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General Introduction 

 

Neural circuits underlying the male reproductive function are composed of several 

nuclei located in the brain and spinal cord (Sakamoto 2012, 2014). Lower spinal cord 

injuries frequently cause reproductive dysfunction in men, including erectile 

dysfunction and ejaculation disorder (Brown et al. 2006; Sipski 1998). This indicates 

that important neural centers for male reproductive function are located within the lower 

spinal cord (Sakamoto 2012, 2014). However, the molecular and neuroanatomical 

mechanisms controlling male reproductive function at the lower spinal cord level 

remain unclear.  

 It is previously demonstrated that neurons that express gastrin-releasing 

peptide (GRP neurons) in the lumbosacral spinal cord mediate the function of spinal 

centers that promotes penile reflexes during the copulatory behavior of male rats 

(Sakamoto 2014; Sakamoto et al. 2008; Sakamoto and Oti 2015) (Fig. 1). These GRP 

neurons project axons into the more caudal lumbosacral spinal cord (L5–S1 level), 

including the sacral parasympathetic nucleus (SPN) and somatic motor neurons in the 

spinal nucleus of the bulbocavernosus (SNB) (Sakamoto 2012, 2014; Sakamoto et al. 

2010; Sakamoto and Kawata 2009; Sakamoto et al. 2008; Sakamoto et al. 2009a; 

Sakamoto et al. 2009b) (Fig. 1). Co-localization of GRP and neuronal nitric oxide 

synthase (nNOS), a marker for autonomic ganglionic neurons (Vizzard et al. 1995a) in 

this region of the spinal cord in male rats showed that GRP-containing fibers densely 

surround SPN neurons, expressing nNOS (Sakamoto et al. 2008). SPN neurons have 

been implicated in the control of ejaculation, also showing to express high levels of 

nNOS (Studeny and Vizzard 2005). This system of GRP neurons and projections to the 

SPN is sexually dimorphic, being prominent in male rats, but vestigial or absent in 

females (Sakamoto and Kawata 2009; Sakamoto et al. 2008). In addition, the SNB is a 

cluster of motor neurons located in the fifth and sixth lumbar and first sacral segments 

of the spinal cord (L5-S1 level) (Sakamoto 2014; Breedlove and Arnold 1980; Forger 

and Breedlove 1986; Sengelaub and Forger 2008). These motor neurons and their target 

muscles, the bulbocavernosus and levator ani, which are attached to the base of the 

penis, play an important role in male copulatory behavior (Forger and Breedlove 1986; 

Sengelaub and Forger 2008; Breedlove and Arnold 1983a, b). Sakamoto et al. (2008) 

also found evidence for the presence of a GRP receptor (GRPR) in the lumbar and 
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sacral spinal cord of rats based on specific binding of GRP. A higher GRPR expression 

level in nNOS-positive neurons of the lumbar and sacral autonomic SPN was evident 

from reverse transcription-PCR, Western blotting and immunohistochemistry in rats 

(Sakamoto et al. 2008; Sakamoto et al. 2009b). Remarkably, pharmacological 

stimulation of GRPR restores penile reflexes and ejaculation rate in castrated male rats, 

and antagonistic blockage to this spinal region attenuates penile reflexes and ejaculation 

rate in normal male rats (Sakamoto et al. 2008). Thus, the lumbar spinal cord locally 

contains several neural circuits that are important in regulating male sexual behaviors in 

rodents (Matsuda et al. 2008), although the chemical neuroanatomy involved in these 

intra-spinal mechanisms remains elusive.  

 In Chapter 1, using a high-voltage electron microscopy (HVEM), we describe 

the chemical 3-D neuroanatomy of the rat lower spinal cord revealed by double-labeling 

(GRP and nNOS) immunohistochemistry at the ultrastructural level (Oti et al. 2012). 

Subsequently, in Chapter 2, the synaptic contacts from GRP neurons to the SNB 

neurons were studied using a viral trans-synaptic retrograde tracing technique 

(Dobberfuhl et al. 2014).  

In adulthood, the number of GRP neurons in the upper lumbar spinal region 

(L3–L4 level) is greater in males than that in females (Sakamoto et al. 2008; Sakamoto 

et al. 2009b). The GRP-expressing neurons in the lumbar spinal cord of male rats also 

express androgen receptor (AR) but do not express estrogen receptor alpha (Sakamoto 

and Kawata 2009; Sakamoto et al. 2008). Androgens play a significant role in 

ejaculation in male rats (Hull and Dominguez 2007) and humans (Meston and Frohlich 

2000); therefore, the presence of AR in GRP-expressing neurons in the ejaculation 

center offers a locus for androgenic modulation of ejaculation and other sexual reflexes. 

To determine if ARs direct control sexual dimorphism of these neurons,  a genetically 

male (XY) rats carrying the testicular feminization mutation (Tfm) of the Ar gene was 

used (Sakamoto et al. 2008; Sakamoto et al. 2009b). The Tfm mutation se rats 

embryologically develop testes and secrete testosterone prenatally; however, because 

they express dysfunctional AR protein, these rats develop a wholly feminine exterior 

phenotype, including a clitoris and defective vagina, rather than a penis and prostate 

(Bardin et al. 1971; Yarbrough et al. 1990; Zuloaga et al. 2008b). The spinal cord of 

genetically male rats carrying the Tfm allele is hyperfeminine and exhibits even fewer 

GRP-positive neurons than does the spinal cord of wild-type females. The spinal cord of 
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Tfm males showed fewer GRP-positive neurons than that of wild-type males, as was 

expected (Sakamoto et al. 2008; Sakamoto et al. 2009b). In Chapter 3, therefore, to 

elucidate whether central AR is important for the sex differentiation of the spinal GRP 

system, a conditional mouse line selectively lacking the AR gene in the nervous system 

was used (Sakamoto et al. 2014). In addition, while Sakamoto et al. (2008) previously 

demonstrated the male-dominant sexual dimorphism of the spinal GRP system, which 

plays an important role in the male reproductive function in adult rats, little is known 

about the developmental changes in this spinal center during ontogeny. Subsequently, in 

Chapter 4, this system at several stages from pre-puberty to post-puberty (sexual 

maturation) was investigated to assess the effects of the escalated circulation sex 

steroids during puberty, and was compared the development of the spinal GRP system 

between sexes (Katayama et al. 2016). 

Early in life, androgens do play a key role in the sexual differentiation of the 

central nervous system through a mechanism that is mediated by signaling through the 

nuclear ARs (Breedlove and Arnold 1983a, b; Matsuda et al. 2008; Morris et al. 2004). 

In males, a considerable amount of androgens secreted transiently from the testes 

represents the “androgen surge” that masculinizes the developing brain as well as the 

external and internal genitalia (Matsuda et al. 2008; Morris et al. 2004; Phoenix et al. 

1959). Sex differences caused by the androgen surge are restricted to a limited period; 

so-called the “critical period” (Morris et al. 2004; Phoenix et al. 1959). For example, a 

critical period in rats occurs 18–27 days after fertilization when masculinization of the 

brain and spinal cord typically depends on transiently higher levels of circulating 

androgens (Matsuda et al. 2008; Morris et al. 2004). However, little is known about the 

effects of the androgen surge during perinatal development of this sexually dimorphic 

spinal GRP system. Finally, in Chapter 5, to study the mechanisms underlying the 

development of the sexually dimorphic spinal GRP system in rats, the effects of 

administering the anti-androgen flutamide to neonatal male rats were examined (Oti et 

al. 2016). Further, newborn male rats were castrated to prevent the production of 

endogenous androgens. In addition, androgen treatments to neonatal female rats were 

performed to evaluate their effect on the development of the male-specific spinal GRP 

system during a critical period (Oti et al. 2016). 
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Figure 1 
Schematic drawing summarizing the gastrin-releasing peptide (GRP) system in the lumbosacral spinal 
cord that controls male sexual function. A sexually dimorphic spinal cord system of GRP-containing 
neurons in the upper lumbar spinal cord “ejaculation center” projects axons to both the autonomic (sacral 
parasympathetic nucleus; SPN) and somatic (spinal nucleus of the bulbocavernosus; SNB) centers in the 
lower lumbosacral spinal cord, which mediate penile reflexes and trigger ejaculateion. The figure was 
reproduced from Sakamoto and Oti (2015). 
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Chapter 1 

 

 

 

 

Analysis of the local neuronal circuit mediates the male sexual function using the 

HVEM tomography 
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Summary 

 

Three-dimensional (3-D) analysis of anatomical ultrastructures is important in 

biological research. However, 3-D image analysis on exact serial sets of ultra-thin 

sections from biological specimens is very difficult to achieve, and limited information 

can be obtained by 3-D reconstruction from these sections due to the small area that can 

be reconstructed. On the other hand, the high penetration power of electrons by an 

ultra-high accelerating voltage enables thick sections of biological specimens to be 

examined. High-voltage electron microscopy (HVEM) is particularly useful for 3-D 

analysis of the central nervous system because considerably thick sections can be 

observed at the ultrastructure level. Here, HVEM tomography assisted by light 

microscopy was applied to a study of the 3-D chemical neuroanatomy of the rat lower 

spinal cord annotated by double-labeling immunohistochemistry. This powerful 

methodology is useful for studying molecular and/or chemical neuroanatomy at the 3-D 

ultrastructural level. 

  



 

 7 

Introduction 

 

Three-dimensional (3-D) analysis of anatomical ultrastructures is tremendously 

important in most fields of biological research. However, it is technically hard to carry 

out a 3-D image analysis of exact serial sets of ultra-thin sections from biological 

specimens. Confocal laser scanning microscopy allows imaging and quantification of 

the 3-D organization of such specimens at present. However, the detailed morphology 

of cells remains obscure due to the insufficient spatial resolution of light microscopy 

including fluorescent visualization methods (Belichenko and Dahlstrom 1995; 

Miyawaki 2003; Nishi and Kawata 2006). Additionally, unstained (non-fluorescing) 

domains cannot be recognized in fluorescent histochemistry (Belichenko and Dahlstrom 

1995; Miyawaki 2003). In contrast, conventional transmission electron microscopy 

(TEM) provides extremely detailed and fine structural information, although the images 

obtained are mostly 2-D due to the physical properties of this technique (usage of 

ultra-thin sections: ~100 nm in thickness) (Hama and Kosaka 1981). Consequently, the 

TEM images cannot use to analyze the 3-D structures of cells. On the other hand, the 

high penetration power of electrons at an ultra-high accelerating voltage enables thick 

sections of biological specimens to be examined. This property of high-voltage electron 

microscopy (HVEM) is particularly useful to analyze the 3-D structure of the central 

nervous system because considerably thick sections (semi-thin sections: ~5 µm in 

thickness) can be observed at the ultrastructure level (Hama and Kosaka 1981). 

It is reported that the gastrin-releasing peptide (GRP) system mediates spinal 

centers promoting male copulatory reflexes in rats (Sakamoto et al. 2008). Remarkably, 

pharmacological stimulation of GRP receptors restores penile reflexes and ejaculation 

rate in castrated male rats, and antagonistic blockage to this spinal region attenuates 

penile reflexes and ejaculation rate in normal male rats (Sakamoto 2012; Sakamoto et al. 

2008). Thus, this system of neurons in the upper lumbar spinal cord uses this specific 

new peptide (GRP) to drive lower spinal autonomic centers that coordinate male 

reproductive functions such as erection and ejaculation (Sakamoto 2012; Sakamoto et al. 

2008). Locally, the lumbar spinal cord contains several neural circuits that are important 

in regulating male sexual behaviors in rodents (Matsuda et al. 2008), although the 

chemical neuroanatomy involved in these intra-spinal mechanisms remains elusive. 

Using an HVEM, the present study describe the chemical 3-D neuroanatomy of the rat 
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lower spinal cord revealed by double-labeling immunohistochemistry at the 

ultrastructural level. 
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Materials and Methods 

 

Animals 

Sprague-Dawley rats (Shimizu Laboratory Supplies Co., Ltd., Kyoto, Japan) were used 

in this study. All rats were maintained on a 12-h light/dark cycle (lights on at 06:00 and 

off at 18:00), and provided with unlimited access to water and rodent chow. All 

experimental procedures have been authorized by the Committee for Animal Research, 

Okayama University and Kyoto Prefectural University of Medicine, Japan. 

 

Double immunofluorescence for GRP and neuronal nitric oxide synthase (nNOS) 

Three male and three female rats were overdosed with sodium pentobarbital (100 mg/kg 

body weight), and perfusion fixed with 4% paraformaldehyde in 0.1 M phosphate buffer 

(pH 7.4). Spinal cords were immediately removed and immersed in the same fresh 

fixative for 3 h. After immersion in 25% sucrose in 0.1 M phosphate buffer for 48 h at 4 

°C for cryoprotection, lumbar spinal cords were quickly frozen using powdered dry ice 

and cut into 30-µm thick cross sections on a cryostat (CM3050 S, Leica, Nussloch, 

Germany). The double immunofluorescence analysis according to the established 

methods was performed (Sakamoto et al. 2008). To determine the projection site of 

GRP-immunoreactive (ir) axons, double-immunofluorescence staining of GRP 

(anti-GRP rabbit polyclonal antibody; 1:5,000 dilution) (Phoenix Pharmaceuticals, 

Burlingame, CA, USA) and nNOS (anti-nNOS mouse monoclonal antibody, A-11; 

1:5,000 dilution) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), a marker protein 

for neurons in the sacral parasympathetic nucleus (SPN) (Studeny and Vizzard, 2005), 

was performed. Alexa Fluor 546-linked anti-mouse IgG raised in goats (Molecular 

Probes, Eugene, OR, USA) and Alexa Fluor 488-linked anti-rabbit IgG raised in goats 

(Molecular Probes) were used for detection at a 1:1,000 dilution. Immunostained 

sections were imaged with a confocal laser scanning microscopy (Fluoview 1000, 

Olympus, Tokyo, Japan). The magnification and numeric aperture of the objective lens 

were: 10×, 20×, 40×, and 60×. 

 

Double-labeling immunohistochemistry of GRP and nNOS using HVEM 

Three male rats were overdosed with sodium pentobarbital and perfusion fixed with 4% 

paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate buffer. Lumbar spinal 
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cords were immediately removed and immersed in the same fresh fixative for 3 h. 

Spinal sections (L5–L6 and S1 level; 30 µm in thickness) were prepared with a 

microslicer (Dosaka EM, Kyoto, Japan). The free-floating sections were placed in 0.1 

M phosphate buffer containing 25% sucrose and 10% glycerol for 1 h for cryoprotection 

and freeze-thawed three times using liquid nitrogen to enhance the penetration of 

antibodies. The sections were thoroughly washed with phosphate-buffered saline (PBS; 

pH 7.4) and preincubated in PBS containing 0.05% Triton X-100, 1% normal goat 

serum and 1% BSA for 2 h at room temperature to block nonspecific reactions. Sections 

were then incubated in a mixture of rabbit anti-GRP and mouse anti-nNOS antibodies 

(1:5,000 dilution in each) for 5 days at 4 °C. After being washed with PBS, the sections 
were treated with a mixture of 1.4-nm gold particle-conjugated anti-rabbit IgG raised in 

goats (Nanoprobes, Stony Brook, NY, USA) at a dilution of 1:200 and biotinylated 

anti-mouse IgG raised in goats at a dilution of 1:1,000 for 3 h at room temperature. 

After being washed with PBS, the sections were post-fixed for 20 min with 1% 

glutaraldehyde in 0.1 M phosphate buffer at 4 °C, again washed thoroughly in PBS and 

distilled water, and then silver-developed in the dark with an HQ Silver Kit 

(Nanoprobes). After the sections were washed with distilled water and PBS, nNOS-ir 

was developed by the avidin-biotin complex method and diaminobenzidine (DAB) 

reaction as described previously (Sakamoto et al., 2008). After being washed with PBS, 

the sections were placed in 1% OsO4 in 0.1 M phosphate buffer for 30 min, dehydrated, 

and flat-embedded in epoxy resin as described previously (Sakamoto et al. 2010). 

Semi-thin sections (1 µm in thickness) containing nNOS-ir neurons contacting the 

GRP-ir fibers in the SPN were collected on nickel grids coated with collodion film. 

Each specimen was first selected using a light microscope (Olympus; BH-2) for 

reference purposes. Selected grids were electron-stained with uranyl acetate and lead 

citrate, and viewed under an HVEM (Hitachi H-1250M; National Institute for 

Physiological Sciences, Okazaki, Japan) at an accelerating voltage of 1,000 kV. 

 

Tomography 

The specimen was tilted from -59.0° to +59.0°, and the images were captured at tilt 

steps (37 images per view; 0.0, ±4.0, ±8.0, ±12.0, ±15.9, ±19.8, ±23.5, ±27.2, ±30.8, 

±34.2, ±37.5, ±40.7, ±43.8, ±46.7, ±49.4, ±52.0, ±54.5, ±56.8, ±59.0) which were 
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calculated by the formula: Δθ = d/L · cosθ∆θ = !
!
cosθ (d: resolution, L: thickness of 

sample, θ: tilt step) according to Saxton et al. (1984). The images were digitized and 

3-D models were constructed using Chimera and IMOD software (Kremer et al., 1996; 

Pettersen et al., 2004). 
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Results 

 

The projection of GRP-ir fibers to the SPN in the lower spinal cord (L5–L6 and S1 

level; containing axon terminals of the GRP neurons) of male rats was first examined 

because their SPN provides autonomic preganglionic fibers to genitalia (Morgan et al., 

1981). Double immunofluorescence of GRP and nNOS clearly showed that GRP-ir 

fibers densely projected into the SPN (Fig. 1a–d). These GRP-ir fibers surrounding cell 

bodies and dendrites of the SPN neurons were observed in only males (n = 3) (Fig. 1e) 

but vestigial or absent in females (n = 3) (data not shown). 

Furthermore, by means of HVEM, the dual immunoelectron microscopic 

technique was applied for double labeling of the chemical neuroanatomy. A total of 37 

images per view were obtained by tilting the specimen from -59.0° to +59.0° 

continuously. Figure 2 presents 18 representative HVEM serial tilting images (extracted 

only plus-directed rotations) as well as an origin (untilted) image. 3-D reconstruction 

was performed from these 37 serial tilting images. The DAB reaction products were 

visualized as fine fuzzy material that was distributed homogeneously in the dendrites of 

nNOS neurons. DAB labeling was clearly distinguished from that of GRP labeling with 

the nanogold/silver enhancement method (Fig. 3a and b). Nanogold/silver-developed 

reaction products were specifically localized around a single dendrite distributed in the 

SPN with higher electron density (observed in the axons or terminals of GRP neurons) 

than the DAB reaction products (Fig. 3a). Asterisks in Fig. 3b indicate the representative 

parts of the terminals of GRP neurons. The 3-D analysis via a polarizing lens sterically 

revealed that some populations of GRP-ir terminals formed axonal terminals with the 

dendrites of SPN neurons (Fig. 3a and b). The 3-D reconstruction from HVEM images 

using dual immune-labeling described many projections of GRP neurons forming 

axonal contacts with the dendrites of SPN neurons (Fig. 3c) (for more details, see 

Supplementary Movie 1). 

  



 

 13 

Discussion 

 

By means of a double immunofluorescence for GRP and nNOS, GRP-containing inputs 

formed numerous close appositions (possible sites of synaptic contacts) with dendrites 

of SPN neurons. Here, we applied HVEM tomography assisted by light microscopy to a 

study of the 3-D chemical neuroanatomy of the rat lower spinal cord annotated by 

double-labeling immunohistochemistry. HVEM tomography from a single semi-thin 

section revealed that the terminals of GRP neurons formed 3-D axonal projections with 

the dendrites of SPN neurons. These structures might be possible sites of synaptic 

contacts. However, a definite synaptic specialization could not be fully demonstrated by 

this approach. On the other hand, two-photon laser scanning microscopy is an excellent 

fluorescence nanoscopy technique, which is characterized by lower phototoxicity and 

higher penetration depth—approximately 1 mm deeper than the conventional confocal 

microscopy (Denk and Svoboda 1997). Stimulated emission depletion microscopy 

(STED) is a newly developed fluorescence microscopy technique that uses the 

non-linear de-excitation of fluorescent dyes to overcome the resolution limitation 

imposed by diffraction with standard confocal laser scanning microscopes and 

conventional far-field optical microscopes (Hell 2007). Accordingly, STED is 

considered a form of super-resolution fluorescent microscopy. For nanoscale 

examination, fluorescence nanoscopy is an excellent methodology, and is indispensable 

with fluorescing domains. Recent techniques using fluorescent nanoscopy can visualize 

cell physiology in living tissue using real-time imaging techniques, but cannot be 

applied to non-fluorescing domains. TEM provides an alternative that allows extremely 

detailed and fine structural information under high-vacuum and processing by chemical 

fixation or rapid freezing. In the present study, the resulting 3-D reconstruction of a 

SPN dendrite with contacting terminals by HVEM links the information from confocal 

laser scanning microscopy and the 3-D reconstruction from TEM ultrathin serial 

sections. Thus, the present histochemical 3-D methodology using HVEM could bridge 

fluorescence nanoscopy and conventional TEM analyses. To our knowledge, this is the 

first demonstration of 3-D chemical neuroanatomy revealed by HVEM using a dual 

immunoelectron microscopic technique. Taken together, these results suggest that 

GRP-ir afferents to SPN neurons may control copulatory reflexes via these synapses, 

since the activation of parasympathetic system is involved in penile erection (Giuliano 
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and Rampin 2000). 3-D tomography by HVEM could examine multiple 3-D axonal 

projections of GRP neurons to nNOS-ir dendrites in a wide yet discrete area using a 

single semi-thin section (1 µm thickness). Sakamoto et al. (2008) previously reported 

that conventional TEM immunohistochemistry using a set of ultra-thin serial sections 

(60 nm thickness) also revealed a single synaptic input in spite of the broad distribution 

of both GRP-ir fibers and SPN neuron dendrites in the SPN. By a combination of first 

visualizing semi-thin sections by light microscopy and then analyzing the same sections 

using HVEM, it is concluded that HVEM is superior in detecting multiple synaptic 

formations than conventional TEM. 

In conclusion, our new 3-D methodology that links HVEM to light microscopy is a 

useful and powerful tool for studying molecular and/or chemical neuroanatomy at the 

3-D ultrastructure level. The methodology used in this study can be applied in multiple 

ways. Therefore, this is a critical contribution to 3-D ultrastructural investigations of the 

central nervous system in the present post-genomic age. 
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Figure 1  
Double immunofluorescence for GRP [(a) and (c, e; green)] and nNOS [(b) and (c, e; magenta)] shows 
that GRP-containing axons surrounding the autonomic SPN neurons are prominent in male rats. (d) The 
schematic drawing indicates the localization of SPN in the lumbar and sacral spinal cord (L5–L6 and S1 
level). The blocked area in (c) is enlarged in (e). Arrowheads indicate possible synaptic contacts (e). 
Images were captured with 40× (objective lens), 1.0× (optical zoom) (a-c) and 60× (objective lens), 2.5× 
(optical zoom) (e). Scale bar = 50 µm (c) and 10 µm (e). The figure was reproduced from Oti et al. 
(2012). 

 

 

 
Figure 2  
Eighteen representative HVEM serial tilting images (extracted only plus-directed rotations) as well as an 
origin (untilted) image. These HVEM images were obtained by tilting the specimen from 0.0° to +59.0°. 
Scale bar = 2 µm. The figure was reproduced from Oti et al. (2012). 

 

  



 

 16 

 

 

 

 

 

 
Figure 3  
3-D chemical neuroanatomy using the dual immunoelectron microscopic technique. Stereo-paired HVEM 
images obtained by tilting the specimen stage ±8° revealed the 3-D axonal projections (asterisks) into a 
single SPN dendrite (magenta) (a and b). The 3-D reconstruction of HVEM images using a dual 
immunoelectron microscopic technique for GRP (green) and nNOS (magenta) (c). Scale bar = 2 µm. The 
figure was reproduced from Oti et al. (2012). 
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Chapter 2 

 

 

 

 

Identification of the spinal gastrin-releasing peptide system projecting into the 

spinal nucleus of the bulbocavernosus in male rats 
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Summary 

 

The pelvic striated muscles play an important role in mediating erections and 

ejaculation, and together these muscles compose a tightly coordinated neuromuscular 

system that is androgen sensitive and sexually dimorphic. To identify spinal and brains 

neurons involved in the control of the levator ani (LA) and bulbocavernosus (BC) 

muscles in the male adult and preadolescent rat. Rats were anesthetized, and the 

trans-synaptic retrograde tracer pseudorabies virus (PRV) was injected into the LA 

muscle of adults or the ventral BC muscle in 30-day-old rats. After 3–5 days rats were 

sacrificed, and PRV-labeled neurons in the spinal cords and brains were identified using 

immunohistochemistry. The presence of gastrin-releasing peptide (GRP) in the lumbar 

spinal neurons was examined. The location and number of PRV-labeled neurons in the 

spinal cord and brain and GRP colocalization in the lumbar spinal cord. PRV-labeled 

spinal interneurons were observed distributed throughout T11-S1 of the spinal cord, 

subsequent to dorsal medial motor neuron infection. The majority of spinal interneurons 

were found in the lumbosacral spinal cord in the region of the dorsal gray commissure 

and parasympathetic preganglionic neurons. Preadolescent rats had more PRV-labeled 

spinal interneurons at L5-S1 where the motor neurons were located but relatively less 

spread rostrally in the spinal cord compared with adults. Lumbar spinothalmic neurons 

in medial gray of L3-L4 co-localized PRV and GRP. In the brain consistent labeling 

was seen in areas known to be involved in male sexual behavior including the 

ventrolateral medulla, hypothalamic paraventricular nucleus, and medial preoptic area. 

Common spinal and brain pathways project to the LA and BS muscles in the rat 

suggesting that these muscles act together to coordinate male sexual reflexes. 

Differences may exist in the amount of synaptic connections/neuronal pathways in 

adolescents compared with adults. 
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Introduction 

 

In humans, the puborectalis muscle forms a complete sling around the rectum, and 

along with the pubococcygeus and iliococcygeus muscles, these three muscles form the 

human pelvic diaphragm, collectively known as the levator ani (LA). In humans, the 

levator complex plays a primary role in continence (Thor and de Groat 2010; Wallner et 

al. 2009). In the male rat, the LA muscle grossly resembles the human puborectalis 

muscle, but only partially surrounds the rectum, and attaches to the ventral bulb of the 

bulbocavernosus (BC) muscle, which is attached to the proximal penile bulb (Holmes et 

al. 1991; Poortmans and Wyndaele 1998). The LA muscle in the rodent has been 

denominated by some investigators the dorsal BC muscle because of its anatomical 

location, motoneuron innervation (Breedlove and Arnold 1980; Holmes et al. 1991; 

Holmes and Sachs 1994), and as a sexually dimorphic muscle, is virtually absent in the 

adult female rat (Bremer et al. 2003; Pacheco et al. 1989; Poortmans and Wyndaele 

1998). 

Ejaculation is comprised of emission and expulsion. Emission is mediated 

through the hypogastric nerve innervated by sympathetic preganglionic neurons in the 

intermediolateral and medial gray and the pelvic nerve that carries signals from 

parasympathetic preganglionic neurons residing in the sacral parasympathetic nucleus 

(Giuliano 2011; Nadelhaft and Booth 1984). Contractions of the ventral BC and 

ischiocavernosus muscles augment erection of the glans penis (Hart and 

Melese-D'Hospital 1983; Sachs 1983). Expulsion of seminal fluids is mediated by the 

coordinated contraction of the ventral BC and ischiocavernosus muscles (Gerstenberg et 

al. 1990; McKenna et al. 1991; Schmidt and Schmidt 1993). There is less evidence for a 

role of the LA in ejaculation. One study by Sachs and Holmes provided evidence that 

contractions of the LA muscle act in coordination with the ventral BC muscle to 

augment penile erection and that both LA and BC muscle activity is tightly coordinated 

during copulation (Holmes and Sachs 1994). 

The BC muscle complex (including the LA muscle) is a commonly measured 

end point in reproductive toxicology studies (McIntyre et al. 2001; Owens et al. 2006). 

Like penile reflexes, the size of these muscles is sensitive to developmental 

anti-androgens and testosterone exposure and likewise the pudendal motor neurons 

express a sexually dimorphic distribution of androgen receptors (Fishman and 
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Breedlove 1992; Johansen et al. 2007; Zuloaga et al. 2007). The motor neurons 

innervating the LA and BC muscles are located in the ventral horn of the lumbosacral 

cord within Onuf’s nucleus (Roppolo et al. 1985; Schroder 1981, 1985; Thor et al. 

1989). In the rat, Onuf’s nucleus is divided into a spinal nucleus of bulbocavernosus 

(SNB), which innervates the ventral and distal lobes of the BC muscle, the LA muscle 

and the anal sphincter, and the dorsolateral nucleus (DLN), which innervates the 

ischiocavernosus muscle and external urethral sphincter (Breedlove and Arnold 1980; 

Collins et al. 1991; McKenna and Nadelhaft 1986; Peshori et al. 1995). These muscles 

are primarily innervated by the pudendal motor nerve and the sacral spinal nerves that 

originate in the lumbosacral region of the spinal cord (Bremer et al. 2003; McKenna and 

Nadelhaft 1986; Pierce et al. 2005; Thor and de Groat 2010). 

The SNB motor neurons innervating the LA muscle have been studied in 

rodents (Guan et al. 2007; Ranson et al. 2007; Ranson et al. 2005). However, the spinal 

and brain neurons projecting to the LA muscle have not been closely examined. 

Furthermore, the CNS pathways innervating the perineal muscles in preadolescent male 

pups have not been reported. This study examines the spinal and brain neurons that 

innervate the LA muscle (i.e., the dorsal BC muscle lobe) in adult male rats and ventral 

BC muscle in preadolescent male rats using retrograde neuronal tracing techniques. The 

usefulness and specificity of trans-neuronal tracers for the identification of CNS 

pathways has been previously published (Card et al. 1993; Card et al. 1990). The 

advantage of using viruses as neuronal tracers is their ability to replicate in the neurons 

and thus amplify the visualization signal in addition to labeling first, second, and third 

order neurons in a connecting neuronal pathway. 
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Materials and Methods 

 

Animals 

All methods were performed in strict compliance with the Institutional Animal Care and 

Use Committee at the University of North Carolina at Chapel Hill. Rats (adult males n = 

16, Sprague-Dawley, 7–10 weeks of age, 300–400 g, Charles River Labs, Raleigh NC; 

or male pups, 30-days old n = 4, Wistar-Kyoto, Charles River Labs) were deeply 

anesthetized with ketamine/xylazine (50:4 mg/kg intramuscular). The perineal muscles 

were accessed via a ventral surgical approach. A midline incision was made in the skin 

overlying the scrotum to expose the perineal muscle complex (Figure 1). Connective 

tissue overlying the muscles was removed and the BC and LA muscle lobes were 

separated gently using saline soaked cotton tip applicators. Pseudorabies virus (PRV) 

(Bartha’s K strain, 2–3 °ø 107 plaque-forming units, a gift from Lynn Enquist, 

Princeton NJ) was injected (5–10 µL) using a Hamilton syringe into the left side of the 

LA muscle in adults or into the left ventral BC muscle (2 µL) in preadolescent pups. 
During each injection, the needle remained in situ for ∼1-minute and when removed 

pressure was applied to the injection site using a cotton tip applicator to prevent leakage 

of the virus. 

At the end of survival period, (3–5 days for adults, 3 days for the pups) rats 

were deeply anesthetized with urethane (1.25 g/kg i.p.) and perfused trans-cardially 

with phosphate-buffered saline (PBS) followed with 4% paraformaldehyde. In the adult 

3 days survival group (n = 4) very little PRV labeling in the spinal cord was observed, 

therefore the data presented was focused on 4 and 5 days survival times. Brains and 

spinal cords were collected and transferred to a 30% sucrose solution until sectioned. 

The dorsal spinal roots were identified and coronal sections of spinal cords (T10-S3) 

and brains were cut (40 µm) on a freezing microtome. A series of one in six sections (i.e. 
every ∼0.24 mm) was processed for immunohistochemical staining. 

 

Immunohistochemistry 

Free-floating sections were incubated in rabbit anti-PRV (spinal cord 1:2,000, brain 

1:1,000, Affinity Bioreagents) for 15–20 hours and then washed and incubated in 

biotinylated goat anti-rabbit immunoglobulin (IgG, 1:500,Vector Laboratories, 

Burlingame, CA) for 1 hour. The sections were then incubated in avidin-biotin complex 
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and then in DAB (3′3-diaminobenzidine tetra hydrochloride) for 10 minutes. After 

washing, the sections were mounted onto Fisher Plus glass slides (Fisher Scientific, El 

Paso TX), dehydrated, coverslipped, and examined under brightfield illumination. 

In adult animals with a 4 day survival time (n = 6), a series of sections from 

the spinal cord was also processed using double immunofluorescence [34]. After 

blocking nonspecific binding components with 1% normal goat serum and 1% BSA in 

PBS (pH 7.4) containing 0.3% Triton X-100, the sections were incubated with the 

cocktail of primary rabbit antiserum against gastrin-releasing peptide (GRP) (anti-GRP 

rabbit polyclonal antibody; 1:5,000 dilution, Phoenix Pharmaceuticals, Burlingame CA) 

and the primary mouse antiserum against PRV (anti-PRV mouse monoclonal antibody, 

3G9F3; 1:5,000 dilution; VMRD, Pullman WA). After rinsing with PBS, sections were 

incubated with Alexa Fluor 488-linked anti-rabbit IgG raised in goat and Alexa Fluor 

546-linked anti-mouse IgG raised in goat (Molecular Probes, Grand Island NY, 1:1,000 

dilution). For double labeling of PRV and cholinergic neurons, sections were blocked 

with donkey serum and then incubated in a cocktail of goat anti-choline acetyl 

transferase (ChAT, 1:1,000; Chemicon/Millipore Billerica MA) and rabbit anti-PRV 

(spinal cord 1:2,000, Affinity Bioreagents, Golden CO). After rinsing sections were 

incubated in Alexa Fluor 488- linked anti-goat IgG raised in donkey and CY3 linked 

anti-rabbit IgG raised in donkey (1:500, Jackson Immuno Research Labs, West Grove 

PA). Immunostained sections were imaged with a confocal laser scanning microscopy 

(FluoView 1000, Olympus, Japan). 

 

Data Analysis 

Cells were counted as PRV positive if a reasonable portion of the cell body was easily 

visible and stained in the section. The number of PRV-labeled cells in T11-S2 of the 

spinal cord were counted for each rat in the 4 days survival group for adults (n = 6) and 

the 3 days survival for pups (n = 4). The location of the cells within each spinal segment 

were classified into five regions: dorsal horn (laminae I, II and III); lateral gray (lateral 

region of laminae VI, VII, including the intermediolateral cell column); intermediate 

gray (laminae V, VI, VII); medial gray (lamina X, intermediomedial nucleus and medial 

regions of laminae IV, V); and ventral horn (laminae VIII, IX) (Molander et al. 1984). 

Figure 2 illustrates the regions examined. Labeled cells were counted on both sides of 

the spinal cord and the left and right sides were added together. The average number of 
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cells counted/ animal is presented. The brain regions containing PRV-labeled cells were 

examined. The number of cells were counted in a 1 in 6 series through the brain, (n = 4 

for each group). For each brain region the average number of cells/animal was 

calculated. The relative distribution is shown in Table 1. 0 = no cells; + = 1–9 cells; ++ 

10–25 cells; +++ 26–49 cells; ++++50–99; +++++ >101 cells. 
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Results 

 

Innervation of the LA Muscle in Adult Male Rats 

Spinal Cord 

Injections of PRV into the LA muscle resulted in PRV retrogradely labeled neurons in 

the SNB of L5-S1, primarily in the ipsilateral L5-L6 (Figure 3A). Bilateral labeling of 

SNB and labeling of DLM motor neurons was seen after longer survival times. The 

SNB motor neuron labeling after LA injections was similar to that previously reported 

using more conventional tracing techniques (Ranson et al. 2007; Ranson et al. 2005). 

PRV-labeled spinal interneurons were consistently observed after 4 and 5 

days survival. The average number of cells found in each segment and the location of 

PRV-labeled cells in T11-S2 were counted in the 4 day survival group. The majority 
(∼50% of the total counted) of labeled neurons were found in L5-S1. Around 33% of 

the total PRV-labeled cells were found in T11-L2 (Figure 4) with ∼13% of the total 

PRV-labeled cells located in L3-L4. Many PRV cells were located in the medial region 

of L4-S1in lamina X and the dorsal gray commissure (Figures 4, 5A and B). 

PRV-labeled cells were also found in the lateral gray of L5-S1in the region including 

the parasympathetic preganglionic neurons (Figures 4 and 5B). In addition, 

PRV-labeled neurons were found in the intermediate gray of L4-L6 and T11-L1 and in 

the lateral gray of T11-L1 (Figure 4). Many PRV-labeled neurons in the lateral gray of 

L5-S1 and T13-L1 contained ChAT (Figure 6A), suggesting they were the sympathetic 

and parasympathetic preganglionic neurons. 

The presence of GRP in the PRV positive neurons of the medial region of 

L3-L4 was examined in sections from adult rats. This region contains the lumbar 

spinothalamic (LSt) cells that have been proposed to be part of the spinal pattern 

generator for ejaculation (Allard et al. 2005). Both PRV and GRP neurons were found 

in the medial region of L3-L4 after LA injections (Figure 7). Figure 7D indicates a 

schematic drawing of the upper lumbar spinal cord (L3–L4 level) showing the location 

of GRP cell bodies and the region in which the numbers of GRP and PRV cells were 

quantified. Around half the PRV neurons in this region were found to contain GRP 

(50.1 °æ 10.5%; n = 5), other neurons in this region express either GRP or PRV only 

(Figure 7). 
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Brain 

After 4 days survival PRV-labeled neurons were found primarily in the brain stem in 

the ventrolateral medulla, parapyramidal (PP) region of the medulla and A5 

noradrenergic cell group (Figure 8A and Table 1). In addition, PRV-labeled cells were 

found in the lateral paragigantocellularis (LPGi), raphe obscurus, raphe pallidus, raphe 

magnus, locus coeruleus/subcoeruleus, and Barrington’s nucleus (Bar). In the forebrain 

PRV-labeled cells were found in the lateral hypothalamus and paraventricular nucleus 

(PVN). After 5 days survival more PRV-labeled neurons were found in these areas with 

additional brain regions labeled. These additional brain regions included the central gray 

where PRV-labeled cells were primarily in the ventrolateral region, ventral tegmental 

area at the level of the substantia nigra, anterior hypothalamus, medial preoptic area 

(MPOA), lateral preoptic area and bed nucleus of the stria terminals (BNST) (Table 1 

and Figure 8B–D). 

 

Innervation of the BC Muscle in Adolescent Male Rats 

Spinal Cord 

PRV labeling of SNB motor neurons in the adolescent pup spinal cord was similar to 

adults that received LA muscle injections (Figure 3B) and adults receiving ventral BC 

muscle injections [37]. Bilateral labeling of SNB motor neurons and PRV-labeled 

DLN motor neurons was observed in all 4 rats. 

PRV-labeled spinal interneurons were consistently found after injection of 

PRV into the ventral BC (Figures 5 and 9). PRV-labeled cells were mainly found in 

L5-S1 (62%), with the majority of spinal interneurons distributed in the medial, 

intermediate and lateral gray of L5-S1including the dorsal gray commissure and 

parasympathetic preganglionic cell region (Figure 9). A proportion (25%) of the total 

PRV-labeled cells was located in T11-L2 with labeled neurons in the lateral gray of 

T11-L1 (Figure 5C) including the sympathetic preganglionic cell area. Very few (6% of 

the total counted) PRV-labeled cells were found in L3-L4 spinal cord (Figures 5D and 

9). 

Almost twice as many PRV-labeled spinal interneurons were labeled in the 

pups compared to the 4 day survival time in adults, which may be due in part to the 

survival times examined, the injection site and the size differences. As expected, both 

adults and pups had the highest relative percentage distribution of cells in L5-S1 (50% 
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adults; 62% pups), where the pudendal motor neurons are located as well as the 

parasympathetic preganglionic neurons. In addition, PRV-labeled cells were found in 

the spinal cord segments (T13-L2) containing the sympathetic preganglionic neurons 

(19% adults, 15% pups). However, adults had a higher percentage of PRV-labeled cells 

in L3-L4 compared to the pups (13% adults, 6% pups). In previous studies examining 

PRV pathways after ventral BC muscle injections in adults, labeled neurons were found 

more highly distributed in rostral segments including T13-L2 and L3-L4 compared to 

the present distribution in preadolescent rats (Marson and McKenna 1996; Xu et al. 

2006). 

 

Brain 

PRV-labeled neurons were found primarily in the brain stem in the ventrolateral 

medulla, A5 noradrenergic cell group and Bar (Table 1). In addition, PRV-labeled cells 

were found in the reticular formation, PP region of the medulla, LPGi, raphe obscurus, 

raphe magnus, locus coeruleus/subcoeruleus, and the PVN. Fewer PRV-labeled cells 

were found in the raphe pallidus, central gray, ventral tegmental area, anterior and 

lateral hypothalamus and MPOA. No evidence of PRV cell labeling was found in the 

lateral preoptic area and BNST (Table 1). The brain regions labeled in pups were 

similar to that labeled after LA muscle injections in adults (Table 1). 

A comparison between the brain labeling in adults and adolescents is difficult 

to assess because of the differences in the size of the spinal cord and brain pathways, 

and the time taken to transport the virus. However, the observation that pups had about 

twice as many PRV-labeled spinal interneurons compared with the 4 day survival in 

adults might suggest that the brain labeling in the pups should reflect the 5 days survival 

in adults rather than the 4 days survival time. Fewer PRV-labeled neurons were 

observed in the brains of the pups compared to the 5 days survival time. This suggests 

that many of the spinal to brain pathways and brain nuclei to brain nuclei pathways are 

not fully developed or synaptically connected in the pups. 

 

  



 

 27 

Discussion 

 

The present study demonstrates that PRV injections into the LA muscle labels efferent 

spinal and brain pathways that were virtually identical to pathways that have been 

reported to innervate the ventral BC muscle in adult male rats (Marson and Carson 3rd 

1999; Marson and McKenna 1996; Xu et al. 2006). In addition, feasibility of PRV 

labeling in preadolescent pups was verified. These studies also demonstrate that GRP 

containing neurons in the medial region of L3-L4 (LSt neurons) are part of the spinal 

interneuron network that innervates the BC muscle complex. 

This study confirms previous reports that SNB motor neurons innervate the 

LA muscle (also termed the dorsal BC muscle) in the male rat (McKenna and Nadelhaft 

1986; Ranson et al. 2005; Schroder 1980). In addition, the CNS pathways innervating 

the ventral BC muscle (Marson and Carson 3rd 1999; Marson and McKenna 1996; Xu 

et al. 2006) and the LA muscle (present study) in adult male rats were similar. In adults 

very few SNB neurons were found with a 3 day survival time, while many SNB motor 

neurons and spinal interneurons were labeled after 4 and 5 days survival time. In 

preadolescent pups SNB motor neurons were consistently labeled with a 3 day survival 

time. Contralateral labeling of SNB motor neurons in the pups and with longer survival 

times in the adults may occur as a result of synaptic coupling of the ipsilateral and 

contralateral SNB neurons (Collins et al. 1991). At 28 days of age the dendritic 

arborization of the SNB is twice the length of normal adults, the dendrites then 

gradually shrink and by 49 days of age they are the same length of adults (Goldstein et 

al. 1990; Sengelaub and Forger 2008). At 28 days of age the dendritic projections 

spread medially towards and dorsal to the central canal, as well as to the intermediate 

and lateral gray. In addition, the SNB motor neurons project to the ventral horn 

(Sengelaub and Forger 2008). This arborization pattern matches the pattern of 

PRV-labeled spinal neurons (in the lateral, intermediate and medial gray and ventral 

horn) observed in the pups in the present study. In adults the primary dendrites project 

towards the medial gray and ventral horn, with sparse innervation of the intermediate 

and lateral gray (Sengelaub and Forger 2008). This pattern was also mimicked in the 

adults in the present study. In this study, more than twice as many labeled spinal 

interneurons in the lateral, intermediate and medial gray of L5-S1 were observed in 30 

day old preadolescent pups, compared to the 4 days survival time in adults; this 
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observation may reflect the increased arborization of the SNB neurons. Interestingly, 

sexual behavior (intromission, ejaculations, and penile reflexes) in male rats has been 

shown to appear around day 49 which matches the neuroanatomical changes seen in the 

SNB motor neurons (Sachs and Meisel 1979; Sodersten et al. 1977).  

Several studies have documented a group of neurons in the lumbar spinal cord 

that exhibit sexual dimorphism in rats; this population of neurons expresses galanin, 

cholecystokinin, enkephalin and NK1 receptors (Ju et al. 1987; Newton 1993; Phan and 

Newton 1999; Truitt et al. 2003; Xu et al. 2005). These neurons are located within the 

third and fourth lumbar segments of the spinal cord in the medial gray (lamina X and 

medial lamina VII) and project to the thalamic region of the brain (Ju et al. 1987; Truitt 

et al. 2003). These so-called lumbar spinothalamic (LSt) neurons are sexually dimorphic, 

with male rats possessing a larger number than females (Ju et al. 1987; Truitt et al. 

2003). In the immunohistochemical investigation of GRP, a collection of neurons 

expressing GRP in the medial area of the lumbar spinal cord (L3-L4 level) with a clear 

male-dominant sexual dimorphism were observed (Sakamoto et al. 2008). These GRP 

expressing neurons project to the more caudal segments of the lumbosacral spinal cord 

(L5-S1 levels), including the sacral parasympathetic nucleus and SNB, which are both 

known for their role in erectile and ejaculatory function (Sakamoto et al. 2010; 

Sakamoto et al. 2008). In addition to the parasympathetic nucleus and the SNB, the LSt 

neurons project to the sympathetic neurons of the intermediolateral column (IML) in the 

thoracic spinal cord, and play a critical role in the emission phase of ejaculation (Coolen 

2005). 

It has recently been reported that GRPR blockage by the specific antagonist 

RC-3095 attenuated bursts of the BC muscles, in response to the dorsal penile nerve 

stimuli (Kozyrev et al. 2012). On the other hand, Sakamoto et al. (Sakamoto et al. 2010) 

reported the existence of GRP containing afferents to the SNB motoneurons innervating 

the ventral BC muscles using high-voltage electron microscopy. It is also previously 

reported that the terminals of GRP neurons may form axonal projections with the 

dendrites of parasympathetic preganglionic neurons (SPN) (Oti et al. 2012). In the 

present study, about a half of the PRV-labeled neurons in the medial gray at the L3-L4 

level expressed GRP, after PRV injections into the LA muscle. Interestingly, very few 

PRV-labeled spinal interneurons were found in the medial region of L3-L4 in the 

preadolescent pups. Taken together these results suggest the existence of direct or 
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indirect synaptic inputs from GRP neurons to SNB motor neurons and autonomic SPN 

neurons. GRPR have also been reported in the SPN and SNB of the lumbosacral spinal 

cord (Sakamoto et al. 2008). 

C-fos positive neurons were found in the L3-L4 medial gray (lamina X and 

medial lamina VII) dorsal, lateral and ventro-lateral to the central canal after ejaculation 

and. Immunohistochemical staining with galanin demonstrated that 78–80% of the 

galanin immuno-positive ejaculatory reflexes in the region that overlaps with the 

location of the PRV-labeled neurons in the present study (Marson and Gravitt 2004; 

Truitt et al. 2003) neurons were activated with ejaculation and ejaculatory reflexes, 

these galanin neurons were primarily located lateral, and ventrolateral to the central 

canal (Marson and Gravitt 2004; Truitt et al. 2003). GRP positive neurons in the medial 

lumbar spinal cord are more numerous compared to galanin neurons (Sakamoto 2011; 

Truitt et al. 2003). The PRV/GRP labeled neurons found in the present study were 

located dorsal to that previously reported of the galanin positive neurons. It is possible 

that there are 2 or more populations of spinal GRP neurons. One is the smaller soma 

population located dorsomedial to the central canal, and the other is the larger soma 

population located primarily lateral and ventrolateral to the central canal (Sakamoto et 

al. 2008). The smaller galanin negative cells stain for GRP and not galanin, dorsal to the 

central canal (Sakamoto et al. 2008), while the larger cells lateral to the central canal 

and in the medial part of lamina VII stain for both GRP and galanin (Coolen 2005). In 

this study, GRP/PRV positive neurons were primarily found in dorsolateral to the 

central canal. These results suggest that the GRP/PRV cells are, at least partly, galanin 

negative cells. However, verification of the neurotransmitter content of the LSt neurons 

should be examined using molecular biological and gene analysis techniques to verify 

the neurotransmitter content since immunohistochemical staining can vary depending 

on the antibody sensitivity. 

The brain stem regions labeled with PRV after 4 days survival after LA 

muscle injections included the ventrolateral medulla, PP region, the LPGi, and the 

caudal raphe. Pudendal motoneurons are innervated by serotonergic projections that 

arise from these brain regions (Hermann et al. 1998; Holstege and Kuypers 1987; 

Johnson 2006; Johnson et al. 2011; Marson and McKenna 1992; Monaghan and 

Breedlove 1991; Murphy et al. 1996; Sakamoto et al. 2008). Serotonergic neurons in the 

LPGi exert a tonic descending inhibition of ejaculatory-like reflexes, ex copula reflexes 
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and male sexual behavior (Holmes et al. 2002; Johnson 2006; Johnson et al. 2011; 

Marson et al. 1992; Marson and McKenna 1990; Yells et al. 1992). Genital sensitive 

neurons that respond to pain stimuli are present in the caudal raphe, including the raphe 

magnus, and ventrolateral medulla (Hornby and Rose 1976). In addition, electrical 

stimulation of the raphe obscurus reduces anorectal activity (Holmes et al. 1997). 

Therefore, neuroanatomical and physiological evidence suggests that these brain stem 

nuclei play an important role in regulating muscle responses, and possibly nociceptive 

changes that occur with sexual function. 

Pudendal motoneurons are also densely innervated by noradrenergic fibers 

(Kojima et al. 1985; Schroder and Skagerberg 1985). The adrenergic projection most 

likely originates in the A5 cell group and the locus coeruleus (Loewy et al. 1986; 

Nygren and Olson 1977), which were consistently labeled in the present study. The 

noradrenergic input to lumbar spinal motoneuronsmodulates contractility of lower 

urinary tract and anal sphincter and may regulate pain and blood flow (Bajic and 

Proudfit 1999; Fritschy and Grzanna 1990; Janig and McLachlan 1987; Loewy et al. 

1986). Both of these areas were consistently labeled in studies examining the 

descending inputs to the pelvic organs. 

Consistent labeling was seen in Barrington’s nucleus. This area projects 

directly to the parasympathetic preganglionic nucleus of the lumbosacral spinal cord, 

the dorsal gray commissure and the pudendal motoneurons (Cano et al. 2000; Ding et al. 

1997; Sasaki 2005). Barrington’s nucleus is consistently labeled after injection of PRV 

into a variety of pelvic organs (Marson 1997; Marson and Carson 3rd 1999; Marson et 

al. 1993; Orr and Marson 1998; Vizzard et al. 1995b). The role of Barrington’s nucleus 

in sexual function is still unknown. However, a recent study suggests that it may be 

involved in penile erection (Salas et al. 2008). Barrington’s nucleus has also been 

shown to be involved in defecation and straining response (Fukuda and Fukai 1986; 

Fukuda et al. 1981; Moda et al. 1993; Pavcovich et al. 1998). Therefore Barrington’s 

nucleus may be involved in modulating various aspects of pelvic function. 

Other regions labeled in this study that project directly to the SNB and 

sympathetic and parasympathetic preganglionic neurons include the lateral 

hypothalamus and PVN (Hosoya et al. 1991; Wagner and Clemens 1991). Spinally 

projecting PVN neurons have been shown to play a role in androgen dependent steroid 

mechanisms (Wagner et al. 1993) and PVN oxytocin mechanism regulate penile 
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erection (Argiolas and Melis 2013). 

Longer survival times results in additional brain areas labeled with PRV via 

subsequent labeling through passage of the virus from the spinal interneurons and brain 

areas that project directly to the spinal cord. These areas include the central gray, 

ventral tegmental area, MPOA and BNST; these regions also have a role in modulating 

in sexual function (Clement et al. 2012). 

In preadolescent pups most of the PRV-labeled cells were found in the 

ventrolateral medulla (PP, LPGi and reticular formation), raphe obscurus, raphe magnus, 

A5, Barrington’s nucleus and the PVN. The clear synaptic connections of these brain 

regions to the BC muscle spinal circuitry in preadolescent rats suggests that these 

pathways have an important functional role in excretory processes, sexual function and 

nociception that are established early in development. Other brain regions labeled in the 

preadolescent pups included the central gray which relays descending informationon 

pain, defensive behavior and sexual behavior and the lateral hypothalamus which is 

important for food intake. The labeling of the VTA and MPOA pathway suggests the 

importance of parenting behavior, motivation and reward in early life that is important 

for the establishment of normal sexual behavior. 

In summary both the LA and ventral BC muscles are innervated by a common 

set of spinal and brain neurons and thus the LA muscle in the male rat may be more 

aptly termed the dorsal BC muscle as previously suggested (Holmes et al. 1991; Peshori 

et al. 1995; Poortmans and Wyndaele 1998). The motoneurons innervating the dorsal 

and ventral BC are intermingled in the SNB of the ventral horn and are innervated by 

the pudendal nerve and function to augment penile reflexes and ejaculation (Holmes et 

al. 1991; Holmes and Sachs 1994). The present study further demonstrates that spinal 

interneurons in the LSt that contain GRP project to the BC muscle complex, further 

confirming a role for the LA in male sexual behavior. 
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Table 1  
Summary of the distribution of PRV-labeled cells in the brain 

 
The relative distribution is shown. 0 = no cells; + = 1–9 cells; ++ 10–25 cells; +++ 26–49 cells; ++++50–
99; +++++ >101 cells. A5 = A5 noradrenergic cell group; AH = anterior hypothalamus; Bar = 
Barrington’s nucleus; BNST = bed nucleus of the stria terminalis; BC = bulbocavernosus; CG = central 
gray; Gi/RF = gigantocellular reticular formation of the brain stem; LA = levator ani; LC/SubC = locus 
coeruleus/subcoeruleus; LH = lateral hypothalamus; LPGi = lateral paragigantocellularis: LPO = lateral 
preoptic area; MPOA = medial preoptic area; PVN = paraventricular nucleus of the hypothalamus; RM = 
raphe magnus RO = raphe obscures; PP = parapyramidal region; RP = raphe pallidus; VLM = 
ventrolateral medulla; VTA = ventral tegmental area. The table was reproduced from Dobberfuhl et al. 
(2014). 
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Figure 1  
Diagrammatic representation of a ventral view of the various lobes of the perineal muscles of the adult 
male rat. Illustrated by Hannah Darrah. dBC = distal lobe of the bulbocavernosus muscle; IC = 
ischiocavernosus muscle; LA = levator ani muscle; vBC = ventral lobe of the bulbocavernosus muscle. 
The figure was reproduced from Dobberfuhl et al. (2014). 

 

 
Figure 2  
A schematic diagram of a coronal section of the L6 rat spinal cord. Left side shows location of laminae 
I—X [35], and right shows the subdivisions used to count PRV-labeled cells. DH = dorsal horn; L = 
lateral gray; I = intermediate gray; M = medial gray; VH = ventral horn. The figure was reproduced from 
Dobberfuhl et al. (2014). 
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Figure 3  
Coronal sections showing (A) location of SNB motoneurons after PRV injections into the LA muscle in 
adults (4 days survival) or (B) ventral BC in 30-day-old pups (3 days survival). Many PRV spinal 
interneurons can also be seen in the pups. Scale bars = 250 µm. CC = central canal; SNB = spinal nucleus 
of bulbocaverbosus. The figure was reproduced from Dobberfuhl et al. (2014). 

 

 

 
Figure 4  
The total number and regional distribution of PRV-labeled neurons in the spinal cord 4 days after PRV 
injections into the LA muscle of adults. Data represent the mean ± s.e.m. (n = 5). L = lateral gray; I = 
intermediate gray; M = medial gray; VH = ventral horn. The figure was reproduced from Dobberfuhl et al. 
(2014). 
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Figure 5  
Coronal sections of PRVlabeled neurons in the spinal cord after PRV injections to the LA muscle in 
adults (A and B) and ventral BC muscle in pups (C and D). Arrows indicate PRV-labeled neurons in the 
medial gray of L4 (A and D) and in the lateral gray (parasympathetic preganglionic neurons) and medial 
gray (dorsal gray commissure) of L6 (B) and lateral gray (sympathetic preganglionic neurons) and 
intermediate gray of L1 (C). Scale bars = 500 µm. The figure was reproduced from Dobberfuhl et al. 
(2014). 
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Figure 6  
Coronal sections showing presence of PRV-labeled neurons in the autonomic regions of the spinal cord 
that are involved in ejaculation. (A) shows the colocalization of PRV and choline acetyl transferase 
(ChAT) in sympathetic preganglionic nucleus of L1, 4 days after LA muscle injections. (B) shows the 
location of PRV-labeled neurons in the parasympathetic preganglionic nucleus and dorsal gray 
commissure of L6 after ventral BC muscle injections in pups. In (A) Red arrow = example of PRV only 
labeled cell, green arrow = example of cell labeled with ChAT only, yellow arrows = examples of double 
labeled PRV and ChAT neurons. Black arrows in (B) show examples of PRV-labeled cells in the 
parasympathetic preganglionic nucleus and dorsal gray commissure. Scale bars = 50 µm in (A) and 500 
µm in (B). The figure was reproduced from Dobberfuhl et al. (2014). 
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Figure 7  
Double immunofluorescence for gastrin-releasing peptide (GRP) (A) and PRV (B) in the lumbar spinal 
cord (L3–L4 level) after PRV injections into the LA muscles. Immunoreactivity against GRP (A; green) 
and PRV (B; red) were merged in (C). GRP/PRV-double positive 2 neurons are shown by arrowheads. 
(D) Schematic drawing of the lumbar spinal cord (L3–L4 level), indicating the distribution of GRP 
neurons by stars. Asterisks (*) indicate the location of the neuronal nuclei expressing GRP and/or PRV. 
Scale bar = 20 µm. CC = central canal. The figure was reproduced from Dobberfuhl et al. (2014). 
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Figure 8  
Photomicrographs showing PRV-labeled neurons in the brain after PRV injections into the LA muscle. 
(A) 4 days survival time; (B, C, D) 5 days survival time. (A) PRV-labeled cells in the lateral 
paragigantocellularis (LPGi), ventrolateral medulla, parapyramidal region (PP) and raphe obscurus (RO). 
(B) PRV-labeled cells in Barrington’s nucleus (Bar). (C) PRV-labeled cells in the paraventricular nucleus 
of the hypothalamus (PVN) (D) PRV-labeled cells in the medial preoptic area (MPOA) and ventral bed 
nucleus of the stria terminalis (BNST). Scale bars = 500 µm. The figure was reproduced from Dobberfuhl 
et al. (2014).  
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Figure 9  
The total number and regional distribution of PRV-labeled neurons in the spinal cord after injections of 
PRV into the ventral bulbocavernosus muscle (BC) of 30 days old pups. Data represent the mean ± s.e.m. 
(n = 4). L = lateral gray; I = intermediate gray; M = medial gray; VH = ventral horn. The figure was 
reproduced from Dobberfuhl et al. (2014). 
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Chapter 3 

 

 

 

 

The role of androgen receptor in the sexually dimorphic gastrin-releasing peptide 

system in the lumbosacral spinal cord during development 
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Summary 

 

Androgens including testosterone, organize the nervous system as well as masculine 

external and internal genitalia during the perinatal period. Androgen organization 

involves promotion of masculine body features, usually by acting through androgen 

receptors (ARs). It is previously demonstrated that the gastrin-releasing peptide (GRP) 

system in the lumbar spinal cord also mediates spinal centers promoting penile reflexes 

during male sexual behavior in rats. Testosterone may induce sexual differentiation of 

this spinal GRP system during development and maintain its activation in adulthood. In 

this study, the role of ARs in the nervous system regulating the development of the 

sexually dimorphic GRP system was examined. For this purpose, a conditional mouse 

line selectively lacking the AR gene in the nervous system was used. AR floxed males 

carrying (mutants) or not (controls) the nestin-Cre transgene were castrated in adulthood 

and supplemented with physiological amounts of testosterone. Loss of AR expression in 

the nervous system resulted in a significant decrease in the number of GRP neurons 

compared to control littermates. Consequently, the intensity of GRP axonal projections 

onto the lower lumbar and upper sacral spinal cord was greater in control males than in 

mutant males. These results suggest that ARs expressed in the nervous system play a 

significant role in the development of the GRP system in the male lumbar spinal cord. 

The AR-deletion mutation may attenuate sexual behavior and activity of mutant males 

via spinal GRP system-mediated neural mechanisms. 
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Introduction 

 

Early in life, androgens induce external and internal genitalia to develop into a 

masculine form and also masculinize the developing nervous system. This results in a 

permanent organization of neural populations and synaptic connections underlying male 

reproductive behavior (Matsuda et al. 2008; Morris et al. 2004; Phoenix et al. 1959). In 

adulthood, T acts to activate these neural areas including brain regions (e.g., medial 

amygdala, bed nucleus of stria terminalis, and medial preoptic area) and spinal nuclei. 

In the spinal cord, androgen organization and activation of neural populations usually 

occurs by acting through androgen receptors (ARs) (Matsuda et al. 2008; Morris et al. 

2004). However, whether these processes involve the peripheral or central AR remain 

unknown. It is previously demonstrated that the gastrin-releasing peptide (GRP) system 

in the lumbar spinal cord also mediates spinal centers promoting penile reflexes during 

male sexual behavior in rats (Sakamoto 2012; Sakamoto et al. 2008). It is also reported 

androgenic effects on the GRP system in the lumbar spinal cord in two animal models, 

one involving castration and T replacement in adult male rats and the second using 

genetically XY male rats carrying the testicular feminization (Tfm) allele of the AR 

gene (Sakamoto et al. 2009b). Both animal models indicate that androgen signaling 

plays a pivotal role in the development of the spinal GRP system and in the regulation 

of GRP expression in the male lumbar spinal cord. However, in these animal models, it 

is difficult to distinguish between central and peripheral effects of androgens, including 

behavioral modulations. Therefore, a conditional mouse line selectively lacking the AR 

gene in the nervous system (Raskin et al. 2009) was used to elucidate whether central 

AR is important for the sex differentiation of the spinal GRP system, which plays a 

crucial role in male sexual behavior (Sakamoto et al. 2008). Using this mouse model in 

the study of the spinal GRP system is of great interest because this conditional mutation 

in mice interferes with the expression of male sexual behavior (Raskin et al. 2009). 
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Materials and Methods 

 

Animals and genotyping 

Control males with a floxed AR allele (ARfl/Y) and their mutant littermates (ARfl/Y, 

Nes-Cre; ARNesCre) expressing Cre recombinase under the control of the promoter and 

the nervous system enhancer of nestin (Nes) gene were obtained as previously described 

(Raskin et al. 2009). The ARNesCre mouse line was then backcrossed for at least nine 

generations into strain C57BL6J. Control and mutant males obtained in the same litters 

were weaned at 24–26 days of age and group housed under a controlled photoperiod (12 

h light, 12 h dark cycle; lights on at 07:00 h) and temperature (22 ◦C) and given free 

access to food and water. The Cre transgene and floxed or excised AR alleles were 

identified by PCR analysis as previously described (De Gendt et al. 2004; Raskin et al. 

2009). All studies were performed in accordance with the guidelines for care and use of 

laboratory animals [National Institutes of Health (NIH) Guide] and French and 

European legal requirements (Decree 87- 848, 86/609/ECC). The experimental 

procedures have also been authorized by the Committee for Animal Research, Okayama 

University, Japan. 

 

Gonadectomy and T supplementation 

Adult males (8–10 weeks of age) of control (ARfl/Y) and ARNesCre were castrated under 

general anesthesia (xylazine/ketamine). At the time of castration, all males received 1 

cm subcutaneous SILASTIC implants (3.18 mm outer diameter × 1.98 mm inner 

diameter; Dow Corning, Midland, MI, USA), either empty or filled with 10 mg T 

(Sigma–Aldrich, St.-Quentin Fallavier, France) and sealed at each end with SILASTIC 

adhesive. Animals were killed 3–4 weeks later. Circulating levels of T under these 

conditions were previously published elsewhere (Marie-Luce et al. 2013; Raskin et al. 

2009; Raskin et al. 2012). Circulating T was in the highest physiological range and 

similar comparable between controls and mutants treated with T. 

 

Immunohistochemistry and immunofluorescence 

Mice were anesthetized and transcardially perfused with physiological saline followed 

by 4% paraformaldehyde in 0.1 M phosphate buffer (PB) (pH 7.4). Lumbar spinal cords 

were quickly removed and immersed in the same fixative for 4 h at room temperature. 
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After immersion in 25% sucrose in 0.1 M PB at 4 C for cryoprotection until they sank, 

the preparations were quickly frozen using powdered dry ice and cut into 30 _m-thick 

cross or horizontal sections on a cryostat (CM3050 S, Leica, Nussloch, Germany). The 

immunohistochemical analysis was performed according to established methods 

(Sakamoto et al. 2010; Sakamoto et al. 2008; Sakamoto et al. 2009b). In brief, 

endogenous peroxidase activity was eliminated from the sections by incubation in a 1% 

H2O2 absolute methanol solution for 30 min followed by three 5-min rinses with 

phosphate buffered saline (PBS) (pH 7.4). These processes were omitted for the 

immunofluorescence method. After blocking nonspecific binding components with 1% 

normal goat serum and 1% BSA in PBS containing 0.3% Triton X-100 for 1 h at room 

temperature, sections were incubated with primary rabbit antiserum against GRP 

(1:5000) (Phoenix Pharmaceuticals, Burlingame, CA, USA) for 48 h at 4 ◦C. 

Immunoreactive (ir) products were detected with a streptavidin-biotin kit (Nichirei, 

Tokyo, Japan), followed by diaminobenzidine development according to our previous 

method (Sakamoto et al. 2008). The specificity of the antiserum was published 

previously (Sakamoto et al. 2008). GRP-ir cells in the spinal cord were localized using 

an Olympus Optical (Tokyo, Japan) BH-2 microscope. To determine the effect of 

central ARs on the projection site of GRP-ir axons, double-immunofluorescence 

staining of GRP and neuronal nitric oxide synthase (nNOS) (A-11; mouse monoclonal 

antibody, Santa Cruz Biotechnology, Santa Cruz, CA, USA) (1:5000 dilution), a marker 

protein for neurons in the sacral parasympathetic nucleus (SPN), was performed as 

described previously (Sakamoto et al. 2008). Alexa Fluor 546-linked anti-mouse IgG 

(Molecular Probes, Eugene, OR, USA) and Alexa Fluor 488-linked anti-rabbit IgG, 

both raised in goats (Molecular Probes), were used at a 1:1000 dilution for detection. 

Immunostained sections were imaged with a confocal laser scanning microscopy 

(Fluoview 1000, Olympus, Tokyo, Japan). For quantitative analysis, GRP-ir cells with 

clearly visible round nuclear profiles were counted in the anterior part of the lumbar 

spinal cord (L3–L4 level). To determine the optical density (OD) of positive GRPir 

fibers in the SPN, dorsal gray commissure (DGC) and dorsal horn (DH), at least six 

sections per animal were analyzed using ImageJ software (ImageJ 1.36b) with a set 

threshold level. The GRP-ir fiber pixel density was quantified as the average pixel 

density in three regions of each animal (SPN, DGC and DH), and were calculated as the 

ratio to the density seen in the DH in control males. At least five animals were used for 
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these analyses in each group. The numbers and optical density of the GRP-ir neurons in 

the lumbar spinal cord were expressed as the mean ±	standard error of the mean (s.e.m.) 

in each group, and were analyzed by a Student’s t-test. P < 0.05 was considered 

statistically significant. 
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Results 

 

First, using immunohistochemical staining for GRP, the number of GRP-ir neurons 

located in the lumbar spinal cord (L3–L4 level; containing somata and dendrites of the 

GRP neurons) of control and ARNesCre male mice was studied (Fig. 1). The numbers of 

GRP-positive somata in the lumbar spinal cord of mice were 277.3 ±	14.1 and 134.0 ±	

10.4 in the control and ARNesCre males, respectively (Fig. 1). The number of GRP-ir 

neurons was significantly fewer in ARNesCre males than in control males in the upper 

lumbar spinal cord (n = 5, t = 8.24, P < 0.05) (Fig. 1). Because all the mice in this study 

were castrated and received long-term (3–4 weeks) T supplementation, levels of 

circulating T were maintained at a high physiological range, comparable to that between 

controls and mutants as previously reported (Marie-Luce et al. 2013; Raskin et al. 2009; 

Raskin et al. 2012). Then, the projection of GRP-ir fibers to the SPN in the lower spinal 

cord (L5–L6 and S1 level; containing GRP neuronal axon terminals) of male mice was 

examined because SPN provides autonomic preganglionic fibers to the genitalia 

(Morgan et al. 1981). Double immunofluorescence for GRP and nNOS clearly showed 

that GRP-ir fibers projected densely into the SPN (Fig. 2). Consistent with the 

difference in the GRP soma area (L3–L4 level), double immunofluorescence for GRP 

and nNOS further revealed that the intensity of GRP-ir fibers was greater in control than 

in ARNesCre males in the autonomic center SPN whereas changes were observed for 

nNOS-ir intensity (Fig. 2). Quantification analysis of GRP-ir clearly confirmed that the 

intensity of GRP-ir fibers in the lower lumbar and upper sacral spinal cord (L5–L6 and 

S1 level) was greater in control than in ARNesCre males in both the autonomic centers of 

the SPN and DGC but not in the somatic sensory layers of the DH (n = 5 each) (Fig. 3). 
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Discussion 

 

The goal of the present study was to determine whether central AR expression directly 

regulates the development of the GRP system in the lumbar spinal cord because such a 

spinal region is involved in the androgenic modulation of male specific behaviors 

(Sakamoto 2012; Sakamoto et al. 2008). There is substantial evidence of androgenic 

effects on aggressive and sexual behaviors, although direct effects of the AR signaling 

on the GRP system in the lumbar spinal cord have not been fully investigated. 

Therefore, the present study focused on the effects of central AR deletion on the spinal 

GRP system, which controls male copulatory behavior (Sakamoto et al. 2010; 

Sakamoto et al. 2008; Sakamoto et al. 2009b) by using genetically modified mutant 

mice lacking AR in the nervous system (Marie-Luce et al. 2013; Raskin et al. 2009; 

Raskin et al. 2012). The male urogenital tract of ARNesCre mutant develops normally and 

mice are able to produce offspring, although with reduced fertility (Raskin et al. 2009; 

Raskin et al. 2012). Regardless of attenuated sexual motivation and performance, 

ARNesCre males exhibited a sexual behavior against females (Raskin et al. 2009). 

ARNesCre males also exhibit a very low aggressive behavior compared to their control 

littermates (Marie-Luce et al. 2013; Raskin et al. 2009). During mating, the mean length 

of grooming erection is also significantly reduced in mutant males (Raskin et al. 2009; 

Raskin et al. 2012). In the lumbar spinal cord of ARNesCre males, the number of GRP 

neurons was significantly decreased compared to control littermates, despite 

normalization of circulating levels of T between the two genotypes. In addition, GRP-ir 

fibers were much more prominent in control males than in ARNesCre males in both the 

SPN and DGC surrounding the central canal. Both the SPN and DGC provide 

autonomic preganglionic fibers to genitalia (Morgan et al. 1981). Fig. 2 showed many 

overlaps between GRP-ir fibers and SPN neuron somata with the proximal dendrites. 

Using double immunoelectron microscopy, it is previously demonstrated that 

GRP-containing presynaptic boutons innervate nNOS-positive dendrites in the SPN in 

rats (Oti et al. 2012; Sakamoto et al. 2008). Therefore, these overlaps might be possible 

sites of synaptic contacts also in mice. On the other hand, orchiectomy of adult male 

rats significantly reduced the expression of GRP in the lumbar spinal cord after 1 month 

and this reduction was prevented by long-term androgen replacement treatment 

(Sakamoto et al. 2008; Sakamoto et al. 2009b). Conversely, long-term T treatment of 
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castrated adult female rats did not fully masculinize GRP expression (Sakamoto et al. 

2008), suggesting that, at least in rats, androgens exert organizational effects on GRP 

neuronal cell number only during the perinatal critical period (Sakamoto et al. 2009b). 

These GRP-expressing neurons in the lumbar spinal cord of males also express AR but 

do not express estrogen receptor a in rats (Sakamoto et al. 2008) and mice (Tamura et 

al., my personal communication). Collectively, a male-dominant sexual dimorphism in 

the spinal GRP system may be developed through AR-mediated mechanisms by the 

androgen surge during the critical period. This male specific GRP neuronal cell number 

is perhaps maintained with considerably low plasticity in adulthood. However, it is 

suggested that not only the number of GRP neurons but also ir of GRP in the GRP 

neurons might be decreased in ARNesCre males in adulthood. 

The Tfm rodent is a unique model for examining the role of ARs in the 

central nervous system because a point mutation in the AR gene renders the protein 

dysfunctional (Zuloaga et al. 2008b). Because, these dysfunctional ARs in Tfm models 

are expressed in the whole body including the brain, spinal cord, skeletal muscles, 

reproductive organs and so on (Bardin et al. 1971; Beach and Buehler 1977), it is 

difficult to distinguish the tissue-specific AR functions. Additionally, rat and mouse 

Tfm models differ in terms of circulating T levels (Zuloaga et al. 2008b). Tfm male 

mice have significantly less endogenous T compared to their wild-type littermates 

(Jones et al. 2003; Zuloaga et al. 2008a), while Tfm male rats and ARNesCre males have 

circulating T levels in the high male range (Raskin et al. 2009; Raskin et al. 2012; 

Roselli et al. 1987; Sakamoto et al. 2009b). It is previously demonstrated that the spinal 

cord of Tfm male rats is hyperfeminine in terms of the number of GRP-expressing 

neurons in the upper lumbar region (L3–L4 level), although circulating T levels tended 

to be high (Sakamoto et al. 2008; Sakamoto et al. 2009b). In the present study, a similar 

feminization in the spinal GRP system of ARNesCre male mice were observed. Taken 

together, the present results from ARNesCre mice further imply that ARs expressed in the 

peripheral muscles and/or reproductive organs could not directly oppose the 

organizational effects on the sexually dimorphic GRP system in the lumbar spinal cord. 

In rodents, the spinal nucleus of the bulbocavernosus (SNB) is located in the lower 

lumbar and upper sacral spinal cord. It is also a sexually dimorphic nucleus that 

innervates the perineal muscles involved in male copulatory behavior (Breedlove and 

Arnold 1980; Sengelaub and Forger 2008). Male rats have more and larger SNB 
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motoneurons than do females, a dimorphism that results from differences in perinatal 

androgen signaling through an AR-mediated mechanism (Breedlove and Arnold 1980; 

Sengelaub and Forger 2008). The sex-related difference in the number of SNB motor 

neurons develops perinatally in rats and mice. Prior to birth, the number of motor 

neurons in the SNB increases and reaches a maximum in both sexes; at this point, 

functional neuromuscular junctions have been established in the SNB system at this 

time. However, in females, these components (both motor neurons and muscles) die 

near the time of birth unless the animals are exposed to testosterone during the critical 

period (androgen surge) (Nordeen et al. 1985). If an androgen surge occurs, it results in 

higher expression of AR in the perineal muscles and spinal motor neurons. Interestingly, 

the number of SNB motor neurons is unrelated to ARNesCre mutation status and adult 

changes in T levels (Raskin et al. 2012), although it is likely that the ARNesCre mutation 

caused a significant reduction in the number of the spinal GRP neurons in adult males. 

In the SNB, the central AR participates in the developmental regulation of soma size 

and dendritic length but not the survival of SNB motoneurons. The AR 

immunohistochemistry in the lumbosacral spinal cord also demonstrated the expression 

of AR in the cellular nuclei of SNB motoneurons in controls but not in ARNesCre males 

(Raskin et al. 2012). It is suggested that AR could be differently involved in the 

organization of cell populations in the spinal cord. It is reported that the high-voltage 

electron microscopy (HVEM) analysis provides a clear three-dimensional visualization 

of multiple synaptic contacts from the GRP system in the lumbar spinal cord onto the 

dendrites of SNB motor neurons in rats (Sakamoto et al. 2010). Further investigations 

of the AR dependent male specific organizational effects on these GRP and SNB 

systems located both in the lower spinal cord and the physiological approaches for their 

functional correlations are needed to draw firm conclusions. 

 

Conclusions 

It is demonstrated, for the first time in mice, that ARs expressed in the nervous system 

play a significant role in the development of the GRP system in the male lumbar spinal 

cord. Thus, the central but not peripheral ARs are critical for developmental regulation 

and maintenance of the male dominant cell number and dendritic arborizations in the 

spinal GRP system in rodents. Alteration by the ARNesCre mutation may attenuate sexual 

behavior and activity of mutant males via spinal GRP system-mediated neural 
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mechanisms. 
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Figure 1 
Immunohistochemical analysis for gastrin-releasing peptide (GRP) in the upper lumbar spinal cord (L3–
L4 level) of adult male mice. GRP-immunoreactive neurons were found in the upper lumbar spinal cord 
of control males (A) and mutant males, selectively lacking the androgen receptor (AR) gene in the 
nervous system (ARNesCre) (B). The number of GRP-immunoreactive neurons was fewer in ARNesCre males 
than in control males in the upper lumbar spinal cord. Arrows indicate possible GRP-positive cell bodies. 
Dashed lines indicate the level of the mid-line. Scale bar = 50 µm. The figure was reproduced from 
Sakamoto et al. (2014).  
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Figure 2 
Distribution of GRP-immunoreactivity in the lower lumbar and upper sacral spinal cord (L5–L6 and S1 
level) of adult male mice. In the sacral parasympathetic nucleus (SPN) located in the lower lumbar and 
upper sacral spinal cord, GRP-immunoreactive fibers (green) were observed both in control (A) and 
ARNesCre (B) males. ARNesCre males present decreased GRP-immunoreactive fibers compared with control 
littermates in this region. The neuronal nitric oxide synthase (nNOS) serves as a marker for SPN neurons, 
and the immunoreactivity for nNOS in the SPN neurons (magenta) showed no difference between control 
(C) and ARNesCre (D) males. Double immunofluorescence for GRP and nNOS revealed closely 
appositions of GRP-containing fibers of control (E) and ARNesCre (F) males with the cell bodies and 
proximal dendrites of nNOS-positive neurons in the SPN. Scale bar = 50 µm. The figure was reproduced 
from Sakamoto et al. (2014).   
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Figure 3 
Quantification analysis for the intensity of GRP-immunoreactive fibers in the lower lumbar and upper 
sacral spinal cord (L5-L6 and S1 level) in control and ARNesCre males. (A) A schematic drawing of the 
lower lumbar and upper sacral spinal cord, indicating the intra-spinal location of the SPN (A1), dorsal 
gray commissure (DGC) (A2) and the dorsal horn (DH) (A3) in this spinal cord level. The blocked areas 
are enlarged in (B). These higher magnification images show the distribution of GRP-immunoreactive 
fibers in the SPN (B1), DGC (B2) and DH (B3), respectively. The lower panels in (B) show the 
black-and-white images with a set threshold level corresponding to each upper panel. The optical density 
of GRP fibers in the DGC, SPN and DH of control males versus ARNesCre males were analyzed in (C). 
The intensity of GRP-immunoreactive fibers in the lower lumbar and upper sacral spinal cord was greater 
in control than in ARNesCre males both in the autonomic centers of the DGC and SPN but not in the 
somatic sensory layers of the DH. The optical density of the GRP-ir in the lumbar spinal cord was 
expressed as the mean ±	standard error of the mean (s.e.m.) in each group. CC; central canal. **P < 0.01 
compared with control males (n = 5 mice in each group). Scale bars = 100 µm. The figure was 
reproduced from Sakamoto et al. (2014).   
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Chapter 4 

 

 

 

 

Postnatal development of the gastrin-releasing peptide system in the lumbosacral 

spinal cord 
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Summary 

 

A sexually dimorphic spinal gastrin-releasing peptide (GRP) system in the lumbosacral 

spinal cord, which projects to the lower spinal centers, controls erection and ejaculation 

in rats. However, little is known about the postnatal development of this system. In this 

study, therefore the postnatal development of the male-dominant spinal GRP system 

and its sexual differentiation in rats were examined using immunohistochemistry. Our 

results show that male-dominant expression of GRP is prominent from the onset of 

puberty and that sexually dimorphism persists into adulthood. These results suggest that 

androgen surge during male puberty plays an important role in the development and 

maintenance of the male-specific GRP function in the rat spinal cord. 
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Introduction 

 

During perinatal life in mammals, androgens such as testosterone (T) induce external 

and internal genitalia to develop into a masculine form and also masculinize the 

developing brain and spinal cord. The spinal nucleus of the bulbocavernosus (SNB) is a 

male-specific, sexually dimorphic nucleus in the lumbosacral spinal cord (L5–S1 level) 

that innervates perineal striated muscles attached to the base of the penis (Breedlove and 

Arnold 1983a, b; Sengelaub and Forger 2008). The sexual dimorphism is caused by sex 

differences in perinatal androgen exposure (Breedlove and Arnold 1983a, b; Sengelaub 

and Forger 2008). Recent research has demonstrated that pubertal sex hormones also 

organize sex differentiation in brain functions for sexual behavior in adulthood (Sisk 

and Zehr 2005). These results in a permanent masculinization of neural populations and 

synaptic connections underlying male sexual behavior (Matsuda et al. 2008; Morris et al. 

2004; Phoenix et al. 1959). In adulthood, T activates these neural areas including 

several brain areas and spinal nuclei. Thus, T influences the brain and spinal cord via 

organizational (perinatal) and activational (adulthood) effects (Sakamoto et al. 2012). In 

the SNB neuromuscular system, sexual dimorphism in the spinal cord is organized 

through an androgen receptor-mediating mechanism (Morris et al. 2004). Neurons 

located dorsolateral to the central canal in lamina X within the third and fourth lumbar 

spinal cord project to the thalamic region of the brain (Ju et al. 1987; Truitt et al. 2003). 

These so-called lumbar spinothalamic neurons are sexually dimorphic, with males 

possessing greater number than females (Ju et al. 1987; Truitt et al. 2003). 

Truitt and Coolen (2002) demonstrated that a population of the lumbar 

spinothalamic neurons acts as a “spinal ejaculation generator” because specific toxin 

treatments that selectively lesion these galanin-positive neurons completely eliminate 

ejaculation in rats. Independently, Sakamoto et al. (2008) demonstrated that the 

gastrin-releasing peptide (GRP) system in the lumbosacral segments controls spinal 

centers promoting penile erection and ejaculation during copulatory behavior in male 

rats. It has also been demonstrated that GRP neurons in the lumbar spinal region (L3–

L4 level) are more numerous in males than in females, revealing a novel sexual 

dimorphism in the spinal cord (Sakamoto et al. 2008). GRP neurons project axons into 

the more caudal lumbosacral spinal cord (L5–S1 level), forming synaptic contacts on 

the sacral parasympathetic nucleus (SPN) and SNB (Dobberfuhl et al. 2014; Oti et al. 
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2012; Sakamoto et al. 2010). These nuclei are also known to control erection and 

ejaculation in an androgen-dependent manner in adulthood (Kozyrev et al. 2012; 

Sakamoto 2014; Truitt and Coolen 2002). Considering these findings, it appears likely 

that a population of the lumbar spinothalamic neurons, at least partly, expresses both 

galanin and GRP (Sakamoto et al. 2008). Moreover, GRP is a possible candidate for 

neurotransmitters involved in the modulation of lumbosacral spinal activity, generating 

ejaculation at the moment of male orgasm (Sakamoto et al. 2008). 

 Little is known about the postnatal development of this sexually dimorphic 

spinal GRP system in relation to puberty. In this study, using immunohistochemistry, 

the postnatal development of the male-dominant GRP system in the lumbosacral spinal 

cord controlling male reproductive function and its sexual differentiation around 

puberty in rats were examined. 
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Materials and Methods 

 

Animals 

Male and female rats of the Wistar strain (Charles River Japan, Yokohama, Japan) were 

used on postnatal day (PND) 16, 23, 30, 37, 44, or 70 (n = 5, of each sex, respectively). 

All rats were maintained on a 12-h light/dark cycle and provided with unlimited access 

to water and rodent chow. All experimental procedures have been authorized by the 

Committee for Animal Research, Okayama University, Japan. 

 

Tissue preparation 

Rats were overdosed with sodium pentobarbital (100 mg/kg body weight) and perfused 

via the left ventricle with 10–100 ml of physiological saline followed by 20–200 ml of 

4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The amount of fixative and 

its duration were determined in proportion to body size. Subsequently, spinal cords 

were immediately removed and post-fixed in the same fixative for 3 h at room 

temperature. 

 

Immunohistochemistry 

Immunohistochemistry for GRP was performed as previously described (Sakamoto et al. 

2008; Sakamoto et al. 2009b; Takanami et al. 2014). In brief, cryosections (30 µm in 

thickness) were prepared using a cryostat (CM3050 S, Leica, Nussloch, Germany). 

After blocking nonspecific binding, the sections were incubated with the primary rabbit 

antiserum against GRP (1:2,000 dilution) (11081; AssayPro, St. Charles, MO, USA). 

Immunoreactive products were detected with a streptavidin-biotin kit (Nichirei, Tokyo, 

Japan), followed by 3,3’-diaminobenzidine (Dojindo, Kumamoto, Japan) development. 

To determine the intensity of GRP-immunoreactivity in fibers in the lower lumbosacral 

spinal cord (L5–S1 level), at least 10 cross sections (30-µm thick) per animal were 

randomly selected, and the digital images of three regions [the SPN, dorsal gray 

commissure (DGC), and dorsal horn (DH)] were prepared (magnification, ×200 per 

section). The unit area (343 × 469 µm2) was analyzed to localize the nuclei at the center 

of each area. The optical density of GRP staining was analyzed using ImageJ software 

(ImageJ 1.44p; National Institutes of Health, Bethesda, MD, USA) (see Fig. 1) 

according to our established methods (Sakamoto et al. 2008; Sakamoto et al. 2014; 
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Sakamoto et al. 2009b). Briefly, each threshold optical density was determined by 

normalizing the data to those of the (preabsorbed negative) control sections. The 

GRP-positive-fiber pixel density was quantitated as the average pixel density in the 

SPN, DGC, and DH of each animal, and the data were expressed as the ratio of each to 

the density of the DH in males on PND 70. All micrographs were coded and evaluated 

without the knowledge of sexes and PNDs, and the code was not broken until the 

analysis was complete. 

 Immunofluorescence staining for GRP in the upper lumbosacral spinal cord  

(L3–L4 level) was performed as described above using horizontal sections (at least n = 

5 on each sex and PND) to count the number of GRP-positive neurons per animal as 

described previously (Sakamoto et al. 2008; Sakamoto et al. 2014; Sakamoto et al. 

2009b). In brief, digital microphotographs were processed with Adobe PhotoShop 

computer software (Adobe Systems, San Jose, CA, USA) at 300 dots per inch resolution. 

The number of GRP-positive cell bodies was counted at ×200 magnification in all 
sections and was analyzed a 600-µm2 area (see Fig. 1). GRP neurons were identified by 

their following characteristics: densely immunostained, anatomical localization (mainly 

dorsal, dorsolateral, or both to the central canal in lamina X of lumbar segments III–IV), 

relatively large cell bodies (diameters approximately 20–30 µm), and clear round nuclei 

(diameters approximately 10–15 µm). To avoid overestimating cell number, only 

GRP-positive neurons that contained a round, transected nucleus were counted. Because 

the mean diameter of the nuclei in the GRP neurons is much smaller than the 30-µm 

thick sections, this analysis reduced the overestimation of the number of neurons. All 

micrographs were coded and evaluated without the knowledge of sexes and PNDs, and 

the code was not broken until the analysis was complete. Alexa Fluor 488-linked 

anti-rabbit IgG (Molecular Probes, Eugene, OR, USA) was used for detection at a 

1:1,000 dilution. Immunostained sections were imaged with a confocal laser scanning 

microscope (FluoView 1000, Olympus, Tokyo, Japan). 

 

Statistics 

The number of GRP-positive neurons in the lumbar spinal cord was reported as the 

mean ± s.e.m. in each group of animals. The differences between sexes and PNDs were 

assessed statistically using a two-way analysis of variance (ANOVA) (expressed as 

mean ± s.e.m.). Statistical analyses of the number of GRP-positive neurons and the 
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optical density of GRP-positive fibers (expressed as mean ± s.e.m.) were performed 

using a one-way ANOVA. When significant main effects were found using an ANOVA, 

post hoc Tukey’s tests were performed.  
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Results 

 

Figure 1 shows the analytical protocol for the morphological quantification used in this 

study. First, using immunohistochemistry for GRP, developmental changes in the 

number of GRP-positive neurons in the upper lumbar spinal cord (L3–L4 level) were 

examined at different ages, especially before and around puberty (PND 16, 23, 30, 37, 

44, and 70) (Fig. 2). Most GRP-positive somata and arborizations were greater in males 

relative to females in all experimental periods examined (Fig. 2). Interestingly, on PND 

30 and 37, GRP-positive neurons were hardly detected in females, and very few were 

detected in females on PND 44 (Fig. 2).  

Quantification analysis showed that, on PND 16, 30, 37, 44, and 70, the 

number of GRP-positive neurons was significantly greater in males than in females 

[F(1,48) = 793.3, P < 0.001] (Fig. 3). In contrast, on PND 23, no significant difference 

was found in the number of GRP-positive neurons between sexes (Fig. 3). In males, the 

number of GRP-positive neurons was much greater on PND 70 than on PND 16, 

although the number of GRP-positive neurons was fewer on PND 30 than on PND 16 

[F(5,48) = 38.19, P < 0.05] (Fig. 3). In females, the number of GRP-positive neurons 

was greater on PND 23 than on PND 16 (P < 0.01) (Fig. 3).  

In the lumbosacral spinal cord (L5–S1 level) of males, the 

immunohistochemistry for GRP demonstrated that the intensities of GRP-positive fibers 

both in the SPN [F(5,24) = 24.55] and DGC [F(5,24) = 17.42] were significantly higher 

on PND 44 and 70 than on PND 16 (P < 0.05) (Fig. 4A). However, in the somatic 

sensory layers of the DH, a slightly lower intensity of GRP-positive fibers was observed 

on PND 37 relative to PND 16 [F(5,24) = 3.770, P < 0.05] (Fig. 4A). In females, the 

intensities of GRP-positive fibers in the SPN were greater on PND 23, 44, and 70 than 

on PND 16 [F(5,24) = 7.921, P < 0.05] (Fig. 4B). In the DGC, the intensity of 

GRP-positive fibers was greater on PND 23, 44, and 70 than on PND 16 [F(5,24) = 

15.62, P < 0.05] (Fig. 4B). In the DH, no significant difference was detected in the 

intensity of GRP-positive fibers in females at any time point [F(5,24) = 2.484] (Fig. 4B). 

Collectively, our findings showed that expression levels of GRP were lower in females 

than in males at all time-points in the SPN and DCG, but were comparable in the DH 

(Fig. 4). These expression patterns and the intensity of GRP-positive fibers in the SPN, 

DGC, and DH are in keeping with previous studies in adult male and female rats 
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(Sakamoto et al. 2008; Sakamoto et al. 2012). 
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Discussion 

 

While it is previously demonstrated the male-dominant sexual dimorphism of the spinal 

GRP system which plays an important role in the male reproductive function in adult 

rats (Sakamoto et al. 2008), little is known about the developmental changes in the 

spinal center during ontogeny. In this study, this system at several stages from 

pre-puberty to post-puberty (sexual maturation) was investigated to assess the effects of 

the escalated circulation sex steroids during puberty, and compared the development of 

the spinal GRP system between sexes. Only on PND 23, which is considered to be 

pre-puberty, a sex difference was not observed in the number of GRP neurons . These 

results suggest that male-dominant expression of GRP is prominent from the onset of 

puberty, and that this sexual dimorphism persists into adulthood (PND 70). The PND 60 

male rats (post-puberty) displayed significantly higher levels of plasma T than PND 30 

male rats (pre-puberty) (Viau et al. 2005), suggesting that androgens begin to rise 

during puberty. Thus, androgens appear to be a likely contributor to changes in the 

expression of GRP during puberty. 

 The GRP system in the spinal cord shows sexual dimorphism, even in PND 

16, suggesting that the GRP system is organized by sex steroids during the perinatal 

critical period, similar to the SNB neuromuscular system (Breedlove and Arnold 1983a, 

b; Sengelaub and Forger 2008). The number of GRP-positive neurons in females 

increased from PND 16 to 23, and no difference in the number of GRP neurons between 

sexes was observed at PND 23. Levels then rose again by PND 70 after having dropped 

to non-detectable levels in females. It appears as though the number of 

GRP-immunoreactive neurons decreased in males compared with PND 16, whereas it 

increased in females. These results suggest two different possibilities: the change in 

numbers was due to changes in number of cells or in the expression of GRP in the cells. 

Further, the number of GRP neurons in the lumbosacral spinal cord markedly increased 

from PND 30 onward. Because sex-related endocrine changes take place during puberty 

in rats (Viau et al. 2005), PND 30 might be the approximate age of puberty onset in 

male rats. Circulating T levels also significantly increase in post-pubertal (~PND 60) 

compared with those in pre-pubertal (~PND 30) male rats (Viau et al. 2005). It is 

demonstrated, for the first time, that the spinal GRP system shows a remarkable 

male-dominant sexual dimorphism during puberty at the level of the spinal neural 
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circuit, when plasma T levels are dramatically increased. This suggests that the T 

increase during puberty establishes the male-specific spinal GRP system by 

upregulating the expression of GRP in cells in the lumbosacral spinal cord. 

From PND 30 onward in females, few GRP-positive cell bodies were detected 

and that GRP staining was not intense. Vaginal opening occurs around PND 33 in rats 

(Franssen et al. 2014), suggesting that this is the age of puberty onset in females. 

Circulating estrogen levels markedly increase around the time of vaginal opening in 

female rats (Viau et al. 2005). Interestingly, in females, GRP-positive neurons are 

barely detected on PND 30 and 37 when circulating estrogen levels are high. While 

circulating T levels during male puberty significantly increased the GRP expression in 

the lumbosacral spinal cord, in females, the higher circulating estrogen levels during 

puberty might attenuate GRP expression. Thus, estrogens may play an important role in 

the feminization of the male-specific spinal GRP system, possibly by inhibiting the 

expression of GRP in the lumbosacral spinal cord during female puberty. On the other 

hand, there is evidence that circulating estrogen levels are very high in both male and 

female rats (and do not differ) up until about 6 weeks of age (Dohler et al. 1984), so the 

observed decrease in females and increase in males during the same period are unlikely 

to be estrogen-mediated. Notwithstanding such a discrepancy, GRP neurons in the 

spinal cord of female rats can again be detected in adulthood, although the number is 

still lower than that in males. Therefore, it is suggested that the initiation of the estrous 

cycle in females might influence the expression of GRP in the rat spinal cord. Further 

studies examining the effects of estrogens (e.g., estradiol-17β) are needed to draw a firm 

conclusion. 

The expression of GRP in the spinal DH is considered to be involved in the 

transmission of the itch sensation (Sun and Chen 2007; Sun et al. 2009; Takanami and 

Sakamoto 2014; Takanami et al. 2014). In this study, the expression of GRP in the DH 

did not significantly change during ontogeny. Further, the two GRP systems in the 

spinal cord, sexual and somatosensory, differ in their sensitivity to androgens, the 

former being sensitive to androgens and the latter being insensitive. A possible 

explanation may be the presence of androgen receptors in the GRP neurons of the 

sexual system with an absence of such receptors in the somatosensory system. 
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Figure 1  
Quantification analysis of the number of gastrin-releasing peptide (GRP)-positive neurons and the 
intensity of GRP-immunoreactivity in fibers in the spinal cord. (A) A representative image of 
immunofluorescence for GRP (left panel). Using the ImageJ software package, the image was inverted to 
a bright field (inversion) image (right panel). (B) A schematic drawing of the lower lumbar spinal cord, 
indicating the intraspinal location of the sacral parasympathetic nucleus (SPN) (B1), dorsal gray 
commissure (DGC) (B2), and the dorsal horn (DH) (B3) at the lumbar spinal cord level (L6). The black 
squares (B1–3) are enlarged in (C). These higher magnification images show the distribution of 
GRP-immunoreactive fibers in the SPN (C1), DGC (C2), and DH (C3). The lower panels in (C) show the 
black-and-white images with a set threshold level corresponding to each upper panel. Scale bars = 100 
µm (applies to all). *Asterisk marks the central canal. The figure was reproduced from Katayama et al. 
(2016).   
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Figure 2 
Representative photomicrographs of developmental changes and sex differences in gastrin-releasing 
peptide (GRP)-immunoreactivity analysis in the upper lumbosacral spinal cord (L3-L4 level) on postnatal 
day (PND) 16, 23, 30, 37, 44, and 70. Scale bar = 50 µm (applies to all). The figure was reproduced from 
Katayama et al. (2016). 
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Figure 3 
Quantitative analyses of developmental changes in the number of gastrin-releasing peptide (GRP) 
neurons in the upper lumbosacral spinal cord (L3-L4 level) of male and female rats. *Asterisks indicate 
the sex differences in each postnatal day (PND) (P < 0.001). Letters denote differences among means (P 
< 0.05); means with the same letter (capital letters in males; small letters in females) are not significantly 
different. N.D.: not detectable. The figure was reproduced from Katayama et al. (2016). 

 

 

 
Figure 4 
Quantitative analyses of developmental changes in the intensity of gastrin-releasing peptide 
(GRP)-positive fibers in the sacral parasympathetic nucleus (SPN), dorsal gray commissure (DGC), and 
dorsal horn (DH) in the lower lumbar and upper sacral spinal cord (L5–S1 level) of male (A) and female 
(B) rats. *P < 0.05, between postnatal days (PNDs); †P < 0.05, vs. PND 16; ‡P < 0.05, vs. PND 37; §P < 
0.05, vs. PND 44. The figure was reproduced from Katayama et al. (2016). 
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Chapter 5 

 

 

 

 

Perinatal development of the sexually dimorphic gastrin-releasing peptide system 

in the lumbosacral spinal cord that mediates male reproductive function 
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Summary 

 

In rats, a sexually dimorphic spinal gastrin-releasing peptide (GRP) system in the 

lumbosacral spinal cord projects to spinal centers that control erection and ejaculation. 

This system controls the sexual function of adult males in an androgen-dependent 

manner. In this study, the influence of androgen exposure on the spinal GRP system 

was assessed during a critical period of the development of sexual dimorphism. 

Immunohistochemistry was used to determine if the development of the spinal GRP 

system is regulated by the perinatal androgen surge. First, the responses of neonates 

administered the anti-androgen flutamide were studied. To remove endogenous 

androgens, rats were castrated at birth. Further, neonatal females were administered 

androgens during a critical period to evaluate the development of the male-specific 

spinal GRP system. Treatment of neonates with flutamide on postnatal days 0 and 1 

attenuated the spinal GRP system during adulthood. Castrating male rats at birth 

resulted in a decrease in the number of GRP neurons and the intensity of neuronal GRP 

in the spinal cord during adulthood despite testosterone supplementation during puberty. 

This effect was prevented if the rats were treated with testosterone propionate 

immediately after castration. Moreover, treating female rats with androgens on the day 

of birth and the next day masculinized the spinal GRP system during adulthood, which 

resembled the masculinized phenotype of adult males and induced a hypermasculine 

appearance. The perinatal androgen surge plays a key role in masculinization of the 

spinal GRP system that controls male sexual behavior. Further, the present study 

provides potentially new approaches to treat sexual disorders of males. 
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Introduction 

 

Androgens such as testosterone (T) and 5α-DHT play a key role in the sexual 

differentiation of the central nervous system through a mechanism that is mediated by 

signaling through the nuclear androgen receptor (AR) during the perinatal life 

(Breedlove and Arnold 1983a, b; Matsuda et al. 2008; Morris et al. 2004). In males, a 

considerable amount of T secreted transiently from the testes represents the “androgen 

surge” that masculinizes the developing brain as well as the external and internal 

genitalia (Matsuda et al. 2008; Morris et al. 2004; Phoenix et al. 1959). Sex differences 

caused by the androgen surge are restricted to a limited period called the “sensitive” or 

“critical” period (Morris et al. 2004; Phoenix et al. 1959). For example, a critical period 

in rats occurs 18–27 days after fertilization when masculinization of the brain and spinal 

cord typically depends on transiently higher levels of circulating androgens (Matsuda et 

al. 2008; Morris et al. 2004). 

The spinal nucleus of the bulbocavernosus (SNB), which is located in the 

lumbosacral spinal cord (L5–S1 level), is homologous to Onuf’s nucleus in humans 

(Onufrowicz 1899) and innervates perineal striated muscles attached to the base of the 

penis; the bulbocavernosus (BC) muscles in mammals such as rats (Breedlove and 

Arnold 1980; Sengelaub and Forger 2008), mice (Wee and Clemens 1987), and 

monkeys (Ueyama et al. 1985). The SNB-BC neuromuscular system is male-dominant 

in adults, and this sexual dimorphism is caused by sex differences in perinatal androgen 

exposure (Breedlove and Arnold 1980; Sengelaub and Forger 2008). Although 

androgens appear to play an important role in the establishment of SNB motoneuron 

number (Breedlove 1985; Freeman et al. 1996; Nordeen et al. 1985; Sengelaub and 

Arnold 1986), soma size (Goldstein et al. 1990; Verhovshek et al. 2010), and 

neuromuscular synapse elimination (Jordan et al. 1989), estrogens might also be 

critically involved in SNB dendritic development (Burke et al. 1997). Taken together, 

these results suggest that, in the developing SNB-BC neuromuscular system, somal and 

dendritic growth may occur through separate developmental mechanisms, and that 

androgens and estrogens act synergistically to support normal masculine SNB dendritic 

development (Burke et al. 1997; Sengelaub and Forger 2008). 

Gastrin-releasing peptide (GRP), a brain-gut peptide, is expressed and 

distributed widely in the central nervous system as well as in the gastrointestinal tract of 
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mammals (Panula et al. 1988). GRP regulates many physiological processes, including 

food intake (Ladenheim et al. 1996), circadian rhythms (Shinohara et al. 1993), anxiety 

(Merali et al. 2006), and the sensation of itch (Sun and Chen 2007; Takanami et al. 

2014). Further, it is demonstrated that neurons that express GRP (GRP neurons) in the 

lumbosacral spinal cord mediate the function of spinal centers that promotes penile 

reflexes during the sexual behavior of rats (Sakamoto and Kawata 2009; Sakamoto et al. 

2008). Further, the number of GRP neurons in the lumbar spinal region (L3–L4 level) is 

greater in males than that in females (Sakamoto and Kawata 2009; Sakamoto et al. 

2008). These GRP neurons project axons into the more caudal lumbosacral spinal cord 

(L5–S1 level), forming synaptic contacts with neurons in the sacral parasympathetic 

nucleus (SPN) and motor neurons in the SNB (Dobberfuhl et al. 2014; Oti et al. 2012; 

Sakamoto et al. 2010; Sakamoto and Kawata 2009; Sakamoto et al. 2008; Sakamoto et 

al. 2009a). These nuclei control erection and ejaculation in an androgen-dependent 

manner during adulthood (Kozyrev et al. 2012; Sakamoto et al. 2008; Truitt and Coolen 

2002). However, little is known about the effects of the androgen surge during perinatal 

development of this sexually dimorphic spinal GRP system. 

To study the mechanisms underlying the development of the sexually 

dimorphic spinal GRP system in rats, the effects of administering the anti-androgen 

flutamide to neonatal male rats were determined. Further, newborn male rats were 

castrated to prevent the production of endogenous androgens. In addition, androgen 

treatments to neonatal female rats were performed to evaluate their effect on the 

development of the male-specific spinal GRP system during a critical period. 
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Materials and Methods 

 

Animals 

Male and female Wistar rats (Charles River Japan, Yokohama, Japan) were housed 

under a 12-h light/dark cycle and were provided unlimited access to water and rodent 

chow. The Committee for Animal Research, Okayama University, Japan authorized the 

experimental procedures. 

 

Flutamide treatment of male neonates 

To determine if the development of the sexually dimorphic spinal GRP system is 

regulated by the androgen surge, flutamide (Zhang et al. 2008; Zhang et al. 2010) 

(Sigma-Aldrich, St. Louis, MO, USA) or sesame oil (Nacalai, Kyoto, Japan) (control) 

was administered to male neonates under deep, cool anesthesia. Male pups from 

multiple dams were randomly divided into the groups as follows: Male pups were 

injected subcutaneously (s.c.) with 0.25 mg flutamide in 100 µl of sesame oil on the day 

of birth (PND 0) and 24 h later (PND 1) (designated the demasculinization group, n = 5). 

This treatment resulted in a demasculinization of behavior in adult rats (Zhang et al. 

2008; Zhang et al. 2010). Male pups (n = 5) from the same cohort were injected s.c. 

with 100 µl of sesame oil (designated the control group). 

 

Orchiectomy (ORX) and testosterone propionate (TP) treatment of male neonates 

To examine the effects of the androgen surge on GRP expression in the lumbosacral 

spinal cord, neonates under deep, cool anesthesia were castrated and administered TP or 

sesame oil. Male pups from multiple dams were randomly divided into three groups. On 

PND 0, males (n = 3) underwent bilateral ORX to ablate androgen production and were 

then injected s.c. with 1.0 mg of TP (Nacalai) in 100 µl sesame oil and again on PND 1 

for the purpose of androgen replacement (masculinization group) (Hagiwara et al. 2007; 

Holman and Hutchison 1991). Other males (n = 4) underwent bilateral ORX on PND 0 

and were injected s.c. with 100 µl of sesame oil. Control males (n = 6) were 

sham-operated and injected s.c. with 100 µl of sesame oil on PNDs 0 and 1. On PND 30, 

which is approximately the onset of puberty, ORX or ORX + TP males were deeply 

anesthetized with 2% isoflurane and implanted s.c. with 50-mm Silastic capsules (inner 

diameter = 1.59 mm, outer diameter = 3.18 mm; Companie de Saint-Gobain, 
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Courbevoie, France) containing crystalline T (Tokyo Chemical, Tokyo, Japan) to 

maintain T levels similar to those of males at puberty for 50 days (Sakamoto et al. 2008; 

Sakamoto et al. 2009b). Intact control males were implanted s.c. with empty 50-mm 

Silastic capsules. 

 

Ovariectomy (OVX) and TP or 5α-DHT treatments of female neonates 

To assess the effect of androgen administration on the development of the male-specific 

spinal GRP system during a critical period in females, neonatal females under deep, 

cool anesthesia were administered androgens or sesame oil. Female pups from multiple 

dams were randomly assigned to five treatment groups. On PNDs 0 and 1, females (n = 

5) were injected s.c. with 0.1 or 1.0 mg of TP in 100 µl of sesame oil, and other females 

(n ≥ 3) were injected s.c. with 0.1 or 1.0 mg with the non-aromatizable androgen 

5α-DHT (Sigma-Aldrich) in 100 µl of sesame oil on PNDs 0 and 1 (all groups were 

designated masculinization groups). These doses of TP and 5α-DHT approximate the 
physiological levels present in female neonates (Goldstein and Sengelaub 1992; 

Hagiwara et al. 2007; Sengelaub et al. 1989). Females (n = 6) from the same cohort 

were injected with 100 µl of sesame oil on PNDs 0 and 1 and served as controls. On 

PND 30, all females under deep isoflurane anesthesia underwent bilateral OVX to 

remove circulating estrogens, and 50-mm Silastic capsules containing T were 

immediately implanted s.c. into their backs where they remained for 54 days to maintain 

the levels of T similar to those of the males described above. 

 

Tissue preparation 

After receiving the treatments described above, 11–12-week-old male and female rats 

were administered an overdose of sodium pentobarbital (100 mg/kg body weight) and 

perfused through the left ventricle with 100 ml of physiological saline followed by 200 

ml of 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). Their spinal cords 

were immediately removed and fixed in the fixative described above for 3 h at room 

temperature. 

 

Immunohistochemistry (IHC) and immunofluorescence 

The fixed lumbrosacral spinal cords were cryoprotected by immersing them in 25% 

sucrose in 0.1 M PB for 48 h at 4°C, quickly frozen using powdered dry ice, and cut 
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into 30 µm-thick cross or horizontal sections using a cryostat (CM3050 S, Leica, 

Nussloch, Germany). Endogenous peroxidase activity was eliminated by incubating the 

sections in absolute methanol containing 1% H2O2 for 30 min and then rinsed three 

times with phosphate buffered saline (PBS, pH 7.4) for 5 min. This procedure was 

omitted for samples subjected to immunofluorescence analysis. After blocking 

nonspecific binding sites with 1% normal goat serum and 1% bovine serum albumin in 

PBS containing 0.3% Triton X-100 for 1 h at room temperature, the sections were 

incubated with a primary rabbit antiserum against GRP (1:2,000 dilution) (11081; 

AssayPro, St. Charles, MO, USA) (Takanami et al. 2014). The specificity of the 

anti-GRP serum for detected GRP in the spinal cord was demonstrated previously 

(Takanami et al. 2014). Immunoreactive (ir) products were detected using a 

streptavidin-biotin kit (Nichirei, Tokyo, Japan) and diaminobenzidine (Dojindo, 

Kumamoto, Japan) (Sakamoto et al. 2008; Sakamoto et al. 2014; Takanami et al. 2014). 

To determine the sites of projection of GRP-ir axons, the 

immunofluorescence analysis of the expression of GRP and neuronal nitric oxide 

synthase (nNOS) was performed. The latter serves as a marker for neurons in the SPN. 

To detect nNOS, a mouse monoclonal antibody (A-11, 1:5,000 dilution; Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) was used. Both primary antibodies were 

combined to probe the sections. Alexa Fluor 546-conjugated anti-mouse IgG (Molecular 

Probes, Eugene, OR, USA) and Alexa Fluor 488-conjugated anti-rabbit IgG (Molecular 

Probes) were used for detection (each diluted 1:1,000). Immunostained sections were 

imaged using a confocal laser scanning microscope (FluoView 1000, Olympus, Tokyo, 

Japan). 

 

Morphological analysis 

First, GRP neurons in the lumbosacral spinal cord were counted. Immunofluorescence 

analysis of GRP expression (GRP-ir) in neurons of the anterior lumbar spinal cord (L3–

L4 level) was performed as described above using horizontal sections (approximately 

eighteen–twenty-two 30-µm-thick sections per animal) (Sakamoto et al. 2008; 

Sakamoto et al. 2009a; Sakamoto et al. 2009b). Briefly, the number of GRP-ir cell 

bodies was counted at ×200 magnification in all sections and was analyzed a 600-µm2 
area localized to the midline at the center. Five–15 micrographs per section were 

acquired, the number of which depended on the distribution of the GRP-ir neurons. 



 

 75 

These digital micrographs were selected and processed using Adobe PhotoShop (Adobe 

Systems, San Jose, CA, USA) and printed at 300 dots per inch on photographic paper. 

GRP neurons were identified by their following characteristics: densely immunostained, 

anatomical localization (mainly dorsal, dorsolateral, or both to the central canal in 

lamina X of lumbar segments III–IV), relatively large cell bodies (diameters 

approximately 20–30 µm), and clear round nuclei (diameters approximately 10–15 µm). 

To avoid overestimating cell number, only GRP-ir neurons that contained a round, 

transected nucleus were counted. Because the mean diameter of the nuclei in the GRP 

neurons is much smaller than the 30-µm thick sections, this analysis reduced the 

overestimation of the number of neurons. All micrographs were coded and evaluated 

without the knowledge of the experimental group designation, and the code was not 

broken until the analysis was complete. 

Next, a semi-quantitative analysis of GRP expression was performed. To 

determine the density of GRP-ir fibers in the lumbosacral spinal cord (L5–S1 level), at 

least 10 cross sections (30-µm thick) per animal were randomly selected, and the digital 

images of three regions [the SPN, dorsal gray commissure (DGC), and dorsal horn 

(DH)] were prepared (magnification, ×200 per section). The unit area (343 × 469 µm2) 
was analyzed to localize the nuclei at the center of each area. The optical density of 

GRP staining was determined using black-and-white images that were converted from 

micrographs using ImageJ software (ImageJ 1.44p; National Institutes of Health, 

Bethesda, MD) (see Figure 1) according to our established methods (Sakamoto et al. 

2008; Sakamoto et al. 2009a; Sakamoto et al. 2014). Briefly, the optical density of 

background labeling was estimated by comparisons with similar areas of the control 

sections reacted with the anti-GRP antiserum that was incubated first with an excess of 

peptide antigen (50 µg/mL). GRP expression was undetectable in these sections. Each 

threshold optical density was determined by normalizing the data to those of the 

preabsorbed sections. The GRP-ir-fiber pixel density was semi-quantitated as the 

average pixel density in the SPN, DGC, and DH of each animal, and the data were 

expressed as the ratio of each to the density of the DH, which was used as the standard 

in each analysis. It was demonstrated that this procedure eliminates the variability in 

background staining among sections, animals, or both (Sakamoto et al. 2008; Sakamoto 

et al. 2009a; Sakamoto et al. 2014). Moreover, this analysis substantially reflects 

mirrored changes in the levels of GRP mRNA and protein after androgen treatment of 
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adult rats as the previous study (Sakamoto et al. 2009b). Micrographs were coded and 

evaluated without the knowledge of the experimental group designation, and the code 

was not broken until the analysis was complete. 

 

Enzyme immunoassay 

Before perfusing the rats with formaldehyde, circulating blood was collected from the 

cardiac left ventricle, and the plasma was stored at −80°C. To measure the T 

concentration, each plasma sample was assayed using a T enzyme immunoassay kit 

(Cayman Chemical, Ann Arbor, MI, USA) (Sakamoto et al. 2009b). 

 

Statistics 

The number of GRP-ir neurons in the lumbar spinal cord of each group of animals was 

presented as the mean ± standard error of the mean (s.e.m.). The sex differences 

between males treated with flutamide and controls were assessed using the Student’s 

t-test (mean ± s.e.m.). Statistical analyses of the number of GRP-ir neurons, the optical 

density of GRP-ir fibers, and plasma T concentrations (mean ± s.e.m.) were performed 

using one-way analysis of variance (ANOVA). When significant main effects were 

found using ANOVA, the post-hoc Tukey test or the Steel-Dwass test was performed. 
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Results 

 

Administration of flutamide demasculinizes the spinal GRP system of neonatal male 

rats 

To determine if the development of the sexually dimorphic spinal GRP system was 

regulated by the androgen surge, the specific AR antagonist flutamide was administered 

to neonatal male rats. Immunohistochemical analysis of GRP expression in the upper 

lumbar spinal cord (L3–L4 level) revealed slightly fewer GRP-ir neurons in neonatal 

flutamide-treated males than in controls (Figure 2, left panels). Further, flutamide 

treatment decreased the intensity of GRP-ir dendrites in adult males (Figure 2, left 

panels). Immunofluorescence analysis of GRP and nNOS expression revealed that the 

intensity of GRP-ir fibers was greater in control males than that in flutamide-treated 

males in the SPN, although the intensity of nNOS-ir staining was unchanged in the 

lumbosacral spinal cord (L5–S1 level) (Figure 2, right panels). The number of 

GRP-positive neurons in the upper lumbar spinal cord (L3–L4 level) was significantly 

fewer in flutamide-treated males than that in controls males [t(8) = 2.480, *P < 0.05] 

(Figure 3A). The intensity of GRP-ir fibers in the lumbosacral spinal cord (L5–S1 level) 

was lower in flutamide-treated males than that in control males in the SPN [t(8) = 2.832, 

*P < 0.05] and DGC [t(8) = 5.718, *P < 0.05], but not in the DH [t(8) = 1.173] (Figure 

3B). In adults, the plasma concentrations of T were 4.34 ± 0.56 and 6.18 ± 1.25 ng/ml in 

oil-treated controls (n = 5) and the neonatal flutamide-treated group (n = 5), respectively. 

The adult level of plasma T after neonatal flutamide administration was not 

significantly different, which is consistent with the findings of a previous study 

(Mikkila et al. 2006). 

 

Effects of the androgen surge on neonatal development of the spinal GRP system in 

males 

The testes of neonates were removed to assess the effects of the androgen surge on GRP 

expression in the lumbosacral spinal cord. ORX males were treated with T starting at 

PND 30. Immunohistochemical analysis of GRP expression in the upper lumbar spinal 

cord (L3–L4 level) of adults revealed fewer GRP-positive neurons and lower intensity 

of GRP-ir somata in ORX males than in control males, which were not significantly 

different in neonates (ORX + TP males) administered TP independent of T 
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supplementation during adulthood (Figure 4, left panels). Immunofluorescence analysis 

of GRP and nNOS expression in the SPN showed that the intensity of the GRP-ir fibers 

was lower in neonatal ORX males than in control and ORX + TP males (Figure 4, right 

panels) independent of T supplementation during adulthood. The number of 

GRP-positive neurons in the upper lumbar spinal cord (L3–L4 level) was significantly 

decreased in ORX males compared with sham-operated controls [F(2, 10) = 12.37, *P < 

0.01] (Figure 5A). The intensity of GRP-ir fibers in the lumbosacral spinal cord (L5–S1 

level) was greater in sham-operated controls than that in ORX males in the SPN [F(2, 

10) = 24.91, *P < 0.01] and DGC [F(2, 10) = 18.67, *P < 0.01] but not in the DH [F(2, 

10) = 0.109] (Figure 5B). Because the number of GRP-positive neurons in ORX + 

TP-treated males was not significantly different compared with sham-operated male 

controls, neonatal T replacement restored the number of GRP-positive neurons in adults 

(Figure 5A). Moreover, castrates displayed a significantly lower GRP expression than 

sham-operated groups and the ORX + TP-treated group in the SPN (†P < 0.01) and 

DGC (†P < 0.01), but the expression was constant in the DH (Figure 5B). Because all 

castrates were implanted with T-capsules on PND 30, plasma concentrations of T in 

sham-operated controls, ORX, and ORX + TP-treated males ranged from 2.16 ± 0.29 

ng/ml (ORX and ORX + TP) to 3.45 ± 0.61 ng/ml (sham-operated control), suggesting 

that all the values were in the physiological ranges of those of the adult males. 

 

Neonatal administration of androgens masculinizes the spinal GRP system of females 

Androgens were administered to females to assess the development of the male-specific 

spinal GRP system during a critical period (Figure 6). Immunohistochemical analysis of 

GRP expression in the upper lumbar spinal cord (L3–L4 level) in neonatal females 

administered 5α-DHT (1.0 mg) significantly increased the intensity of the GRP signal 
as well as the number of GRP-ir neurons compared with controls (Figure 6, left panels). 

Immunofluorescence analysis of GRP and nNOS expression in the lumbosacral spinal 

cord (L5–S1 level) showed that the intensity of GRP-ir fibers in the SPN was greater in 

5α-DHT-treated females than that in controls (Figure 6, right panels). Moreover, there 
was no significant difference between the number of GRP neurons or the intensity of 

GRP-ir in the lumbosacral spinal cord of 5α-DHT-treated females compared with adult 
males (Figures 6). To our knowledge, the present study is the first to show such an 

expression of male-specific GRP in the lumbosacral spinal cord of females. Moreover, 
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the number of GRP-positive neurons in the upper lumbar spinal cord (L3–L4 level) was 

significantly greater in 5α-DHT-treated (0.1 and 1.0 mg) females than that in controls 
[F(4, 19) = 15.35, *P < 0.05] (Figure 7A). Further, neonatal females administered TP 

(0.1 and 1.0 mg) significantly increased the intensity of GRP-ir fibers in the SPN 

compared with controls [F(4, 19) = 15.68, *P < 0.05] and DGC [F(4, 19) = 66.60, *P < 

0.05] (Figure 7B), although there was no significant difference in the number of 

GRP-positive neurons (Figure 7A). Further, the administration of 5α-DHT (0.1 and 1.0 
mg) to neonatal females significantly increased the intensities of GRP-ir fibers relative 

to controls (*P < 0.05) in the SPN and DGC (Figure 7B), and the expression levels were 

similar to those of adult males (Figure 3B), mirroring the number of GRP cells (Figure 

7A and B). Significant increases in the levels of GRP-ir in the DGC were detected in the 

5α-DHT-treated group (0.1 and 1.0 mg) and in the group treated with 1.0 mg of TP 

compared with the group treated with 0.1 mg of TP (†P < 0.05) (Figure 7B). In the DH, 

small but significant differences in the intensity of GRP-ir fibers were observed among 

groups (*P < 0.05, vs. Control) (Figure 7B). All the females in this study were OVX 

and treated with T from PND 30. In adults, plasma T concentrations were slightly but 

statistically lower in 0.1 mg 5α-DHT-treated females than in oil-treated control only 
[F(4, 19) = 4.029, P < 0.05]. Nevertheless, plasma concentrations of T in oil-treated 

controls, TP-, and 5α-DHT-treated females ranged from 1.95 ± 0.15 (0.1 mg 5α-DHT) 
to 3.66 ± 0.44 ng/ml (oil-treated control), suggesting that all the values were in the 

physiological ranges of those of the adult males. 
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Discussion 

 

In the present study, the mechanisms of sex-specific hormonal regulation, particularly 

androgen signaling, that mediate the development of the sexually dimorphic spinal GRP 

system were examined in rats. It is demonstrated that androgen treatment of neonates 

altered the spinal GRP system in adulthood. Interestingly, neonatal androgen treatment 

induced complete masculinization of the spinal GRP system in XX females. This is the 

first demonstration that the spinal cords of XX females were completely masculinized 

with respect to the spinal GRP system and that this male-specific sexual dimorphism 

persisted into adulthood. 

 

Androgens masculinize the spinal GRP system in XX females 

In this study, 5α-DHT treatment of female neonates increased the number and fiber 
density of GRP neurons in the lumbosacral spinal cord. This upregulation of the spinal 

GRP system in females approximated that of the adult males and led to a 

hypermasculine appearance. The intensities of GRP-fibers at the SPN and DGC were 

increased by treating neonates with TP, and the effect was dependent on the 

concentration of TP, although there were no significant changes in the number of GRP 

neurons in TP-treated groups. Thus, treating females with TP had no significant effect 

on the number of GRP-positive neurons, although TP increased the optical density of 

GRP-positive fibers. These findings indicate the possibility that administration of TP to 

neonates did not affect the number of GRP neurons but increased the level of ARs in the 

GRP neurons or altered androgen sensitivity. The higher levels of exogenous androgens, 

which are present in pubescent males, might increase the density of GRP-positive fibers 

during adulthood. 

Together, these results indicate that 5α-DHT treatment of neonates induced 
masculinization of the spinal GRP system in contrast to the partial affect of TP. Because 

5α-DHT binds with a higher affinity to the AR than the T, these differences in androgen 
actions suggest that the doses of TP used here were lower than the threshold level 

required to induce an effect in the developing spinal cord. Comparing these results with 

the SNB neuromuscular system in rats, the combination of prenatal and postnatal TP 

treatments can induce a complete masculinization of the SNB system in females 

(Sengelaub and Arnold 1986; Sengelaub et al. 1989). Goldstein and Sengelaub (1992) 
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found that the treatment of female perinatal rats with 5α-DHT propionate treatment 
increases the motoneuron number, somal size, and dendritic arborization in the SNB to 

the levels of an adult male. Our present results are consistent with these studies, 

suggesting that the androgen surge during perinatal life plays a significant role in 

masculinization of the spinal GRP system as well as that of the SNB-BC neuromuscular 

system. The synergistic effects of androgens on these spinal systems may play an 

important role in normal sexual differentiation in the rat spinal cord. 

 

Effects of androgens on sexual differentiation of the spinal GRP system during a critical 

period 

Neonatal blockade of the androgen surge using the anti-androgen flutamide decreases 

the number and density of GRP neurons in the adult male spinal cord, although the 

endogenous T level is maintained or increased in adulthood (McCormick and Mahoney 

1999; Mikkila et al. 2006). Moreover, in this study, neonatal ORX decreased the 

number and density of GRP neurons in adulthood despite T supplementation 

administered around puberty (PND 30). Further, neonatal administration of TP to ORX 

pups, which might mimic the androgen surge, prevented the loss of the number or 

density of GRP neurons in the spinal cord during adulthood. Therefore, it is suggested 

that the mechanisms involved in the neonatal effects of androgens on the spinal GRP 

system are related to the anti-apoptotic or neurotrophic effects of androgens in males 

during a critical period or are associated with the effects of epigenetic modifications. 

It is previously demonstrated an entirely feminine pattern or a hyperfeminine 

appearance of the spinal GRP system in genetic males using two AR-deficient models 

as follows: (i) genetically male (XY) rats carrying a testicular feminization mutation of 

AR genes express a defective AR protein (Sakamoto et al. 2008; Sakamoto et al. 2009b) 

and (ii) a mouse line specifically lacking AR genes in the nervous system (Sakamoto et 

al. 2014). Nonetheless, analysis of these mutants did not address the involvement of AR 

in the development of the sexually dimorphic spinal GRP system during neonatal life 

because these two models lack AR function. 

In contrast, a large body of literature shows that the androgen surge during a 

critical period also plays a pivotal role in the sexual differentiation of the rat brain 

(Matsuda et al. 2008; Morris et al. 2004). However, the masculinization of the brain 

appears to depend on estrogens converted from T by the enzymatic activities of the 
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cytochrome P450 aromatase expressed in the brain (Matsuda et al. 2008; McCarthy 

2008; Morris et al. 2004). The sexually dimorphic nucleus of the preoptic area 

(SDN-POA) is one of the most important in the brain that is involved in the regulation 

of male sexual behavior in rats (Matsuda et al. 2008; Morris et al. 2004; Sakamoto 

2012). Many studies have shown that the volume of the SDN-POA is several times 

larger in adult male rats than that in adult female rats (Dohler et al. 1984; McCarthy 

2008; Sakamoto 2012). Treating female rats with testosterone as well as a synthetic 

estrogen, diethylstilbestrol immediately before and after birth enlarges the size of the 

SDN-POA of adults to that of normal males (Dohler et al. 1984), whereas the 

SDN-POA is smaller and feminized in adult male rats castrated at birth (Matsuda et al. 

2008; Morris et al. 2004). Thus, it is suggested that estrogens are exclusively 

responsible for the establishment of this sexual dimorphism in the brain (Matsuda et al. 

2008; McCarthy 2008; Morris et al. 2004). Similarly to the brain, it is likely that 

estrogens might play a role in a normal masculinization of the spinal GRP system. On 

the other hand, in this study, disrupting androgen signaling on PNDs 0 and 1 

significantly attenuated the spinal GRP system, suggesting that these two days (PNDs 0 

and 1) might be sufficient for masculinization of the spinal GRP system in rats. These 

findings also suggested that the incomplete demasculinization of the spinal GRP system 

in male rats may be attributed to the unpreventable effects of neonatal surgery or 

treatment on the androgen surge during embryonic life, the level of secreted T before 

castration on the day of birth, or both. 

 

Somatosensory GRP system in the spinal cord 

Evidence indicates that the expression of GRP in the spinal DH is involved in the 

transmission of the itch sensation (Sun and Chen 2007; Takanami et al. 2014). 

Significant effects on the expression of GRP were not observed following neonatal 

administration of androgens or their antagonists on the expression of GRP in the adult 

spinal DH. Long-term ORX (28 days) or ORX combined with TP treatment of adult rats 

did not change the density of GRP-fibers in the DH of either sex (Sakamoto et al. 2008; 

Sakamoto et al. 2009b). These results are consistent with present data, suggesting that 

androgens do not affect the expression of GRP in the spinal somatosensory system. 

These and the present findings show that the differences between the sexual and 

somatosensory systems in the spinal cord are not mediated by different modes of 
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androgen signaling and that only one system is androgen sensitive. 

 

Conclusions 

It is demonstrated here that the androgen surge during a critical period in rats plays a 

key role in the development of the sexually dimorphic GRP system in the lumbosacral 

spinal cord. Further understanding of the mechanisms of sexual differentiation in the 

spinal cord may provide new avenues for treating male sexual disorders. 
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Figure 1 
Semi-quantitative analysis of the expression of gastrin-releasing peptide (GRP) in the lumbosacral spinal 
cord (L5–S1 level). (A) Depiction of the lower lumbar and upper sacral spinal cord (L5–S1 level), 
indicating the intraspinal location of the sacral parasympathetic nucleus (SPN, A1), dorsal gray 
commissure (DGC, A2), and dorsal horn (DH, A3). The areas enclosed in boxes are enlarged in (B). 
These magnified images show the distribution of GRP-immunoreactive fibers in the SPN (B1), DGC (B2), 
and DH (B3). The lower panels in (B) show the black-and-white images with a set threshold level 
corresponding to each upper panel. Scale bars = 100 µm. The figure was reproduced from Oti et al. 
(2016). 
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Figure 2 
Flutamide administered to neonatal male rats demasculinizes the spinal GRP system. Flutamide decreased 
the number and intensity of GRP-immunoreactive neurons (left panels). Immunohistochemical analysis 
of the expression of GRP (green) and neuronal nitric oxide synthase (magenta) shows a decrease in the 
intensity of GRP-immunoreactive fibers in the SPN. Arrowheads indicate possible GRP-positive cell 
bodies. Scale bars = 100 µm, left panel; 50 µm, right panel. The figure was reproduced from Oti et al. 
(2016). 
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Figure 3 
Semi-quantitative analyses of the effects on the spinal GRP system of the administration of flutamide to 
neonates. The number of GRP neurons (A) and the intensity of GRP-immunoreactive fibers (B) in the 
lumbosacral spinal cord. *P < 0.05 vs. Control. The figure was reproduced from Oti et al. (2016). 
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Figure 4 
Neonatal castration demasculinizes the spinal GRP system. Effects of the androgen surge on neonatal 
development of the spinal GRP system in males (left panels). Immunohistochemical analysis of GRP 
(green) and nNOS (magenta) expression showed that the intensity of GRP-immunoreactive fibers in the 
SPN was decreased by neonatal orchiectomy (ORX) but was prevented by administering testosterone 
propionate (TP) (ORX + TP) to neonates. Arrowheads indicate possible GRP-positive cell bodies. Scale 
bars = 100 µm, left panel; 50 µm, right panel. The figure was reproduced from Oti et al. (2016). 
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Figure 5 
Semi-quantitative analysis of the effects of the androgen surge on the developing spinal GRP system of 
males. Castrating rats at birth (ORX) decreased the number and intensity of GRP-immunoreactive 
neurons in the spinal cord during adulthood. These effects were prevented if the castrates were treated 
with testosterone propionate (ORX + TP) immediately after castration. Number of GRP neurons (A) and 
intensity of GRP-immunoreactive fibers (B) in the lumbosacral spinal cord. *P < 0.01 vs. Control; †P < 
0.01 vs. ORX. The figure was reproduced from Oti et al. (2016). 
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Figure 6 
Masculinization of the spinal GRP system in female neonates exposed to androgens. Representative 
photomicrographs of female neonates treated with 5α -dihydrotestosterone (5α-DHT). Neonatal 
administration of 5α-DHT increased the number and intensity of GRP-immunoreactive neurons (left 
panels). Immunohistochemical analysis of GRP (green) and nNOS (magenta) showing significantly 
increased intensity of GRP-immunoreactive fibers in the SPN induced by neonatal administration of 
5α-DHT. Arrowheads indicate possible GRP-positive cell bodies. Scale bars = 100 µm, left panel; 50 µm, 
right panel. The figure was reproduced from Oti et al. (2016). 
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Figure 7 
Semi-quantitative analyses of the effects of the androgen surge on the developing spinal GRP system in 
females. TP and 5α-DHT (0.1 mg or 1.0 mg each) were injected into female neonates on PNDs 0 and 1. 
The number of GRP neurons (A) and the intensity of GRP-immunoreactive fibers (B) in the lumbosacral 
spinal cord. *P < 0.05 vs. Control; †P < 0.05 vs. 0.1 mg TP; §P < 0.05 vs. 1.0 mg TP. The figure was 
reproduced from Oti et al. (2016). 
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General Discussion 

 

Neural circuits underlying male sexual function are composed of several nuclei located 

in the brain and spinal cord (Sakamoto 2012, 2014). Previously, it has been 

demonstrated that the sexually dimorphic spinal GRP system mediated the male sexual 

function such as erection and ejaculation (Sakamoto 2011, 2014; Sakamoto et al. 2010; 

Sakamoto and Kawata 2009; Sakamoto et al. 2008; Sakamoto et al. 2009a; Sakamoto et 

al. 2014). GRP neurons project axons into the lower lumbar and upper sacral spinal cord 

(L5–S1 level), including the SPN and SNB, controlling penile erection and ejaculation 

(Sakamoto 2011, 2012; Sakamoto et al. 2010; Sakamoto and Kawata 2009; Sakamoto et 

al. 2008). However, little information is available for the local neural circuitry in the 

lumbosacral spinal cord regulating the male reproductive function. In Chapter 1, to 

reveal the synaptic contacts from GRP neurons onto SPN neurons, a dual electron 

microscopic technique and HVEM tomography assisted by light microscopy to a study 

of the 3-D chemical neuroanatomy of the rat lower spinal cord were used. This study 

demonstrated that the terminals of GRP neurons formed 3-D axonal projections with the 

dendrites of SPN neurons, suggesting that these structures may be possible sites of 

synaptic contacts. This is the first demonstration that 3-D axonal projections were 

revealed using HVEM tomography applied a dual immunoelectron microscopic 

technique. In Chapter 2, to reveal the local neural circuit from GRP neurons to SNB 

motoneurons innervating perineal striated muscles attached to the base of the penis; the 

bulbocavernosus muscle and levator ani muscle, PRV, a viral trans-synaptic retrograde 

tracing techniques, was used. In this result, approximately half of PRV-positive neurons 

in the medial gray at the L3-L4 level expressed GRP after PRV injection into the levator 

ani muscle, suggesting that the existence of neural circuits from the levator ani muscle 

to GRP neurons. It has been reported that GRPRs are expressed both in the SPN and 

SNB (Sakamoto et al. 2008; Takanami and Sakamoto 2014). Therefore, the spinal 

GRP/GRPR system could generate an ejaculatory response by activating autonomic and 

somatic centers e.g., SPN and SNB, in the lumbosacral spinal cord (Takanami and 

Sakamoto 2014). These findings support the hypothesis that the GRP/GRPR system 

may regulate male sexual behavior via afferents to both SPN and SNB neurons and 

organize autonomic and somatic functions, in response to penile reflexes during male 

sexual behavior (Sakamoto and Oti 2015; Takanami and Sakamoto 2014). Taken 
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together, these results suggests that the GRP/GRPR system may regulate male sexual 

behavior via synaptic inputs from GRP neurons onto both SPN and SNB neurons and 

organize autonomic and somatic functions, in response to penile reflexes during male 

sexual behavior (Sakamoto 2014; Sakamoto and Oti 2015). 

 The GRP somata express AR and the number of GRP neurons is greater in 

males than that in females (Sakamoto 2014; Sakamoto et al. 2008). Sakamoto et al. 

(2008; 2009b) demonstrated a hyperfeminine appearance of the spinal GRP system in 

genetic males using genetically male (XY) rats carrying a testicular feminization 

mutation of AR genes express a defective AR protein. It is suggested that ARs play a 

key role in the masculinization of the spinal GRP system. However, these dysfunctional 

ARs in Tfm models are expressed in the whole body including the brain, spinal cord, 

skeletal muscles, reproductive organs and so on (Bardin et al. 1971; Beach and Buehler 

1977). So, it is difficult to distinguish the tissue-specific AR functions. In Chapter 3, 

therefore, using a mouse line specifically lacking AR genes in the nervous system 

(ARNesCre mice), the mechanism underlying sexual differenciation of the spinal GRP 

system was examined. The number of GRP neurons was significantly fewer in ARNesCre 

males than in control males in the upper lumbar spinal cord. These results show that AR 

expression in the nervous system plays an important role in the masclinization of the 

spinal GRP system. However, these mutants never addressed the involvement of AR in 

establishment of the sexually dimorphic spinal GRP system during the developmental 

period, because these two models lack AR function all through life. Hence, in Chapter 4, 

the spinal GRP system at several stages from pre-puberty to post-puberty (sexual 

maturation) were investigated to assess the effects of the escalated circulation androgens 

during puberty, and compared the development of the spinal GRP system between sexes. 

Only on PND 23, which is considered to be pre-puberty, a sex difference was not 

observed in the number of GRP neurons. Male-dominant expression of GRP had 

already been established before PND 16. Further, male-dominant expression of GRP 

was prominent from the onset of puberty (PND 30), and that this sexual dimorphism 

persisted into adulthood (PND 70). These results suggest that the androgen surge from 

the testes after puberty contribute to the establishment of the male-specific GRP 

expression in adulthood. Interestingly, in females, GRP-positive neurons were barely 

detected on PND 30 and 37. In addition, a transgenic rat expressing a yellow fluorescent 

protein (Venus) under control of the GRP promoter was recently generated. Preliminary 
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results show that more Venus-positive neurons were observed in the upper lumber 

spinal cord of OVX mutants compared with sham operated females. In females, plasma 

estrogen and progesterone levels are higher in postpuberty (~PND60) than in prepuberty 

(~PND 30) (Viau et al. 2005). These results indicate that in females, the higher 

circulating estrogen and progesterone levels after puberty attenuate the GRP expression. 

Taken together, these results suggest that the androgen surge after puberty contributed 

to the establishment of the male-specific GRP expression in adulthood and estrogen and 

progesterone surge after puberty might play a role in the feminization of the spinal GRP 

system. 

 In males, a considerable amount of T secreted transiently from the testes 

represents the perinatal “androgen surge” that masculinizes the developing brain as well 

as the external and internal genitalia (Matsuda et al. 2008; Morris et al. 2004). Sex 

differences caused by the androgen surge are restricted to a limited period called the 

“critical period” (Morris et al. 2004; Phoenix et al. 1959). In Chapter 4, the 

male-dominat sexually dimorphism of the spinal GRP system perhaps appears on PND 

16. These results indicate that the androgen surge during a critical period might 

masculinize the spinal GRP system. In Chapter 5, to identify the mechanisms of 

sex-specific hormonal regulation during a neonatal life, the androgen surge was 

manipulated by anti-androgen treatment or ORX to rat neonates. Neonatal blockade of 

the androgen surge using the anti-androgen flutamide decreased the number and density 

of GRP neurons in the adult male spinal cord. Moreover, the neonatal ORX also 

decreased the number and density of GRP neurons in adulthood despite T 

supplementation administered around puberty (PND 30). Further, neonatal 

administration of TP to ORX pups, which might mimic the androgen surge, prevents the 

loss of the number or density of GRP neurons in the spinal cord during adulthood. 

These results indicate that the androgen surge during neonatal life is essential for a 

normal development of the spinal GRP system. In addition, 5α-DHT treatment of 

female neonates significantly increased the number and fiber density of GRP neurons in 

the adult lumbosacral spinal cord. This upregulation of the spinal GRP system in 

females approximated that of the adult males and led to a hypermasculine appearance. 

This is the first demonstration that the spinal cords of XX females were completely 

masculinized with respect to the spinal GRP system and that this male-specific sexual 

dimorphism persisted into adulthood. Previously, Goldstein and Sengelaub (1992) 
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reported that the treatment of female perinatal rats with 5α-DHT propionate treatment 
increased the motoneuron number, somal size, and dendritic arborization in the SNB to 

the levels of an adult male. Taken together, these results show that the androgen surge 

during the critical period plays a significant role in masculinization of the spinal GRP 

system as well as that of the SNB-BC neuromuscular system. 

In conclusion, the GRP/GRPR system may regulate male sexual behavior via 

synaptic inputs from GRP neurons onto both SPN and SNB neurons and organize 

autonomic and somatic functions, in response to penile reflexes during male sexual 

behavior. Further, the androgen surge during the critical period play a key role in 

development of the sexually dimorphic GRP system in the lumbosacral spinal cord, and 

the androgen surge from the testes after puberty also contribute to the establishment of 

the male-specific GRP expression in adulthood. Further understanding of the spinal 

GRP system will help us to consider the neural circuits underlying male sexual function 

and the mechanisms of sexual differentiation in the spinal cord. 
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