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Abstract

In the adult brain, neurogenesis primarily occurs in the dentate gyrus of the hippo-
campus (DG) and the olfactory bulbs, with new cells migrating from the subventric-
ular zone. Additionally, small amounts of cell proliferation have been observed in

the preoptic area (POA) and the amygdala (AMG), regions involved in the control of
male sexual behavior. Sexual activity induces a reward state mediated by opioids,
and our group previously demonstrated that neurogenesis induced by paced mating
is opioid dependent in female rats. Therefore, in the present study, we examined
whether naloxone hydrochloride could block the cell proliferation and neurogenesis
induced by mating in male rats. We evaluated cell proliferation and neurogenesis in
the DG, main (MOB) and accessory (AOB) olfactory bulbs, POA and AMG across

6 groups of male rats: without sexual contact injected with saline or NX, males that
mated until they ejaculated once injected with saline or NX and males that mated
until they ejaculated 3 times injected with saline or NX. Our findings indicated that
the increase of cell proliferation and neurogenesis observed after 3 ejaculations was
abolished by NX administration in the glomerular layer of both the AOB and MOB.
The same effect was observed in the granular layer of the MOB. In contrast, NX did
not reduce the cell proliferation induced by 3 ejaculations in the granular layer of the
AOB, but significantly reduced neurogenesis. In the DG, cell proliferation and neuro-
genesis were increased by 3 ejaculations and NX blocked this effect. Finally, analy-
ses of the AMG and POA revealed that NX blocked the cell proliferation induced by 3
ejaculations. This study highlights the central role of opioid signaling in mediating the
effects of sexual behavior on cell proliferation and neurogenesis in both classical and
non-classical neurogenic regions.
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Introduction

It is well established that neurogenesis, one of the plastic processes that occurs in
adult brains, takes place in 2 principal regions of mammalian brains: the dentate
gyrus of the hippocampus and the subventricular zone of the lateral ventricles [1,2].
New cells proliferate from the latter and travel through the rostral migratory stream to
reach the olfactory bulbs and eventually integrate into circuits [3]. In the hippocam-
pus, new cells divide in the subgranular zone and integrate nearby circuits [4,5]. This
neuroplastic phenomenon is modulated by a variety of endogenous and exogenous
factors such as hormones, trophic factors, neurotransmitters, and sensorial stimuli,
and their actions can impact one or several stages of the process, namely prolifera-
tion, migration, incorporation, and survival [6,7].

Sexual behavior is an important component of the reproductive function, and the
structures involved in its control are well studied. In both sexes, the possibility of con-
trolling the rate of the sexual interaction (pacing) induces a positive affective state, as
tested with the conditioned place preference paradigm [8—11]. Interestingly, we found
that the systemic administration of naloxone hydrochloride, an opioid antagonist,
blocked the reward state induced after sexual behavior, as females did not change
their original preference, suggesting that opioids are involved in the positive affective
state produced by paced mating [12]. In particular, infusions of naloxone methio-
dide into the medial preoptic area, ventromedial nucleus of the hypothalamus, and
amygdala blocked conditioned place preference induced by paced mating behavior
in females [13]. Similarly, the systemic administration of naloxone hydrochloride in
males blocked the reward state induced by paced mating [14,15]. In particular, meth-
ylnaloxonium infused in the medial preoptic area of male rats blocked the reward
state produced by mating [16]. However, naloxone hydrochloride administration did
not affect sexual behavior in males [17] or females [18].

Sexual behavior in males increased the number of new cells that incorporate into
the rostral migratory stream and the granular layer of the olfactory bulb. As well,
sexual experience increased cell proliferation in both females and males. Mating also
restored proliferation rates in middle-aged rats [19,20].

Several neurotransmitters involved in social behaviors, including oxytocin [21] and
opioids [22], also contribute to the regulation of cell proliferation and neurogenesis in
the adult brain. Interestingly, we found that the increase in the number of new cells
observed in the olfactory bulb after paced mating is blocked by i.p. injection of nalox-
one hydrochloride [18]. These results suggest that endogenous opioids participate in
the increase of neurogenesis induced by paced mating in female rats.

Therefore, in the present study, we evaluated if the systemic injection of nalox-
one hydrochloride in males allowed to copulate until ejaculation would decrease
the number of new cells in the olfactory bulb and the dentate gyrus of the hippo-
campus. We hypothesized that the number of new cells that differentiated into
neurons would decrease in the presence of the opioid antagonist. Since small
amounts of cell proliferation occur in the preoptic area and amygdala [23,24], and
both regions play a role in the control of male sexual behavior, we included them
in the analysis.
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Materials and methods
Subjects

Male Wistar rats (250-350 g) were obtained from the local colony at the animal facility of the Instituto de Neurobiologia,
UNAM. They were allowed to copulate during 3 pre-test mating sessions (until ejaculation or a maximum of 1h) to give
them sexual experience. Males were housed in groups of 3—4 in acrylic cages (18.5%20 x 10cm) covered with fresh
sawdust. They were maintained in a room with controlled temperature (25+1°C) under an inversed 12h:12h light—dark
cycle, starting the dark phase at 08:00. Animals were fed with standard laboratory rat chow and water ad libitum. Stim-
ulus females (200—250g) of the same strain were bilaterally ovariectomized under general anesthesia. Receptivity was
induced by the subcutaneous administration of estradiol benzoate (25 pg/rat) and progesterone (1 mg/rat), 48h and 4h,
respectively, before mating tests. The steroids were dissolved in corn oil and injected in a volume of 0.2ml/rat. This study
was carried out in accordance with the recommendations of Reglamento de la Ley General de Salud en Materia de
Investigacion para la Salud, NOM-062-ZO0-1999 of the Mexican Health Ministry, that which follows NIH guidelines. The
protocol 097-A was approved by the Bioethics Committee of the Institute of Neurobiology.

Behavioral tests

Sexual behavior tests were performed at 12:00h in acrylic cages (40 x 60 x 40 cm) with clean sawdust under dim red
light. Subjects were randomly assigned to one of six groups: 1) Males without sexual contact injected with saline (Control
Saline); 2) Males without sexual contact injected with naloxone hydrochloride (Control NX); 3) Males injected with saline
that mated until they ejaculated once (1 EJ saline); 4) Males injected with naloxone hydrochloride that mated until they
ejaculated once (1 EJ NX); 5) Males injected with saline that mated until they ejaculated 3 times (3 EJ saline) and 6)
Males injected with naloxone hydrochloride that mated until they ejaculated 3 times (3 EJ NX). In control groups, males
were placed alone in the sexual behavior cages for 60 min. Animals that received the opioid antagonist were injected

i.p. with naloxone hydrochloride (4 mg/kg in 1 ml of saline; Du Pont, México). The behavioral tests lasted until males had
reached their first or third ejaculation, depending on the group.

BrdU administration

Males were injected i.p. with the DNA synthesis marker 5’bromo2’deoxyuridine (BrdU, Sigma-Aldrich) to assess cell prolifer-
ation. They received 3 injections of 100 mg/kg each: 1h before the behavioral test, at the end of the test, and 1h after the test
ended.

Tissue preparation

After the behavioral test, males were returned to their home cages, and 15 days later, they were euthanized by i.p.
injection of pentobarbital (60 mg/kg, Cheminova). Animals were intracardially perfused with phosphate-buffered saline
(PBS, 0.1 M and pH 7.2 J.T. Baker) and paraformaldehyde (4%, Sigma). Brains were removed and stored at 4 °C in 30%
sucrose (J.T. Baker) dissolved in PBS.

Brains were sliced in a cryostat (Leica CM 1850). Sagittal sections (30-um) containing the MOB and AOB were col-
lected in 3 series. The first series was processed for immunohistochemistry and revealed by diaminobenzidine to visualize
the new cells (BrdU-positive). The second series was processed for immunofluorescence to determine if the new cells
differentiated into neurons (NeuN, neuron-specific nuclear protein). We randomly selected 7 and 4 subjects for immuno-
histochemistry and immunofluorescence, respectively.

Immunohistochemistry for BrdU

Free-floating sections were washed 4 times in Tris-buffered saline (TBS 0.1 M, pH 7.6 J.T Baker) and incubated for 30min in
Triton X-100 (0.1%, J.T Baker) and 30% H,O, (1%, J.T Baker) to eliminate endogenous peroxidase activity. Tissue was rinsed
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in TBS and incubated in 2N HCL (J.T Baker) at 37°C for 60min. The sections were washed in TBS and incubated for 30min in
bovine albumin (1%, Sigma-Aldrich) and Triton X-100 (0.3%) to block unspecific epitopes. The tissue was incubated for at least
16h at 4°C in primary antibody, mouse monoclonal anti-BrdU (BD Biosciences, dilution 1:2000) in 0.1% bovine albumin. The
sections were rinsed in TBS containing Triton X-100 (0.02%) and bovine albumin (1%) and then incubated with biotinylated anti-
mouse IgG (1:500, Vector Laboratories) for 2h. The sections were rinsed in TBS containing Triton X-100 (0.02%) and incubated
at RT in Avidin Biotin Complex (ABC elite kit, Vector Laboratories) for 90 min. Tissue was then washed in TBS and revealed with
nickel chloride-3,3'-diaminobenzidine (DAB, Vector Laboratories) and H,O,. The reaction was stopped by washing the sections
in TBS. Finally, the brain sections were mounted on gelatin-coated slides and cover slipped using Permount (Fisher Scientific).

Double-immunofluorescence assay for BrdU and NeuN

Double-immunolabeling protocol for detecting new proliferating neurons in the OB and DG was modified and adapted from
previously published procedures [18,25]. After 4 washes for 5 minutes each in Tris-buffered saline (TBS 0.1 M, pH 7.6 J.T
Baker), free-floating sections were incubated for 30 min in 3% H,O,-TBS (J.T Baker) to eliminate endogenous peroxidase
activity. Tissue was rinsed in TBS, incubated in 0.1 M citrate buffer (Sigma-Aldrich) pH 6 for 30 min and subsequently incu-
bated in 2N HCI (J.T Baker) at 50°C for 60 min. The sections were washed 3 times for 5 minutes each in TBS and incubated
for 30min in bovine albumin BSA (0.5% w/v bovine serum albumin fraction V A9418 (Sigma-Aldrich) in Triton X-100 (0.3%) to
block unspecific epitopes. The tissue was incubated for 1 h at room temperature (RT) and then, at least 16 h at 4°C in primary
antibody, rat anti-BrdU (ab6326 Abcam, dilution 1:1 500) in 0.1% BSA-TBS. The sections were rinsed in TBS containing Tri-
ton X-100 (0.02%) and then incubated with biotinylated anti rat IgG (dilution 1:2000, BA-9400 Vector Laboratories) for 1h at
RT. The sections were rinsed in TBS containing Triton X-100 (0.02%) 2 times for 5 minutes each and incubated at RT in Avi-
din Biotin Complex (ABC elite kit PK-6100, Vector Laboratories) for 1h. Then, slides were rinsed 2 times for 5 minutes each
and incubated with Cy3-Tyramide complex (TSA Plus Cyanine 3 System NEL744001KT), diluted 1:100 in the kit-specific
diluent for 10 min in a wet chamber and washed 3 times for 5min each with 0.02% TBS-Triton X100. A second blocking step
using 0.5% BSA-TBS for 30min at RT was performed and then, slides were incubated with a mouse anti-NeuN primary
antibody (MAB377 Millipore, dilution 1:250) diluted in 0.1% BSA-TBS solution 1h at RT and overnight at 4 °C. Thus, slides
were washed 3 times for 5 minutes each in 0.02% TBS-Triton X100 and incubated with an anti-mouse Alexa 488 antibody
(A11001 Invitrogen, dilution 1: 1000) 1.5h at RT. Finally, sections were rinsed in 0.02% TBS-Triton X100 twice, mounted,
covered with Aqua-Poly/Mount (Polysciences), and stored at 4°C in darkness until image acquisition.

Quantitative analysis of BrdU labeling

BrdU-DAB-stained tissue images were obtained with a light microscope, OLYMPUS BX60F-3 (10X objective), connected
to a motorized slide (Prior ProScan) and analyzed using Image J software. BrdU-IR cells were identified and quantified

in sagittal slices. The glomerular, mitral, and granular cell layers of the MOB and AOB were analyzed. Cell counting was
performed according to previously reported studies in the OB [18]. The region of interest (ROI) in both the MOB and

AOB was delimited with three circles in each layer. The diameters of the circles used in the MOB and AOB were 400 um
and 200 um, respectively, as previously described [26]. The total ROI per layer was calculated with the sum of areas in
each circle. The number of new cells was obtained with the average number of BrdU-IR positive cells in the total ROI per
layer. In the dentate gyrus of the hippocampus, medial preoptic area, and amygdala, ROls were freehand delimited using
ImagedJ software (Fig 1), and counts were reported as the average number of BrdU-IR positive cells per mm?2. An average
of 3 sections per area per animal were quantified (n=8 or 7 subjects per group).

Quantitative analysis of BrdU/NeuN-IR cells

Cell counting of BrdU/NeuN double-immunolabeling from MOB, AOB, and DG was carried out according to previously
reported methodology [25]. Three sections per area per animal were captured using a confocal microscope Zeiss AX10
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Fig 1. Representative images of Nissl staining for the rat brain regions analyzed in this study. (A-B) The olfactory bulbs were divided into the
main (MOB) and accessory (AOB) subregions. For cell counting analysis, both OB regions were further subdivided into the classical olfactory cell layers:
the glomerular layer (GIL), the mitral layer (Mi), and the granular layer (GrL). Circles indicate the regions of interest (ROls) used for IR-cell quantification.
ROI diameters: 400 pm in the MOB and 200 pm in the AOB. (C) Dentate gyrus of the hippocampus (DG), (D) amygdala (AMG), and (E) preoptic area
(POA). Dashed lines delineate the areas selected for cell quantification. Scale bar: 200 pm.

https://doi.org/10.1371/journal.pone.0329795.9001

with a 20x objective and later were analyzed with ImageJ Software. MOB and AOB were subdivided into the glomerular
cell layer (GrL) and granular cell layer (GrL) for IR cells quantification. First, images were separated into red and green
channels to individually analyze BrdU and NeuN labeling. Size (50-infinity) and circularity (0.50—1.00) filters were applied
using ImageJ software to exclude unspecific particles. Nuclei particles that co-localized for both specific IR-labeling were
considered and quantified as double-IR cells. The regions of interest (ROIs) were delimited as described in the BrdU-IR
analysis. The average number of BrdU/NeuN-IR cells obtained per area was extrapolated to IR- cells/mm?.

Statistical analysis

All statistical analyses were performed using R (version 4.3.1). All datasets (S1 File) were tested for normality with

the Shapiro-Wilk test. Since the data of most groups for cell proliferation, neurogenesis and sexual behavior were not
normally distributed, we used a Kruskal-Wallis test to evaluate the overall differences between groups. In the case of
cell proliferation and neurogenesis, the data were analyzed separately for each cell layer of the MOB and AOB. When
appropriate, Kruskal-Wallis tests were followed by Dunn’s multiple-comparisons post hoc test. Cell proliferation and neu-
rogenesis data are presented as box plots with individual distribution. Behavioral data is presented as mean + standard
error. Group difference was considered significant at p<0.05.

Results
Sexual behavior

Kruskal-Wallis tests revealed differences between groups for both mount and intromission numbers (H(3)= 21.07, p<0.01)
and H(3)=24.46, p<0.0001, respectively; Table 1). Groups of males that were allowed to copulate until 3 ejaculations
injected with saline or naloxone hydrochloride performed more mounts (U=4.18, p<0.001 and U=3.52, p<0.01, respec-
tively) and intromissions (U=4.61, p<0.0001 and U=3.37, p<0.01, respectively) than males that ejaculated once and
were injected with naloxone hydrochloride. Moreover, the 3 ejaculations +saline group displayed more intromissions

than the 1 ejaculation +saline group (U=3.01, p<0.05). Additionally, the 3 ejaculations + saline group showed shorter Il|
compared to males that ejaculated once and were injected with saline or naloxone hydrochloride (U=3.01, p<0.05 and
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Table 1. Sexual behavior parameters of experimental males.

Group 1EJ Saline 1EJ NX 3EJ Saline 3EJ NX
Latencies

Mount 10133 143161 45+9 70428
Intromission 82+26 81125 588 100+45
Ejaculation 885+128 12274298 15331625 683169
Number

Mount 1542 9402 30+3° 25+3°
Intromission 16+1° 9+(02¢ 3720 3042b¢
PEI 1301146 16521304 12711148 1064168
11 65+8° 128+312°¢ 101+49° 46+9v°

Parameters of sexual behavior in males injected with saline that mated until
a single ejaculation (1 EJ saline), males injected with naloxone hydrochloride
that mated until a single ejaculation (1 EJ NX), males injected with saline
that mated until three ejaculations (3 EJ saline), and males injected with
naloxone hydrochloride that mated until three ejaculations (3 EJ NX). PEI:
post-ejaculatory interval; Ill: inter-intromission interval. Columns labeled with
different letters are significantly different from each other at p<0.05.

https://doi.org/10.1371/journal.pone.0329795.t001

U=4.61, p<0.0001, respectively). The males that were allowed to copulate until 3 ejaculations and were injected with
naloxone hydrochloride also showed shorter Il than males that ejaculated once and were injected with naloxone hydro-
chloride (U=3.37, p<0.01).

Effect of naloxone hydrochloride and number of ejaculations on cell proliferation

Kruskal-Wallis tests revealed differences between groups in each layer of the MOB (glomerular: H(5)= 17.95, p<0.01;
mitral: H(5)=28.57, p<0.0001; granular: H(5)=26.67, p<0.0001). In all layers, the 3 ejaculations + saline group had more
BrdU-IR cells than the control+ NX group (glomerular: U=-3.19, p<0.05, mitral: U=-4.03, p<0.001, granular: U=-4.38,
p<0.001). Moreover, in both glomerular and mitral layers, 3 EJ saline induced more cell proliferation than 1 EJ NX
(U=3.26, p<0.05 and U=3.66, p<0.01, respectively). Finally, in both the mitral and granular layers of the MOB, 3 ejacu-
lations induced more cell proliferation than 1 ejaculation in males that were injected with saline (U=4.55, p<0.0001 and
U=4.22, p<0.001, respectively). The groups treated with NX did not show a significant increase in cell proliferation in any
of the layers of the MOB (Fig 2).

In the AOB, Kruskal-Wallis tests revealed differences between groups in each layer (glomerular: H(5)= 25.29, p<0.01;
mitral: H(5)=19.35, p<0.01; granular: H(5)=31.43, p<0.0001). In the glomerular and granular layers of the AOB, the 3
EJ saline group had more BrdU-IR cells than the control saline (U=-3.3, p<0.05 and U=-4.15, p<0.001, respectively)
and control NX (U=-3.84, p<0.01 and U=-4.2, p<0.001, respectively). Furthermore, in the glomerular and mitral lay-
ers, 3 EJ saline induced more cell proliferation than 1 ejaculation NX (U=3.48, p<0.01 and U=3.45, p<0.01, respec-
tively). In the mitral layer, 3 ejaculations induced more cell proliferation than 1 ejaculation in males that were injected with
naloxone hydrochloride (U=3.17, p<0.05) and, in the granular layer, the 3 EJ NX group had more BrdU-IR cells than
control groups, independently if they were injected with saline or NX (U=-3.49, p<0.01 and U=-3.54, p<0.01, respec-
tively). Finally, in the glomerular layer, the 1 EJ saline group had more BrdU-IR cells than the Control NX group (U=-2.9,
p<0.05). In the mitral layer, the injection of naloxone hydrochloride decreased cell proliferation compared to males that
received saline in males that ejaculated once (U=3.02, p<0.05; Fig 3).

In the hippocampus, Kruskal-Wallis test revealed differences between groups (H(5)=29.59, p<0.0001). The 3 EJ saline
group had more BrdU-IR cells than the control groups, independently if they were injected with saline or NX (U=-3.29,
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Fig 2. Effect of ejaculation and opioid blockade on cell proliferation in the main olfactory bulb (MOB). Representative photomicrographs of
BrdU-positive proliferating cells (black nuclei; white arrowheads) in the MOB. (A) Control males that did not display sexual activity and were injected with
saline (C saline). (B) Males that ejaculated once and were injected with saline (1 EJ saline). (C) Males that ejaculated three times and were injected with
saline (3 EJ saline). (D) Control males without sexual experience and were injected with naloxone hydrochloride (C NX). (E) Males that ejaculated once
and were injected with naloxone hydrochloride (1 EJ NX). (F) Males that ejaculated three times and were injected with naloxone hydrochloride (3 EJ NX).
BrdU-immunoreactive (BrdU-IR) cells were identified in the glomerular cell layer (GIL), mitral layer (Mi), and granular cell layer (GrL). The insets show mag-
nifications of the granular cell layer, highlighting (white arrowheads) proliferating cells in the experimental groups. Scale bar: 200 um. (G, H, ) Quantification
of BrdU-IR cell numbers in the GIL, Mi, and GrL, respectively, in the MOB of experimental males. * p<0.05, ** p<0.01, ***, p<0.001, **** p<0.0001.

https://doi.org/10.1371/journal.pone.0329795.9002
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Fig 3. Effect of ejaculation and opioid blockade on cell proliferation in the accessory olfactory bulb (AOB). Representative photomicrographs of
the BrdU-IR proliferating cells (black nuclei; white arrowheads) in the AOB. (A) Control males that did not display sexual activity and were injected with
saline (C saline). (B) Males that ejaculated once and were injected with saline (1 EJ saline). (C) Males that ejaculated three times and were injected
with saline (3 EJ saline). (D) Control males without sexual experience and were injected with naloxone hydrochloride (C NX). (E) Males that ejaculated
once and were injected with naloxone hydrochloride (1 EJ NX). (F) Males that ejaculated three times and were injected with naloxone hydrochloride (3
EJ NX). BrdU-immunoreactive (BrdU-IR) cells were identified in the glomerular cell layer (GIL), mitral layer (Mi), and granular cell layer (GrL). The insets
show magnifications of the granular cell layer, highlighting (white arrowheads) proliferating cells in the experimental groups. Scale bar: 200 ym. (G, H, I)
Quantification of BrdU-IR cell numbers in the GIL, Mi, and GrL, respectively, in the AOB of experimental males. * p<0.05, ** p<0.01, *** p<0.001.

https://doi.org/10.1371/journal.pone.0329795.9003

PLOS One | https://doi.org/10.1371/journal.pone.0329795 September 4, 2025 8/19



https://doi.org/10.1371/journal.pone.0329795.g003

PLOS Y one

p<0.05 and U=-4.00, p<0.001, respectively). Males that ejaculated 3 times and were injected with saline also showed
more cell proliferation than males that were injected with NX and ejaculated either once or 3 times (U=2.91, p<0.05 and
U=4.20, p<0.001, respectively). Additionally, the 1 EJ saline group had more BrdU-IR cells than the control NX and 3 EJ
NX groups (U=-3.15, p<0.05 and U=-3.37, p<0.01, respectively). The groups treated with NX did not show a significant
increase in cell proliferation (Fig 4).

In the preoptic area, Kruskal-Wallis test revealed differences between groups (H(5)=23.52, p<0.001). The 3 EJ saline
group had more BrdU-IR cells than the control groups, independently if they were injected with saline or NX (U=-3.00,
p<0.05 and U=-4.38, p<0.001, respectively). In this brain region, males that ejaculated 3 times and were injected with
saline also showed more cell proliferation than males that were injected with naloxone hydrochloride and ejaculated either
once or 3 times (U=3.72, p<0.01 and U=2.89, p<0.05, respectively). The group 3 ejaculations treated with NX did not
show a significant increase in cell proliferation (Fig 5).
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Fig 4. Effect of ejaculation and opioid blockade on cell proliferation in the dentate gyrus (DG) granular cell layer of the hippocampus. Repre-
sentative photomicrographs of the BrdU-IR proliferating cells (black nuclei; white arrowheads) in the DG. (A) Control males that did not display sexual
activity and were injected with saline (C saline). (B) Males that ejaculated once and were injected with saline (1 EJ saline). (C) Males that ejaculated
three times and were injected with saline (3 EJ saline). (D) Control males without sexual experience and were injected with naloxone hydrochloride (C
NX). (E) Males that ejaculated once and were injected with naloxone hydrochloride (1 EJ NX). (F) Males that ejaculated three times and were injected
with naloxone hydrochloride (3 EJ NX). The insets show magnifications of the DG granular cell layer, highlighting (white arrowheads) proliferating cells in
the experimental groups. Scale bar: 200 um. (G) Quantification of BrdU-IR cell numbers in the DG granular cell layer. # Different from: 1EJ NX p<0.05,
3EJ NX p<0.001, Control Saline p<0.05, Control NX p<0.001; & Different from: 3EJ NX p<0.01, Control NX p<0.05.

https://doi.org/10.1371/journal.pone.0329795.9004
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Fig 5. Effect of ejaculation and opioid blockade on cell proliferation in the preoptic area (POA). Representative photomicrographs of the BrdU-IR
proliferating cells (black nuclei; white arrowheads) in the POA. (A) Control males that did not display sexual activity and were injected with saline (C
saline). (B) Males that ejaculated once and were injected with saline (1 EJ saline). (C) Males that ejaculated three times and were injected with saline (3
EJ saline). (D) Control males without sexual experience and were injected with naloxone hydrochloride (C NX). (E) Males that ejaculated once and were
injected with naloxone hydrochloride (1 EJ NX). (F) Males that ejaculated three times and were injected with naloxone hydrochloride (3 EJ NX). The
insets show magnifications of the POA highlighting (white arrowheads) proliferating cells in the experimental groups. 3V: third ventricle. Scale bar: 200 um.
(G) Quantification of BrdU-IR cell numbers in the POA. * p<0.05, ** p<0.01, *** p<0.001.

https://doi.org/10.1371/journal.pone.0329795.9005

In the amygdala, Kruskal-Wallis test revealed differences between groups (H(5)=18.77, p<0.01). Males that ejaculated
3 times and were injected with saline also showed more cell proliferation than males that were injected with naloxone
hydrochloride and ejaculated either once or 3 times (U=3.02, p<0.05 and U=3.94, p<0.01, respectively). Again, the
group 3 ejaculations treated with NX did not show a significant increase in cell proliferation (Fig 6).
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Fig 6. Effect of ejaculation and opioid blockade on cell proliferation in the amygdala (AMG). Representative photomicrographs of the BrdU-IR
proliferating cells (black nuclei; white arrowheads) in the AMG. (A) Control males that did not display sexual activity and were injected with saline

(C saline). (B) Males that ejaculated once and were injected with saline (1 EJ saline). (C) Males that ejaculated three times and were injected with saline
(3 EJ saline). (D) Control males without sexual experience and were injected with naloxone hydrochloride (C NX). (E) Males that ejaculated once and
were injected with naloxone hydrochloride (1 EJ NX). (F) Males that ejaculated three times and were injected with naloxone hydrochloride (3 EJ NX).
The insets show magnifications of the AMG highlighting (white arrowheads) proliferating cells in the experimental groups. Scale bar: 200 ym. (G) Quanti-
fication of BrdU-IR cell numbers in the AMG. * p<0.05, ** p<0.01.

https://doi.org/10.1371/journal.pone.0329795.9006

Effect of naloxone hydrochloride and number of ejaculations on neurogenesis

Kruskal-Wallis test revealed differences between groups in the glomerular and granular layers of the MOB (H(5)=19.47,
p<0.01 and H(5)=21.01, p<0.001, respectively). In both layers, the 3 ejaculations +saline group had more BrdU/NeuN-IR
cells than control groups, independently if they were injected with saline or naloxone hydrochloride (glomerular: U=-3.17,
p<0.05and U=-3.78, p<0.01, respectively; granular: U=-3.59, p<0.01 and U=-3.59, p<0.01, respectively). The
administration of NX in the 3 EJ group completely blocked the increase in neurogenesis as expressed in the number of
BrdU/NeuN-IR cells (Fig 7).
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Fig 7. Effect of ejaculation and opioid blockade on neurogenesis in the main olfactory bulb (MOB). Representative photomicrographs of the
double-immunolabeling for BrdU/NeuN-IR new neurons (yellow nuclei; white arrowheads) in the MOB. (A) Control males that did not display sexual
activity and were injected with saline (C saline). (B) Males that ejaculated once and were injected with saline (1 EJ saline). (C) Males that ejaculated
three times and were injected with saline (3 EJ saline). (D) Control males without sexual experience and were injected with hydrochloride (C NX).

(E) Males that ejaculated once and were injected with naloxone hydrochloride (1 EJ NX). (F) Males that ejaculated three times and were injected with
naloxone hydrochloride (3 EJ NX). Red nuclei: BrdU-positive cells. Green nuclei: NeuN-positive cells. The upper and lower insets show magnifications of
the glomerular (GIL) and granular (GrL) cell layers respectively, highlighting (white arrowheads) proliferating cells in the experimental groups. Scale bar:
200 pm. (G, H) Quantification of BrdU/NeuN-IR cell numbers in the GIL and GrL of the MOB, respectively. * p<0.05, ** p<0.01.

https://doi.org/10.1371/journal.pone.0329795.9007
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Kruskal-Wallis test revealed differences between groups in the glomerular and granular layers of the AOB (H(5)=15.15,
p<0.01 and H(5)=20.35, p<0.01, respectively). In both layers, 3 ejaculations induced more neurogenesis compared to
control in males that were injected with saline (U=-3.42, p<0.01 and U=-3.43, p<0.01, respectively). Additionally, in the
granular layer, the 3 ejaculations + saline group had more BrdU/NeuN-IR cells than the control NX and 1 EJ NX groups
(U=-3.03, p<0.05 and U=3.23, p<0.05, respectively). The administration of NX in the 3 EJ group completely blocked the
increase in neurogenesis as expressed in the number of BrdU/NeuN-IR cells (Fig 8).

In the hippocampus, Kruskal-Wallis test revealed differences between groups (H(5)=20.48, p<0.01). In this brain
region, the 3 ejaculations + saline group showed more neurogenesis than the control NX and 3 EJ NX groups (U=-3.53,
p<0.01 and U=3.64, p<0.01). Again, the administration of NX in the 3 EJ group completely blocked the increase in neu-
rogenesis as expressed in the number of BrdU/NeuN-IR cells (Fig 9).

Discussion

The present study aimed to investigate whether opioid signaling contributes to the observed increases in cell proliferation
and neurogenesis following one or three ejaculations in male rats. We examined the olfactory bulb and dentate gyrus, the
most extensively studied neurogenic niches, while also exploring the amygdala and preoptic area to provide a broader
understanding of potential neurogenic activity. Globally, our findings indicate that opioid signaling plays a crucial role in
cell proliferation and neurogenesis within the glomerular layer of both the AOB and MOB. In these regions, the increase of
cell proliferation and neurogenesis observed after 3 ejaculations was abolished by naloxone hydrochloride administration.
The same effect was observed in the granular layer of the MOB. In contrast, naloxone hydrochloride did not reduce the
cell proliferation induced by 3 ejaculations in the granular layer of the AOB, but significantly reduced neurogenesis. In the
dentate gyrus, cell proliferation and neurogenesis were increased by 3 ejaculations and this effect was blocked by nalox-
one hydrochloride. Finally, analyses of the amygdala and preoptic area revealed that naloxone hydrochloride blocked the
cell proliferation induced by 3 ejaculations (Table 2).

In the present study, we found that 3 ejaculations increased cell proliferation and neurogenesis in the granular cell layer
of the AOB. These results are consistent with a previous study that used the same protocol with male rats that were sacri-
ficed 15 days after the sexual behavior interaction and the BrdU injection [26]. Interestingly, it was demonstrated that this
increase persists 45 days after the sexual behavior and BrdU injection [27]. Similarly, we found that 3 ejaculations also
enhanced cell proliferation and neurogenesis in the glomerular cell layer. These results contrast with previous studies that
did not find any similar effect after either 15 or 45 days of survival [26,27]. In the mitral cell layer, cell proliferation and neu-
rogenesis were not modified by sexual behavior when comparing groups with 1 or 3 ejaculations with controls. This finding
is in line with what was previously shown in other studies [26,27]. The effect of naloxone hydrochloride varied depending
on the cell layer. In the glomerular cell layer, the opioid antagonist reduced cell proliferation to levels comparable to the
controls. However, in the granular layer, it failed to block the increase in cell proliferation induced by three ejaculations.
These findings differ from those reported by Santoyo-Zedillo et al. (2017) in female rats that paced mating [18]. In their
study, naloxone hydrochloride significantly reduced the number of BrdU-IR-positive cells in females allowed to pace mat-
ing for 1 hour and sacrificed 15 days later, compared to females that copulated under the same conditions but received
saline injections. This difference could be due to the high variance observed in the 3EJ NX group, particularly one subject
that showed a very high number of new cells. Nevertheless, naloxone hydrochloride did reduce neurogenesis in this cell
layer, aligning with the findings of Santoyo-Zedillo et al. (2017) in female rats [18]. Therefore, our findings confirm that
opioids contribute to the enhancement of neurogenesis induced by sexual behavior in the AOB.

To our knowledge, this study is the first to demonstrate increased cell proliferation and neurogenesis in the glomerular
cell layer of the MOB in male rats following three ejaculations. Notably, these effects were effectively blocked by periph-
eral administration of naloxone hydrochloride. Moreover, analysis of BrdU-IR-positive cells revealed that three ejaculations
also enhanced cell proliferation in the mitral and granular cell layers, an increase that was similarly inhibited by naloxone
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Fig 8. Effect of ejaculation and opioid blockade on neurogenesis in the accessory olfactory bulb (AOB). Representative photomicrographs of
the double-immunolabeling for BrdU/NeuN-IR new neurons (yellow nuclei; white arrowheads) in the AOB. (A) Control males that did not display sexual
activity and were injected with saline (C saline). (B) Males that ejaculated once and were injected with saline (1 EJ saline). (C) Males that ejaculated
three times and were injected with saline (3 EJ saline). (D) Control males without sexual experience and were injected with hydrochloride (C NX). (E)
Males that ejaculated once and were injected with naloxone hydrochloride (1 EJ NX). (F) Males that ejaculated three times and were injected with nalox-
one hydrochloride (3 EJ NX). Red nuclei: BrdU-positive cells. Green nuclei: NeuN-positive cells. The upper and lower insets show magnifications of the
glomerular (GIL) and granular (GrL) cell layers respectively, highlighting (white arrowheads) proliferating cells in the experimental groups. Scale bar: 200
pm. (G, H) Quantification of BrdU/NeuN-IR cell numbers in the GIL and GrL of the AOB. * p<0.05, ** p<0.01.

https://doi.org/10.137 1/journal.pone.0329795.9008

hydrochloride injection. Taken together, our findings demonstrate that three ejaculations significantly enhanced cell
proliferation and neurogenesis across most layers of both the AOB and MOB, and this effect critically depends on opioid
signaling.
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Fig 9. Effect of ejaculation and opioid blockade on neurogenesis in the dentate gyrus (DG) of the hippocampus. Representative photomicro-
graphs of the double-immunolabeling for BrdU/NeuN-IR new neurons (yellow nuclei; white arrowheads) in the DG. (A) Control males that did not display
sexual activity and were injected with saline (C saline). (B) Males that ejaculated once and were injected with saline (1 EJ saline). (C) Males that ejacu-
lated three times and were injected with saline (3 EJ saline). (D) Control males without sexual experience and were injected with naloxone hydrochloride
(C NX). (E) Males that ejaculated once and were injected with naloxone hydrochloride (1 EJ NX). (F) Males that ejaculated three times and were injected
with naloxone hydrochloride (3 EJ NX). Red nuclei: BrdU-positive cells. Green nuclei: NeuN-positive cells. The inset shows a magnification of the DG
granular cell layer, highlighting (white arrowheads) proliferating cells in the experimental groups. Scale bar: 200 um. G: Quantification of BrdU/NeuN-IR
cell numbers in in the DG granular cell layer. ** p<0.01.

https://doi.org/10.1371/journal.pone.0329795.9009

In the dentate gyrus of the hippocampus, our study revealed that both single and three ejaculations enhanced cell
proliferation. These findings align with prior research investigating the effects of acute and chronic sexual experiences.
For instance, Leuner and colleagues demonstrated that a single sexual encounter or daily sexual activity over 15 days
increased cell proliferation in the dentate gyrus of male rats [20]. Similarly, Glasper and Gould observed that acute and
chronic sexual experiences increased cell proliferation in middle-aged male rats, a group typically exhibiting reduced
hippocampal neurogenesis compared to younger counterparts [19]. In contrast, another study reported no significant
differences in the number of BrdU-positive cells between male rats allowed to copulate to 1-3 ejaculations across four
30-minute sessions (spaced four days apart) and control males that remained in their home cages [28]. Our study pro-
vides novel evidence showing that the enhancement of hippocampal cell proliferation by sexual behavior is mediated
through opioid signaling. Males allowed to ejaculate 1-3 times, treated with naloxone hydrochloride exhibited BrdU-IR
cell numbers comparable to control animals. In contrast, males injected with saline showed a marked increase in
BrdU-IR-positive cells. Additionally, the analysis of new neurons, identified by BrdU and NeuN colocalization, revealed
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Table 2. Summary of the principal findings.
Region Cell layer New cells (BrdU +) New neurons (BrdU-NeuN +)
MOB Glomerular 1 3 EJ Saline (vs Control Saline; Control NX; 1EJ NX) 1 3 EJ Saline (vs Control Saline; Control NX)
Mitral 1 3 EJ Saline (Control NX; 1 EJ Saline; 1EJ NX) ND
Granular 1 3 EJ Saline (Control NX; 1 EJ Saline) 1 3 EJ Saline (vs Control Saline; Control NX)
AOB Glomerular 11 EJ Saline (vs Control NX)
1 3 EJ Saline (vs Control Saline; Control NX; 1 EJ NX) 1 3 EJ Saline (vs Control Saline)
Mitral 1 1 EJNX (vs 1 EJ Saline; 3 EJ Saline; 3 EJ NX) ND
Granular 1 3 EJ Saline (vs Control Saline; Control NX) 1 3 EJ Saline (vs Control Saline; Control NX; 1EJ NX)
1 3 EJ NX (vs Control Saline; Control NX)
DG NS 1 3 EJ Saline (vs Control NX; 3 EJ NX)
POA 1 3 EJ Saline (vs Control Saline; Control NX; 1 EJ NX; 3 EJ NX) ND
AMG 1 3 EJ Saline (vs 1 EJ NX; 3 EJ NX) ND

Effects of 1 or 3 ejaculations and naloxone hydrochloride (NX) administration on new cells/new neurons in male rats. fincrease | decrease in the number
of new cells/new neurons. ND: not determined. NS: not significant.

https://doi.org/10.137 1/journal.pone.0329795.t002

that naloxone hydrochloride abolished the increase in neurogenesis observed in males that ejaculated three times. Taken
together, these findings confirm that sexual behavior enhances cell proliferation and neurogenesis in the dentate gyrus of
male rats. Moreover, our study demonstrates that this effect is mediated by opioid signaling.

In addition to examining the classical neurogenic niches, we investigated cell proliferation in the POA and AMG, brain
regions involved in sexual behavior. Notably, we found that administering naloxone hydrochloride prior to sexual activity
significantly reduced the number of newly formed cells in both the amygdala and the preoptic area. Analyses revealed that
three ejaculations led to an increase in cell proliferation in both regions. However, this increase was effectively blocked by
naloxone hydrochloride, as evidenced by a significant reduction in BrdU-IR-positive cells in the 3EJ NX group compared
to the 3EJ Saline group. Our results contrast with what was described in male hamsters [29]. Indeed, they found no effect
of acute or chronic sexual experience on the cell proliferation observed in the posterior medial amygdala or preoptic area.

Our results provide further evidence that opioids modulate cell proliferation and neurogenesis not only within the
classical neurogenic niches, such as the olfactory bulb and the dentate gyrus of the hippocampus, but also in other brain
regions associated with socio-sexual behaviors. Several studies have demonstrated that opioids modulate cell differentia-
tion in the hippocampus. For instance, short-term exposure to morphine promoted neuronal and glial differentiation while
reducing the number of nestin-positive cells, effects that were counteracted by the opioid antagonist naloxone hydrochlo-
ride [30]. Likewise, B-Endorphin was found to enhance proliferation in cultured rat adult hippocampal progenitors, an effect
that was blocked by DOR and MOR antagonists. Agonists targeting these receptors also stimulated proliferation, highlight-
ing the involvement of both receptor subtypes in this response [31]. In related work, the same group demonstrated that
naloxone hydrochloride reduced proliferation in cultured rat adult hippocampal progenitors [32]. Together, these findings
support the conclusion that opioid signaling plays a key role in regulating proliferation and neurogenesis across diverse
brain regions.

Our findings reveal that the increase in cell proliferation observed in males that engaged in copulation was largely,
but not entirely, prevented by naloxone hydrochloride treatment across the studied regions. This suggests that, beyond
opioids, other hormones or neurotransmitters likely contribute to the effects of sexual behavior on neurogenesis. For
instance, oxytocin has been shown to enhance cell proliferation in the hippocampus following both peripheral and central
administration in adult male rats [33]. Additionally, the hippocampus is enriched with prolactin receptors, which may play
a role in mediating the effects of sexual experience on adult neurogenesis. Supporting this, male pheromones have been
demonstrated to regulate neurogenesis through prolactin signaling in both the olfactory bulb and hippocampus of female
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mice [34]. Furthermore, as previously reviewed, hippocampal neurogenesis in adults is influenced by gonadal hormones
in a manner dependent on both sex and experience [35,36]. Importantly, evidence suggests that gonadal hormones facil-
itate adult neurogenesis and serve as neuroprotective agents for adult-generated cells by interacting with BDNF (Brain
Derived Neurotrophic Factor), serotonin, and oxytocin [37]. Further studies need to test if these neuromodulators play a
role in cell proliferation and neurogenesis induced by mating.

Finally, our behavioral analysis confirmed that naloxone hydrochloride did not affect sexual behavior of male rats,
as previously reported [17]. Copulatory parameters, including latencies, frequencies, post-ejaculatory intervals, and
inter-intromission intervals, were consistent across saline- and naloxone hydrochloride-treated groups. As expected,
males in the 3 EJ groups exhibited more frequent mounts and intromissions than those in the one-ejaculation groups,
regardless of treatment, reflecting the greater opportunity for multiple ejaculations.

In conclusion, this study highlights the central role of opioid signaling in mediating the effects of sexual behavior on cell
proliferation and neurogenesis in both classical and non-classical neurogenic regions. These findings advance our under-
standing of the neurobiological mechanisms underlying the interaction between sexual behavior and adult neurogenesis
and open avenues for exploring the contributions of other signaling systems in this context.

Supporting information
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