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BACKGROUND: Courtship behavior plays a critical role in attracting females and reproduction success. However, the effects of exposure to a ubiqui-
tous contaminant di(2-ethylhexyl) phthalate (DEHP) on these behaviors and, in particular, on courtship vocalizations have not been examined.
OBJECTIVE: The effects of adult exposure to DEHP on courtship and mating behaviors and gonadotropic axis and neural mechanisms involved in
DEHP-induced effects were analyzed in male mice.

METHODS: Adult C57BL/6J males were orally exposed to DEHP (0, 0.5, 5, and 50 lg=kg=d) for 4 wk. Olfactory preference, ultrasonic vocalizations
(USVs), partner preference and mating, as well as locomotor activity and motor coordination, were measured. The kisspeptin system and testosterone
levels were analyzed. Proteomic and molecular studies were conducted on the hypothalamic preoptic nucleus, the key region involved in sexual moti-
vation to vocalize and mate.

RESULTS: DEHP at 50 lg=kg=d reduced the emission of USVs, whereas lower doses changed the ratio of syllable categories. This was associated
with diminished sexual interest of female partners toward males exposed to 5 or 50 lg=kg=d and increased latency to mate, despite normal olfactory
preference. The kisspeptin system and circulating testosterone levels were unaffected. In DEHP-exposed males, proteomic analysis of the preoptic nu-
cleus identified differentially expressed proteins connected to the androgen receptor (AR). Indeed, exposure to 5 or 50 lg=kg=d of DEHP induced
selective AR downregulation in this nucleus and upstream chemosensory regions. The involvement of AR changes in the observed alterations was fur-
ther supported by the reduced emission of courtship vocalizations in males with disrupted neural AR expression.
CONCLUSIONS: These data demonstrate the critical role of neural AR in courtship vocalizations and raises the possibility that the vulnerability of this
signaling pathway to exposure to endocrine disrupters may be detrimental for courtship communication and mating in several species. https://doi.org/
10.1289/EHP1443

Introduction
In the last decades, a decline in male reproductive health of wild-
life and humans has been documented in several locations world-
wide (WHO 2012). This decline parallels the massive increase in
chemical contamination due to the use of natural or man-made
synthetic compounds with hormone-disrupting activities. Among
these chemicals, phthalates are the most frequently detected or-
ganic pollutants in the environment in both urban and rural areas,
due to their extensive use in the manufacture and processing of
plastic products (Gao and Wen 2016). In rodents, malformations
of the male genital tract have been reported for developmental
exposure to di(2-ethylhexyl) phthalate (DEHP) (Christiansen
et al. 2010; Moore et al. 2001). DEHP effects on sexual behavior
were also examined for developmental exposure (Andrade et al.
2006; Dalsenter et al. 2006; Moore et al. 2001). Whether and

how adult exposure to DEHP affects the male brain, particularly
the neural structures underlying courtship behaviors, is yet to be
studied. It is now largely established that the adult brain retains
plasticity, as several factors, such as environmental stimulation,
drugs of abuse, or aging, affect neural structure and function.

Courtship behaviors are essential for sexual reproduction and
constitute a chain of behavioral responses leading to mating. In
rodents, the courting male displays a chemoinvestigating behav-
ior towards females with an olfactory preference for those that
are receptive. In response to females or their odors, the male pro-
duces ultrasonic vocalizations (USVs) (Bean 1982; Dizinno and
Whitney 1977; Nyby et al. 1977), which display the characteris-
tics of songs observed in songbirds (Holy and Guo 2005). The
emission of courtship vocalizations conveys information about
the male’s motivational state and plays a role in attracting the
female partner. These precopulatory behaviors precede the copu-
latory phase, during which the male exhibits mounting, thrusting,
and intromitting behaviors before reaching ejaculation.

Here, we characterized the effects of chronic exposure to
DEHP during adulthood on courtship behaviors and the mecha-
nisms underlying DEHP-induced effects in the male brain.
For this purpose, adult C57BL/6J mice were orally exposed for
4 wk to the vehicle or DEHP at the tolerable daily intake dose
(50 lg=kg=d) established by the European Food Safety Authority,
and two lower doses of 0.5 and 5 lg=kg=d, which frame the envi-
ronmental exposure reported worldwide (Martine et al. 2013;
Dewalque et al. 2014; Koch et al. 2006; Lorber et al. 2010).
Courtship behavior was analyzed by testing olfactory preference
for receptive females, emission of courtship vocalizations, and
ability to attract receptive females and initiate mating.

To understand how DEHP exposure affects male behaviors,
we first measured circulating levels of testosterone and analyzed
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the integrity of the hypothalamic–pituitary–gonadal (HPG) axis
through analysis of the kisspeptin system. Indeed, these behaviors
are tightly controlled by testosterone, and DEHP exposure could
indirectly induce behavioral modifications through changes in
this system. Kisspeptin acts as a central regulator of the HPG
axis and is currently considered to be a key central target of tes-
tosterone feedback regulation for gonadotropin-releasing hor-
mone/luteinizing hormone release (Navarro et al. 2011; Raskin
et al. 2009; Ruka et al. 2016; Smith et al. 2005). A mouse line
expressing green fluorescent protein (GFP) reporter gene
under the control of the Kiss1 promoter (Gottsch et al. 2011)
was also used in order to determine DEHP-induced effects on
Kiss1 expression.

We next asked whether exposure to DEHP directly triggers
modifications in neural structures involved in sexual behavior.
The medial preoptic nucleus (MPN), a key region underlying the
motivation to vocalize and mate (Alward et al. 2013; Balthazart
et al. 2004; Riters and Ball 1999), was subjected to a proteomic
analysis in order to identify the targets of DEHP exposure.
Chemosignals transmitted from the olfactory bulb through the
medial amygdala and bed nucleus of stria terminalis are proc-
essed into behavioral responses in this nucleus. The choice of the
proteomic approach strategy was motivated by the fact that pro-
teins are the principal biological effector molecules of a cell. The
obtained data were validated by Western blotting and verified by
immunohistochemical and molecular analyses, in parallel to
assessment of courtship vocalizations in a mouse line lacking
the androgen receptor (AR) in the nervous system (Raskin
et al. 2009).

Methods

Animals and Treatments
Studies were performed in accordance with the French and
European legal requirements (Decree 2010/63/UE) and were
approved by the Charles Darwin Ethical Committee (project
number 01,490-01). All animals were treated humanely and
with regard for alleviation of suffering.

Mice were housed in nest-enriched polysulfone cages under a
12:12h light–dark cycle, maintained at 22°C, and fed a standard
diet with free access to food and water. The number of experi-
mental and control groups are given in the figure legends.

In order to mimic the major route of exposure, DEHP
(Sigma-Aldrich) was dissolved in ethanol and water and incorpo-
rated into food. Eight-week-old C57BL/6J males (Janvier) were
fed ad libitum with chow containing the vehicle (controls) or
DEHP so that the exposure was equivalent to 50 (DEHP-50
group), 5 (DEHP-5 group) or 0:5 lg=kg=d (DEHP-0.5 group).
DEHP doses were calculated for a daily intake food of 5 g per
animal. Mice were weighed weekly and DEHP doses adjusted to
their body weight. Body weight followed throughout the expo-
sure period was similar in the four treatment groups (mean of
25± 0:23 g the first day of exposure and 29:3±0:33 g the last
day of exposure). Analyses started after 4 wk of exposure and
were maintained during this period.

Kiss1-creGFP transgenic mice [Kiss-1tm1.1(cre/EGFP)Stei/
J; The Jackson Laboratory] were bred on a C57BL/6J background
for over 10 generations. The mouse line lacking the neural AR
was obtained on a C57BL/6J background, as previously shown
(Raskin et al. 2009, 2012). As mutant males (ARNesCre) exhibit
higher hormonal levels compared to their control littermates
(ARfl=Y), testosterone levels were normalized between the two
genotypes by gonadectomy and supplementation with subcuta-
neous implants containing testosterone (Sigma-Aldrich), as
previously described (Raskin et al. 2012).

Behavioral Tests
Tests were conducted under red light illumination 2 h after lights
off and videotaped for further analyses. Four weeks after DEHP
exposure or testosterone supplementation, naïve males were indi-
vidually housed for 3 d. Each male was paired in its home cage
with a sexually receptive female and let to reach ejaculation. This
first sexual experience was performed in order to increase the
expression of behaviors such as olfactory preference, USVs, and
sexual interest of studied males toward receptive C57BL/6J
females (Dizinno et al. 1978; Marie-Luce et al. 2013; Picot et al.
2014). Behavioral analyses were conducted 2 wk later.

Receptive females were ovariectomized, supplemented with
implants containing estradiol benzoate (Sigma-Aldrich) and primed
with progesterone (Sigma-Aldrich) 4–5 h before the test, as previ-
ously described (Raskin et al. 2009).

Olfactory preference. Olfactory preference was assessed in
an enclosed Plexiglas Y-maze, as previously described (Picot
et al. 2014). On the day of the test, mice were offered the choice
between an anesthetized sexually receptive female and an anes-
thetized gonadally intact male. The time spent in chemoinvestiga-
tion of each stimulus and the number of entries in each arm were
scored during the 5-min test.

Ultrasonic vocalizations. Each male was tested in its home
cage. The vocalizations were recorded, after the introduction of a
receptive female, for 4 min with an Ultrasound gate microphone
CM16/CMPA (Avisoft Bioacoustics), which was connected to an
Ultrasound recording interface plugged into a computer equipped
with the recording software Avisoft-SASLab Pro 5.2.09, and then
analyzed using SASLab Pro (Avisoft Bioacoustics). Spectrograms
were generated for each detected call (frequency resolution: fast
Fourrier transform length: 512; frame size: 100%; overlap: 50%).
The parameters used for the automatic quantification of the USVs
were: cutoff frequency of 30 kHz and element separation based on
an automatic single threshold with a hold time of 15 ms. Syllables
were identified and grouped into three main categories (Figure
S1A), as previously described (Ey et al. 2013). The total number
and duration of USVs, the number and duration of each syllable,
and the percentage of each category (number of syllables of each
category/total number) were analyzed.

Partner preference. Females were allowed to become famil-
iar with the testing arena (Figure S2A) for 10 min during two
consecutive days. 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 number of entries in
each compartment and time spent sniffing each male over the
10-min test by the female were also scored.

Mating. Each male was tested in its home cage for 10 h after
the introduction of the receptive female, as previously described
(Picot et al. 2014). The latency to the first anogenital chemoin-
vestigation and intromission and latency to ejaculation (time
from female introduction into the cage until the behavior), the
mating duration (time from the first intromission until ejacula-
tion), the frequency of mounts with and without intromissions,
the intromission ratio, and genital grooming were scored.

Locomotor activity and motor function. Locomotor activity
was analyzed in a computed circular corridor made of two con-
centric cylinders and crossed by four diametrically opposite infra-
red beams, as previously described (Raskin et al. 2009). The
locomotor activity was counted when animals interrupted two
successive beams and thus had traveled a quarter of the circular
corridor. Activity of another group of males was recorded for
10 h in experimental conditions similar to those used for sexual
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behavioral tests, as previously shown (Raskin et al. 2009). Males
were also tested in the rotarod task assessing balance and coordi-
nation over three consecutive days, and the latency to fall was
recorded, as previously described (Boussicault et al. 2016).

Urogenital Tract Weight and Hormone
Measurements
At the end of behavioral experiments, animals were sacrificed to
collect blood and to weigh testis and seminal vesicles. Sera were
extracted, and levels of testosterone were measured by radioim-
munoassay at the hormonal assay platform of the Unité Mixte
de Recherche (UMR) 7247/Institut National de la Recherche
Agronomique (INRA)/Centre National de la Recherche Scientifique
(CNRS) laboratory using 3H-T, as previously described (Picot et al.
2014). The mean intra-assay coefficient of variation was 7%, and
assay sensitivity was 125 pg=ml.

Proteomic Analysis
Proteins were extracted from punches of the MPN (four to five
males per group) in buffer A (7 M urea, 2 M thiourea, 1%
CHAPS (G-Biosciences), 10% isobutanol, 0.5% Triton X-100
(GE Healthcare), 0.5% SB 3-10). Protein concentrations were
established using the Quick Start Bradford Protein Assay (Bio-
Rad) using bovine serum albumin as standard.

Protein extracts were labeled with the 3Dye Cy2/3/5 fluor
Labeling Pack (Fluoprobes, Interchim) following manufacturer’s
instructions. Each gel contained 50 lg of internal standard labeled
with Cy2 and 50 lg of two different samples labeled with Cy3 and
Cy5, respectively. For isoelectrofocalization, strips (pH 5–8, 24 cm,
Bio-Rad) were rehydrated for 16 h with the samples diluted in
buffer A supplemented with 40mM dithiothreitol (DTT) and 0.5%
immobilized pH gradient buffer. Isoelectric focusing was run up to
90,000 Vh (Ettan II IPGphor system, GE Healthcare). Strips were
soaked for 15 min in buffer B [6 M urea, 50mM Tris, 30% glyc-
erol, 3% sodium dodecyl sulfate (SDS)] with 1% DTT, and then 20
min in buffer B with 2.5% iodoacetamide. Strips were loaded onto a
14% SDS polyacrylamide gels for overnight separation (Ettan
DALTsix, GE Healthcare). 2-D gels were scanned using an Ettan
DIGE Imager (GE Healthcare). After scanning, gels were fixed and
stained with silver nitrate: incubated for 1 min in 0.02% sodium thio-
sulfate, rinsed in ultrapure water, incubated for 30 min in 0.2% silver
nitrate solution, washed in ultrapure water, and developed in 3% so-
dium carbonate, 0.00,125% sodium thiosulfate, and 0.03% formalin.

Image analysis was performed using Progenesis SameSpots
(version 3.2; TotalLab). Analysis of variance (ANOVA) analyses
were performed among the three treatment groups and on each
pair of groups. Significant spots with a ratio higher than or equal
to 1.3 were selected for protein identification.

Spots of interest were excised and destained with 15mM potas-
sium ferricyanide and 50mM sodium thiosulfate. Gel pieces were
washed in ultrapure water and then in acetonitrile (ACN) and air
dried. Gel pieces were rehydrated on ice with 100mM ammonium
bicarbonate, 5% ACN, and 4 ng=ll of trypsin (G-Biosciences).
Digestion was performed overnight at 37°C. Supernatants were col-
lected, and gel pieces were rinsed twice with 0.1% trifluoroacetic
acid and 60% ACN in an ultrasonic bath to extract residual peptides.
Peptides were dried out in a vacuum centrifuge, resuspended in
0.1% formic acid and 3% CAN, and stored at −80�C.

For liquid chromotagraphy tandem-mass spectrometry (LC-MS/
MS) analyses, digests were injected into an UltiMate 3,000 Nano
LC system (Thermo Fisher Scientific) coupled to an Esquire
HCTultra nESI IT-MS (Bruker Daltonics). Peptides were desalted
for 5 min on a C18 RP precolumn (5 mm, 300 lm ID, 100 �A,
5 lm) then separated on a C18 RP column (25 cm, 75 lm

identifier, 100 �A, 3 lm, Thermo Fisher Scientific) with a 30-min
gradient from 2% to 35% ACN in 0.1% formic acid. MS/MS acqui-
sition cycles were performed on the top eight most abundant eluting
peptides. Protein identification was carried out with MASCOT
(2.2.07, Matrix Science): one missed cleavage, carbamidomethyla-
tion of cysteine (fixed modification), oxidation of methionine (vari-
able modification), 0.5 Da MS and MS/MS tolerances, database
UniProt mouse reference proteome (22,215 entries) (UniProt
Consortium 2017). Proteins with at least two unique peptides with a
p-value <0:05 were validated.

Western Blotting
Validation was performed on punches dissected from the MPN.
Protein extracts (15 lg), prepared as previously described (Picot
et al. 2016), were separated on 10% polyacrylamide gel and trans-
ferred onto a nitrocellulose membrane. Blots were probed with
monoclonal anti-glial fibrillary acidic protein (GFAP) (1:500,
Sigma-Aldrich), anti-b-actin, and anti-glyceraldehyde 3-phosphate
dehydrogenase gene (GAPDH) (both at 1:1,000, Santa Cruz
Biotechnology), and anti-N-myc downstream-regulated gene 2
(NDRG2) (1:1,000, Cell Signaling) overnight and then peroxidase-
conjugated second antibodies (Amersham Biosciences) diluted at
1:5,000. Signals were visualized with SuperSignal detection kit
(Thermo Fisher Scientific), quantified with ImageJ software (version
2.0.0-rc-15/1.49j; National Institutes of Health), and normalized with
respect to the housekeeping reference GAPDH.

Immunohistochemistry
Animals were sacrificed and transcardially perfused with a solu-
tion of 4% paraformaldhehyde (PFA) in phosphate buffer. Brains
were postfixed overnight in 4% PFA, cryoprotected in sucrose,
and stored until analyses. Brains were sliced into coronal sections
of 30 lm and processed for single and double immunolabeling.

Kisspeptin immunolabeling was processed with anti-kisspeptin
AC053, and sections were counterstained with Hoechst, as previ-
ously shown (Naulé et al. 2015). The number of labeled cell soma
and fiber density in the rostral periventricular area of the third ven-
tricle (RP3V, Clarkson and Herbison 2006) and arcuate nucleus
were measured. Quantifications were performed on three sections
sampled at three anteroposterior levels of the RP3V (plates 29, 30,
and 31–32 of Paxinos and Franklin Atlas) and on three sections of
the arcuate nucleus sampled at the level of the anterior, median,
and caudal arcuate nucleus (plates 43, 47, and 50).

For enhanced green fluorescent protein ðEGFPÞ=estrogen
receptor ðERÞa and EGFP/AR double immunolabelling, sections
were blocked for 30 min with 2% normal donkey serum and
incubated with polyclonal chicken anti-GFP (1:10,000, Aves
Lab) and either rabbit anti-AR or anti-ERa (1:250, Santa Cruz
Biotechnology) for 3 d. A cocktail of Alexa Fluor 488-conju-
gated donkey anti-chicken and Cyanin 3-conjugated donkey anti-
rabbit antibodies (1:500, Jackson ImmunoResearch) was applied
to the sections for 2 h. Sections were counterstained with
Hoechst and mounted on slides with Fluoromount (Sigma-
Aldrich). Quantifications of the proportion of GFP cells coex-
pressing either AR or ERa were performed on two sections
sampled at two levels of the RP3V (plates 30 and 31–32) and
from 12 equidistant (120 lm) hemisections encompassing the
whole rostrocaudal extent of the arcuate nucleus (plates 41 and
53). Data are displayed as average numbers of GFP-positive nu-
clear counts per section or hemisection and per group.

AR- and ERa-immunolabeling was processed, as previously
shown (Naulé et al. 2016). The number of labeled cells per sec-
tions counted in anatomically matched sections identified using
the Mouse Brain Atlas of Paxinos and Franklin (2001).
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Quantitative Reverse Transcription Polymerase
Chain Reaction
Fresh tissues were rapidly frozen in a −30�C isopentane solution
and stored at −80�C until use. Total RNAs were extracted using
TRIzol reagent (Invitrogen). RNA (300 ng) was reverse transcribed
into cDNA using the Superscript III First-Strand Synthesis System
(Invitrogen) and random hexamers. Each DNA sample was ana-
lyzed in triplicate, along with standard and no-template controls.
The incubation media contained 2 ll of each reverse transcription
reaction in 10 ll of Mastermix, along with 200 nM forward and
reverse primers (AR: ggcggtccttcactaatgtcaact and tggagccatc-
caaactcttgagac; glyceraldehyde 3-phosphate dehydrogenase gene
(GAPDH; Naulé et al. 2016). Polymerase chain reaction (PCR) con-
ditions were 95°C for 5 min, 42 cycles at 95°C for 15 s, 61°C for
15 s, and 72°C for 10 s. PCR specificity was verified by melting
curve analysis, and product purity was confirmed by agarose gel
electrophoresis. All experiments had efficiencies between 90% and
101% and were analyzed with the LCS 480 software (version 1.5,
Roche). Each sample was run in triplicate to obtain an average cycle
threshold value (Ct), and relative gene expression was determined
using the comparative Ct method (Pfaffl 2001). The data were nor-
malized to GAPDH expression level.

Statistics. Data were expressed as means ± SEM: Student’s
t-tests were used to determine the effect of neural AR invalidation
on the number and duration of vocalizations (unpaired samples)
and for the time spent in investigation for partner preference
(paired samples). Two-way ANOVA was used to analyze the main
effects of exposure and stimulus on olfactory preference, and expo-
sure and time on locomotor activity. One-way ANOVA was used to
analyze the effect of DEHP exposure on the remaining data. Tukey
post hoc tests were used to determine group differences. p-Values
<0:05 were considered to be significant.

Results

Effect of Di(2-ethylhexyl) Phthalate Exposure on
Courtship Behavior
We compared the olfactory investigation and emission of court-
ship vocalizations in the presence of sexually receptive females
between males exposed to the vehicle or DEHP.

Olfactory preference. We tested the ability of males to dis-
criminate between male and female odors in preference tests using
gonadally intact males vs. sexually receptive females. In this Y-
maze paradigm, the total time spent sniffing the stimuli was

Figure 1. Effects of phthalate di(2-ethylhexyl) phthalate (DEHP) on olfactory preference and courtship vocalizations in male mice. (A) Total time spent in the
chemoinvestigation of male (#) and sexually receptive female ($) stimuli by males exposed to the vehicle (Veh) or DEHP (0.5, 5, or 50 lg=kg=d). (B) Number
of entries into the male or female arm of the Y-maze. (C) Percentage of time spent in investigating males (#) vs. sexually receptive females ($). Data are
expressed as the means ± SEM of 11–12 males per treatment group, *p<0:05 vs. the male arm. (D–E) Representative sound waveform for males exposed to
vehicle (D) or DEHP at 50 lg=kg=d (E) in the presence of a sexually receptive female. (F–G) Total number (F) and duration (G) of ultrasonic vocalizations
(USVs) produced during the 4-min test by males exposed to the vehicle or DEHP at 0.5, 5, or 50 lg=kg=d. Data are expressed as the means ±SEM of 11–12
males per treatment group; *p<0:05, **p<0:01.
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equivalent between males from the four exposure groups (Figure
1A). Two-way ANOVA of the number of entries into each arm
(Figure 1B) and the percentage of time spent sniffing each stimu-
lus (Figure 1C) showed an effect of stimulus [Fð1,43Þ =7:71, p=
0:0081, and Fð1,43Þ =211:52, p<0:0001, respectively], but not
of DEHP exposure on both parameters [Fð3,43Þ =1:10, p=0:36,
and Fð3,43Þ =1:75, p=0:17, respectively]. Males displayed a
preference for female cues, regardless of their exposure to
DEHP.

Courtship vocalizations. In the presence of a sexually recep-
tive female, male mice vocalized mainly at a frequency of
40–110 kHZ (see Figure S1A). Figure 1D–E illustrates typical
sound waveforms of vocalizations produced by a vehicle and a
DEHP-50 exposed male. One-way ANOVA showed an effect of
DEHP exposure on the total number (p=0:005; Figure 1F) and
duration (p=0:012, Figure 1G) of emitted USVs. Post hoc analy-
ses revealed a significant reduction of USV frequency (−70%)
and duration (−72%) in the DEHP-50 group. Detailed analyses
of courtship vocalizations showed the presence of nine major

syllables, grouped into three main categories identified as simple
(short, upward, downward, flat), complex (modulated, complex),
and with frequency jumps (mixed, one jump, with frequency
jumps) as illustrated (see Figure S1A). Comparison of the fre-
quency of each syllable during the 4-min recording showed an
effect of DEHP treatment on eight of the nine emitted vocaliza-
tions (Figure 2A). The frequency of all eight syllables was
reduced after chronic exposure to DEHP-50, whereas the number
of short and flat USVs decreased in the DEHP-0.5 and DEHP-5
groups (Figure 2A). The percentage of emitted USVs per cate-
gory between the four groups was conserved in the DEHP-50
group, but was altered in the DEHP-0.5 and DEHP-5 groups
(−38% of simple syllables and + 15–21% of USVs with fre-
quency jumps) relative to the vehicle group (Figure 2B).

DEHP exposure also affected the total duration of emitted syl-
lables, with a significant effect on short, modulated, complex,
one-jump, and frequency jump syllables (Figure 2C). However,
DEHP exposure had no effect on the mean duration of any sylla-
ble in the four groups (see Figure S1B). The observed changes in

Figure 2. Quantitative and qualitative analyses of syllables emitted by males exposed to di(2-ethylhexyl) phthalate (DEHP). (A) Total number of each syllable
type produced in the presence of a sexually receptive female during the 4-min recording for males exposed to the vehicle (Veh) or DEHP at 0.5, 5, or
50 lg=kg=d. One-way analysis of variance (ANOVA) showed an effect of DEHP treatment (#) on short (p<0:0001), flat (p=0:0008), downward (p=0:007),
modulated (p=0:03), complex (p=0:01), mixed (p=0:05), one-jump (p=0:013), and frequency jump (0.019) syllables. Post hoc comparisons are indicated:
*p<0:05, **p<0:01, ***p<0:001. Data are expressed as the means ±SEM of 11–12 males per treatment group. (B) Percentage of courtship vocalizations
per category (simple, complex, and with frequency jumps). (C) Total duration of each syllable type. One-way ANOVA showed an effect of DEHP treatment
(#) on short (p=0:0003), modulated (p=0:047), complex (p=0:035), one-jump (p=0:035), and frequency jump (0.05) syllables. Post hoc comparisons are
indicated: *p<0:05, **p<0:01, ***p<0:001.
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the total duration of courtship vocalizations following chronic ex-
posure to DEHP were, therefore, mainly due to differences in the
number of emitted USVs.

Partner Preference and Mating
Previous studies have suggested that courtship vocalizations
attract the female to approach the vocalizing males, which may
then facilitate copulation (Pomerantz et al. 1983). We thus ana-
lyzed vehicle- and DEHP-exposed males for their ability to
attract and mate with a receptive female.

Partner preference. A sexually experienced receptive female
was presented with a pair of males, one from the vehicle group
and the other from the DEHP-exposed group. Each male was
placed in one of two opposite compartments, separated by a neu-
tral one, in a three-chamber paradigm (see Figure S2A). The total
time spent by the female to investigate both stimuli (see Figure
S2A) and the number of entries in each compartment (vehicle vs.
DEHP-0.5, vehicle vs. DEHP-5, and vehicle vs. DEHP-50) were
similar for the three experimental conditions (Figure 3A). The
percentage of time spent investigating each male show that the
females exhibited comparable interest for vehicle and DEHP-0.5
males (Figure 3B), but spent more time investigating vehicle
males than DEHP-5 or DEHP-50 males (p=0:03 and 0.035 vs.
vehicle males, respectively).

Mating. We compared the latency and frequency of mating
events of vehicle and DEHP-treated males. One-way ANOVA
showed no effect of DEHP exposure on the latency to the first
anogenital chemoinvestigation towards receptive females (p=
0:76; Figure 3C). By contrast, there was a significant effect of
DEHP exposure on the latency to the first intromission (p=
0:032) and to ejaculation (p=0:034), with the DEHP-5 and
DEHP-50 groups exhibiting these behaviors later than the vehicle
group (Figure 3D). The time from the first intromission to ejacu-
lation (mating duration) was comparable between the four groups
(Table 1), indicating that the increased latency to ejaculation
exhibited by DEHP-5 and DEHP-50 groups was mainly due to
delayed intromission. Once copulation was initiated, the fre-
quency of mounts, intromissions, and thrusts were comparable
between the treatment groups (Table 1). The intromission ratio,
generally used to evaluate the efficiency of erection in copula
(Ågmo 1997; Cruz et al. 1999), and time spent in genital groom-
ing were also unchanged by DEHP exposure (p=0:92 and
p=0:38, respectively).

Locomotor activity and motor function. The altered courtship
behavior was associated with normal activity and motor function
of DEHP-exposed mice. Locomotor response recorded immedi-
ately after male introduction in the corridor did not show any dif-
ference between the four groups (Figure S2B). Locomotor activity
was also measured for 10 h in the same experimental conditions
showing DEHP effects on courtship behaviors. Activity was maxi-
mal during the first 6 h of the dark phase before decreasing pro-
gressively for all treatment groups (Figure S2C). In the rotarod,
the latency to fall was not significantly different between the three
treatment groups (Figure S2D).

Analysis of the Hypothalamic–Pituitary–Gonadal Axis
We tested whether the behavioral alterations induced by DEHP
exposure were caused by changes in kisspeptin system and tes-
tosterone levels. Male behaviors are, indeed, tightly regulated by
gonadal testosterone. Furthermore, developmental exposure to
DEHP doses has been shown to reduce testosterone production in
mice (Barakat et al. 2017; Pocar et al. 2012). We compared the
number of kisspeptin-immunoreactive cells in the RP3V and the
density of kisspeptin-immunoreactive fibers in the RP3V and ar-
cuate nucleus between vehicle- and DEHP-exposed males.
Kisspeptin neurons are localized in two hypothalamic regions. The
RP3V, which is involved in the positive feedback and ovulatory
surge of LH in females, contains fewer cells in males due its

Figure 3. Effects of di(2-ethylhexyl) phthalate (DEHP) treatment on female
interest in males and latency to intromission and ejaculation. (A–B) The part-
ner preference test was performed in a three-chamber paradigm. (A) The
number of entries of sexually receptive females into the chamber of the vehi-
cle (Veh) vs. the chamber of the DEHP-exposed male. (B) The percentage
of time spent investigating the vehicle (Veh) vs. the DEHP-exposed male.
Data are expressed as the means ±SEM of 11–12 males per treatment
group, *p<0:05 vs. the vehicle male. (C–D) In the mating test, one-way
analysis of variance (ANOVA) showed no effect of DEHP treatment on
the latency to the first anogenital chemoinvestigation towards sexually
receptive females (C), but an effect (#) on the latencies to first intromis-
sion and ejaculation (D). Data are expressed as the means ±SEM of 11–
12 males per treatment.
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perinatal masculinization by testosterone (Clarkson and Herbison
2006, Clarkson and Herbison 2009). The arcuate nucleus integrates
the negative feedback exerted by sex steroid hormones in both
sexes.

One-way ANOVA showed no significant effects of DEHP
treatment on kisspeptin immunoreactivity in these two brain
regions (Figure 4A–C). We further investigated possible altera-
tions of Kiss1 gene expression levels upon DEHP exposure by
quantifying the number of GFP-positive cells in mice exposed to
vehicle or DEHP from a line expressing GFP under the control of
the Kiss1 promoter. One-way ANOVA showed no significant
effects of DEHP treatment on the number of GFP-positive cells in
the RP3V or the arcuate nuclei (Figure 4D–E). The proportion of
GFP-positive cells coexpressing the AR or ERa was also
unchanged by DEHP exposure (Figure 4D–E; Figure S3).

The weight of the androgen-dependent seminal vesicles and
testis, as well as circulating levels of testosterone, were compara-
ble between the four treatment groups (Table 1). Altogether,
these data indicate that the observed behavioral alterations were
not mediated by changes in the HPG axis.

Proteome-Based Analyses of the Medial Preoptic Nucleus
We conducted a proteomic analysis in the MPN in order to test
whether DEHP exposure triggered modifications in this key
region underlying the motivation to vocalize and copulate
(Alward et al. 2013; Balthazart et al. 2004). Punches collected
from males exposed to the vehicle or 5 or 50 lg=kg=d DEHP
were subjected to 2-D fluorescence difference gel electrophoresis
followed by protein identification by LC-MS/MS. Table 2 summa-
rizes the paired changes of the levels of the proteins identified in
the exposed mice. We classified them into six main categories
based on their localization and function: mitochondrial function,
protein folding, cellular stress, neuroprotection, transcription, and
cytoskeletal plasticity (Figure 5A). We further analyzed these 22
significantly differentially expressed proteins by protein–protein
interaction network analysis using Ingenuity Pathway (version 9.0;
QIAGEN) software. Fifteen of these proteins were either directly or
indirectly connected to androgens and their receptors (Figure 5B).

We confirmed the proteomic data by Western blot validation
by focusing on GFAP and b-actin. Both cytoskeletal proteins
underlie the structural and organizational changes induced by
androgens in glial and neuronal cells to regulate neural functions,
including sexual behavior (Day et al. 1998; Garcia-Estrada et al.
1993; Hong et al. 2008; Matsumoto et al. 1994; Will et al. 2015).
The proteomic analysis showed higher levels of GFAP protein in
the DEHP-50 group than in the vehicle group (Table 2 and

Figure 6A). We confirmed this result by Western blotting, show-
ing the progressive upregulation of GFAP, which was significant in
the DEHP-50 group (Figure 6B). Upregulation of GFAP is a hall-
mark of astrocyte activation, which is induced in response to insults
(Filous and Silver 2016), but also by androgen depletion (Attallah
et al. 2016). In order to confirm a potential astrocyte activation
induced by DEHP exposure, we quantified the protein levels of
another astrocyte protein i.e., NDRG2. This member of the NDRG
gene family is induced in the early phase of astrocyte activation in
the mouse brain (Flügge et al. 2014; Takarada-Iemata et al. 2014).
Data illustrated in Figure S4 show that NDRG2 levels were
increased in the MPN of DEHP-5 and DEHP-50 groups (p<0:05).

In agreement with proteomic data (Table 2), b-actin amount
quantified by Western blotting was significantly higher in the
DEHP-5 group than in males exposed to the vehicle, and
unchanged in the DEHP-50 group (Figure 6C).

Effect of Di(2-ethylhexyl) Phthalate Exposure on Neural
Androgen Receptor Expression
We asked whether DEHP exposure affected AR expression, since
a significant number of differentially expressed proteins, identi-
fied by the proteomic approach, were connected to this receptor.
We therefore assessed the effects of DEHP exposure on the num-
ber of neurons that express the AR in the MPN, and performed a
similar analysis for ERa. Indeed, testosterone-induced regulation
of male sexual behavior involves both activation of the AR and
stimulation of ERa following neural aromatization of testoster-
one into estradiol (Naulé et al. 2016; Ogawa et al. 1997, 1998;
Raskin et al. 2009; Wersinger et al. 1997). There were signifi-
cantly fewer AR-immunoreactive cells in the MPNs of DEHP-5
and DEHP-50 exposed mice (−43% and −38%, respectively)
than in vehicle treated mice (Figure 6D–E). In contrast, the num-
ber of ERa-immunoreactive neurons were unaffected by DEHP
exposure (Figure 6F). The changes in AR protein levels induced
by DEHP treatment appeared to be due to changes in transcrip-
tion, at least for the DEHP-50 group, as AR mRNA levels were
53% lower in the DEHP-50 group than in vehicle-exposed mice
(Figure 6G). The MPN receives chemosignals transmitted from
the olfactory bulb through the medial amygdala and bed nucleus
of stria terminalis. These brain areas showed a similar downregu-
lation of AR expression (see Figure S5).

Effect of Neural Androgen Receptor Knockout on
Courtship Vocalizations
The behavioral alterations induced by DEHP exposure are associ-
ated with neural downregulation of the AR. In order to test

Table 1. Quantification of sexual behavior and endocrine analysis.

Exposure Vehicle DEHP-0.5 DEHP-5 DEHP-50

Mating behavior componentsa

Number of M 4:29± 0:92 4:36± 0:83 4:71± 1:04 4:53± 0:95
Number of MI 17:57± 3:81 19:29± 3:43 12:35± 2:53 12:69± 1:62
Number of Th 369:00± 70:95 416:00± 59:51 338:76± 54:46 343:69± 57:37
MI ratio 75:38± 4:57 76:55± 4:33 73:91± 4:40 72:46± 3:37
Mating duration (min) 14:24± 2:80 21:40± 4:28 15:14± 3:19 14:60± 2:45
Grooming duration (%) 15:60± 2:36 16:74± 1:61 20:18± 2:78 16:46± 1:56
Urogenital tract weight and testosterone levelsb

Body weight (g) 28:18± 0:40 28:15± 0:50 27:31± 0:46 27:52± 0:40
Testis weight (% bw) 0:70± 0:01 0:69± 0:01 0:71± 0:03 0:72± 0:02
SV weight (% bw) 0:74± 0:02 0:77± 0:03 0:77± 0:02 0:70± 0:03
Testosterone (ng/ml) 1:91± 0:53 1:58± 0:23 2:32± 0:31 1:60± 0:28

aThe number of mounts without intromissions (M), mounts with intromissions (MI) and thrusts (Th), mounting index ratio (MI=MI=M+MI), mating duration (time from the first
intromission to ejaculation), and genital grooming expressed as percentage of mating duration, were determined in males exposed to the vehicle or di(2-ethylhexyl) phthalate (DEHP)
at 0.5, 5, or 50 lg=kg=d. Data are expressed as the means ±SEM for 11–12 males per treatment group.
bBody weight (bw), testicular and seminal vesicle (SV) weights, and testosterone levels of vehicle and DEHP-exposed males subjected to behavioral tests. Data are expressed as the
means ±SEM for 11–12 males per treatment group. The data for the testis and SV are expressed as the percentages of the corresponding body weight.
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whether neural AR decrease triggers behavioral alterations simi-
lar to those observed for DEHP exposure, we used male mice
lacking the neural AR. We have previously shown that neural AR
invalidation alters mating without affecting olfactory preference
(Raskin et al. 2009). Here, we addressed whether neural AR

knockout also affects the emission of USVs during courtship, for
the first time. Representative sound waveforms of vocalizations
produced by a control (ARfl=Y) and mutant male (ARNesCre) are
illustrated in Figure 7A. ARNesCre males displayed a significantly
diminished total number (251:6±83:2 vs. 703:3± 62:0 in

Figure 4. Effects of di(2-ethylhexyl) phthalate (DEHP) on kisspeptin, green fluorescent protein (GFP)/androgen receptor (AR) and GFP=estrogen
receptor ðERÞa immunoreactivity in wild type and Kiss1-creGFP male mice. Mice were treated with DEHP (0.5, 5, or 50 lg=kg=d) or the vehicle (Veh).
Analyses were performed in the rostral periventricular area of the third ventricle (RP3V) and arcuate nucleus. (A–C) Representative immunolabelling (upper
panels) and quantification (lower panels) of the number of kisspeptin-immunoreactive neurons in the RP3V (A) and fiber density in the RP3V (B) and arcuate
nucleus (C) in wild type mice. Data are expressed as the means ± SEM of six males per treatment group. (D) Upper panels: Representative immunolabelling
of GFP- (left), AR-immunoreactivity (middle), and the merge (right) in the RP3V of Kiss1-creGFP males. Lower panels: quantification of the number of GFP-
cells (left), GFP/AR- (middle), and GFP=ERa-coexpressing cells (right). Data are expressed as the means ±SEM of five to six males per treatment group. (E)
Upper panels: Representative immunolabelling of GFP- (left), AR-immunoreactivity (middle), and the merge (right) in the arcuate nucleus of Kiss1-creGFP
males. Lower panels: quantification of the number of GFP-cells (left), GFP/AR-(middle), and GFP=ERa-coexpressing cells (right). Data are expressed as the
means ±SEM of five to six males per treatment group.
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controls) and duration (14:6± 5:6 s vs. 36:9± 4:1 s in controls)
of USVs in the presence of receptive females. The neural AR
knockout mice exhibited a significantly lower number of emitted
syllables (−57% to −70%) for seven of the nine syllables than
their control littermates (Figure 7B). Analysis of the total dura-
tion of each syllable showed reduced times (−54% to −61%) for
short, modulated, complex, one-jump, and frequency-jump sylla-
bles (Figure 7C). Among the emitted syllables, only the mean du-
ration of mixed USVs was reduced in the mutant mice (see
Figure S6A). These alterations were associated with increased
latencies to intromit and ejaculate (see Figure S6B), as previously
reported (Raskin et al. 2009; Raskin et al. 2012). Therefore, male
neural AR knockout mice display disrupted courtship vocaliza-
tions similar to those of the DEHP exposure model. This finding,
together with the proteomic and immunohistochemical analyses,
suggests that this signaling pathway represents one of the main
targets for endocrine disruption of courtship behavior in adult
mice by DEHP.

Discussion
We demonstrate that adult exposure of male mice to environ-
mental doses of a phthalate plasticizer, DEHP, lowers the emis-
sion of courtship vocalizations and delays mating. This was
associated with cellular changes in the MPN, the key region
involved in the motivation to vocalize and mate, and AR

downregulation in the MPN and upstream chemosensory
regions of the neural circuitry responsible for sexual behavior.
Therefore, exposure to low doses of DEHP targets neural AR
signaling, thereby altering neural structures and functions of
the adult brain.

Courtship vocalizations have been extensively studied in
songbirds and have been shown to play a key role in female
attraction and the success of sexual reproduction. Only recently
has the emission of USVs during courtship gained new interest in
mice (Chabout et al. 2015; Holy and Guo 2005), although it has
been known since the 1970s (Nyby et al. 1977; Whitney et al.
1973; Whitney et al. 1974). Here, we show that exposure of adult
male mice to DEHP disrupts courtship by altering the production
of USVs. DEHP at 50 lg=kg=d reduced both the number and du-
ration of syllables emitted during the 4-min test. Exposure to
DEHP doses of 0.5 and 5 lg=kg=d resulted in a significant reduc-
tion of simple syllables, whereas those of the frequency jump cat-
egory seemed to increase, changing the ratio of both categories.
The alterations induced by DEHP were mainly due to a lower fre-
quency of the emitted USVs, as the mean duration of each sylla-
ble did not change.

DEHP exposure of 5 and 50 lg=kg=d also increased the la-
tency to the first intromission, whereas the mating duration and
parameters of sexual performance (frequency of mounts with
intromissions and thrusts, intromission ratio, genital grooming)
remained unchanged. These behavioral alterations were not due
to a loss of discrimination of olfactory cues because the olfactory
preference of the males and latency to the first anogenital chemo-
investigation of females were normal. They were also not due to
changes in locomotor activity or motor function. Altogether,
these data indicate that DEHP-exposed males exhibit altered
emission of USVs and delayed initiation of mating, suggesting a
potential effect of DEHP on male sexual arousal (Dizinno and
Whitney 1977; Hamson et al. 2009). In our sexual tests, cohabita-
tion of males and females was forced, triggering the occurrence
of mating, despite the behavioral alterations seen during the pre-
copulatory phase of sexual behavior. When receptive females
were given a choice between exposed and unexposed males, they
displayed more interest towards unexposed males than males
exposed to DEHP at 5 or 50 lg=kg=d. This could be explained,
at least partly, by the altered production or ratio of USVs by
DEHP-exposed males. Indeed, in addition to the olfactory cues
used to discriminate between males (Bowers and Alexander
1967), female mice also exhibit an interest in male USVs
(Pomerantz et al. 1983). In two-partner preference tests, the
female mice responded preferentially to vocalizing males. This
preference, which is also observed in rats and hamsters (Floody
et al. 1979; Thomas et al. 1981), is believed to keep the female
near the male and facilitate copulation.

It is interesting to note that DEHP at doses of 5 and
50 lg=kg=d had similar effects on the initiation of mating and
female attraction, whereas they differentially affected the emis-
sion of USVs. The effects induced by DEHP-5 on the ratio of syl-
lable categories may be sufficient to reduce female attraction and
delay mating. Alternatively, it is possible that DEHP-5 may dif-
ferently affect these neural structures, as the emission of vocaliza-
tions involve, not only the MPN for motivation, but also a motor
system for USV production.

Androgens are required for mating and also influence the pro-
duction of courtship vocalizations in male mice (Dizinno and
Whitney 1977; Nunez et al. 1978; Warburton et al. 1989). In the
present exposed mouse model, the observed behavioral altera-
tions were not due to changes at the level of the gonadotropic
axis. Hence, exposure to DEHP did not alter the number of
kisspeptin-immunoreactive neurons or fiber density expression,

Figure 5. Proteome analysis of the medial preoptic nucleus (MPN) in di(2-
ethylhexyl) phthalate (DEHP)–exposed males. (A) Classification of differen-
tially expressed proteins between the exposed groups into six major catego-
ries based on cellular localization and function. The percentages of proteins
in each category are indicated. (B) Androgen-related protein interaction net-
work generated by Ingenuity Pathway Analysis.
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nor did it alter activity of the kiss1 promoter, shown using a GFP
reporter in the two hypothalamic nuclei involved in the regulation
of the gonadotropic axis. These results are consistent with the
unchanged levels of circulating testosterone and weight of the
androgen-dependent seminal vesicle. Thus, the low DEHP doses
used in this study did not impact the adult HPG axis. These results
are in agreement with previous data showing that oral exposure of
adult rats to DEHP (0.1 to 200 mg=kg=d) for 28 d induced no

detectable changes in androgen biosynthesis (Akingbemi et al.
2001). In another rat study, adult exposure to DEHP (320 to 20,000
ppm) for 60 d did not significantly change testosterone and LH lev-
els (Agarwal et al. 1986). The HPG axis seems more vulnerable to
DEHP exposure during development, as shown by altered testoster-
one levels and expression of pituitary gonadotropins in both mice
(Barakat et al. 2017; Carbone et al. 2013; Pocar et al. 2012) and rat
(Akingbemi et al. 2001; Noriega et al. 2009).

Figure 6. Validation of proteomic data and characterization of androgen receptor (AR) and estrogen receptor ðERÞa expression in the medial preoptic nu-
cleus (MPN). (A) 3-D view of the spot ID:0656, corresponding to GFAP, shown for three animals exposed to the vehicle (Veh) or DEHP at 5 or
50 lg=kg=d. (B–C) Upper panels: Representative Western blots of GFAP (B), b-actin (C), and GAPDH used as a protein reference, in the MPN of the
Veh, DEHP-5, and DEHP-50 groups. Lower panels: quantification of the protein levels normalized to GAPDH. Data are expressed as the means ±SEM
of four males per treatment group, *p<0:05 compared to the vehicle group. (D–F) Representative AR-immunolabeling of the medial preoptic nucleus of
males exposed to the vehicle (Veh) and DEHP at 5 or 50 lg=kg=d (D) and quantitative data for AR- (E) and ERa-immunoreactive cells (F). 3V: Third
ventricle. Data are expressed as the means ±SEM of four to six males per treatment group, *p<0:05 vs. the vehicle group. (G) AR gene expression in
males exposed to the vehicle and DEHP at 5 or 50 lg=kg=d. Data are expressed as the means ± SEM of six to eight males per treatment group, *p<0:05
compared to the vehicle group.
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The behavioral alterations induced by adult exposure to
DEHP were not due to changes in androgen levels, but were
probably due to modifications of their signaling pathway in the
neural regions underlying sexual behavior. Proteomic analysis of
the MPN identified differentially expressed proteins involved in
cellular processes ranging from mitochondrial functions, meta-
bolic processes, and cytoskeleton plasticity to transcription and
neuroprotection. Ingenuity Pathway Analysis revealed a link
between androgens and several proteins identified by the proteo-
mic approach and validated for GFAP and actin, two androgen-
sensitive proteins (Day et al. 1998; Garcia-Estrada et al. 1993;
Hong et al. 2008). DEHP exposure may thus induce changes in
androgen sensitivity, which then trigger modifications in neuronal
and glial structure and plasticity. This was illustrated by astrocyte
activation, which is generally induced by injury and disease
(Filous and Silver 2016) or following androgen depletion (Attallah
et al. 2016), and identified in the present study by increased protein
levels of GFAP and NDRG2. In agreement with our hypothesis, we
found AR expression to be reduced in the MPN and upstream che-
mosensory regions (bed nucleus of stria terminalis and medial
amygdala) of DEHP-exposed males. DEHP exposure did not affect
the number of ERa-immunoreactive neurons or ERa protein levels
in these brain areas. Therefore, chronic exposure to DEHP changes
neural sensitivity to androgens through selective downregulation of
AR expression. Given the key role of this signaling pathway in the

activation of male sexual behavior by testosterone (Raskin et al.
2009, 2012; Picot et al. 2014), we suggest that DEHP exposure
alters courtship behavior at least partly through AR decrease.

The direct link between reduced AR expression and altered
courtship vocalizations was further analyzed in male mice
where the neural AR gene was selectively disrupted. The
obtained data show reduced emission of vocalizations and con-
firm delayed mating in mutant males. This indicates, for the
first time, that the neural AR is critical for the androgen-
induced regulation of courtship vocalizations. Further studies
should address the link between AR downregulation, cellular
changes including astrocyte activation, and reduced behaviors,
since a neuroprotective role has been suggested for androgens
(Gracia-Estrada et al. 1993; Attallah et al. 2016). The molecu-
lar mechanisms through which DEHP acts to induce AR down-
regulation also need to be studied. In songbirds, humans, and
mice, the methylation state of the AR gene appears to be tightly
associated with its expression (Keil et al. 2014; Kinoshita et al.
2000; Movérare-Skrtic et al. 2009; Wada et al. 2013). It is thus
possible that low doses of DEHP trigger such epigenetic modi-
fications, as has been shown in other models (Kuo et al. 2013;
Manikkam et al. 2013; Rajesh and Balasubramanian 2014),
thereby reducing AR expression and related behaviors.

The data presented here indicate that the adult brain is highly
sensitive to DEHP exposure. Studies on DEHP have mostly focused

Figure 7. Effect of neural androgen receptor (AR) invalidation on ultrasonic vocalizations (USVs). (A) Representative sound waveform for a control (ARlox=Y,
left) and mutant male (ARNesCre, right) in the presence of a sexually receptive female. (B–C) Number (B) and duration (C) of syllable types by category pro-
duced during the 4-min recording in the presence of a sexually receptive female. Data are expressed as the means ±SEM of nine males per treatment group,
*p<0:05, **p<0:01 compared to control littermates.
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on exposure during development and puberty, whereas exposure
during adulthood has been underevaluated and the risk perhaps
underestimated. Indeed, among the rodent studies addressing the
effects of DEHP exposure in males, only four works were dedicated
to adult exposure and its potential impact on the rat testis (Agarwal
et al. 1986; Dostal et al. 1988; Guo et al. 2013; Li et al. 2012), while
no data are available on brain and behavior in rat or mice. Our
results on the impact of low doses of DEHP may be also informa-
tive, as most studies on DEHP-induced effects on the nervous sys-
tem used higher doses of this molecule in mice (Komada et al. 2016;
Tanaka 2002; Tanaka 2005; Tanida et al. 2009; Xu et al. 2015) and
rat (Carbone et al. 2010; Carbone et al. 2013; Smith et al. 2011,
2015; Smith and Holahan 2014; Lin et al. 2015).

The presently described effects of DEHP remind our previous
study showing that adult exposure to low-dose bisphenol A
(BPA) increases the latency to ejaculation without affecting tes-
tosterone levels (Picot et al. 2014). However, BPA did not affect
the expression level of the neural AR, although antiandrogenic
activity was suggested for this compound. This suggests that en-
docrine disrupters may target the AR signaling pathway through
different mechanisms (Picot et al. 2014).

The present demonstration of the involvement of the neural
AR signaling pathway in courtship vocalizations, and its vulner-
ability to environmental exposure to DEHP in mice, is highly rel-
evant for several vertebrate species. Vocalizations produced
during courtship are androgen-dependent in fish, amphibians,
birds, and mammals (Bass and Remage-Healey 2008). Indeed,
AR levels within brain regions involved in sexual motivation and
vocal production increase in association with seasonal increases
in courtship singing and mating behavior in songbirds (Gahr and
Metzdorf 1997; Soma et al. 1999; Wacker et al. 2010). Abundant
AR mRNAs have also been found in central nuclei involved in
male vocalizations in fish (Forlano et al. 2010). In humans, a nor-
mal androgen state is required for libido and sexual desire. It is thus
possible that chronic exposure to DEHP during adulthood may also
be detrimental for courtship behavior and sexual motivation in these
species, as our data show effects of DEHP at doses close to those of
environmental exposure. In this context, a recent human study
reported an association between environmental exposure to DEHP
and low interest in sexual activity (Barrett et al. 2014).

Conclusion
In summary, this study shows for the first time that chronic expo-
sure during adulthood to low doses of a phthalate plasticizer
impairs courtship vocalizations and initiation of mating in male
mice. This reduced sexual arousal may occur at least in part
through alteration of the neural AR signaling pathway, as shown
by proteomic and genetic analyses. These data are relevant for
several species, including humans. The present exposure and
genetic models are pertinent to deciphering the mechanisms
underlying neural disruption of the AR.
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