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Effects of pubertal exposure to low doses of di-(2-ethylexyl)phthalate on reproductive behaviors in male mice

Reproductive behaviors are tightly regulated by sex steroid hormones. Interference with these hormones or their neural signaling pathways leads to behavioral alterations. We have previously shown that oral exposure of adult male mice to di(2-ethylhexyl) phthalate (DEHP), an organic environmental endocrine disruptor, altered sexual behavior. In this study, we examined the effects of pubertal exposure to DEHP and analyzed whether pubertal and adult exposures to DEHP trigger long-term effects. For pubertal exposure, male mice were exposed orally to the vehicle or DEHP at 5 or 50 µg/kg/d from postnatal day (PND) 30 to PND60. Exposure was arrested and animals were analyzed on PND120. They exhibited normal olfactory preference but showed modified emission of ultrasonic vocalizations. DEHP exposure also affected partner preference and mating components.

These modifications were associated with normal circulating testosterone levels and weight of androgen-sensitive tissues. In contrast, androgen receptor (AR) protein amount was reduced in the hypothalamic preoptic area in particular for the DEHP-50 group. Pubertal exposure also increased the anxiety-state level without changing circadian activity. When adult male mice were exposed to DEHP at the same doses from PND60 to PND105 and analyzed two months later, no effects of treatment on reproductive and anxiety-related behaviors or hypothalamic AR protein amount were seen.

Our data show that pubertal exposure of male mice to DEHP induces long-term behavioral changes in contrast to the adult exposure. This highlights the sensitivity of the nervous system to low doses of DEHP during the critical period of puberty.
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Introduction

In rodents, male sexual behavior is induced by olfactory cues emitted by sexually receptive females. These pheromonal cues are detected by the main olfactory epithelium and vomeronasal organ of the male and are transmitted, respectively, to the main and accessory olfactory bulbs, then to chemosensory responsive nuclei in the medial amygdala, to the stria terminalis bed nucleus and the hypothalamic medial preoptic area, where they are processed into behavioral responses. These neural structures are tightly regulated by sex steroid hormones, which start acting as early as the perinatal period when testosterone released by the fetal and neonatal testes induces neural masculinization and defeminization [START_REF] Morris | Sexual differentiation of the vertebrate nervous system[END_REF][START_REF] Phoenix | Organizing action of prenatally administered testosterone propionate on the tissues mediating mating behavior in the female guinea pig[END_REF]. Later, in adulthood, testosterone is also required in the activation of these behaviors. The pubertal period is another key time, during which testosterone exerts long-term effects on reproductive behaviors and on underlying neural structures to ensure the maturation of processes initiated during the perinatal period [START_REF] Ahmed | Pubertal hormones modulate the addition of new cells to sexually dimorphic brain regions[END_REF][START_REF] De Lorme | Pubertal testosterone organizes regional volume and neuronal number within the medial amygdala of adult male Syrian hamsters[END_REF][START_REF] Sodersten | Sexual behavior in developing male rats[END_REF][START_REF] Zancan | Remodeling of the number and structure of dendritic spines in the medial amygdala: From prepubertal sexual dimorphism to puberty and effect of sexual experience in male rats[END_REF]. For instance, in hamsters prepubertal castration of males has been shown to decrease sexual behavior with fewer mountings and intromissions and longer times to ejaculation [START_REF] Schulz | Gonadal hormones masculinize and defeminize reproductive behaviors during puberty in the male Syrian hamster[END_REF]. These perinatal, pubertal and adult periods are highly sensitive to hormonal changes, and could therefore also be sensitive to exposure to exogenous substances exhibiting endocrine disrupting activities.

Phthalates are organic pollutants that are detected ubiquitously in the environment, due to their massive use in the manufacture of several everyday products, including those made of polyvinyl chloride plastic. Di(2-ethylhexyl) phthalate (DEHP), the most abundant of this family, exhibits antiandrogenic effects such as the reduction of testosterone production [START_REF] Barakat | Prenatal exposure to DEHP induces premature reproductive senescence in male mice[END_REF][START_REF] Pocar | Exposure to di(2-ethyl-hexyl) phthalate (DEHP) in utero and during lactation causes long-term pituitary-gonadal axis disruption in male and female mouse offspring[END_REF]. Previous studies examined the effects of perinatal DEHP exposure on sexual behavior [START_REF] Andrade | A dose response study following in utero and lactational exposure to di-(2-ethylhexyl) phthalate (DEHP): reproductive effects on adult male offspring rats[END_REF][START_REF] Dalsenter | Phthalate affect the reproductive function and sexual behavior of male Wistar rats[END_REF][START_REF] Moore | Abnormalities of sexual development in male rats with in utero and lactational exposure to the antiandrogenic plasticizer di(2-ethylhexyl) phthalate[END_REF]. In a recent study, we reported that adult exposure to low doses of DEHP reduced the emission of courtship ultrasonic vocalizations (USVs), diminished male attractiveness and delayed the initiation of mating [START_REF] Dombret | Neural mechanisms underlying disruption of male courtship behavior by adult exposure to di-(2-ethylexyl)phthalate in mice[END_REF].

In particular, these effects were observed at doses equivalent to or lower than the tolerable daily intake dose (TDI) of 50 µg/kg body weight/d, which was established and recently updated by the European Food Safety Authority [START_REF] Efsa | Opinion of the Scientific Panel on food additives, flavourings, processing aids and materials in contact with food (AFC) on a request from the Commission related to bis(2-ethylhexyl)phthalate (DEHP) for use in food contact materials[END_REF][START_REF] Efsa | Update of the risk assessment of di-butylphthalate (DBP), butyl-benzyl-phthalate (BBP), bis(2-ethylhexyl)phthalate (DEHP), di-isononylphthalate (DINP) and di-isodecylphthalate (DIDP) for use in food contact materials[END_REF].

It has not been examined whether DEHP exposure during the pubertal period also affects the expression of sexual behavior. Only a single study examined the effects on social behavior of prepubertal exposure of male mice to DEHP (1 to 200 mg/kg/d) from postnatal day (PND) 28 to PND42 [START_REF] Wang | Effects of early pubertal exposure to di-(2ethylhexyl) phthalate on social behavior of mice[END_REF]. This reported reduced play and social investigation in pubertal male mice and inhibited social play and social investigation in adult males.

The effects of pubertal exposure to DEHP have been examined on other reproductive parameters. In male rats, DEHP exposure from PND23 to PND56 or PND98 delayed the onset of puberty, reduced androgen-dependent tissue weights at 300 and 900 mg/kg/d of DEHP, and at the higher dose tested reduced serum testosterone and increased serum luteinizing hormone (LH) levels [START_REF] Noriega | Pubertal administration of DEHP delays puberty, suppresses testosterone production, and inhibits reproductive tract development in male Sprague-Dawley and Long-Evans rats[END_REF]. Exposure to lower doses of DEHP (7.5 and 75 mg/kg/d) from PND22 to PND52 did not alter preputial separation or the weight of androgen-sensitive tissues [START_REF] Venturelli | Effects of exposure to di-(2-ethylhexyl) phthalate (DEHP) during lactation and puberty on sexual maturation and glycemic homeostasis in males rats[END_REF]. In another study with a longer treatment period lasting from PND21 to PND120, DEHP exposure at 0.5 μg/kg/d or above induced effects on sperm count and on Sertoli and Leydig cell numbers [START_REF] Oudir | Male rat exposure to low dose of di(2-ethylhexyl) phthalate during pre-pubertal, pubertal and post-pubertal periods: Impact on sperm count, gonad histology and testosterone secretion[END_REF]. In male mice, pubertal exposure of 4-week-old males to DEHP at 0, 125, 250 or 500 mg/kg/d for 28 consecutive days reduced the sperm count and induced histological abnormalities in the seminiferous epithelium and apoptosis of postmeiotic germ cells [START_REF] Liu | Pubertal exposure to di-(2-ethylhexyl)-phthalate inhibits G9amediated histone methylation during spermatogenesis in mice[END_REF]. Furthermore, testosterone levels were reduced at 125 mg/kg/d of DEHP, and testis weight loss was observed at DEHP doses of 250 and 500 mg/kg/d. In the study of [START_REF] Wang | Effects of early pubertal exposure to di-(2ethylhexyl) phthalate on social behavior of mice[END_REF], exposure to DEHP doses of 50 or 200 mg/kg/d reduced the relative weight of bilateral testis and anogenital distance of males exposed to DEHP from PND28 to PND42. It thus appears that, with the exception of the study of [START_REF] Oudir | Male rat exposure to low dose of di(2-ethylhexyl) phthalate during pre-pubertal, pubertal and post-pubertal periods: Impact on sperm count, gonad histology and testosterone secretion[END_REF], the majority of studies used high doses of DEHP, above the TDI and noobserved adverse effect level (NOAEL) of this molecule (5 mg/kg/d).

The present study was undertaken in order to analyze whether pubertal exposure to the TDI and an environmentally relevant dose of DEHP triggers long-term effects on sexual behavior in male mice. Sexual behavior comprises pre-copulatory and copulatory phases. During the pre-copulatory phase, the courting male displays a chemo-investigating behavior towards receptive females followed by the emission of USVs. The produced USVs play a role in attracting the female partner [START_REF] Pomerantz | Female behavior is affected by male ultrasonic vocalizations in house mice[END_REF]. During the copulatory phase, the male exhibits mounting, thrusting, and intromitting behaviors before reaching ejaculation. Male mice were thus exposed to DEHP from PND30 to PND60 to cover the whole period of puberty and brain sensitivity to gonadal sex steroids.

Two months later, they were analyzed for olfactory preference, USV production, partner preference and copulatory behaviors. General behaviors such as locomotor activity and anxiety-state level were analyzed. Whether or not adult exposure to DEHP can also trigger long-term behavioral effects was also investigated. For this, adult male mice were exposed for 6 weeks, and analyzed two months after the end of exposure. The weight of androgen-sensitive tissues, circulating levels of testosterone, and the protein amount of the androgen (AR) and estrogen receptor α (ERα), the two key signaling pathways involved in the expression of male sexual behavior, were analyzed for both pubertal and adult exposures.

Material and Methods

Animals and treatment

Analyses were performed according to European legal requirements (Decree 2010/63/UE) and were approved by the "Charles Darwin" Ethical committee (project number 01490-01). Animals were obtained from breeding of male and female C57BL/6J mice (Janvier) housed in nest-enriched polysulfone cages maintained at 22°C. Mice were kept under an inverted light schedule, i.e. the dark time began at 1:30 PM with a 12:12 h light-dark cycle. The mice were fed ad libitum a standard diet of food and water.

Oral exposure to DEHP was performed as described previously [START_REF] Capela | Effects of combined exposure of adult male mice to di-(2-ethylexyl)phthalate and nonylphenol on behavioral and neuroendocrine responses[END_REF][START_REF] Dombret | Neural mechanisms underlying disruption of male courtship behavior by adult exposure to di-(2-ethylexyl)phthalate in mice[END_REF]. Male mice were fed ad libitum a standard diet containing the vehicle (control group) or DEHP (Sigma-Aldrich). This compound was dissolved in an ethanol-water mixture and was incorporated into the food, such that exposure was equivalent to 5 µg/kg/d (DEHP-5 group) or 50 µg/kg/d (DEHP-50 group). DEHP doses were calculated for a daily food intake of 3.5 g per animal from 1 month to 1.5 months of age, and of 5 g per animal for later stages. Mice were weighed weekly and DEHP doses adjusted according to changes in their body weight. For pubertal exposure, male mice were treated from PND30 until PND60 and the analyses were started 2 months later on PND120 (Figure 1A). For adult treatment, male mice were exposed from PND60 until PND105 and the analyses started two months later on PND165 (Figure 1B). For a group of adult males, analyses started after the treatment period and DEHP exposure was maintained during the whole period of analyses as explained below and previously described [START_REF] Dombret | Neural mechanisms underlying disruption of male courtship behavior by adult exposure to di-(2-ethylexyl)phthalate in mice[END_REF].

Behavioral tests

Tests, which were conducted under red-light illumination, started 2 h after lights were turned off at 1:30 PM as indicated above, and were videotaped for later analysis as previously described [START_REF] Capela | Adult male mice exposure to nonylphenol alters courtship vocalizations and mating[END_REF][START_REF] Capela | Effects of combined exposure of adult male mice to di-(2-ethylexyl)phthalate and nonylphenol on behavioral and neuroendocrine responses[END_REF][START_REF] Dombret | Neural mechanisms underlying disruption of male courtship behavior by adult exposure to di-(2-ethylexyl)phthalate in mice[END_REF]. Naïve male mice were housed individually for 3 days and then paired with a sexually receptive female for their first sexual experience.

Analyses of recordings were performed by blind observation, males being identified by numbers attributed at weaning without any information concerning their treatment details.

For pubertal exposure, behavioral analyses were conducted on a first cohort including 11 males of the vehicle group, 12 males of the DEHP-5 group and 12 males of the DEHP-50 group. For adult exposure, analyses were performed on a second cohort including 12 males of the vehicle group, 12 males of the DEHP-5 group and 11 males of the DEHP-50 group. The tests were conducted following the order indicated below, starting with olfactory preference, then USV analysis, partner preference, mating and ending with locomotor activity and anxiety-related behavior. A third cohort of adult male mice (n = 11 for the vehicle group; n = 11 for the DEHP-5 group; n = 10 for the DEHP-50 group) was added to test the effects of continuous exposure to DEHP on anxiety-related behavior. These males were exposed to the vehicle or DEHP for the same duration as the second cohort and treatment was maintained during the analyses as previously described [START_REF] Dombret | Neural mechanisms underlying disruption of male courtship behavior by adult exposure to di-(2-ethylexyl)phthalate in mice[END_REF].

Preparation of sexually receptive females

C57BL/6J female mice used as stimuli were ovariectomized under general anesthesia (xylazine/ketamine) and implanted with SILASTIC implants (Dow Corning, Midland, MI) filled with 50 µg of estradiol-benzoate (Sigma-Aldrich) in 30 µl of sesame oil. Four to 5 h before the tests, females were given a subcutaneous injection of 1 mg of progesterone (Sigma-Aldrich) in 100 µl of sesame oil. Female receptivity was verified before the beginning of experiments, using sexually experienced males.

Olfactory preference

Olfactory preference was assessed in an enclosed plexiglass Y-maze. On the day of the test, male mice were offered the choice between an anesthetized sexually receptive female and an anesthetized non-receptive female. Non-receptive females were not administered progesterone before the test.

The number of entries into each arm of the Y-maze and the time spent in chemo-investigation of each stimulus were scored over 10 min.

Ultrasonic vocalization recording

Each male mouse was tested in its home cage, in the presence of a sexually receptive female. After introduction of the female into the cage, vocalizations were recorded for 4 min with a microphone (UltraSoundGate) connected to an ultrasound recording interface plugged into a computer equipped with Avisoft-SASLab Pro 5.2.09 recording software. Then the vocalizations were analyzed using SASLab Pro (Avisoft Bioacoustic). Spectrograms were generated for each call detected (frequency resolution: FFT-length: 512; frame size: 100%; overlap: 50%). The parameters used for the automatic quantification of the ultrasonic vocalizations were: cut-off frequency of 30 kHz, element separation based on an automatic single threshold with a hold time of 15 ms. Syllables of the simple (short, flat, upward, and downward), complex (modulated, complex) and frequency jump (mixed, one-jump, frequency-jump) categories were identified as previously described [START_REF] Capela | Adult male mice exposure to nonylphenol alters courtship vocalizations and mating[END_REF][START_REF] Dombret | Neural mechanisms underlying disruption of male courtship behavior by adult exposure to di-(2-ethylexyl)phthalate in mice[END_REF]. The total number and duration of USVs and the total number and duration of each syllable were analyzed.

Partner preference

A three-chamber test was conducted as previously described [START_REF] Dombret | Neural mechanisms underlying disruption of male courtship behavior by adult exposure to di-(2-ethylexyl)phthalate in mice[END_REF]. Females were allowed to become familiar with the three-chamber arena for 10 min on each of two consecutive days. On the day of the test, each sexually receptive female was placed in the neutral chamber and allowed to freely explore each chamber of the testing arena for 10 min. A DEHP-treated male was placed inside a corral and randomly assigned to the left or right chamber while a vehicle-treated male was placed inside a corral in the other chamber. The time spent in each compartment, the number of entries into each compartment and the time spent by the female sniffing each male, over the 10-min test, were scored.

Mating

Each male mouse was tested in its home cage for 10 h after introduction of the receptive female.

The latency to the first mount, intromission and ejaculation (time from the female introduction into the cage until the behavioral event), the mating duration (time from the first mount until ejaculation), the frequencies of mounts, intromissions and thrusts were scored.

Locomotor activity

Activity was analyzed in a computed circular corridor. Briefly, the male subject was introduced into a circular corridor made up of two concentric cylinders crossed by four diametrically opposite infrared beams (Imetronic). Locomotor activity was counted when animals interrupted two successive beams and had thus traveled a quarter of the circular corridor. Spontaneous activity was recorded for 12 h and was expressed as cumulative activity every 30 min as previously described [START_REF] Dombret | Neural mechanisms underlying disruption of male courtship behavior by adult exposure to di-(2-ethylexyl)phthalate in mice[END_REF][START_REF] Raskin | Conditional inactivation of androgen receptor gene in the nervous system: effects on male behavioral and neuroendocrine responses[END_REF].

Anxiety-related behavior

Male mice were placed in the closed arms of the O-maze and allowed to explore the maze freely for 9 min. The latency time before entry into the open arms, the number of entries and the time spent in the open arms were analyzed. A mouse was considered to be in an open arm once all its 4 paws had entered the arm.

Urogenital tract weight and hormone measurements

At the end of experiments, the weights of body and androgen-sensitive tissues (seminal vesicles, testis and Tyson gland) were measured for the two first cohorts of males analyzed in behavioral tests. The absolute organ weights (mg) and relative weights, expressed as percentage of body weight, were compared between the three-treatment groups. In addition, blood was collected from pubertally exposed males to prepare serum as previously described [START_REF] Capela | Effects of combined exposure of adult male mice to di-(2-ethylexyl)phthalate and nonylphenol on behavioral and neuroendocrine responses[END_REF][START_REF] Raskin | Conditional inactivation of androgen receptor gene in the nervous system: effects on male behavioral and neuroendocrine responses[END_REF]. Circulating levels of testosterone were measured by RIA using 3 H-testosterone at the hormonal assay platform of the laboratory of behavioral and reproductive physiology (UMR INRAE/ CNRS / Université de Tours) as previously reported [START_REF] Capela | Adult male mice exposure to nonylphenol alters courtship vocalizations and mating[END_REF][START_REF] Capela | Effects of combined exposure of adult male mice to di-(2-ethylexyl)phthalate and nonylphenol on behavioral and neuroendocrine responses[END_REF][START_REF] Dombret | Neural mechanisms underlying disruption of male courtship behavior by adult exposure to di-(2-ethylexyl)phthalate in mice[END_REF]. The mean intra-assay variation coefficient was 7%, and the assay sensitivity was 125 pg/ml.

Western blotting

Protein extracts (30 μg) from punches of the medial preoptic area were prepared from 4-6 males per treatment group of the two first cohorts as previously described [START_REF] Capela | Adult male mice exposure to nonylphenol alters courtship vocalizations and mating[END_REF][START_REF] Picot | Neural androgen receptor deletion impairs the temporal processing of objects and hippocampal CA1-dependent mechanisms[END_REF]. Proteins were then separated on a 4-12% polyacrylamide gel (Invitrogen), and transferred onto a nitrocellulose membrane. Blots were probed overnight with polyclonal anti-AR (1:400, Santa-Cruz Biotechnology), anti-ERα (1:400, Santa-Cruz Biotechnology) or anti-glyceraldehyde 3phosphate dehydrogenase gene GAPDH (1:10000, Santa-Cruz Biotechnology) and then with peroxidase-conjugated second antibodies diluted at 1:5000 (Amersham Bioscience). Signals were visualized with the Super Signal detection kit (Thermo Scientific), quantified with ImageJ software (NIH) and normalized with respect to GAPDH.

Statistical analyses

Data were expressed as means ± S.E.M. Normality tests (Kolmogorov-Smirnov and Shapiro-Wilks tests) were performed before using the parametric analyses. Two-way ANOVA was used to analyze the main effects of treatment and stimuli for olfactory preference, and treatment and time for locomotor activity. A paired Student's t test was used to analyze the results of partner preference.

One-way ANOVA was used to analyze the effects of treatment on the remaining data; except for testosterone levels, which were analyzed by non parametric Kruskal-Wallis test. Post-hoc tests were used to determine group differences. P values of less than 0.05 were considered to be significant.

Results

Effects of pubertal exposure to DEHP on olfactory preference and USV production

Male mice were exposed to the vehicle or DEHP at 5 or 50 µg/kg/d from PND30 to PND60, with exposure covering the whole period of puberty and brain sensitivity to gonadal sex steroids (Figure 1A). Exposure was arrested, and 2 months later, adult males were sexually experienced before starting the behavioral analyses.

In the olfactory preference test, male mice were given the choice between non-receptive and receptive females placed in opposite arms of the Y maze. The females were both anesthetized in order to avoid any social interaction. Two-way ANOVA showed no effect of stimulus (F(1, 32) = 0.13, p = 0.72) or treatment on the number of entries into the stimulus arms (F(2, 32) = 1.2, p = 0.31) (Figure 2A). The total time spent investigating the two stimuli was also comparable between the three groups (p = 0.4; Figure 2B). In contrast, there was an effect of the stimulus (F(1, 32) = 12.32, p = 0.001) but not of treatment (F(2, 32) = 0.93, p = 0.41) on the time spent in investigation (Figure 2C). Males were more interested in the receptive female than in the non-receptive one, regardless of their treatment status.

Male mice were also analyzed for the emission of USVs in the presence of a receptive female. Oneway ANOVA showed no effect of treatment on the total number of emitted USVs (p = 0.81; Figure 3A). A detailed analysis of the number of each syllable category (Figure 3B-D) shows a significant effect of treatment on short syllables (p < 0.05), with a lower number (-52%) in males of the DEHP-50 group by comparison to the DEHP-5 group (Figure 3B). There were no effects on the other syllables (flat: p = 0.70; upward: p = 0.49; downward: p = 0.16; mixed: p = 0.39; frequency-jump: p = 0.60; one-jump: p = 0.11; modulated: p = 0.64; complex: p = 0.63). The analysis of the total duration of emitted syllables shows an effect of treatment (p = 0.05; Figure 3E). Further analyses of each category show treatment effects on modulated (p = 0.03), mixed (p = 0.03) and one-jump syllables (p = 0.03) (Figure 3F-H). No treatment effects were observed on the other syllables (short: p = 0.10; flat: p = 0.77; upward: p = 0.46; downward: p = 0.17; frequency-jump: p = 0.55; complex: p = 0.7). Altogether, these data show that pubertal exposure to DEHP alters the number of short syllables, and the total duration of syllables, with a significant effect on modulated, mixed and onejump syllables. All these effects seemed to target the DEHP-5 group.

Effects of pubertal exposure to DEHP on partner preference and mating

Partner preference was investigated using the three-chamber paradigm containing a compartment with a box containing a vehicle-treated male and a compartment with a box containing a DEHPtreated male at either side of the middle chamber. Receptive female mice were given the choice between the two stimuli. Figure 4A shows that females spent a comparable total time investigating the male compartments. The number of entries in the vehicle-versus DEHP-treated compartments was also similar (Figure 4B). In contrast, females spent less time investigating males of the DEHP-50 group (-23%) in comparison to vehicle-exposed males (p = 0.007; Figure 4C).

Analyses of mating tests in the presence of a receptive female show no effect of treatment on the latency to mount (p = 0.48) or intromit (p = 0.37), but an effect on the latency to reach ejaculation (p = 0.0053) (Figure 4D). Posthoc analyses show that males of the DEHP-50 group reached ejaculation later than the vehicle group (+50%, p < 0.01). There was also an effect of treatment on mating duration (p = 0.011; Figure 4E), this being longer for males of the DEHP-50 group compared to the vehicle group (+51%, p < 0.05). Furthermore, analyses of the number of behavioral events (Figure 4F-H) show a significant effect of treatment on the number of intromissions (p = 0.04), and thrusts (p = 0.019).

Effects of pubertal exposure to DEHP on general behavior

Locomotor activity was monitored for 12 h during the dark phase (Figure 5A). There was an effect of time (F(23, 759) = 16.57, p < 0.0001), but not of treatment (F(2, 33) = 0.62, p = 0.55). Males exhibited a maximal activity during the first five hours, regardless of their treatment; then activity decreased progressively. In the elevated O-maze paradigm, an effect of treatment was observed on the latency to the first entry into the open arms (p = 0.015), with a significantly higher latency for DEHP-5 treated males than the vehicle group (+61%; Figure 5B). The number of entries into the open arms was not statistically significant, although a tendency to decrease was observed for the two DEHPtreated groups (Figure 5C). Moreover, there was an effect on the time spent in the open arms (p = 0.04) as shown in Figure 5D. Altogether, these data show that pubertal DEHP exposure did not affect locomotor activity but increased the anxiety state level of DEHP-treated mice.

Urogenital tract, testosterone levels and hypothalamic AR and ERα protein amounts

DEHP has been widely described as an anti-androgenic compound that affects testosterone production. We thus compared the weight of androgen-sensitive tissues between the three treatment groups and measured circulating levels of testosterone at the end of the behavioral analyses. Table 1 shows an effect of DEHP exposure on body weight (p = 0.02). Males of the DEHP-50 group had a lower weight (-4%) than males from the vehicle group (p < 0.05). There were no effects of DEHP exposure on the absolute or relative weights of the seminal vesicle, testis or Tyson gland.

Measurement of circulating levels of testosterone showed no effects of DEHP treatment (p = 0.37), with comparable levels between the three treatment groups (vehicle: 1.96 ± 0.30 ng/ml; DEHP-5: 2.01 ± 0.50 ng/ml; DEHP-50: 1.73 ± 0.50 ng/ml). These data show that pubertal exposure to DEHP reduced body weight in the DEHP-50 group, but did not affect testosterone levels or the weight of androgen-sensitive tissues in either of the DEHP-exposed groups.

Endocrine disruption of male sexual behavior by phthalates can also occur through modifications of the expression of the two key AR and ERα mediating testosterone-induced regulation of this behavior [START_REF] Naulé | Revisiting the neural role of estrogen receptor beta in male sexual behavior by conditional mutagenesis[END_REF][START_REF] Ogawa | Behavioral effects of estrogen receptor gene disruption in male mice[END_REF][START_REF] Ogawa | Modifications of testosterone-dependent behaviors by estrogen receptor-alpha gene disruption in male mice[END_REF][START_REF] Raskin | Conditional inactivation of androgen receptor gene in the nervous system: effects on male behavioral and neuroendocrine responses[END_REF][START_REF] Wersinger | Masculine sexual behavior is disrupted in male and female mice lacking a functional estrogen receptor a gene[END_REF].

Indeed, in the male nervous system, testosterone can act either directly through the activation of the AR or be metabolized by the neural aromatase cytochrome P450 into estradiol, which stimulates ER. We thus quantified the protein amounts of AR and ERα proteins by Western blotting in the medial preoptic area, the key hypothalamic region where chemosignals are processed in behavioral responses. Figure 4I shows an effect of pubertal exposure to DEHP on the amount of AR protein (p = 0.04), with a significant decrease (-47%) in the DEHP-50 group compared to males exposed to the vehicle. No effect of phthalate treatment was observed on the protein amount of ERα (p = 0.62; Figure 4J).

Effects of DEHP exposure arrest during adulthood

In previous research, we showed that chronic exposure of adult male mice to DEHP at 5 or 50 µg/kg/d reduced USV emission and attractiveness, delayed the time to reach ejaculation without affecting olfactory preference or locomotor activity, and down-regulated the expression of the neural AR [START_REF] Dombret | Neural mechanisms underlying disruption of male courtship behavior by adult exposure to di-(2-ethylexyl)phthalate in mice[END_REF]. In this previous study, males were exposed to DEHP for 6 weeks and exposure was maintained during the whole period of behavioral analyses. Thus, we wanted to know whether exposure to DEHP during adulthood triggers long-term modifications similarly to pubertal exposure, in particular of the behaviors and parameters affected by continuous exposure.

For this purpose, adult male mice were exposed to DEHP from PND60 for 6 weeks before exposure cessation for 2 months (Figure 1B). The mice were then analyzed for reproductive behaviors that were impacted by continuous DEHP treatment [START_REF] Dombret | Neural mechanisms underlying disruption of male courtship behavior by adult exposure to di-(2-ethylexyl)phthalate in mice[END_REF]. One-way ANOVA showed no significant effect of DEHP treatment on the total number (p = 0.27) or total duration (p = 0.53) of emitted USVs in the presence of a sexually receptive female (Figure 6A-B). Analysis of partner preference in the three-chamber paradigm shows that receptive females displayed a comparable total time and number of entries in the stimuli compartments (Figure 6C-D), and time investigating the vehicle-and DEHP-treated males (Figure 6E). In mating tests, there was no treatment effect on the latency to the first mount (p = 0.85), the first intromission (p = 0.51) or time to reach ejaculation (p = 0.62) (Figure 6F). Similarly, no effect of treatment on mating duration was observed (p = 0.61).

Anxiety state level was also compared between adult males exposed to DEHP, with or without an exposure arrest (Figure 7). In adult males where exposure was maintained throughout the behavioral analyses, there was an effect of adult DEHP exposure (p < 0.05) on the number of entries and the time spent in the open arms of the O-maze (Figure 7A-B). In particular, males of the DEHP-50 group exhibited a lower number of entries (-40% compared the DEHP-5 group) and time spent in the open arms (-30% versus the vehicle and DEHP-5 groups). In contrast, when adult male mice were exposed to DEHP and then analyzed after a two-months exposure arrest, there was no effect of DEHP exposure on the number of entries or time spent in the open arms (Figure 7C-D).

At the end of the behavioral analyses, male mice were analyzed for their body weight and for the weight of androgen-sensitive tissues. Data presented in Table 1 show that DEHP treatment had no effect on body weight (p = 0.37), or weights of the seminal vesicles (p = 0.99), testis (p = 0.37) or Tyson gland (p = 0.77). Quantification by Western blotting of the protein amounts of AR and ERα was also performed in the medial preoptic area of male mice. Figure 6H-I shows no changes in the AR (p = 0.76) and ERα protein amounts (p = 0.69) between the treatment groups.

Discussion

The present study shows that pubertal exposure of male mice to the TDI dose of DEHP (50 µg/kg/d) and to a 10-fold lower dose, which is close to the estimated environmental exposure, triggered long-term alteration of sexual behavior and anxiety-state level, which were seen two months after exposure cessation. In contrast, adult exposure to similar DEHP doses did not trigger such alterations, since no treatment effects were observed after a comparable duration of exposure arrest.

Exposure of male mice to DEHP during the whole period covering puberty and brain sensitivity to sex steroids triggered behavioral modifications. The assessment of sexual behavior of adult males shows that both the precopultaory and copulatory phases were affected. For the precopulatory phase, there was a treatment effect on the total number of short syllables produced and on the total duration of emitted ultrasonic vocalizations, in particular for syllables of the modulated, mixed and one-jump category. Compared to the vehicle group, DEHP-exposed males were also less able to attract females, in particular for the DEHP-50 group. During the copulatory phase, effects of DEHP treatment were seen on the latency to reach ejaculation, with a longer duration of mating for the DEHP-50 group. DEHP-exposed mice also exhibited more intromissions and thrusts than the vehicle group. Therefore, it seems that DEHP-exposed male mice had more difficulties than the vehicle group in attracting females, and initiating and terminating mating.

Behavioral changes were not due to an altered olfactory preference, since DEHP-exposed males were able to discriminate between non-receptive and receptive females, and showed more interest in the latter females. This suggests that the modifications induced by pubertal DEHP exposure are located downstream from the olfactory system, in the chemosensory areas such as the medial amygdala, the bed nucleus of stria terminalis and the medial preoptic area where signals are processed in behavioral responses.

Analyses of general behavior showed that locomotor activity during the dark phase, the period during which mating tests were performed, was unaffected by DEHP treatment. In contrast, both DEHP-treatment groups displayed an increased anxiety-related behavior as assessed by the O-maze test. Therefore, the altered sexual behavior of male mice exposed to DEHP during the pubertal period could be explained by changes in the neural circuitry underlying sexual behavior together with an increased anxiety-state level, which could interfere with the expression of reproductive behaviors.

The behavioral modifications induced by pubertal exposure to DEHP were observed two months after exposure arrest. This could be due either to long-term effects of DEHP or to the persistence of DEHP metabolites in the body of animals tested. Phthalates such as DEHP are rapidly degraded and their metabolites extensively excreted within a few days, mainly via urine and feces. Indeed, no accumulation in the plasma or testes of rats and marmosets was reported following oral administration of DEHP [START_REF] Kurata | Metabolism of di(2-ethylhexyl) phthalate (DEHP): comparative study in juvenile and fetal marmosets and rats[END_REF][START_REF] Pollack | Effects of route of administration and repetitive dosing on the disposition kinetics of di(2-ethylhexyl) phthalate and its mono-deesterified metabolite in rats[END_REF][START_REF] Teirlynck | Disposition of orally administered di-(2-ethylhexyl) phthalate and mono-(2-ethylhexyl) phthalate in the rat[END_REF]. However, the retention of DEHP and its active metabolite MEHP (mono-2-ethylhexyl phthalate) was reported in vivo in the fat tissues of mice [START_REF] Lindgren | A whole body autoradiographic study on the distribution of 14C-labelled di-(2-ethylhexyl)phthalate in mice[END_REF] and monkeys [START_REF] Jacobson | Effects of a plasticizer leached from polyvinyl chloride on the subhuman primate: a consequence of chronic transfusion therapy[END_REF], and in vitro in fat cells where MEHP impacted cellular metabolism [START_REF] Chiang | Mono(2ethylhexyl)phthalate accumulation disturbs energy metabolism of fat cells[END_REF]. In the present study, the body weight of male mice exposed during the pubertal period did not increase, in contrast to what has previously been reported for the perinatal exposure [START_REF] Hao | Perinatal exposure to diethyl-hexyl-phthalate induces obesity in mice[END_REF]. We observed unchanged or reduced body weight of male mice exposed during the pubertal period to DEHP at 5 or 50 µg/kg/d, respectively. Furthermore, in the same experimental conditions, male mice exposed during adulthood exhibited normal behavior after a similar duration of exposure arrest. Together, these observations led us to suggest that the behavioral effects induced by pubertal exposure to DEHP may be mainly due to long-term effects.

The behavioral alterations induced by pubertal exposure were associated with unchanged circulating levels of testosterone and weight of the androgen-sensitive tissues (seminal vesicles, testis and Tyson gland). In agreement with these results, no alteration of the androgenic status of rats was observed following peripubertal exposure to DEHP at 7.7 and 75 mg/kg/d [START_REF] Venturelli | Effects of exposure to di-(2-ethylhexyl) phthalate (DEHP) during lactation and puberty on sexual maturation and glycemic homeostasis in males rats[END_REF]. In contrast, pubertal exposure to higher doses of DEHP ranging from 125 to 6000 mg/kg/d resulted in reduced androgen levels and androgen-dependent tissue weights in rats and mice [START_REF] David | Reversibility of the chronic effects of di(2-ethylhexyl)phthalate[END_REF][START_REF] Liu | Pubertal exposure to di-(2-ethylhexyl)-phthalate inhibits G9amediated histone methylation during spermatogenesis in mice[END_REF][START_REF] Noriega | Pubertal administration of DEHP delays puberty, suppresses testosterone production, and inhibits reproductive tract development in male Sprague-Dawley and Long-Evans rats[END_REF][START_REF] Wang | Effects of early pubertal exposure to di-(2ethylhexyl) phthalate on social behavior of mice[END_REF]. Therefore, it seems from these observations that pubertal exposure to low DEHP doses does not affect testosterone levels and consequently androgen-sensitive tissues of the urogenital tract.

Quantification of the protein amounts of the two key receptors involved in the activation of male sexual behavior showed an effect of DEHP treatment on AR protein amount in the medial preoptic area. In particular, a significantly reduced protein amount was observed at 50 µg/kg/d of DEHP, but a tendency of this amount to be decreased was also noticed for the DEHP-5 group. No treatment effects were observed on ERα protein amount in the medial preoptic area between the three treatment groups. In our previous work on adult exposure with continuous DEHP treatment, the same DEHP doses as in the present study were found to alter sexual behavior and triggered selective modifications in the expression levels of the neural AR, without affecting the integrity of the hypothalamus-pituitary-gonad axis or hormonal levels [START_REF] Dombret | Neural mechanisms underlying disruption of male courtship behavior by adult exposure to di-(2-ethylexyl)phthalate in mice[END_REF]. Altogether, these data indicate first that pubertal and adult exposures to low DEHP doses target preferentially the AR signaling pathway in the neural circuitry underlying sexual behavior. Second, the structures underlying sexual behavior are more sensitive than the urogenital tract to pubertal and adult exposure to DEHP at low doses (5 and 50 µg/kg/d). Whether such differences in tissue sensitivity to DEHP also occur for perinatal exposure needs further studies at equally low doses. A previous work reported that gestational and lactational exposure to 50 µg/kg/d or 5 mg/kg/d of DEHP reduced testis and seminal vesicle weights in male mice [START_REF] Pocar | Exposure to di(2-ethyl-hexyl) phthalate (DEHP) in utero and during lactation causes long-term pituitary-gonadal axis disruption in male and female mouse offspring[END_REF]. This suggests a high sensitivity of the urogenital tract to DEHP exposure during this developmental period.

The TDI dose for DEHP is equivalent to 50 µg/kg/d in Europe. The recent revision by the EFSA of 5 phthalates including DEHP maintains the TDI dose at 50 µg/kg/d on the basis of their ability to reduce fetal testosterone production [START_REF] Efsa | Update of the risk assessment of di-butylphthalate (DBP), butyl-benzyl-phthalate (BBP), bis(2-ethylhexyl)phthalate (DEHP), di-isononylphthalate (DINP) and di-isodecylphthalate (DIDP) for use in food contact materials[END_REF]. The present behavioral study, together with increasing evidence in the literature of in vivo effects of DEHP on several biological systems at low doses in comparison to the previously used high doses in the majority of experimental studies addressing phthalate exposure, should lead to revision of the reference values established for this molecule.

We have previously reported that chronic exposure of adult male mice to DEHP at 5 or 50 µg/kg/d reduced the emission of ultrasonic vocalizations, the interest of female partners towards exposed males, and increased the latency to reach ejaculation [START_REF] Dombret | Neural mechanisms underlying disruption of male courtship behavior by adult exposure to di-(2-ethylexyl)phthalate in mice[END_REF]. These behavioral changes were associated with a selective down-regulation of AR expression in the neural circuitry underlying male sexual behavior. The present study shows that when mice were exposed to the same DEHP doses and analyzed two months after exposure arrest, there were no significant behavioral effects of DEHP treatment. Indeed, the production USVs as well as their ability to attract a receptive female and initiate and terminate mating were comparable between the vehicle and DEHP-treated groups of mice. Moreover, the protein amount of AR in the medial preoptic area was also unchanged between the three treatment groups. This reversibility was not specific to reproductive behaviors and underlying mechanisms. Indeed, in adult males where exposure was maintained throughout the behavioral analyses there was an increased anxiety-state level. In contrast, adult male mice analyzed after a DEHP exposure arrest of two months exhibited an anxiety-state level comparable to that of the vehicle group. These data indicate that the effects induced by adult exposure to low doses of DEHP are reversible after arrest of exposure in male mice, thereby highlighting the plasticity of neural structures underlying reproductive and anxietyrelated behaviors. In agreement with these observations, a previous rat study showed that cessation of chronic adult exposure improved the effects induced by high doses of DEHP on the kidney, liver and testes [START_REF] David | Reversibility of the chronic effects of di(2-ethylhexyl)phthalate[END_REF]. Such reversibility can be explained by the rapid degradation of DEHP and excretion of its metabolites as discussed above. However, further investigation as to whether the nervous system or peripheral tissues are able to adapt following repetitive environmental exposure to endocrine disruptors is needed.

Conclusion

The data presented here and summarized in Table 2 show that pubertal exposure to low doses of DEHP induced long-term effects in male mice. Indeed, these animals showed altered sexual and anxiety-related behaviors during adulthood. At the DEHP doses used in this study, there were no effects on circulating levels of testosterone or weight of the androgen-sensitive tissues, but a significant decrease of AR protein amount was observed in the medial preoptic area, a key hypothalamic region involved in male sexual behavior. This suggests a higher sensitivity of neural structures to pubertal exposure to low doses of DEHP. A lower body weight was noticed, suggesting that other peripheral and/or neural effects must be induced by such pubertal exposure. In contrast to pubertal exposure, an exposure arrest of two months after adult exposure of male mice to DEHP did not trigger long-term effects as evidenced by the unchanged sexual behavior and anxiety-related behavior, as well as comparable AR protein amounts in the medial preoptic area between the treatment groups (Table 2). This indicates that exposure arrest completely reversed the modifications observed in behavior and hypothalamic AR expression when DEHP treatment was maintained during the period of analyses (Table 2). Altogether, these observations point out the high sensitivity of neural structures to low DEHP doses, in particular during critical period such as puberty. The weight of body and androgen-sensitive tissues (seminal vesicles, testis, Tyson gland) in adult male mice exposed to DEHP at 5 or 50 µg/kg/d during the pubertal period, or during adulthood. 
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Table 2

Summary of the behavioral and neuroendocrine effects induced by pubertal or adult exposure to DEHP at 5 or 50 µg/kg/d in male mice. AR: androgen receptor, ERα: estrogen receptor α, ND: not determined.