 serum/age group in each genotype). (H, I, J) Relative intra-ovarian contents of 526 

Fshr, Lhcgr and Ahrr transcripts at 7, 14, 21 and 28 dpn in Ahr+/+ and Ahr-/- mice. They were 527 

determined by RT-qPCR and normalized to the mRNA levels of Hprt. The number of ovaries 528 

was the following: n=2 and 4 at 7 dpn, n=5 and 6 at 14 dpn, n=6 and 6 at 21 dpn, n=5 and 6 at 529 

28 dpn, in Ahr+/+ and Ahr-/- mice, respectively. Data are shown as scatter dot plots with means 530 

as horizontal lines. Data were analyzed by two-way ANOVA and Sidak’s multi-comparisons 531 

tests with *, P<0.05; **, P<0.01; ***, P<0.001. NA, not analyzed. In (B), effect of the age 532 

P<0.05; effect of the phenotype, P>0.05; phenotype by age, P >0.05. In (C), effect of the age 533 

P<0.01; effect of the phenotype, P>0.05; phenotype by age, P>0.05. In (D), effect of the age 534 

P<0.001; effect of the phenotype, P<0.05; phenotype by age, P<0.05. In (E), effect of the age 535 

P<0.001; effect of the phenotype, P<0.01; phenotype by age, P<0.01. In (F), effect of the age 536 

P<0.001; effect of the phenotype, P>0.05; phenotype by age, P>0.05. In (G), effect of the age 537 

P<0.01; effect of the phenotype, P<0.01; phenotype by age, P<0.05. In (H), effect of the age 538 

P<0.001; effect of the phenotype, P>0.05; phenotype by age, P>0.05. In (I), effect of the age 539 
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P<0.001; effect of the phenotype, P<0.05; phenotype by age, P<0.05. In (J), effect of the age 540 

P<0.001; effect of the phenotype, P>0.05; phenotype by age, P>0.05.  541 

 542 

Figure 2- FICZ-induced ovarian steroidogenesis and AhR activity in the mouse ovary at 543 

the infantile and late juvenile stages 544 

 (A) Schematic representation of the procedure used to activate AhR with FICZ at infantile 545 

(13-14 dpn) and late juvenile (27-28 dpn) stages. (B-D) Relative intra-ovarian contents of 546 

Star, Cyp17a1, and Cyp19a1 mRNAs in vehicle-(CTR) and FICZ-treated mice at 14 and 28 547 

dpn. They were determined by RT-qPCR and normalized to the mRNA levels of Hprt (6–17 548 

ovaries/group). Shown are the relative mRNA levels after normalization by values of age-549 

matched control group. (E) Intra-ovarian contents of E2 in vehicle-(CTR) and FICZ-treated 550 

mice at 14 and 28 dpn were determined by GC-MS in 6 ovaries/group. (F, G) Relative intra-551 

ovarian contents of Ahrr and Cyp1a1 mRNAs in vehicle-(CTR) and FICZ-treated mice at 14 552 

and 28 dpn. They were determined by RT-qPCR and normalized to the mRNA levels of Hprt 553 

(7–17 ovaries/group). Shown are the relative mRNA levels after normalization by values of 554 

age-matched control group. Data are shown as scatter dot plots with means as horizontal lines. 555 

Data were analyzed by two-way ANOVA and Sidak’s multi-comparisons with **, P<0.01; 556 

****, P<0.0001. In (B) and (C), effect of the age P>0.05; effect of the treatment, P>0.05; 557 

treatment by age, P>0.05. In (D), effect of the age P<0.05; effect of the treatment, P>0.05; 558 

treatment by age, P>0.05. In (E), effect of the age P<0.001; effect of the treatment, P>0.05; 559 

treatment by age, P>0.05. In (F), effect of the age P>0.05; effect of the treatment, P<0.001; 560 

treatment by age, P<0.05. In (G), effect of the age P>0.05; effect of the treatment, P<0.001; 561 

treatment by age, P>0.05.  562 

 563 

 564 
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Figure 3- TCDD-induced ovarian steroidogenesis, pituitary function and AhR activity at 565 

the infantile and late juvenile stages 566 

(A) Schematic representation of the procedure used to activate AhR signaling with TCDD 567 

during the infantile (13 dpn) and late juvenile stages (27 dpn). (B-D) Relative intra-ovarian 568 

contents of Star, Cyp17a1, and Cyp19a1 transcripts in nonane-(CTR) and TCDD-treated mice 569 

at 14 and 28 dpn. They were determined by RT-qPCR and normalized to the mRNA levels of 570 

Hprt (8–10 ovaries/group). Shown are the relative mRNA levels after normalization by values 571 

of age-matched control group. (E) Intra-ovarian contents of E2 in nonane-(CTR) and TCDD-572 

treated mice at 14 and 28 dpn determined by GC-MS from 7 ovaries/group. (F, G) Circulating 573 

FSH and LH levels were assayed in nonane-(CTR) and TCDD-treated mice at 14 and 28 dpn 574 

by Luminex technology from 7 serum/group. (H- K) Relative intra-ovarian contents of Fshr, 575 

Lhcgr, Ahrr and Cyp1a1 transcripts in nonane-(CTR) and TCDD-treated mice at 14 and 28 576 

dpn. They were determined by RT-qPCR and normalized to the mRNA levels of Hprt (8–10 577 

ovaries/group). Shown are the relative mRNA levels after normalization by values of age-578 

matched control group. Data are shown as scatter dot plots with means as horizontal lines. 579 

Data were analyzed by two-way ANOVA and Sidak’s multi-comparisons with **, P<0.01; 580 

****, P<0.0001. In (A), effect of the age P>0.05; effect of the treatment, P>0.05; treatment 581 

by age, P>0.05. In (B), effect of the age P>0.05; effect of the treatment, P>0.05; treatment by 582 

age, P>0.05. In (C), (F) and (G), effect of the age P<0.01, effect of the treatment, P>0.05; 583 

treatment by age, P>0.05. In (D), effect of the age P>0.05; effect of the treatment, P<0.01; 584 

treatment by age, P>0.05. In (E), effect of the age P<0.001, effect of the treatment, P<0.01; 585 

treatment by age, P<0.05.  In (H) and (I), effect of the age P<0.01, effect of the treatment, 586 

P>0.05; treatment by age, P<0.05. In (J), effect of the age P>0.05; effect of the treatment, 587 

P<0.01; treatment by age, P>0.05. In (K), effect of the age P<0.01, effect of the treatment, 588 

P<0.001; treatment by age, P<0.001. 589 
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 590 

Figure 4 591 

Expression of AhR in the mouse ovary during the prepubertal period 592 

(A) Relative intra-ovarian contents of Ahr transcripts at 7, 14, 21 and 28 dpn in the C57BL/6 593 

mouse. They were determined by RT-qPCR and normalized to the mRNA levels of Hprt 594 

(n=3–6 ovaries/group). Bars represent the means. Data were analyzed by Kruskal-Wallis non-595 

parametric test, with different letters indicating statistical differences. (B) Relative AhR 596 

protein abundance determined by Western blot of ovarian lysates prepared from 7, 14, 21, 28 597 

dpn C57BL/6 mice and in adult ovaries of Ahr+/+ and Ahr-/- mice used as controls. a- A 598 

representative immunoblot of AhR is shown. Lysates from Ahr-/-mice served as negative 599 

controls for the anti-AhR antibody. GAPDH was used as a loading control. b- Bar s represent 600 

the means of relative AhR levels normalized to GAPDH after quantification of AhR and 601 

GAPDH band intensity by ImageJ (n=3 ovaries/group). Data were analyzed by Kruskal-602 

Wallis non-parametric test, with different letters indicating statistical differences. (C) Relative 603 

intra-ovarian contents of Arnt transcripts at 7, 14, 21 and 28 dpn. They were determined by 604 

RT-qPCR and normalized to the mRNA levels of Hprt (n=6 ovaries/group). Data are shown 605 

as scatter dot plots with means as horizontal lines. Data were analyzed by Kruskal-Wallis 606 

non-parametric test, with different letters indicating statistical differences. 607 

 608 

Figure 5 609 

Cellular and subcellular distribution of AhR in the mouse and human ovary  610 

(A) Analyses of AhR expression in adult and prepubertal mouse ovaries by 611 

immunohistochemistry. AhR appears as a yellow/brown staining and hematoxylin 612 

counterstaining as a blue color. Photographs on the right are enlarged magnification of the left 613 

panel. a- In the adult ovary, AhR is virtually expressed in the nucleus of all granulosa cells of 614 
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this large antral follicle delimited by dotted lines. A few thecal cells lining the follicle are 615 

positive. b- In the 28 dpn ovary, AhR is highly expressed in the nucleus of granulosa cells, 616 

and in a few thecal cells. c- In the 14 dpn ovary, AhR is faintly expressed in the cytoplasm 617 

and the nucleus of a few granulosa cells (arrows) of growing follicles (dotted lines). d- No 618 

staining is observed in Ahr-/- mouse ovaries used as a negative tissue control for the primary 619 

antibody. Scale bars, left panels: 100 μm; right panels: 10 μm. (B) Analyses of AhR 620 

expression in human adult ovary and in human infant ovary at 2 months. AhR appears as a 621 

yellow/brown staining and hematoxylin counterstaining as a blue color. Photographs on the 622 

right are enlarged magnification of the left panel. a- In this human adult ovary (37 years old), 623 

AhR is expressed in the nucleus of all granulosa cells of antral follicles (dotted lines). b- In 624 

this human infant ovary at 2 months, AhR is mainly expressed in the cytoplasm of granulosa 625 

cells (arrow) of growing follicles (dotted lines) and in thecal cells. Scale bars, left panel in a: 626 

200 μm, in b: 100 μm; right panels: 10 μm.  627 
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Table 1 810 

List of primers used for real-time PCR 811 

Gene Forward Reverse 

Amplicon 

size (bp) 

Ahr 5’-GACAGCAGAATCCCACATCCGCA-3’ 5’-TCTCGTCCTTCTTCATCCGTCAGT-3’ 178 

Ahrr 5’-GTTGGATCCTGTAGGGAGCA-3’ 5’-AGTCCAGAGGCTCACGCTTA-3’ 163 

Arnt 5’-CCATCGTTGTGTGGCTACTG-3’ 5’-AAGGAGCTCGTTCTCATCCA-3’ 201 

Cyp1a1 5’-CAAGAGCTGCTCAGCATAGTC-3’  5’-GCTCAATGAGGCTGTCTGTG-3’ 229 

Cyp17a1 5’-CTTTCCTGGTGCACAATCCT-3’ 5’-TACGCAGCACTTCTCGGATA-3’ 141 

Cyp19a1 5’-TACTTCATGTTACTTCTCGTCGC-3’ 5’-ATCCTCGATCTTTATGTCTCTGTCAC-3’ 103 

Fshr 5’-CTGGCATTCTTGGGCTCG-3’ 5’-GGGCGGAATCTCGGTCA-3’ 101 

Lhcgr 5’-ACCAAAAGCTGAGGCTGAGA-3’ 5’-GGAGGCAGATGCTGACTTTC-3’ 123 

Hprt 5’-AGGACCTCTCGAAGTGT-3’ 5’-ATTCAAATCCCTGAAGTATCAT-3’ 111 

Star 5’-GTCATCAGAGCTGAACACGG-3’ 5’-TGGCGAACTCTATCTGGGTC-3’ 163 

 812 
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