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Purpose: To evaluate the expression of glial cell line-derived neurotrophic factor (GDNF) and its receptor, GDNF family re-
ceptor alpha subunit 1 (GFRα-1) in the pelvic (middle third) vagina and, particularly, in the paravaginal ganglia of nulliparous 
and primiparous rabbits. 
Methods: Chinchilla-breed female rabbits were used. Primiparas were killed on postpartum day 3 and nulliparas upon reach-
ing a similar age. The vaginal tracts were processed for histological analyses or frozen for Western blot assays. We measured 
the ganglionic area, the Abercrombie-corrected number of paravaginal neurons, the cross-sectional area of the neuronal so-
mata, and the number of satellite glial cells (SGCs) per neuron. The relative expression of both GDNF and GFRα-1 were as-
sessed by Western blotting, and the immunostaining was semiquantitated. Unpaired two-tailed Student t -test or Wilcoxon test 
was used to identify statistically significant differences (P≤0.05) between the groups. 
Results: Our findings demonstrated that the ganglionic area, neuronal soma size, Abercrombie-corrected number of neurons, 
and number of SGCs per neuron were similar in nulliparas and primiparas. The relative expression of both GDNF and GFRα-
1 was similar. Immunostaining for both GDNF and GFRα-1 was observed in several vaginal layers, and no differences were 
detected regarding GDNF and GFRα-1 immunostaining between the 2 groups. In the paravaginal ganglia, the expression of 
GDNF was increased in neurons, while that of GFRα-1 was augmented in the SGCs of primiparous rabbits. 
Conclusions: The present findings suggest an ongoing regenerative process related to the recovery of neuronal soma size in 
the paravaginal ganglia, in which GDNF and GFRα-1 could be involved in cross-talk between neurons and SGCs. 
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INTRODUCTION 

The pelvic plexus of women, as well as that of some other female 
mammals, provides the majority of autonomic connections to 
the lower urogenital tract (LUT) through a network of nerve 
bundles and ganglia that are scattered and interwoven with the 
pelvic viscera [1]. Such an anatomical arrangement is clearly dif-
ferent in rodents, which possess a major pelvic ganglion and a 
few satellite ganglia [2]. The reproductive experiences of women 
have been proposed to be a factor influencing the organization 
of the pelvic plexus [3]. Laparoscopic examinations have sug-
gested that the pelvic plexus is involved in the sensibility of the 
vagina and bladder, as well as in bladder tone [4].
 Female rats have been used to investigate neuroplastic pro-
cesses affecting the pelvic plexus [5]. However, the anatomical 
organization of the pelvic plexus of species such as dogs, cats, 
and rabbits, among others, is more similar to that of women [6-
9]. In particular, in female rabbits, the pelvic plexus is innervat-
ed by the hypogastric and pelvic nerves, which send fibers in-
nervating the urogenital tissues and rectum [6,9].
 The physiological adaptions of the female LUT in response 
to the hormonal milieu and reproduction are grounded in neu-
roplasticity [5,10-12]. Reproductive experiences have been 
found to be related to neuropeptide expression in neurons of 
the paracervical ganglia of guinea pigs, as well with changes in 
the morphometry of pelvic neurons in rats and rabbits [13-15]. 
For female rabbits, data gathered from the paravaginal ganglia, 
a subset of pelvic ganglia located in the dorsolateral wall of the 
pelvic vagina [9,15], have shown that pregnancy leads to a tran-
sient decrease in the size of the neuronal somata that is reversed 
by 20 days after parturition [15]. Additionally, it has been hy-
pothesized that neuroplastic modifications are linked to an ap-
parent pruning of paravaginal neurons and modifications of 
the putative target tissues (i.e., smooth muscle and the content 
of blood vessels) in multiparous rabbits [15,16].
 Signaling involving neurotrophic factors is relevant for the 
recovery of injuries affecting autonomic innervation of the LUT 
[10]. Glial-cell derived neurotrophic factor (GDNF) has been 
found to be related to the estrogen-induced recovery of para-

vaginal neuronal soma size in ovariectomized rabbits [11]. In-
deed, GDNF and other ligands of the GDNF family (GFLs) in-
fluence the soma size in cultured pelvic neurons of rodents 
[17,18]. The analysis of GFL alpha receptor (GFRα) expression 
has provided relevant information about other tissues that 
could be influenced by GFL actions [10,17-19]. Among the four 
GFRα types (1-4) that can bind GFL (GDNF, neurturin, arte-
min, and persephin), GFRα-1 shows the greatest affinity for 
GDNF [20]. 
 We hypothesized that the expression of GDNF is related to 
the plasticity of neuronal soma size of the paravaginal ganglia 
in primiparous rabbits. To test this hypothesis, we evaluated the 
expression of GDNF and GFRα-1 in the dorsolateral pelvic 
vaginal walls and, particularly, in the paravaginal ganglia of nul-
liparous and primiparous rabbits on day 3 postpartum. 

MATERIALS AND METHODS

Animals 
Twenty age-matched (approximately 7 months old) chinchilla-
breed female rabbits (Oryctolagus cuniculus) were housed in in-
dividual stainless-steel cages and kept at 20˚C±2˚C under arti-
ficial lighting conditions (16 light and 8 hours dark, lights on at 
06:00 hours). Rabbits are reflex ovulators that under these 
housing conditions are considered to be in an early proestrous 
phase [21]. They were provided daily with pellet food (Coneji-
na, Purina, México) and had continuous access to water. Rab-
bits were allocated into 2 groups: a control group composed of 
nulliparous rabbits (N; n=10) and an experimental group of 
primiparous rabbits (P3; n=10). Rabbits in the P3 group were 
mated at 6 months of age. The rabbits in both groups were eu-
thanized with an overdose of sodium pentobarbital (100 mg/kg 
of weight, intraperitoneally) when they reached the established 
age (N) or at 3 days postpartum (P3). The pups in the latter 
group were decapitated at 1-day postpartum. The Ethics Com-
mittee of the Universidad Autónoma de Tlaxcala approved all 
experimental procedures described below. 

• HIGHLIGHTS
-  Three days after the delivery, this study presents findings suggest an ongoing regenerative process related to the recovery of neuronal soma 

size in the paravaginal ganglia of primiparous rabbits.
-  Total expression of the GDNF and its receptor, GFRα-1 in the middle third of vagina are not affected by primiparity.
-  Primiparity increased the expression of GDNF in neurons, while augmented the expression of GFRα-1 in satellite glial cells of paravaginal gan-

glia in rabbits.
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Tissue Harvesting 
The vaginal tract of 20 rabbits (10 nulliparas and 10 primiparas) 
was excised as described elsewhere [15,16]. For 8 rabbits (4 nul-
liparas and 4 multiparas), the vagina was cut lengthwise in half 
to separate out the dorsolateral region in which the paravaginal 
ganglia are embedded [15]. Considering that the number of 
ganglion neurons is similar on the left and right sides [15], the 
latter group of neurons was stored at −80˚C to perform West-
ern blot assays. Otherwise, the vaginas of 6 nulliparous and 6 
primiparous rabbits were harvested, and the pelvic vagina was 
excised, washed with saline, immersed in Bouin-Duboscq fixa-
tive for 18 hours, and embedded in Paraplast X-tra (Sigma-Al-
drich, St. Louis, MO, USA).

Histology
Paraplast-embedded samples from the pelvic vagina were cut 
on a microtome (Leica, Wetzlar, Germany) to obtain 7-μm-
thick transverse sections. For each animal, the slides were sepa-
rated in 4 series, and 1 of them was stained with Masson tri-
chrome, covered with mounting medium and a coverslip, and 
observed under light microscopy using an Axio Imager A1 mi-
croscope (Carl Zeiss AG, Oberkochen, Germany). Images were 
acquired with a digital camera (ProgRes CT5, Jenoptik AG, 
Jena, Germany) with a resolution of 5.1 megapixels.

Ganglia Morphometry
Paravaginal ganglia and neuron profiles were analyzed in an 
approximately 1.4-mm-long segment of the pelvic wall of the 
vagina (about 20% of its entire length) as described elsewhere 
[15]. The urethral opening was set as the reference point to 
sample 10 cranial sections and 10 caudal sections, all of which 
were chosen as every 10th 7-μm section, and the first section of 
each series was evaluated. Therefore, 20 sections per rabbit (120 
sections per group) were examined. Images were analyzed us-
ing the program AxioVision Rel 4.6 (Carl Zeiss AG) to measure 
the total area covered by ganglia per field (ganglionic area), the 
number of ganglionic neurons, and the neuronal soma area. 
Neuronal profiles whose nuclei were clearly visible were count-
ed and their area was measured. To obtain the number of neu-
rons along the segment of the pelvic vagina, the number of 
counted neurons was multiplied by 10 to correct for uncounted 
sections, and the Abercrombie method was used to correct for 
split nuclei [15,22]. The number of satellite glial cells (SGCs) 
per neuron was estimated in the same Masson-stained sections 
in each rabbit (10 cranial and another 10 caudal to the urethral 

opening) by counting the peripheral nuclei of neuronal somata 
with a visible nucleus [11].

Western Blot Assays
Total protein extracts were prepared from frozen vaginal tissue 
as described elsewhere [11]. Equal amounts of protein (100 μg) 
were denatured in Laemmli sample buffer and resolved through 
sodium dodecyl sulfate-polyacrylamide (15% for GDNF; 10% 
for GFRα-1) gels and electro-blotted to nitrocellulose mem-
branes (Bio-Rad Laboratories, Hercules, CA, USA). Blots were 
stained with Indian ink (Pelikan Holding AG, Schindellegi, 
Switzerland) diluted in phosphate-buffered saline (PBS) to con-
firm that the protein content was equal in all lines [23]. The 
membranes were soaked in PBS and incubated in 5% dried 
skim milk diluted in PBS containing 0.2% tween-20 (PBST) for 
60 minutes to block nonspecific protein binding sites. Mem-
branes were incubated overnight at 4˚C with mouse monoclo-
nal anti-GDNF (sc-13147, Santa Cruz Biotechnology; 1:100) or 
mouse monoclonal anti-GFRα-1 (sc-271546, Santa Cruz Bio-
technology Inc., Santa Cruz, CA, USA; 1:100), followed by sec-
ondary antibodies (1:1,000, goat anti-mouse IgG-biotinylated, 
sc-2039, Santa Cruz Biotechnology Inc.). The sequence of epit-
opes used to raise anti-GDNF (human; NCBI accession version 
CAG46721.1) and anti-GFRα-1 (rat; NCBI accession NP_03 
7091.1) share a homology of 100% (NCBI accession XP_008 
260349.1) and 96.8% (NCBI accession XP_002718804.1) with 
rabbit proteins. Immunoreactive polypeptides were detected 
using a chemiluminescence kit (SuperSignal West Pico Chemi-
luminescent Substrate Kits, Thermo Fisher Scientific, Waltham, 
MA, USA) and exposed to Kodak X-OMAT film. The expres-
sion of GDNF and GFRα-1 was measured by densitometry and 
normalized against the signal obtained from the India ink-
stained lane, which was used as a loaded control [24]. The Im-
ageJ software (National Institutes of Health, Bethesda, MD, 
USA) was used for the densitometric analysis. The relative ex-
pression levels of GDNF and GFRα-1 were calculated by divid-
ing the density of each band by the density of the matching In-
dia ink-stained lanes. Data were expressed as the percentage 
(%) of change.

GNDF and GFRα-1 Immunohistochemistry
The location of GDNF and GFRα-1 expression was assessed 
using immunohistochemistry, as reported elsewhere [11]. 
Briefly, homologous slides were incubated in a humidified 
chamber for 72 hours at 4˚C with anti-GDNF (1:100) or anti-
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GFRα-1 (1:100) antibodies, and afterwards incubated with a bi-
otinylated secondary antibody (sc-2039, Santa Cruz Biotech-
nology Inc.; 1:250) for 2 hours at room temperature. Immunos-
taining was performed following the Vectastain ABC kit direc-
tions (Vector Laboratories Inc., Burlingame, CA, USA). Some 
sections were incubated with the secondary antibody alone and 
were considered as negative controls. Immunostained sections 
were counterstained with Mayer hematoxylin. The proportion 
of rabbits showing positive results for each immunostaining as-
say is indicated inside parentheses. Both GDNF and GFRα-1 
immunostaining in the vaginal layers were categorized in ac-
cordance to the intensity of each marker as negative (-), weak 
(+), moderate (++), or strong (+++) by 2 independent observ-
ers (VGV and LGHA). These categories were then assigned nu-
merical values instead of signs to perform a semiquantitative 
analysis [25]. Sections of the cranial portion of the pelvic wall of 
the vagina for nulliparas and multiparas were simultaneously 
processed to obtain a qualitative estimate of GDNF and GFRα-
1 immunoreactivity based on the intensity of each marker in 
neurons and SGCs, as reported elsewhere [12]. To obtain repre-
sentative images of vaginal GDNF and GFRα-1 immunostain-
ing, sections were observed under light microscopy using a Ni-
NU microscope (Nikon, Tokyo, Japan) coupled to a digital 
camera with a resolution of 16.25 megapixels (DS-Ri2, Nikon). 
Selected photographs were postprocessed using the automated 
color normalization function of the program GIMP (v. 2.8.6. 
for MacOS).
 
Statistical Analysis
The data for morphometric variables are presented as means± 
standard error of the mean. Significant differences (P≤0.05) 
were identified using the unpaired 2-tailed Student t-test. Data 
from western blot assays and immunohistochemistry for 
GDNF and GFRα1 are presented as medians±maximum and 
minimum values. Significant differences (P≤0.05) were identi-
fied using the Wilcoxon matched-pairs signed-rank test. Statis-
tical analyses were done with the program Prism 4c for PCs 
(GraphPad Software Inc., La Jolla, CA, USA).

RESULTS

Ganglia Morphometry
The morphology of the paravaginal ganglia was inspected in 
Masson trichrome sections (Fig. 1A, B). The area covered by the 
ganglia in primiparous rabbits and nulliparous rabbits was simi-

lar (Fig. 1C). The same was true for the average number of gan-
glionic neurons (Fig. 1D) and the cross-sectional area (CSA) of 
the neuronal somata (Fig. 1E). When the CSA was separated 
into 3 bins, a significant reduction in the percentage of neurons 
with larger (650–1,400 μm2) soma CSA was measured in pri-
miparous rabbits (Fig. 1F). The percentages of small (50–350 
μm2) and medium (351–650 μm2) neuronal soma CSA were 
similar between nulliparas and primiparas. The average number 
of SGCs per neuron soma was also similar for nulliparous and 
primiparous rabbits (Fig. 1E). The same was true for the per-
centage of paravaginal neurons associated with SGCs (Fig. 1F).

Vaginal GDNF Expression 
Western blot assays showed the presence of a single GDNF im-
munoreactive band with an approximate molecular weight of 
17 kDa in nulliparas and primiparas (Fig. 2A). The GDNF ex-
pression measured in the pelvic vagina in the N and P3 groups 
was highly similar (Fig. 2B). 
 In the vaginal sections of nulliparous rabbits, GDNF immu-
nostaining was observed in the epithelium (4 of 6; Fig. 2C), 
submucosa (2 of 6), smooth muscle cells of the muscle layer (4 
of 6; Fig. 2F); and in the skeletal myofibers of the external layer 
(5 of 6; Fig. 2I). A highly similar pattern of GDNF staining was 
seen in the epithelium (5 of 6; Fig. 2D), submucosa (1 of 6; Fig. 
2D), smooth muscle (5 of 6; Fig. 2G), and skeletal muscle (5 of 
6; Fig. 2J) of primiparous rabbits. Such staining was highly spe-
cific in comparison to the negative control results (Fig. 2E, H, 
K). In a semiquantitative analysis of the intensity of GDNF im-
munostaining, there were no significant differences between 
the nulliparous and primiparous rabbits for any of the inspected 
vaginal regions (Fig. 2L–O).       

Vaginal GFRα-1 Expression
Two major GFRα-1 immunoreactive bands were detected be-
tween 53 and 79 kDa in the total protein extracts from the pel-
vic vagina of nulliparas and primiparas (Fig. 3A). Both bands 
were considered to determine the relative expression of GFRα-
1. The relative GFRα-1 expression was similar between the N 
and P3 groups (Fig. 3B).
 GFRα-1 immunostaining in the nulliparous rabbits (Fig. 3) 
was seen in the epithelium (5 of 6; Fig. 3C), submucosa (2 of 6), 
smooth muscle of the muscle layer (4 of 6; Fig. 3E), and skeletal 
myofibers of the external layer (6 of 6; Fig. 3G). The distribu-
tion was highly similar in the primiparous rabbits, with GFRα-
1 immunostaining observed in the epithelium (6 of 6; Fig. 3D), 
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submucosa (2 of 6; Fig. 3D), smooth muscle (5 of 6; Fig. 3F), 
and skeletal muscle (5 of 6; Fig. 3H). In a semiquantitative anal-
ysis, no significant differences between the nulliparous and pri-
miparous rabbits were found (Fig. 3I–L).

GDNF and GFRα-1 Expression in the Paravaginal Ganglia
Weak GDNF immunostaining was observed in the paravaginal 
ganglia, particularly in paravaginal neurons; notably, such im-

munostaining was seen as discrete clusters that were restricted 
to the cytoplasm near the nuclear perimeter (Fig. 4A). GDNF 
immunostaining was also observed in SGCs (Fig. 4A). Stronger 
GDNF immunostaining was noted in the cytoplasm of both the 
neurons and SGCs of primiparous rabbits (Fig. 4B).
 GFRα-1 immunostaining was also noted in the cytoplasm of 
paravaginal neurons and SGCs (Fig. 4C). Such labeling was 
stronger in the neurons and SGCs of primiparous rabbits (Fig. 

Fig. 1. Morphometry of paravaginal ganglia from nulliparous (N) and primiparous (P3) rabbits. Masson-stained sections of the pelvic 
vagina showing the paravaginal ganglia of the N (A) and P3 rabbits (B), the ganglionic area (C), the Abercrombie-corrected number 
of neurons (D), the neuronal soma area (E), the frequency distribution of the neuronal soma area (F), the number of satellite glial cells 
(SGCs) per neuron (G), and the frequency distribution of SGCs per neuron (H). Data are means±standard error of the mean (n=6 
rabbits per group). *P=0.022. Dashed squares in A and B indicate the magnification showed in each inset. Scale bar, 100 μm.
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4D). No immunostaining was seen in sections incubated with 
the secondary antibody alone (Fig. 4E).

DISCUSSION 

The ganglionic area, Abercrombie-corrected number of neu-
rons, and the number of SGCs per neuron were similar in nul-

liparous and primiparous rabbits. The findings regarding the 
first 2 variables are consistent with those reported for primipa-
rous rabbits when evaluated on postpartum day 20 [15]. In-
deed, the number of ganglionic neurons also remained un-
changed in rats subjected to vaginal distention [26]. The SGC-
to-neuron ratio was somewhat unexpected, as the estradiol-re-
lated recovery of neuronal soma size has been linked to a high 

Fig. 2. Vaginal glial cell line-derived neurotrophic factor (GDNF) expression in nulliparous (N) and primiparous rabbits (P3). A rep-
resentative immunoblot showing GDNF expression in the dorsolateral pelvic walls of the vagina of N and P3 rabbits and matched In-
dia ink-stained lanes (A). The relative expression of GDNF in nulliparous and primiparous rabbits (B); data are medians±minimum 
to maximum values (n=4 rabbits per group) and individual values. GDNF immunostaining in the vagina of nulliparous (C, F, I) and 
primiparous rabbits (D, G, J). Immunostaining when vaginal sections were incubated with the secondary antibody alone (negative 
control) (E, H, K). Fields of mucose and submucose (C-E), smooth muscle (F-H), and external (I-K) layers are shown. The intensity of 
immunostaining was semiquantitated for the mucose (L), submucose (M), smooth muscle (N), and external (O) layers; data are 
medians±maximum and minimum values and individual values. GDNF-ir, GDNF-immunoreactivity. Arrows, positive cells. Scale 
bar, 100 μm.
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SGC-to-neuron ratio in ovariectomized rabbits [11]. Overall, 
the fact that none of these morphometric variables were modi-
fied leads us to believe that primiparity did not induce morpho-
metric alterations in the paravaginal ganglia of rabbits. This 
conclusion is in accord with another study conducted in late-
pregnant guinea pigs [14].
 Unlike guinea pigs, there is a reduction in the soma size of 
paravaginal neurons in late-pregnancy (day 30) rabbits, with 
recovery by 20 days postpartum [15]. We expected that the 

paravaginal neuronal somata would still be reduced in size on 
day 3 postpartum. However, the present findings suggest that 
the recovery of a great proportion of the paravaginal soma size 
may have occurred earlier, by 3 days postpartum, suggesting 
that the recovery of size could start during pregnancy. It may be 
the case that the reduction in neuronal soma size at 30 days of 
pregnancy is part of an ongoing recovery process that is likely 
associated with fluctuations in sex steroids [27]. In this regard, 
it is important to bear in mind the neuroprotective role of es-

Fig. 3. Vaginal glial cell line-derived neurotrophic factor (GDNF) family receptor alpha subunit 1 (GFRα-1) expression in nulliparous 
(N) and primiparous rabbits (P3). A representative immunoblot showing GFRα-1 expression in the dorsolateral pelvic vagina of N 
and P3 rabbits and matched India ink-stained lanes (A). Relative expression of GFRα-1 in nulliparous and primiparous rabbits (B); 
data are medians±minimum to maximum values (n=4 rabbits per group) and individual values. GFRα-1 immunostaining in the va-
gina of nulliparous (C, E, G) and primiparous rabbits (D, F, H). Fields of mucose and submucose (C, D), smooth muscle (E, F), and 
external (G, H) layers are shown. The intensity of immunostaining was semiquantitated for the mucose (I), submucose (J), smooth 
muscle (K), and external (L) layers; data are medians±maximum and minimum values and individual values. GFRα-1-ir, GFRα-1-
immunoreactivity. Arrows, positive cells; asterisks, blood vessels. Scale bar, 100 μm.

IB: GFRα-1 Indian ink
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trogens in the nervous system and their relationship with neu-
rotrophic actions [28]. Indeed, some neurotrophic factors are 
regulated by estrogens [11,29]. 
 Reproduction affects the content of neurotrophic factors in 
the serum and peripheral organs [12,30,31]. In particular, the 
actions of GFLs are relevant for understanding the plasticity of 
LUT tissues in males and females [10,32]. The expression of 
GDNF was analyzed in this study, in light of its recently report-
ed relationship with the morphometric plasticity of paravaginal 
neurons in ovariectomized rabbits [11]. 
 The expression of GDNF was observed in dorsolateral seg-
ments of the pelvic vagina by Western blotting and immuno-
histochemistry assays. The former assays showed that GDNF 
was similarly expressed in total protein extracts from the pelvic 
vagina of nulliparas and primiparas. The latter assays showed 
that primiparity did not alter the intensity or distribution of 
GDNF immunoreactivity in the epithelial, intermediate, and 
external layers of the vagina. Overall, these data support the no-
tion that the wide distribution of GDNF in vaginal tissue can 
mask changes in its expression as evaluated by Western blots, 

which implies a methodological limitation, since paravaginal 
ganglia were not isolated to obtain protein extracts. Additional-
ly, immunostaining showed cell types (e.g., smooth muscle, epi-
thelial, and endothelial cells) that are potential targets for auto-
nomic innervation and are therefore able to synthesize GDNF. 
Primiparity, however, did increase the GDNF immunostaining 
in the somata of paravaginal neurons. Such a response is in 
agreement with the increase in the GDNF immunoreactivity of 
paravaginal neurons found in ovariectomized rabbits showing 
a reduction in soma size [11]. Taking into account the data 
gathered for sensory and motor neurons from aged female rats 
and the pelvic neurons of male rats subjected to a cavernous 
nerve injury, it is also plausible to propose that GDNF immu-
noreactivity may be an indicator of the ongoing neuroregenera-
tive process in paravaginal neurons [33,34]. GDNF immunos-
taining in SGCs was rather similar between nulliparous and 
primiparous rabbits, resembling the behavior of these cells in 
chronically ovariectomized rabbits [11].
 In this study, we also estimated the expression of GFRα-1, 
which is the receptor with the greatest affinity for GDNF [20]. 

Fig. 4. Expression of glial cell line-derived 
neurotrophic factor (GDNF) (A, B) and 
GDNF family receptor alpha subunit 1 (GF 
Rα-1) (C, D) in the paravaginal ganglia of 
nulliparous (A, C) and primiparous (B, D) 
rabbits. Representative photomicrographs 
showing GDNF and GFRα-1 immunos-
taining in neurons (asterisks) and satellite 
glial cells (arrows); counterstaining, Meyer 
hematoxylin. Immunostaining when vagi-
nal sections were incubated with the sec-
ondary antibody alone (negative control) 
(E). Scale bar, 20 μm.
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Similarly to GDNF expression, no significant differences were 
seen between GFRα-1 expression in nulliparas and primiparas as 
measured by Western blot assays. The same was true for GFRα-1 
immunostaining in the different layers of the vagina, and partic-
ularly in smooth muscle, epithelial, and endothelial cells. This lo-
calization, highly coincident with that of GDNF, suggests para-
crine and/or autocrine actions of GDNF/GFRα-1 in the vagina 
of rabbits. This possibility should be further investigated. 
 In contrast, GFRα-1 immunostaining in the neuronal somata 
of primiparas was stronger than in nulliparas. This finding is in 
agreement with the increased expression of this receptor in re-
sponse to stroke in the forebrain of rats [35] and in the sensory 
and autonomic pathways of the spinal cord after peripheral in-
jury of the pelvic visceral sensory nerves [19]. In addition, an 
increase in GFRα-1 immunostaining has been observed in the 
paravaginal neurons of chronically ovariectomized rabbits [11]. 
Taking these studies into account, it is reasonably likely that 
high GFRα-1 expression is related to neuroprotective effects on 
paravaginal neurons in primiparous rabbits. Additionally, 
GFRα-1 immunostaining in the SGCs of primiparous rabbits 
was stronger than in the SGCs of nulliparous rabbits. Such a 
finding agrees with data from chronically ovariectomized rab-
bits [11]. This information leads to the hypothesis that cross-talk 
between neurons and SGCs through GDNF/GFRα-1 may be 
involved in neuroprotective effects, possibly through the modu-
lation of neuronal soma size in the paravaginal ganglia during 
the early postpartum period [15]. This hypothesis should be ad-
equately tested and its mechanism should be addressed. More-
over, the time course of GDNF and GFRα-1 expression in the 
paravaginal ganglia through pregnancy, as well as similar data 
for other neurotrophins and their receptors, could shed light on 
the development of injuries affecting pelvic neurons. 
 Our study suggests an ongoing regenerative process related 
to the recovery of neuronal soma size in paravaginal ganglia, in 
which GDNF and GFRα-1 may be involved in cross-talk sig-
naling between neurons and SGCs. Further experimental ap-
proaches should address the present findings to characterize 
the underlying mechanisms, as well as functional outcomes.

ACKNOWLEDGEMENTS

The authors thank Laura García Rivera for providing excellent 
technical assistance. 

AUTHOR CONTRIBUTION STATEMENT

·  Full access to all the data in the study and takes responsibility 
for the integrity of the data and the accuracy of the data analy-
sis: Francisco Castelán

·  Study concept and design: Francisco Castelán
·  Acquisition of data: Verónica García-Villamar, Laura G. 
Hernández Aragón, Jesús R. Chávez Ríos

·  Analysis and interpretation of data: Verónica García-Villamar, 
Laura G. Hernández Aragón, Jesús R. Chávez Ríos

·  Drafting of the manuscript: Verónica García-Villamar, Francisco 
Castelán

·  Critical revision of the manuscript for important intellectual 
content: Arturo Ortega, Margarita Martínez-Gómez, Francisco 
Castelán

·Statistical analysis: Verónica García-Villamar, Francisco Castelán 
·  Obtained funding: Francisco Castelán, Margarita Martínez-
Gómez

·  Administrative, technical, or material support: Jesús R. Chávez 
Ríos

·  Study supervision: Francisco Castelán, Arturo Ortega, Margarita 
Martínez-Gómez

REFERENCES

1. Jobling P. Autonomic control of the urogenital tract. Auton Neuro-
sci 2011;165:113-26. 

2. Dail WG. The pelvic plexus: innervation of pelvic and extrapelvic 
visceral tissues. Microsc Res Tech 1996;35:95-106. 

3. Spackman R, Wrigley B, Roberts A, Quinn M. The inferior hypo-
gastric plexus: a different view. J Obstet Gynaecol 2007;27:130-3. 

4. Possover, Rhiem, Chiantera. The “Laparoscopic Neuro-Navigation” 
-- LANN: from a functional cartography of the pelvic autonomous 
neurosystem to a new field of laparoscopic surgery. Minim Invasive 
Ther Allied Technol 2004;13:362-7.

5. Keast JR. Plasticity of pelvic autonomic ganglia and urogenital in-
nervation. Int Rev Cytol 2006;248:141-208. 

6. Langley JN, Anderson HK. The Innervation of the pelvic and ad-
joining viscera: part VII. Anatomical Observations. J Physiol 1896; 
20:372-406. 

7. Hinata N, Hieda K, Sasaki H, Kurokawa T, Miyake H, Fujisawa M, 
et al. Nerves and fasciae in and around the paracolpium or para-
vaginal tissue: an immunohistochemical study using elderly donat-
ed cadavers. Anat Cell Biol 2014;47:44-54. 

8. Li MZ, Masuko S. Target specific organization and neuron types of 



S32    www.einj.org

García-Villamar, et al.  •  Primiparity Affects GDNF and GFRα-1 Expression in Pelvic GangliaINJ

Int Neurourol J 2018;22 Suppl 1:S23-33

the dog pelvic ganglia: a retrograde-tracing and immunohisto-
chemical study. Arch Histol Cytol 2001;64:267-80.

9. Cruz Y, Hernández-Plata I, Lucio RA, Zempoalteca R, Castelán F, 
Martínez-Gómez M. Anatomical organization and somatic axonal 
components of the lumbosacral nerves in female rabbits. Neurou-
rol Urodyn 2017;36:1749-56.

10. Mónica Brauer M, Smith PG. Estrogen and female reproductive 
tract innervation: cellular and molecular mechanisms of autonom-
ic neuroplasticity. Auton Neurosci 2015;187:1-17. 

11. Hernández-Aragón LG, García-Villamar V, Carrasco-Ruiz ML, 
Nicolás-Toledo L, Ortega A, Cuevas-Romero E, et al. Role of estro-
gens in the size of neuronal somata of paravaginal ganglia in ovari-
ectomized rabbits. Biomed Res Int 2017;2017:2089645.

12. Lobos E, Gebhardt C, Kluge A, Spanel-Borowski K. Expression of 
nerve growthfactor (NGF) isoforms in the rat uterus during preg-
nancy: accumulation of precursor proNGF. Endocrinology 2005; 
146:1922-9. 

13. Lin AS, Carrier S, Morgan DM, Lue TF. Effect of simulated birth 
trauma on the urinary continence mechanism in the rat. Urology 
1998;52:143-51.

14. Mitchell BS, Stauber VV. Morphological, histochemical and immu-
nohistological studies of the paracervical ganglion in prepubertal, 
pregnant and adult, non-pregnant guinea-pigs. J Anat 1990;172: 
177-89.

15. Castelán F, Xelhuantzi N, Hernández-Aragón LG, Rodríguez-An-
tolín J, Cuevas E, Martínez-Gómez M. Morphometry of paravaginal 
ganglia from the pelvic plexus: impact of multiparity, primiparity, 
and pregnancy. Eur J Obstet Gynecol Reprod Biol 2013;170: 286-92. 

16. Xelhuantzi N, Rodríguez-Antolín J, Nicolás L, Castelán F, Cuevas E, 
Martínez-Gómez M. Tissue alterations in urethral and vaginal 
walls related to multiparity in rabbits. Anat Rec (Hoboken) 2014; 
297:1963-70. 

17. Purves-Tyson TD, Arshi MS, Handelsman DJ, Cheng Y, Keast JR. 
Androgen and estrogen receptor-mediated mechanisms of testos-
terone action in male rat pelvic autonomic ganglia. Neuroscience 
2007;148:92-104.

18. Heuckeroth RO, Enomoto H, Grider JR, Golden JP, Hanke JA, 
Jackman A, et al. Gene targeting reveals a critical role for neurturin 
in the development and maintenance of enteric, sensory, and para-
sympathetic neurons. Neuron 1999;22:253-63.

19. Forrest SL, Payne SC, Keast JR, Osborne PB. Peripheral injury of 
pelvic visceral sensory nerves alters GFRα (GDNF family receptor 
alpha) localization in sensory and autonomic pathways of the sacral 
spinal cord. Front Neuroanat 2015;9:43. 

20. Airaksinen MS, Saarma M. The GDNF family: signalling, biological 

functions and therapeutic value. Nat Rev Neurosci 2002;3:383-94. 
21. Anaya-Hernández A, Rodríguez-Castelán J, Nicolás L, Martínez-

Gómez M, Jiménez-Estrada I, Castelán F, et al. Hypothyroidism af-
fects differentially the cell size of epithelial cells among oviductal 
regions of rabbits. Reprod Domest Anim 2015;50:104-11.  

22. Abercrombie M. Estimation of nuclear population from micro-
tome sections. Anat Rec 1946;94:239-47.

23. Harper S, Speicher DW. Detection of proteins on blot membranes. 
Curr Protoc Protein Sci 2001;Chapter 10:Unit10.8. https://doi.
org/10.1002/0471140864.ps1008s00.

24. Bass JJ, Wilkinson DJ, Rankin D, Phillips BE, Szewczyk NJ, Smith K, 
et al. An overview of technical considerations for Western blotting 
applications to physiological research. Scand J Med Sci Sports 
2017;27:4-25. 

25. Fedchenko N, Reifenrath J. Different approaches for interpretation 
and reporting of immunohistochemistry analysis results in the 
bone tissue - a review. Diagn Pathol 2014;9:221. 

26. Palacios JL, Juárez M, Morán C, Xelhuantzi N, Damaser MS, Cruz Y. 
Neuroanatomic and behavioral correlates of urinary dysfunction 
induced by vaginal distension in rats. Am J Physiol Renal Physiol 
2016;310:F1065-73.

27. González-Mariscal G, Díaz-Sánchez V, Melo AI, Beyer C, Rosen-
blatt JS. Maternal behavior in New Zealand white rabbits: quantifi-
cation of somatic events, motor patterns, and steroid plasma levels. 
Physiol Behav 1994;55:1081-9.

28. Garcia-Segura LM, Azcoitia I, DonCarlos LL. Neuroprotection by 
estradiol. Prog Neurobiol 2001;63:29-60.

29. Wessels JM, Leyland NA, Agarwal SK, Foster WG. Estrogen in-
duced changes in uterine brain-derived neurotrophic factor and its 
receptors. Hum Reprod 2015;30:925-36. 

30. Varol FG, Duchemin AM, Neff NH, Hadjiconstantinou M. Nerve 
growth factor (NGF) and NGF mRNA change in rat uterus during 
pregnancy. Neurosci Lett 2000;294:58-62.

31. Schulte-Herbrüggen O, Litzke J, Hornych K, Zingler C, Höppner J, 
Virchow JC, et al. Maternal nerve growth factor serum levels in the 
perinatal period. J Reprod Immunol 2007;74:170-3. 

32. Kato R, Bennett NE, Kim JH, Wolfe D, Coyle CH, Huang S, et al. 
Gene therapy for neurogenic erectile dysfunction. LUTS: Lower 
Urinary Tract Symptoms 2009;1:S44-7. 

33. Hannan JL, Albersen M, Stopak BL, Liu X, Burnett AL, Hoke A, et 
al. Temporal changes in neurotrophic factors and neurite out-
growth in the major pelvic ganglion following cavernous nerve in-
jury. J Neurosci Res 2015;93:954-63. 

34. Ming Y, Bergman E, Edström E, Ulfhake B. Evidence for increased 
GDNF signaling in aged sensory and motor neurons. Neuroreport 

https://doi.org/10.1002/0471140864.ps1008s00
https://doi.org/10.1002/0471140864.ps1008s00


www.einj.org    S33

 García-Villamar, et al.  •  Primiparity Affects GDNF and GFRα-1 Expression in Pelvic Ganglia INJ

Int Neurourol J 2018;22 Suppl 1:S23-33

1999;10:1529-35.
35. Arvidsson A, Kokaia Z, Airaksinen MS, Saarma M, Lindvall O. 

Stroke induces widespread changes of gene expression for glial cell 

line-derived neurotrophic factor family receptors in the adult rat 
brain. Neuroscience 2001;106:27-41.


