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Abstract

Puberty is an important phase of development when the neural circuit organization
is transformed by sexual hormones, inducing sexual dimorphism in adult behavioural
responses. The principal brain area responsible for the control of the receptive com-
ponent of female sexual behaviour is the ventrolateral division of the ventromedial
nucleus of the hypothalamus (VMHUvI), which is known for its dependency on ovarian
hormones. Inputs to the VMHUVI originating from the medial preoptic nucleus (MPN)
are responsible for conveying essential information that will trigger such behaviour.
Here, we investigated the pattern of the projection of the MPN to the VMHVI in rats
ovariectomized at the onset of puberty. Sprague Dawley rats were ovariectomized
(OVX) at puberty and then subjected to iontophoretic injections of the neuronal an-
terograde tracer Phaseolus vulgaris leucoagglutinin into the MPN once they reached
90 days of age. This study analysed the connectivity pattern established between
the MPN and the VMH that is involved in the neuronal circuit responsible for female
sexual behaviour in control and OV X rats. The data show the changes in the organi-
zation of the connections observed in the OVX adult rats that displayed a reduced
axonal length for the MPN fibres reaching the VMHuvI, suggesting that peripubertal
ovarian hormones are relevant to the organization of MPN connections with struc-

tures involved in the promotion of female sexual behaviour.
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1 | INTRODUCTION

The central nervous system (CNS) is modulated by internal and ex-
ternal signals that establish neuronal connections and physiological
functioning in two critical periods of development, which will pro-
mote sexually dimorphic behavioural responses in the adult (Schwarz
and McCarthy, 2008; Xu et al., 2012; McCarthy et al., 2015). One
internal signalling molecule that is of great importance during the
two key moments of CNS development is oestradiol (Schwarz and
McCarthy, 2008). First, in the perinatal phase, low oestradiol levels
in the female CNS prevent the organizational masculinization of neu-
ronal systems, promoting the sexual differentiation of adult neuronal
programming and behavioural responses (Romeo et al., 2002; Sisk
and Zehr, 2005; Schulz and Sisk, 2006; Phoenix, 2009; Flanagan-
Cato, 2011). In the second moment, at puberty, increased oestra-
diol levels in the female CNS promote neural refinement, which is
reflected in the volume and number of cells in some neural regions
such as the hippocampal formation, the anteroventral periventric-
ular nucleus (AVPV) and the medial nucleus of the amygdala (MeA;
Woolley, 1998; Ahmed et al., 2008). This oestradiol increase acti-
vates the previously organized cortical and limbic circuits, modifying
the structural and functional refinement that will ultimately influ-
ence adult decision-making and cognitive strategies (Schulz et al.,
2004, 2009a; Sisk and Zehr, 2005; Schulz and Sisk, 2006) as well
as promoting the integration of endogenous and exogenous infor-
mation to coordinate the appropriate expression of adulthood be-
haviours, such as aggression and reproduction (Romeo et al., 2002;
Sisk and Zehr, 2005; Schulz and Sisk, 2006; Phoenix, 2009).

Several environmental factors and ovarian hormones (oestradiol
and progesterone) affect the neuronal circuit that controls female
sexual behaviour (Fahrbach et al., 1989; Canteras et al., 1994; Auger
and Blaustein, 1995; Canteras, 2012). Within this neuronal circuit,
the ventromedial nucleus of the hypothalamus (VMH), which is an
area highly modulated by these hormones in the perinatal and peri-
pubertal stages as well as in adulthood, is the area responsible for
triggering the lordosis reflex, which is a receptive component of
female sexual behaviour (Powers, 1970; Flanagan-Cato, 2000; Sa
et al., 2009; Griffin and Flanagan-Cato, 2011). The VMH is a nucleus
comprised of the dorsomedial (dm), central (c) and ventrolateral
(vl) divisions located in the medial region of the tuberal hypothala-
mus. In coronal sections, the VMH is visible as a moderately dense
group of polymorphic cells that form an oval region surrounded by a
mesh of dendrites and axons, which form the lateral fibre complex.
This fibre complex is relevant for the intra- and inter-connectivity
of the communicating fibres reaching the VMH and is enriched in
neurotransmitters such as oxytocin and serotonin that are import-
ant modulators involved in behavioural responses (Flanagan-Cato,
2000; Sa et al., 2009; Griffin and Flanagan-Cato, 2011; McEwen
et al., 2012). The ventrolateral division of the VMH (VMHvI) ex-
presses abundant oestrogen (ER) and progesterone (PR) receptors,
which enable these neurons to play a central role in the promotion of
female sexual behaviour (Shughrue et al., 1992; McEwen et al., 2012).

It was previously shown that in the VMHUvI, priming by oestradiol
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followed by progesterone induces broad morphological and neuro-
chemical changes (Madeira et al., 2001; Griffin and Flanagan-Cato,
2011) that are necessary and sufficient for triggering the lordosis re-
flex (Powers, 1970; Rubinow et al., 2009; Sa et al., 2013). The VMHvI
is connected to a network of nuclei that also express an abundance
of ERs and PRs, which are composed of the medial preoptic nucleus
(MPN), the MeA and the bed nucleus of the stria terminalis (BNST;
Flanagan-Cato, 2000; Sa et al., 2010; Shimogawa et al., 2015).

The MPN is a sexually dimorphic nucleus located in the medial
preoptic area that abundantly expresses both types of ERs, ERx and
ERB (Shughrue et al., 1992, 1998; Hoshina et al., 1994; Maggi et al.,
2004). Through its connections with the septal nuclei, the parahip-
pocampal gyrus, the prefrontal cortex and limbic and prelimbic areas,
the MPN is responsible for integrating sensitive visceral and olfac-
tory information along with hormonal signals to coordinate the en-
docrine, autonomous and locomotor systems through its projections
and to regulate adaptive, feeding, sexual and maternal behaviours
(Simerly and Swanson, 1988; Xiao et al., 2005; Canteras, 2012).

Therefore, the morphological plasticity induced by oestradiol in
the MPN and VMHVI is crucial for the modulation of female sexual
behaviour (Flanagan-Cato et al., 2006; Rubinow et al., 2009).

Additionally, the hormonal modulation of the CNS in the peri-
pubertal stage of development is a topic that is very relevant to be-
havioural modulation in adulthood; however, its repercussions are
not completely understood. Little is known about the peripubertal
effects of oestradiol on the morphological changes of the organized
neural circuits involved in the promotion of behaviours dependent
on ovarian hormones in adulthood. Many of the studies on the ac-
tion of gonadal hormones during puberty on the morphological and
functional development of the CNS and the associated behaviours
were conducted in males, resulting in a large gap in our knowledge
of how these systems interact with one another in females (Romeo
et al., 2002; Schulz et al., 2004, 2009a, 2009b).

In the present study, we aimed to determine the effects of ovar-
ian hormones during the peripubertal period on the pattern of pro-
jections from the MPN to the VMHuvI.

2 | MATERIALS AND METHODS
2.1 | Animals

Female Sprague Dawley rats were obtained from the Central
Animal Facility of the ICB/USP (Sao Paulo, Brazil) and were kept
in a facility with a 12-h light/dark cycle (lights on at 07:00 h) with
an ambient temperature of 22°C. Once they were approximately
35 days old, a set of animals (n = 15) was randomly selected and
bilaterally ovariectomized (OVX group) under deep anaesthesia
by intraperitoneal injection (0.2 ml/100 g body weight) of a solu-
tion containing ketamine (25 mg/ml), xylazine (5 mg/ml) and ace-
promazine (1 mg/ml). Another group of rats (n = 15) were kept
intact to serve as controls. The oestrous cycle was monitored daily

by vaginal smear cytology. The inclusion criteria for the control
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rats required them to exhibit at least two consecutive oestrous
cycles, with the injection being performed on a random day of
the cycle; for the OV X rats, it was required that they be in persis-
tent dioestrus (Cora et al., 2015). Once they were 90 days old, the
OVX and control animals were submitted to stereotaxic surgery
under anaesthesia to perform unilateral iontophoretic injections
of the neuronal anterograde tracer Phaseolus vulgaris leucoagglu-
tinin (PHA-L, 10% solution in 0.01 M PBS; 10.000 MW, Molecular
Probes, Life Technologies Corporation) in the MPN according to
the following stereotaxic coordinates: AP: -0.7; ML: +0.4; DV:
-7.0 (Swanson, 2018). The iontophoretic injection was applied by
passing +10 pA current pulses (7 s on and 7 s off) using a digital
current source (Midgard Precision Current Source, Stoelting Co.)
for 10 min through a glass pipette with a 15 um internal diameter.
The pipette was left in place for an additional 10 min before being
slowly withdrawn to avoid the overflow of the tracer. The experi-
mental procedures were performed according to the guidelines
of the Ethical Committee on the Use of Animals CEUA—ICB/USP
(protocol 030/2015 and 032/2015/CEUA). All efforts were made
to minimize the number of animals used and animal suffering.

2.2 | Tissue preparation

Fifteen days after the stereotaxic surgery, the rats were anaesthe-
tized by employing the same protocol used previously and perfused
transcardially with 0.9% saline followed by a fixative solution con-
taining 4% formaldehyde in 0.1 M sodium phosphate buffer, pH 7.4.
The brains remained in the skull for 3 hr before they were removed,
and they were trimmed in the coronal plane through the superior
colliculus and immersed for approximately 12 hr in a 20% sucrose
solution in 0.02 M potassium phosphate-buffered saline (KPBS).
After the brain tissue blocks were placed in a microtome, five sets of
40-um-thick coronal sections were sequentially cut at regular inter-
vals of 200 um and stored at —20°C. One set of sections was used for
immunohistochemical detection of the injection site, and the second
and third sets were used for PHA-L immunohistochemistry. The in-
jection sites were verified by bright- and dark-field microscopic ex-
amination. The inclusion criteria used to ensure adequate injection
of the tracer were an injection site that was confined to the limits of
the MPN that did not contaminate neighbouring neural structures
beyond the established limits and confirmation of tracer transport
to the VMHvI.

2.3 | Immunohistochemistry

For PHA-L immunostaining, one set of sections was incubated
in rabbit anti-PHA-L primary antibody (1:5,000; L1110, Vector
Laboratories) for 72 hr at 4°C. The sections were washed in KPBS,
incubated for 2 hr in biotinylated goat anti-rabbit secondary anti-
body (1:200; BA1000, Vector Laboratories), washed again and then

incubated for 2 hr in the avidin-biotin peroxidase complex (1:200;
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ABC Elite Kit, Vectastain PK-6100 Elite, Vector Laboratories).
Following a final wash, the sections were incubated for 5 min in
100 ml of a solution containing 3,3"-diaminobenzidine tetrahydro-
chloride (50 mg; DAB; Sigma), glucose oxidase (0.6 mg; Sigma) and
ammonium chloride (40 mg; Sigma) in sodium phosphate-buffered
saline (0.1 M). Then, p-D-glucose (MP Biomedicals, LLC) was added
to the solution for 15 min, and the reaction was stopped by a KPBS
wash. The stained sections were mounted on gelatine-coated slides
and dried at 37°C for 18 hr. Finally, the sections were treated with
osmium tetroxide, counterstained with 0.25% thionin solution for
15-20 min and then dehydrated and coverslipped using dibutyl
phthalate xylene (DPX; Aldrich Chemical Co.).

2.4 | Histological assessments
2.4.1 | Semi-quantitative analysis

To confirm the accuracy and similarity of the tracer injection site
in the MPN of all animals studied, for each animal, all sections
showing the injection sites were ordered, sequenced and ana-
lysed throughout their entirety, and the boundaries of the injec-
tion site were delineated. Then, the volumes of the injection sites
were measured using Neurolucida software and outlined using
the Canvas™ program X 10.0 (Deneba Systems Inc.). The MPN
has three divisions with dissimilar projection patterns (Simerly
et al., 1984; Simerly and Swanson, 1986; Simerly and Swanson,
1988). Therefore, care was taken to confirm that the injection
sites covered the entire nucleus, with the injection site beginning
in the anterior portion, encompassing the ventral-dorsal extent
and extending to the most posterior portions (Swanson, 2018).
After these analyses were performed by an observer blinded to
the experimental groups, three control and three OVX rats were
selected that presented a similar injection location and volume.
Therefore, these selected cases were used in all the quantitative
determinations (n = 3 per group).

The semi-quantitative analysis of the PHA-L-labelled fibres in
the rostrocaudal extension of the VMHvI was performed by two
different observers, who were blinded to the experimental groups,
by employing bright- and dark-field observation (Veenman et al.,
1992; Reznitsky et al., 2016) with a Leica DMR microscope with
a 20x objective (Leica Wetzlar, Germany). The fibre density was
qualitatively classified as (Figure 1) sparse (+/-), low (+), moderate
(++), high (+++) or very high (++++). Photomicrographs were ac-
quired using a LEICA DMR optical microscope with NIS-Elements
BR 3.2 software (Nikon Corporation Japan) and Neurolucida image
capture software using a 100x objective. The images were ad-
justed for brightness, contrast and focus. The Stack-Focuser tool
in ImageJ 1.50i software (Rasband, W.S., ImageJ, U. S. National
Institutes of Health, https://imagej.nih.gov/ij/, 1997-2018) was
used to merge the photomicrographs of the stained fibres in the
VMHUvL. In all analyses, the stereotaxic atlas of the rat brain was

used as a reference (Swanson, 2018).
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2.4.2 | Stereological estimations

For the quantitative analyses, the density of the PHA-L-labelled fibres
extending from the MPN to the VMHvl was estimated using a stereology
method by employing spherical probes (Gundersen et al., 1999; Mouton
et al., 2002; Bukhatwa et al., 2009; Chareyron et al., 2011; West, 2018).
The sections were analysed using a bright-field Nikon ECLIPSE 80 mi-
croscope connected to a computer equipped with Stereolnvestigator™
software using a 40x oil immersion objective (West, 2013, 2018). To
estimate the total axonal length, the Spaceball Workflow tool was used
with the following parameters: the guard zones were 2 um, the probe
shape was a hemisphere with a radius of 10 um, the volume associated
with the sphere was 144,000 pm3 and the area of the sampling grid was
3,600 pmz. The entire extent of the VMHvI was analysed using a 100x
oil immersion objective. The total axonal length was estimated using the

following formula (Mouton et al., 2002):

2(vaqi)v L
L_2.<ZQ|>.G.SSf,

i=1

where YQi is the sum of the counted intersections; v is the volume

(area of the grid x section thickness); a is the surface area of the
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FIGURE 1 Bright-field
photomicrographs of representative
coronal brain sections showing the
density of anterograde-labelled fibres
immunoreactive for PHA-L, which was
used for the semi-quantitative analysis
of the projections. Images represent the
sparse or inconsistent (+) (a), low (+) (b),
moderate (++) (c), high (+++) (d) or very
high (+++4) (e) density of fibres. Scale
bar = 100 um

sphere; and ssf is the section sampling fraction. In the stereologi-
cal estimation, one set of sections previously stained for PHA-L was
used (n = 3 per group), with a sampling ratio of 1:5 and an average
thickness of 10.4 um.

2.4.3 | Three-dimensional reconstruction method

To study the distribution pattern of MPN projections to the
VMHuvI, the three-dimensional (3D) reconstruction method was
used (Sauzeau et al., 2010). The slides were analysed using a
Nikon ECLIPSE 80 optical light microscope equipped with an ex-
traction tube and a digital camera connected to a computer with
Neurolucida 360 software (MBF Bioscience, MicroBrightField
Inc.). One representative animal (selected from among the animals
that were analysed by the semi-qualitative method) from both the
control and OV X groups was used for the reconstruction of the fi-
bres, collaterals and varicosities in the entirety of the VMHvI. The
reconstruction was performed using a 100x oil immersion objec-
tive by covering the entire thickness of each slice and representing
the fibres as segments of lines and the varicosities as points. A set

of six sections of the VMHvI from each case, which were regularly
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spaced at intervals of 200 um, was used to draw and reconstruct
the tissue in three dimensions to compare the ipsilateral distribu-
tion of PHA-L-labelled fibres in OVX and control animals. The con-
tours of the optic tract, the fornix, the third ventricle and the VMH
were also reconstructed bilaterally to generate a spatial reference
(Figures S1 and S2 of the supplementary material—3D interactive
models). The three-dimensional reconstructions were displayed
and analysed using the Neuroexplorer program (MicroBrightField).
The drawings of each section were exported as isolated figures to
obtain data on axonal length and the quantity of varicosities. The
varicosities were identified as dotted dilatations corresponding to
the continuous fibres (Figure 3h,k).

2.5 | Statistical analyses

The effects of peripubertal ovarian hormones on the total axonal
length of efferents from the MPN to the VMHvI were assessed by
descriptive analyses using JASP 0.8.6 software. The results are pre-
sented as the mean + SD. The total axonal length that was quantified
by the stereological analysis for each experimental group was plotted
individually. Groups were considered different when the data distri-
bution in the boxplot did not overlap with a confidence interval of 95%
(Cumming et al., 2007). According to the individual values for each ani-
mal analysed in the stereological quantification, one-way Bootstrap
ANOVA was performed for the total axonal length to obtain better
insight into what would result from an analysis of a larger sample.

One-way bootstrap ANOVA with Welch correction was per-
formed using SPSS® software and was used to compare the groups.
The means of the analysed groups were considered significantly dif-
ferent when p < .05.

3 | RESULTS
3.1 | Determination of the neural fibre distribution
pattern using semi-quantitative analysis

Three control rats with injections centred in the MPN with no ad-
jacent contamination were used in the semi-quantitative analyses.
The injection sites in the control rats encompassed all three divi-
sions of MPN with similar volumes for all the animals (Table 1). The
injection site in the control rat SD2380 (Figure 2a; Figure S3c in the
supplementary material) was slightly rostral, with its centre in the

lateral and central divisions of the MPN, while the injection sites in

TABLE 1 Volume of the PHA-L
antegrade tracer injection site in the MPN

of intact control or OXV rats Volume (mm®)

A B C

FIGURE 2 Schematic 3D representation of injection sites of
PHA-L in the MPN of three control (a-c) and three OV X rats (d-f).
Red edge, outer border of the PHA-L injection; blue edge, outer
border of the third ventricle. IS, injection site; 3V, third ventricle

the control rats SD1923 and SD2386 were centred in the central and
medial divisions of the MPN (Figure 2b,c; Figure S3a,b of the supple-
mentary material). After the MPN injections (Figure 3a), the terminal
fields of the nerve fibres were found in the main regions controlling
female sexual behaviour, showing a high density in the BNST, VMHvI
and PAGvI (Figure 3b,g,n; Table 2), a moderate density in the VTA
(Figure 3m) and a low density in the MeApd (Figure 3c; Table 2). In
addition, terminal fields were observed in other hypothalamic nuclei,
with a very high density of ascending projections to the AVPV, a high
density of descending projections to the ventral premammillary nu-
clei (PMv; Figure 30; Table 2) and a moderate density of projections
to the preoptic anteroventral (AVP) nuclei and the arcuate nucleus
(ARH; Figure 3i; Table 2).

In the OVX group, three rats with injection sites that encom-
passed all three divisions of the MPN with similar volumes among
the control and OVX animals (Figure 3d; Table 1) were used in the
analyses. The injection site in the OVX rat SD2193 (Figure 2f; Figure
S3f of the supplementary material) was slightly rostral and centred in
the central and lateral divisions of the MPN, while the injection sites
in the OVXrats SD2195 and SD2201 were centred in the central and
medial divisions of the MPN (Figure 2d,e; Figure S3d,e of the sup-

plementary material). The terminal fields of nerve fibres extending

Animals Control Animals ovX

SD 1923 26.5 SD 2193 11.7

SD 2380 14.7 SD 2195 24.51

SD 2386 21.2 SD 2201 24.7
Mean + SD 20.8 +5.9 Mean + SD 20.3+74
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TABLE 2 Semi-quantitative analysis of the PHA-L fibres density
distributed in the main MPN efferents, in both Control and Ovx
groups

Brain
nuclei Control oVvX
Control areas of female BNST +++ ++
sexual behaviour VMHVI T4t iy
PAGvI +++ ++
VTA ++ +
MeApd + +
Hypothalamic PMv +++ +++
neuroendocrine control AVPV St St
AVP S Sl
ARH ++ ++

Density of PHA-L labelled fibres in the main MPN efferents regions of
female brain rats. The density is described as low (+), moderate (++),
high (+++) or very high (++++).

Abbreviations: ARH, arcuate nucleus of the hypothalamus; AVP,
preoptic anteroventral nuclei; AVPV, anteroventral periventricular
nucleus; BNST, bed nucleus of the stria terminalis; MeApd, medial
nucleus of the amygdala, poterodorsal division; PAGvI, periaqueductal
grey matter, ventrolateral division; PMyv, ventral premammillary nuclei;
VMHuI, ventromedial nucleus of the hypothalamus, ventrolateral
division; VTA, ventral tegmental area.

to the main regions responsible for female reproductive behaviour
were found, with a moderate density in the BNST, VMHvI and PAGvI
(Figure 3e,j,q; Table 2) and a low density in the MeApd and VTA
(Figure 3f,p; Table 2). In addition, terminal fields were observed in
other hypothalamic nuclei, with a very high density of ascending
projections to the AVPV, a high density of descending projections
to the PMv (Figure 3r) and a moderate density of projections to the
ARH and the AVP (Figure 3l; Table 2).

Table 2 summarizes the results of the semi-quantitative analyses.
By comparing the control and OVX animals, we observed an effect
of peripubertal ovariectomy on the projections from the MPN only
in the main regions controlling female sexual behaviour.

Varicosities corresponding to the terminal fields of nerve fibres
were observed at densities similar to those of the fibres in the same
regions as well as in all the extensions of these nuclei in both the
control (Figure 3h) and the OVX animals (Figure 3k).

PEREIRA ET AL.

3.2 | Quantitative and statistical analyses of
neural fibre distribution patterns using the
stereological method

The stereological estimations showed a decrease in the average total
axonal length in the OV X group, which was 30,421.30 um + 7,026.60
in the control and 11,410.70 um + 1,420.05 in OV X rats with a mean
coefficient of error (m = 1) of 0.03 for the control and 0.04 for the
OVX rats (Figure 4). To complement our stereological analysis, one-
way ANOVA of the results for the total axonal length was performed
by using the bootstrap method. The analysis showed a significant
difference in the total axonal length of fibres in the OVX group
compared with that in the control group (F(1, 4) = 21.098; p = .038;
n? = 0.841; Table S1).

3.3 | Determination of the neural fibre distribution
pattern using the 3D reconstruction method

Data obtained from analyses performed with Neurolucida 360 of
the distribution pattern of PHA-L fibres in the VMHvI from the MPN
using the 3D reconstruction method (Figure 5a,b) showed a differ-
ence between the OVX and control groups, especially in the VMHuvI,
where we observed an important reduction in the fibre density and
the extension of labelling in the OVX group (Figure 5; Figures S1
and S2). The total axonal length of nerve fibres reaching the VMHuvI
in the control rats was 107,044.00 um, and the number of varicosi-
ties was 10,264. The total axonal length of nerve fibres reaching the
VMHUvI in the OVX animals was 42,665.90 um, and the number of
varicosities was 8,150.

4 | DISCUSSION

By examining the specific periods of oestradiol activity and the ef-
fects on the organization and activation of neural circuits (Romeo
et al., 2002) in this work, we showed, for the first time, that peripu-
bertal ovarian hormones modulate some connections within the
female sexual behaviour network. The present data highlight the
changes in the projection patterns of efferents from the MPN to the

VMHVI, showing a decrease in the total axonal length and varicosity

FIGURE 3 Bright-field photomicrographs of coronal brain sections representative of projecting areas immunoreactive for PHA-L upon
tracer injection in the MPN. Photomicrographs showing the injection site in the MPN of control (a) and OVX rats (d). Photomicrographs
showing anterograde PHA-L-labelled fibres in the BNST (b), MeA (c), VMH (g), AVPV (i), VTA (m), PAG (n) and PMv (o) of control rats and in
the BNST (e), MeA (f), VMH (j), AVPV (l), VTA (p), PAG (q) and PMv (r) of OV X rats. h, k Higher magnification of the VMH (g, j), respectively,
showing the overlap of anterograde PHA-L-labelled fibres (arrows) with Nissl-stained neuronal cell bodies in the VMHuvI of control (h) and
OVX rats (k). Dashed lines represent the boundaries of the MPN (a, d) and VMHUvI (g, j). 3V, third ventricle; aco, anterior commissure; AQ,
cerebral aqueduct; AVPV, anteroventral periventricular nucleus; BNST, bed nucleus of the stria terminalis; cpd, cerebral peduncle; fx, fornix;
GPm, medial part of globus pallidus; IPN, interpeduncular nucleus; MeA, medial nucleus of the amygdala; mmt, mammillothalamic tract; MPN,
medial preoptic nucleus; opt, optic chiasm; PAG, periaqueductal grey matter; PMy, ventral premammillary nucleus; RN, red nucleus; st, stria
terminalis; VL, lateral ventricle; VTA, ventral tegmental area. Scale bars = 400 um (a-g/i-j/I-r), 20 um (h, k)
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FIGURE 4 Box and whisker plot of data obtained from the
stereological estimation of the total axonal length of fibres reaching
the VMHuvI after PHA-L injection in the MPN using the space ball
method

number in adult female rats when gonadal hormones were absent in
the peripubertal phase (Figure 6).

A high degree of caution was taken to ensure that the PHA-L
injection sites in the control and OV X rats were similar to each other
to prevent interference in the comparative analyses. As a result, the
high number of animals used is due to the need to obtain similar in-
jection results in the PHA-L in the MPN of both groups in addition to
the complex and indispensable methodology used to perform these
injections and the postoperative losses of OVX animals, as they were
subjected to two surgeries.
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Therefore, because the MPN can be divided into several areas
with dissimilar projection patterns (Simerly et al., 1984; Simerly and
Swanson, 1986; Simerly and Swanson, 1988), care was taken to anal-
yse experimental cases with injection sites in the MPN that began in
the anterior portion and covered the full ventral-dorsal and rostro-

caudal extent.

4.1 | MPN efference

The results of the analyses performed on the injections of PHA-L
centred on the MPN are in accordance with others reported in the
literature, especially for the areas that are involved in the control of
female sexual behaviour, such as the VMHUvI, VTA and PAGvI (Simerly
and Swanson, 1988; Fahrbach et al., 1989; Delville and Blaustein,
1993). A striking number of efferents was also observed in the PMy,
which is a nucleus that coordinates ovulation with lordosis behaviour
through its influence on luteinizing hormone secretion (Beltramino
and Taleisnik, 1985; Donato et al., 2009). Efferents were also ob-
served in the ARH, AVPV and AVP, which, along with the MPN, are
nuclei that establish a parallel neuroendocrine microcircuit involved
in sexual control and the activation of the hypothalamic-pituitary-
gonadal (HPG) axis at the onset of puberty (Sinchak et al., 2013).

In the sexual behaviour control circuit, the MPN is responsible
for the integration of behavioural planning by promoting sensory,
motor and hormonal integration, as it receives information from the

FIGURE 5 Schematic 3D
reconstruction of PHA-L-labelled
terminals in the VMHOvI used for the
quantification of fibre and varicosity
numbers. Labelled terminals in the VMHvI
(in red) after PHA-L injection in the MPN
of control (a-c) and OVX rats (d-f). 3V,
third ventricle; fx, fornix; opt, optic tract;
VMH in orange
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FIGURE 6 Schematic graphic comparing the MPN efferences between the control (a) and OVX (b) groups. A decrease in the density

of the projections to regions related to female sexual behaviour in the OVX group compared to the control group was observed (arrows

in grey in a and dotted arrows in b). ARH, arcuate nucleus of the hypothalamus; AVP, preoptic anteroventral nuclei; AVPV, anteroventral
periventricular nucleus; BNST, bed nucleus of the stria terminalis; MeApd, medial nucleus of the amygdala, posterodorsal division; MPN,
medial preoptic nucleus; PAGvI, periaqueductal grey matter, ventrolateral division; PMv, ventral premammillary nuclei; VMHvI, ventromedial
nucleus of the hypothalamus, ventrolateral division; VTA, ventral tegmental area

septohippocampal complex, prefrontal cortex, and prelimbic and
infralimbic areas in addition to the sensory integration information
derived from the MeA and BNST (Xiao et al., 2005; Canteras, 2012).
Thus, under the action of ovarian hormones, the NPM plays a funda-
mental role in female sexual behaviour because when it is activated,
it sends projections to the VTA and nucleus accumbens to promote
the proceptive component of female sexual behaviour while also
sending projections to VMHuvI to inhibit the receptive component
(Takeo et al., 1993; Kato and Sakuma, 2000).

In sensory integration, the MPN efferences for the VMHUVI re-
ceive all the pheromone information and all the proprioceptive infor-
mation that is derived from the stimulation of the cervical portion of
the vagina, which is carried directly by the subparafascicular nucleus
[SPFp] (Coolen et al., 2003). In motor integration, the MPN projects
itself to the VMHUvI so that it adequately coordinates lordosis be-
haviour through the efferences for the PAGvI (Canteras et al., 1994;
Flanagan-Cato et al., 2006) when hormone levels allow the female to
become receptive to the male.

All of these integrating processes are required to take place for
reproduction to be successful (Takeo et al., 1993; Kato and Sakuma,
2000).

4.2 | MPN efference without ovarian hormones

Ovarian hormonal action upon the morphological remodelling of the
neural circuit that is accountable for the triggering of female sexual
behaviour, including the reduction of the neuronal density, num-
ber, and size and the induction of protein expression, is well known
(Madeira and Lieberman, 1995; Romeo et al., 2002; Xue et al., 2014).
Therefore, the morphological changes occurring at puberty in the
MPN and the VMH seem to induce significant physiological changes
in the transition from puberty to adulthood.

The present data show that efferents to the micro-circuitry in-
volved in the modulation of female sexual behaviour (namely, the
VMHUvI, VTA, PAGvIl, BNST and MeApd) were conserved after peri-
pubertal ovariectomy; however, there was an important reduction

in fibre density and the extension of labelling in the referred areas,

especially in the VMHUVIL. In contrast, no changes were detected in
the pattern of efferents to nuclei related to modulation of hormone
secretion (namely, the PMv, ARH and AVPV/AVP; Beltramino and
Taleisnik, 1985; Donato et al., 2009; Sinchak et al., 2013). This pro-
cess occurs because at the onset of puberty, the initial activation is
influenced by mechanisms that are not dependent on steroids, such
as genomic mechanisms, and the absence of hormonal action has
little impact on this efferent pattern (Xu et al., 2012; Armoskus et al.,
2014; Lowe et al., 2015; McCarthy et al., 2015).

Thus, this study showed that there was a change in the pattern
of projections when the rats were subjected to ovariectomy at the
onset of puberty; therefore, the action of oestradiol before puberty
may be needed to establish a directional pattern of VMHvl afferents
that, upon puberty, will be reorganized according to the fluctuating
hormonal levels during the oestrous cycle, which will become most
relevant to the action of neurons in the modulation of physiologi-
cal and behavioural responses. This is because puberty is a period
when the neural circuits are refined and finalized to allow for their
full maturation and for the expression of typical sexual behaviour in
adulthood (Schulz et al., 2004, 2009b; Schulz and Sisk, 2006).

Throughout neural development, there are two windows of
greater activity by ovarian hormones. First, during prenatal and
postnatal development, steroids have an organizational effect be-
cause they have the ability to permanently sculpt neural structures
(Phoenix et al., 1959; Romeo et al., 2002; Sisk and Zehr, 2005). In
females, these organizational effects occur in the absence of or in
the presence of low levels of oestradiol (Schwarz and McCarthy,
2008). Second, the action of steroids on neural structures will be
more focused on the refinement of neural circuits in terms of the
cell number, the volume of cell groups and even the triggering of
cell death (Schulz et al., 2009), resulting in long-lasting structural
changes due to the effects of steroids that will determine sex be-
havioural responses in adults to hormonal and sensory stimuli (Sisk
and Zehr, 2005).

Previous studies addressing this subject have ovariectomized
the rats upon adulthood, when the development of the CNS was al-
ready completed. In contrast, the results reflecting the performance

of ovariectomy earlier in development in the present study suggest
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that the observed hormonal changes are established earlier in de-
velopment during the organizational period, when the female brain
has not yet experienced the activating effects of oestradiol. Earlier
studies have shown that the activation of ERs and PRs by increased
ovarian hormone levels induces a reduction in ERx expression in the
MPNm (Shughrue et al., 1992; Zhou et al., 1995; Martins et al., 2015),
which indicates that OV X rats present more ERa-expressing neurons
than control rats.

Taken together, the results of the previous studies suggest that
the observed decrease in MPN afferents to the VMN is not related
to morphological or neurochemical changes induced in the MPN by
the lack of ovarian hormones and further corroborate the present
hypothesis of a hormone-dependent reorganization of the connec-
tivity pattern between the two nuclei.

4.3 | Analysis techniques

The present data obtained from both methodologies, 3D recon-
struction and stereology analysis, report a reduction in the total
length of axonal fibres in OVX rats, corroborating, along with the
statistical and semi-quantitative analyses, the results that suggested
a reduction in efferences established between the MPN and VMH.
Although, presently, there is a vast selection of image software that
can be used to quantify neuronal cell bodies, one of the main limita-
tions of these software programs in studies with anterograde tracers
is the quantification of axon fibres (Dickstein et al., 2016; Glaser and
Glaser, 1990). To quantify the variation in the density of fibres and
varicosities in the present study, a new methodology of 3D recon-
struction was used (Sauzeau et al., 2010). Despite the indisputable
relevance of this technique for fibre analysis, in the present study,
the quantification of the reconstructed fibres and varicosities was
very time-consuming due to the high number of fibres observed,
making it very challenging to use in the other animals of each group.
In this way, in the present study, the 3D reconstruction method was
used as a prospective approach, attempting to compare the distribu-
tion pattern of nerve fibres. To compare the estimation of the total
length of nerve fibres, we used the stereology method, a more time-
efficient, highly precise and unbiased method, by intersecting each
axonal fibre with a space ball probe. Notably, although the injection
site analyses found a small number of animals to be acceptable for
quantitative assessments, previous studies have found the number
to be suitable for this type of study (Chareyron et al., 2011). In ad-
dition, the bootstrap analysis, which estimated the statistical out-
come of an extrapolated data set predicted by the distribution of the
observed data (Efron and Tibshirani, 1993; Efron, 2003; Schomaker
and Heumann, 2018), corroborated the present analysis by report-
ing a significant difference between the total axonal length of both
groups studied. Nevertheless, new studies with a higher sample size
should be performed to further corroborate the present data.

The present results, using both qualitative and quantitative ap-
proaches, showed that the withdrawal of ovarian hormones during

the onset of the peripubertal period induced a 60% reduction in
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the length of axonal fibres from the MPN to the VMHvI. However,
despite the low number of animals used, both methods noticed the
same changes, which were also observed in the semi-quantitative
analysis. The data also report a decrease of approximately 20% in
the number of varicosities seen in the fibres reaching the VMHvI. A
more detailed analysis of the distribution of these markers along the
sections revealed that the observed changes were proportional to
the morphological increase in the rostrocaudal volume and neuro-
nal number of the VMHvLI. These results should be interpreted with
caution because only a small sample of animals was used; however,
the observed fibre distribution is in accordance with the observed
rostrocaudal increase in the neuronal density and ER expression,
further corroborating the notion that afferents reach the VMHvI
mostly at the caudal level and that the processed information leaves
the nucleus through the rostral end (Madeira et al., 2001; Sa et al.,
2009, 2013).

Therefore, this study aimed to provide new insights into the role
of ovarian hormones in the connectivity pattern of the MPN, mainly
in terms of its projections to the VMHvl and other nuclei that partic-
ipate in the circuitry of female sexual behaviour control.
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