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Abstract
Sympathetic nerves innervate most organs and regulate organ blood flow. Specifically, in the uterus, estradiol (E2) elicits rapid
degeneration of sympathetic axons and stimulates the growth of blood vessels. Both physiological remodeling processes, critical
for reproduction, have been extensively studied but as independent events and are still not fully understood. Here, we examine the
neuropilin-1 (NRP1), a shared receptor for axon guidance and angiogenic factors. Systemic estradiol or vehicle were chronically
injected to prepubertal rats and uterine and sympathetic chain sections immunostained for NRP1. Uterine semaphorin-3AmRNA
was evaluated by in situ hybridization. Control sympathetic uterine-projecting neurons (1-month-old) expressed NRP1 in their
somas but not in their intrauterine terminal axons. Estradiol did not affect NRP1 in the distal ganglia. However, at the entrance of
the organ, some sympathetic NRP1-positive nerves were recognized. Vascular NRP1 was confined to intrauterine small-diameter
vessels in both hormonal conditions. Although the overall pattern of NRP1-IR was not affected by E2 treatment, a subpopulation
of infiltrated eosinophil leukocytes showed immunoreactivity for NRP1. Sema3A transcripts were detected in this cellular type as
well. No NRP1-immunoreactive axons nor infiltrated eosinophils were visualized in other estrogenized pelvic organs. Together,
these data suggest the involvement of NRP1/Sema3A signaling in the selective E2-induced uterine neurovascular remodeling.
Our data support a model whereby NRP1 could coordinate E2-induced uterine neurovascular remodeling, acting as a positive
regulator of growth when expressed in vessels and as a negative regulator of growth when expressed on axons.
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Introduction

Uterine neural connections represent a simple neural circuit to
study the finest mechanisms of remodeling of the nervous
system. Neurons innervating the uterus respond to physiolog-
ical and experimental alterations in systemic levels of

estrogens with changes in their terminal axons (Brauer et al.
1995; Chalar et al. 2003; Richeri et al. 2002; Zoubina and
Smith 2000). Several studies report that, as a function of the
hormonal milieu, cellular, molecular and topographic changes
occur in the axonal uterine microenvironment (Brauer and
Smith 2015; Chalar et al. 2003; Krizsan-Agbas et al. 2008;
Richeri et al. 2010, 2011; Martínez et al. 2016). Among
estrogen-induced axon remodeling events that have been re-
ported in rodents and human uteri, the loss of sympathetic
axons from the organ is the most remarkable (reviewed in
Brauer and Smith 2015). This sympathetic (noradrenergic)
denervation of the uterus has been interpreted as an adaptation
to promote smooth muscle quiescence and sustained blood
flow during gestation.

A striking feature of E2-induced sympathetic denervation
of the uterus, not previously attended, is how the terminal
nerve fibers are intentionally withdrawn from the organ while
blood vessels need to sprout (angiogenesis) within the
hypertrophied estrogenized tissue. Indeed, the mechanisms
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through which these two remodeling processes are differen-
tially regulated by E2 in the same organ are not fully under-
stood. Considering that axons and blood vessels share mech-
anistic principles as they navigate tissues (Carmeliet and
Tessier-Lavigne 2005), it is likely that common factors are
involved in the coordination of both remodeling processes.
Blood vessels influence the trajectories taken by axons to
reach their appropriate end organs and in adulthood, they
communicate with neurons in order to meet physiological de-
mands (Makita et al. 2008; Long et al. 2009). The balance
between guidance molecules and angiogenic factors is coor-
dinated through shared receptors, such as neuropilin-1
(NRP1) (Erskine et al. 2017).

NRP1, originally identified as an adhesion molecule in the
nervous system (reviewed in Fujisawa 2004), was subsequent-
ly rediscovered as the ligand binding subunit of the
semaphorin-3A (Sema3A) receptor in neurons (He and
Tessier-Lavigne 1997; Kolodkin et al. 1997) and then in blood
vessels as co-receptor of the vascular endothelial growth fac-
tor (VEGF) (Hoeben et al. 2004; Plein et al. 2014; Erskine
et al. 2017). Notably, both ligands of NRP1, Sema3A (guid-
ance molecule) and VEGF (angiogenic factor) continue to be
expressed in adulthood (Brauer and Richeri 2013; Gavazzi
2001; Marzioni et al. 2004; Nangle and Keast 2011; Osol
and Mandala 2009) and important implications for neuronal
plasticity and nervous system physiology have recently been
suggested (Giacobini et al. 2014; Venkova et al. 2014; Vo et al.
2013). We thus hypothesize that NRP1 could be involved in
the coordination of neurovascular remodeling processes that
occur in the rat uterus in response to estrogens.

Here, we propose to investigate from an integrated point of
view two estrogen-dependent remodeling processes, which
have been extensively studied as independent events although
they occur at the same time, in the same organ. VEGF mod-
ulation by estrogen has been studied in the rat uterus related to
uterine cyclic vascular remodeling (Cullinan-Bove and Koos
1993; Osol and Mandala 2009; Walter et al. 2010). We previ-
ously reported Sema3A upregulation in the prepubertal rat
uterus following E2-chronic administration, concomitantly
with the angiogenic and neurodegenerative processes that oc-
cur within the organ (Richeri et al. 2008). Despite this tempo-
ral correlation, the precise site of induction of Sema3A in the
estrogenized rat uterus is still unknown. Consistently,
Giacobini et al. (2014) demonstrated an endothelium-to-
neuron communication mediated by NRP1 signaling in the
adult brain. Interestingly, the process is controlled by
ovarian-steroid-dependent release of Sema3A, which in-
creases when E2 levels are high, ultimately provoking the
extension of GnRH axon terminals that express NRP1 to-
wards the vascular plexus on the day of preovulatory surge
(Giacobini et al. 2014). Taken together, these data are consis-
tent with the involvement of NRP1 in the modulation of uter-
ine neurovascular plasticity during reproductive life.

However, the expression of NRP1 in uterine-innervating neu-
rons and a possible regulation of its expression by E2 needs to
be explored.

In this study, we used the paradigm of chronic exposure of
prepubertal female rats to E2 (Brauer et al. 1995; Chalar et al.
2003; Richeri et al. 2002, 2008, 2011) to examine whether
uterine-projecting neurons from the paravertebral sympathetic
chain (T7-L2) express NRP1 and evaluate the effects of E2.
NRP1 levels were assessed using quantitative densitometric
immunofluorescence in the retrogradely labeled population of
neurons (Cowen et al. 2003; Richeri et al. 2005). Within the
uterus, NRP1 immunodetection and Sema3A mRNA locali-
zation by in situ hybridization were evaluated.

Materials and methods

Animals

All procedures were carried out in accordance with the
Bioethics Committee guidelines, Instituto de Investigaciones
Biológicas Clemente Estable (IIBCE) and following the
National Institutes of Health guide for the care and use of
Laboratory animals (NIH Publications N° 8023, revised
1978) and current ethical regulations under animal experimen-
tation law N° 18.611. Thirty female Wistar rats from the
breeding colony held at the IIBCE were used for this study.
Animals were sexed at birth, weaned at 3 weeks and main-
tained under controlled conditions of temperature (22 + 2 °C)
and illumination (12 h light/dark cycles) with water and food
provided ad libitum.

Chronic estradiol treatment

Female rats (n = 14) were injected subcutaneously (s.c.) with
four doses of 10 μg of β-estradiol 17-cypionate (E2) (König,
Argentina), or vehicle (peanut oil, Sigma-Aldrich) on days 10,
15, 20 and 25 of postnatal development and killed at 28 days
of age (Brauer et al. 1995; Chalar et al. 2003; Richeri et al.
2002, 2011).

Retrograde tracing of uterine-projecting neurons
with fluorogold (FG)

Surgical procedures were performed as previously described
(Richeri et al. 2005). Briefly, 20-day-old female rats (n = 16)
were anesthetized with ketamine (90 mg/kg i.p.; Konsol
Konig S.A.) and xylazine (10 mg/kg i.p.; Konsol Konig
S.A.) and the left uterine horn was exposed through a small
dorsal incision. Two to 4 μl of a 4% fluorogold saline solution
(FG, Fluorochrome Inc., USA) were injected at the cephalic
(tubal) third of the uterine horn. After injection, the muscle
and skin were sutured and the animals allowed to recover. On
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the 5th, 7th and 9th days following FG injection, the rats were
injected (s.c.) with three doses of 20 μg of E2 or vehicle and
killed on day 10.

Immunofluorescence

Animals were terminally anesthetized with sodium pen-
tobarbital (Sigma-Aldrich) and transcardially perfused
with 25 ml of heparinized (50 IU/ml) 0.9% saline solu-
tion followed by 40 ml of freshly prepared 4% parafor-
maldehyde (PFA, Sigma-Aldrich). The sympathetic
paravertebral chains (T7 to L2) ipsilateral to the site
of FG injection were dissected. These ganglia contain
65% of the postganglionic sympathetic neurons supply-
ing the cephalic third of the uterine horn (Houdeau
et al. 1998). Dissected ganglia were fixed by immersion
in 4% PFA for 1.5 h and stored in 12% sucrose in PBS
overnight at 4 °C. Ganglia from each animal group
were pooled, frozen and completely cryo-sectioned
(12 μm). For each set of ganglia, 12–20 slides contain-
ing 6–8 sections each were obtained and incubated
overnight at room temperature with rabbit anti-
neuropilin-1 (anti-NRP1, 1:1000, a generous gift of
Prof. DD Ginty, Harvard, USA). The specificity of the
immunolabeling was checked by incubating a comple-
mentary set of slides with naïve serum. Due to limited
amounts of antibody available, no preabsorption experi-
ments were attempted. However, the specificity of this
antibody has been previously demonstrated (Kolodkin
et al. 1997). The sections were then incubated with goat
anti-rabbit IgG conjugated with Alexa-Fluor 568 (1:1600,
Thermo Fisher Scientific, USA) for 1.5 h at room temperature
and mounted in anti-fade medium.

Uterine horns from prepubertal vehicle- and E2-
treated females (n = 8) were similarly processed and
stained with anti-NRP1 (1:1000); and a subset of sec-
tions was co-labeled with rabbit anti-NRP1 and mouse
anti-tyrosine hydroxylase (anti-TH 1:200, Thermo Fisher
Scientific). Primary antibodies were revealed with goat
anti-rabbit IgG conjugated with Alexa-Fluor 568
(1:1600, Thermo Fisher Scientific) and goat anti-mouse
IgG conjugated with FITC (1:200, Sigma-Aldrich) re-
spectively. Sections were examined with epifluorescence
and laser confocal microscopes (Nikon E800; Olympus
FV300) equipped with the appropriate filters and images
were captured using 20× or 60× objective lens via CCD
digital cameras and acquisition softwares.

After imaging, a subset of estrogenized uterine sec-
tions labeled with anti-NRP1 was un-mounted, washed
in PBS and stained with hematoxylin/Sirius Red (Direct
Red 80, Aldrich Chemical Company, USA), a specific
stain for eosinophil leukocytes (Bogomoletz 1980;
Richeri et al. 2011).

Assessment of NRP1 immunoreactivity
in uterine-projecting neurons

Retrogradely traced uterine-projecting neurons (fluorogold-
positive, FG+) showing a nuclear profile were recognized
and captured using a × 20 objective lens. Resampling of the
same neurons in adjacent sections was avoided by tak-
ing images from every fourth section (leaving a gap of
36 μm between sections). Selected neurons were then
examined under green light (filter G-2B) to assess the
immunofluorescence of NRP1. Digital images were cap-
tured within the first 48 h after completing the immu-
nostaining and used for densitometric studies without
any contrast or brightness corrections (Cowen and
Thrasivoulou 1992). Densitometric assessment of neuro-
nal fluorescence intensity (gray value) was carried out
as previously described (Chalar et al. 2003; Richeri
et al. 2005). The nuclear and cytoplasmic outlines of
neurons were traced interactively and used to generate
a mask within which the fluorescence intensity was measured
as both the mean optical density per area unit (OD) and inte-
grated optical density per cell profile (IOD =OD× cytoplas-
mic area) using Image Pro Plus software (Media Cybernetics,
USA).

In situ hybridization of Sema3A mRNA

Fresh unfixed uterine horn cryo-sections (12 μm) from
vehicle- and estradiol-treated prepubertal animals (n = 6) were
used for in situ hybridization (ISH) assays (Chalar et al. 2003;
Richeri et al. 2011). Sense and antisense digoxigenin-labeled
riboprobes were generated from rRsema3a using T7 and Sp6
polymerases (RNA Labelling Kit, Roche, Switzerland).
Hybridization was carried out overnight at 50 °C with 50 μl
of the hybridization solution containing 2 ng/μl of previously
denatured (95 °C, 3 min) digoxigenin-labeled RNA probe.
Sections were incubated overnight at 4 °C with 1:2000 alka-
line phosphatase (AP)-conjugated anti-digoxigenin antibody
(Boehringer Ingelheim, Germany) in blocking solution and
color reaction was then developed by incubating with NBT
(Nitro Blue Tetrazolium) and BCIP (5-Bromo-1-Chloro-3-
Indolyl Phosphate). Sections were fixed in 4% PFA and
mounted with 70% glycerol. After imaging, slides were
un-mounted, washed in PBS, fixed for 10 min in 4%
PFA and stained with Sirius Red (described in
“Immunofluorescence” section).

Data analysis

Data were expressed as mean + S.E.M. Statistical differences
between oil- (controls) and E2-treated animals were assessed
by Student t test. Values of P < 0.05 were considered statisti-
cally significant.
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Results

NRP1-immunoreactivity in uterine-innervating
sympathetic neurons

NRP1-immunoreactivity (NRP1-IR) was visualized in 1-
month-old sympathetic neurons (Fig. 1a, c). Uterine-
projecting neurons within the sympathetic ganglia were rec-
ognized by the presence of yellow-fluorogold (FG) granules
in the neuronal cytoplasm (Fig. 1b, d, f, h) and interestingly,
were positive for NRP1. No FG-positive neurons with lack of
NRP1-IR were found. Neuronal NRP1 positive signal
persisted following prepubertal chronic estrogen treatment to
rats (Fig. 1e, g). However, levels of fluorescence intensity of
NRP1 showed considerable variations among FG-labeled
(FG+) neurons, displaying high (arrows, Fig. 1a, g) and low
(arrows, Fig. 1c, e) values in ganglia from controls and treated
animals, respectively.

Effects of estradiol on neuronal NRP1-IR

Densitometric measurements showed no significant changes
in the mean optical density (OD) of NRP1 immunofluores-
cence between control and E2-treated group (Table 1).
Frequency histograms for these data revealed that optical den-
sity of NRP1 in FG+ control neurons fluctuated between 28
and 135 units and that 59% of these neurons displayed
values lower than 70 OD units. Following E2 treatment,
no changes in the minimum and maximum values of
optical density were detected (Table 1) and a slight shift
towards lower values could be visualized due to an increase in
the number of neurons with values lower than 70 OD units
(controls 59% vs E2 69%).

No significant changes in the mean size of the soma area of
uterine-projecting sympathetic neurons were observed follow-
ing prepubertal chronic estrogen treatment (control
295 + 34 μm2 vs estradiol 259 + 15 μm2).

NRP1-IR in the uterus of prepubertal vehicle-
and estradiol-treated rats

In controls, intense NRP1–1 immunoreactivity was visualized
in both the myometrial and endometrial compartments of the
uterine horn (Fig. 2). Overall, NRP1-IRwas confined to blood
vessels (bv, arrowheads) and epithelia (EE; Fig. 2b). E2 treat-
ment did not alter NRP1-IR distribution in the uterus (Fig. 2c).

Among blood vessels within the myometrium, small-
diameter vessels were intensely marked for NRP1 in both
hormonal conditions (Fig. 2d–h) and were observed in trans-
verse and longitudinal orientations all along the
intramyometrial vascular plexus (IVP) (double arrowheads
and arrowheads, respectively; Fig. 2d, e). At higher magnifi-
cations, vascular NRP1-IR was visualized in the cell mem-
brane (Fig. 2f, g).

Following E2 treatment, eosinophil leukocytes infiltrate
the uterus and can be visualized through specific staining with
Sirius Red. A subpopulation of NRP1-immunoreactive eosin-
ophil leukocytes that showed variable intensity of labeling

Fig. 1 Representative tissue sections of rat thoraco-lumbar sympathetic
chain ganglia showing neurons immunostained for NRP1 (a, c, e, g).
Expression levels of NRP1 in sympathetic fluorogold-traced (FG)
uterine-projecting neurons from controls (Ctr) (b, d) displaying, respec-
tively, high (a, arrow) and low (c, arrow) levels of NRP1. FG-positive
neurons from estradiol (E2)-treated animals (f, h) also show marked dif-
ferences in their levels of NRP1 (e, g). Calibration bar 25 μm

Table 1 Effects of systemic estradiol (E2) on the mean optical density
per area unit (OD) of neuropilin-1 (NRP1) fluorescent intensity in
fluorogold-positive (FG+) uterine-projecting sympathetic neurons of the
rat thoraco-lumbar sympathetic chain. (CTR) oil-treated control group of
prepubertal females. Data are expressed as mean + SEM and were com-
pared by Student t test. N = number of neurons

Treatment N NRP1 OD in FG+ sympathetic neurons

Mean OD Min-max

CTR 178 67 + 2 28–135

E2 178 64 + 2 27–144
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Fig. 2 Panel a shows a representative histology of the rat uterine horn
(cross-section) stained with hematoxylin and eosin. Panels b, d and c, e
show neuropilin-1 immunoreactivity in uterine cross-sections of control
(CTR) and estradiol (E2)-treated rats, respectively. Note the intense
NRP1-IR epithelia and small-diameter vessels. At higher magnifications,
the vascular NRP1 signal was visualized in the cell membrane (f, g).
Systemic E2 did not alter NRP1 distribution in the uterus; however, it
selectively provoked the infiltration of eosinophil leukocytes, not seen in
controls, some of which were immunoreactive for NRP1 (arrows, i-i′ and j-

j′). Note that it is the same uterine section has been imaged twice. Arrows,
eosinophil leukocytes; arrowheads, small-diameter blood vessels in trans-
verse (double-arrowhead) and longitudinal (filled-arrowheads) orienta-
tions; bv, blood vessel; CML, circular myometrial layer; EE, endometrial
epithelium; ES, endometrial stroma; IVP, intramyometrial vascular plexus;
L, lumen; LML, longitudinal myometrial layer. Calibration bar in a: a
(660 μm), b, c (250 μm). Calibration bar in d: d, e (20 μm). Calibration
bars: f (40 μm), g (32 μm), h (20 μm). Calibration bar in j′: i-i′ and j-j′
(8 μm)
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was detected surrounding blood vessels in the estrogenized
uterus (arrows; Fig. 2i-i′, j-j′).

To further discriminate whether intrauterine sympathetic
axons express NRP1, uterine sections from females of both
hormonal conditions were co-labeled with anti-NRP1 and
anti-tyrosine hydroxylase (TH; a metabolic marker for sym-
pathetic nerve fibers). The myometrium of control females
was richly innervated by sympathetic fibers as expected

(Fig. 3). Within the myometrial compartment, TH-positive
perivascular and myometrial axons were recognized
(Fig. 3b, e). None of these intrauterine TH-positive nerve ter-
minals was immunoreactive for NRP1 and thus no signs of co-
localization of both antigens were detected (Fig. 3c). Analysis
at higher magnification showed that several myometrial sym-
pathetic axons ran freely in the LML (thin arrows, Fig. 3d–f).
Others were seen to run parallel (thick filled arrow) or

Fig. 3 Representative confocal z-stacks images of control (CTR) (a–i)
and estradiol-treated (E2) (j–o) uterine horns co-labeled with anti-
neuropilin-1 (anti-NRP1, red) and anti-tyrosine hydroxylase (anti-TH,
green). In controls, merged images (c, f, i) confirmed that neither
perivascular nor myometrial TH-positive axons (b, e, h) were immuno-
reactive for NRP1. At the end of E2 treatment, no NRP1-immunoreactive
(NRP1-IR) nor sympathetic nerve profiles were visualized inside the
estrogenized uterus, (j–l). NRP1-immunoreactive axons (m) co-labeled

with anti-TH antibody (n, o) were recognized in the mesometrium fol-
lowing E2 treatment. Arrows, eosinophil leukocytes; arrowheads, small-
diameter blood vessels in transverse (double-arrowhead) and longitudinal
(filled-arrowheads) sections; bv, blood vessel; CML, circular myometrial
layer; EE, endometrial epithelium; IVP, intramyometrial vascular plexus;
L, lumen; LML, longitudinal myometrial layer. Calibration bar in a: a–c;
j–l (200 μm), d–i (120 μm). Calibration bar in m: m–o (32 μm)

304 Cell Tissue Res (2020) 381:299–308



intermingled (thick open arrow) with small-diameter NRP1-
positive vessels but without co-localization (Fig. 3d–i).

Following chronic E2 treatment vascular NRP1-IR
persisted, as previously mentioned (Figs. 2e, i and 3j) and
the expected massive-loss of TH-positive fibers from
the myometrium was confirmed (Fig. 3k). No NRP1-
immunoreactive axons were detected inside the organ,
at the end of E2 treatment (Fig. 3j– l ) . In the
estrogenized mesometrium, TH-positive nerves were oc-
casionally recognized (arrowheads, Fig. 3n). Interestingly,
some of these sympa the t ic ne rves were NRP1-
immunoreactive and thus, although rarely, co-localized sig-
nals were detected at the neuronal level in response to E2
(arrowheads, Fig. 3m–o).

Cellular-specific induction of the NRP1 ligand,
Sema3A

In the uterus of prepubertal oil-treated females, Sema3A
mRNA was evident in the endometrial stroma, whereas no
detectable signal was seen in the epithelium or in endometrial
glands (Fig. 4a). No detectable Sema3A transcripts were seen
neither in blood vessels (asterisks, Fig. 4a) nor in myometrial
cells of the CML.

Following E2 treatment, the Sema3A signal was concen-
trated in eosinophil leukocytes that infiltrate the endometrium
(arrows, Fig. 4b) and myometrium, particularly around blood
vessels (asterisks, Fig. 4c, d). Confirmation of the identity of
these cells was carried out as before by staining of the in situ
hybridized uterine sections with Sirius Red (Fig. 4d-d′, e-e′).
In the endometrium, no induction of Sema3Awas seen in the
endometrial epithelium and glands. No detectable Sema3A
transcripts were seen neither in the vascular smooth muscle
nor endothelium (Fig. 4d). Positive signal was absent from all
regions following hybridization with the sense RNA probe
(Fig. 4f).

Discussion

In the present study, we demonstrated that sympathetic
uterine-projecting neurons (1-month-old) expressed NRP1 in
their somas but not in their axonal connections. Of note, these
axons were visualized within the uterine horn along with
large-diameter vessels with low NRP1-IR. Systemic E2 treat-
ment had no significant effects on NRP1 in the retrogradely
traced uterine-projecting sympathetic cell bodies. However, a
small population of sympathetic nerves that persisted at the
mesometrium at the end of chronic exposure to estrogen
showed NRP1-IR thus suggesting that they might be respon-
sive to the neurorepulsive actions of Sema3A. We identified a
population of infiltrating eosinophil leukocytes that distribut-
ed around denervated uterine blood vessels and were

immunoreactive for NRP1 and synthesized Sema3A
mRNA. This finding was exclusively observed in the
uterus since no NRP1-immunoreactive eosinophils were
visualized in other estrogenized pelvic organs (data not
shown). Together, these data suggest the involvement of
NRP1/Sema3A signaling in selective E2-induced uterine
neurovascular remodeling.

NRP1-immunoreactive neurons that connect
to the rat uterus: effects of estrogen

Since estradiol administration is systemic and could be acting
directly at the ganglionar level (Papka et al. 2001), we evalu-
ated NRP1 specifically in the sympathetic neurons that con-
nect to the uterus. Sympathetic ganglia contain mixed
populations of neurons projecting to the uterus as well
as other pelvic targets; thus, uterine-projecting neurons
were retrogradely labeled and densitometric analyses of
NRP1 fluorescence intensity were conducted. To our
knowledge, this was the first study to address E2 mod-
ulation of NRP1 in sympathetic neurons. We demon-
strated that in vivo 1-month-old uterine-projecting sym-
pathetic neurons express NRP1 and showed that systemic E2
administration does not affect NRP1 fluorescent intensity in
the distal sympathetic ganglia.

Uterine vascular vs axonal NRP1 immunoreactivity
(NRP1-IR)

Inside the uterus, NRP1 was mainly observed in blood vessels
and epithelia. NRP1 expression in blood vessels have been
extensively described (Herzog et al. 2001; Kawasaki et al.
1999; Osol and Mandala 2009; Partanen et al. 1999;
Pavelock et al. 2001; Plein et al. 2014). Specifically, vascular
NRP1 in the adult cyclic rodent uterus and in endothelial cells
of the human placenta are consistent with results reported here
(Marzioni et al. 2004; Pavelock et al. 2001). Our data also
support previous evidence showing no changes in vascular
nor epithelial NRP1 expression between control and E2-
treated groups of animals (Pavelock et al. 2001; Walter et al.
2010). When expressed in endothelial cells, NRP1 functions
as a receptor for VEGF, a key mediator of angiogenesis and
vascular permeability (Hoeben et al. 2004; King et al. 2018;
Lampropoulou and Ruhrberg 2014). The absence of regula-
tion of NRP1 by E2 does not exclude the possibility that the
role of NRP1 in E2-induced uterine remodeling may be local-
ly determined by their ligands (VEGF and/or Sema3A) avail-
ability in the estrogenized microenvironment. Consistently,
VEGF has been shown to be rapidly induced by estrogen in
the rodent uterus (Cullinan-Bove and Koos 1993; Walter et al.
2010). Taken together, these data support the idea that NRP1
expression from uterine vessels may act as a positive regulator
of growth. In addition, Sema3A, the other ligand of NRP1, is
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upregulated in the prepubertal rat uterus following chronic E2
treatment (Richeri et al. 2008). Our in situ hybridization re-
sults (Fig. 4d) demonstrated that Sema3A is not induced
in uterine blood vessels as reported in other models
(Marko and Damon 2008; Long et al. 2009; Giacobini
et al. 2014). This result sheds light on the selective
effects of systemic estradiol within the uterus in com-
parison with other organs.

Finally, here we showed that Sema3A is induced by E2
within the axonal microenvironment and NRP1-positive sym-
pathetic axons were recognized at the mesometrium of E2-
treated animals. Sema3A binding to neuronal NRP1 can act
as an attractive or a repulsive/degenerative cue depending on
the subpopulation of adult neurons (Gavazzi 2001; Giacobini
et al. 2014; Nangle and Keast 2011; Venkova et al. 2014; Vo
et al. 2013). Specifically, it was shown that Sema3A inhibits
growth of adult sympathetic neurons in vitro (Nangle and

Keast 2011) and NRP1-IR nerve profiles in the non-
pregnant human uterus have been reported thus making these
nerves potentially responsive to Sema3A/VEGF during preg-
nancy (Marzioni et al. 2004; Osol and Mandala 2009). In the
present study, no neuronal NRP1-IR was visualized among
the densely noradrenergic innervated myometrium of the pre-
pubertal control rats (Fig. 3a–i). Differences in stage of repro-
ductive life or even different immunohistochemical tech-
niques could explain this discrepancy. The possibility that
NRP1 levels in myometrial terminal fibers are below the sen-
sitivity threshold for this detection method should not be
disregarded.

In sum, together our data are consistent with a model in
which NRP1 may have a dual role being a negative regulator
of growthwhen expressed on axons and a positive regulator of
growth when expressed on vessels.

Fig. 4 Representative cross-sections of the uterine horn from prepubertal
oil-treated control (CTR) (a) and estradiol (E2)-treated rats (b–e) hybrid-
ized with the Sema3A antisense RNA probe. In f, a representative uterine
section from an E2-treated rat hybridized with a Sema3A sense probe
served as negative control. In control uteri, transcripts were visualized
in the endometrial stroma (ES) and no vascular (asterisks) Sema3A signal
was detected (a). Systemic E2 provoked a cellular-specific induction of
Sema3A in the endometrium (arrows, b) and surrounding blood vessels
of the myometrium (c, d). Staining of hybridized sections with Sirius

Red/hematoxylin identified these cells as eosinophil leukocytes (inset in
b and d′). Note that the strong positive signal visualized around blood
vessels (asterisks) was not seen in controls. Panels e-e′ depict a higher
magnification of d′ (frame), showing the presence of Sema3A transcripts
overlapping the cytoplasm of eosinophil leukocytes. CML, circular
myometrial layer; ES, endometrial stroma; EE, endometrial epithelium;
g, gland; IVP, intramyometrial vascular plexus; LML, longitudinal
myometrial layer. Calibration bar: a, b, f (50 μm); c-d′ (25 μm); e, e′
(6.5 μm)
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E2-induced NRP1 and Sema3A in infiltrating
eosinophil leukocytes

Another interesting finding of our study was that the eosino-
phil leukocytes, a specific leukocyte subpopulation that infil-
trates the estrogenized uterus and locate around uterine blood
vessels, were loaded with Sema3A transcripts (Fig. 4) and
some NRP1-immunoreactive eosinophil leukocytes were also
detected (Fig. 2i, j). It has been reported that eosinophil leu-
kocytes also express VEGF (Sastre et al. 2018) as well as
another neurorepulsive semaphorin, the Sema3F but not its
receptor NRP2 (Richeri et al. 2011). It remains to be addressed
whether these signals and receptors are expressed simulta-
neously in each eosinophil or if there are subpopulations of
cells expressing individual signals/receptors or different com-
binations of these molecules.

Emerging evidence suggests that beyond the axon guid-
ance, particular semaphorin members and their receptors, in-
cluding Sema3A/NRP1, participate in a broad spectrum of
pathophysiological conditions eliciting leukocyte infiltration,
monocyte-macrophage retention, platelet hyperreactivity and
neovascularization (Hu and Zhu 2018; Marone et al. 2016;
Rezaeepoor et al. 2018; Varricchi et al. 2018; Yamazaki
et al. 2018). Thus, a possible role of NRP1/Sema3A in the
modulation of the selective leukocyte migration to the uterus
should be considered. Interestingly, no NRP1 nor Sema3A
positive-infiltrated eosinophils were visualized in other
estrogenized pelvic organs (data not shown).

Conclusion

Taken together, our results suggest that E2-induced
neurovascular remodeling in the uterus could be coordinated
by NRP1 in an organ-specific manner and are consistent with
a model in which NRP1 expression from vessels may act as a
positive regulator of growth and NRP1 on axons may act as a
negative regulator of growth. Further functional studies will
confirm this dual role of NRP1. E2-induced selective degen-
eration of sympathetic axons could be triggered by NRP1
signaling via the infiltrated cells. Sema3A could modulate
eosinophil leukocyte migration contributing with E2-induced
withdrawal of axons (via Sema3F/NRP2) without affecting
vascular NRP1 and thus leaving it available for the intrauter-
ine angiogenic factors. Future research will be needed to elu-
cidate the biological function of Sema3A/NRP1 in E2-
induced uter ine inf lammation, angiogenesis and
neurodegeneration.
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