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Summary
The occurrence of several biologically active neuropeptides (calcitonine gene-related pep-
tide, leu-enkephaline, neuropeptide Y, substance P, and vasoactive intestinal peptide) or nitric 
oxide-synthesizing enzymes (neuronal nitric oxide synthase), tyrosine hydroxylase, vesicu-
lar acetylcholine transporter, and their co-localization with tyrosine hydroxylase were investi-
gated by immunohistochemistry in the retractor clitoridis muscle of slaughtered sows. Single 
immunolabelling revealed that tyrosine hydroxylase and neuropeptide Y immunoreactive nerve 
fibres were the most numerous, followed by the neuronal nitric oxide synthase and calcitonine 
gene-related peptide immunoreactive ones, the vasoactive intestinal peptide, substance P and 
leu-enkephaline immunoreactive nerve fibres were few and vesicular acetylcholine transporter 
immunoreactivity were observed only in single fibres. Double immunolabelling revealed the 
only co-localization of tyrosyne hydroxylase with neuropeptide Y. The most reliable labelling of 
nerve fibres of the retractor clitoridis muscle was observed around blood vessels, followed by 
non-vascular smooth muscles. The present data indicate that the sow retractor clitoridis muscle 
receives nerve fibres that exhibit different chemical codes and, likely, differences in their chemi-
cal coding depend on the target-structure.
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Introduction

The innervation of female genital organs has been extensively studied in differ-
ent species. In particular, the use of degenerative methods and retrograde neuronal 
tracing techniques has allowed to characterize the innervation of the genital tract of 
sheep (Flieger, 1977), sow (Welento et al., 1984; 1987a; Boratynski et al., 1988; Flieger et 
al., 1988a,b; Wasowicz et al., 1998), cow (Welento et al., 1987b), rat (Inyama et al., 1986; 
Berkley et al., 1988; Nance et al., 1988), guinea-pig (Alm and Lundberg, 1988, Papka et 
al., 1991) and cat (Kawatani et al., 1990, 1994; Kawatani and de Groat, 1991).

In spite of these numerous observations, there are scarce informations about the 
innervation of the genital smooth musculature, even if our previous studies have docu-
mented the site (Panu et al., 2001) and the neurochemical content (Bo Minelli et al., 2002) 
of the neurons projecting to the smooth retractor clitoridis muscle (RCM) of the sow. 
We used the RCM, as experimental model for the smooth genital musculature, because, 
under specific hormonal stimuli, it reacts in a similar way as the uterine smooth muscu-
lature (Basset, 1961). The RCM, absent in primates, dogs and some rodents, is a band of 
smooth muscle, related to the lateral wall of the vagina, that estends from the coccygeal 
vertebrae or from the anus to the clitoris (Basset, 1961; Panu et al., 1995).

The aim of the present research was to define the immunohistochemical charac-
teristics of the nerve fibres, that are present in the RCM and to establish a basis for 
further anatomical investigations dealing with the nerve control of the intrinsic and 
vascular musculature of genital muscles.

Our study was carried out on the pig, which is frequently used as a model in bio-
medical researches (Dodds, 1982; Swindle et al., 1992; Crissinger et al., 1994), including 
neuroanatomical studies (Boratynski et al., 1988; Flieger et al., 1988a,b; Merighi et al., 
1990; Timmermans et al., 1993; Kaleczyc et al., 1995, 1999, 2002; Boratynski and Welento, 
1996; Kaleczyc, 1998; Majewski et al., 1999; Panu et al., 2001, 2003; Botti et al., 2006, 2009). 

Materials and methods

The study was carried out on the RCM of 4 slaughtered sows. The muscles were 
immediately fixed for 4 hours at 4°C with a solution of 4% w/v, ice-cold, phosphate 
buffered paraformaldehyde (pH 7.4). Then the samples were rinsed with phosphate 
buffer (pH 7.4), divided into small pieces and transferred into a 10% w/v buffered 
sucrose solution (pH 7.4) for 24 h. Afterwards, they were transferred into a 30% w/v 
buffered sucrose solution (pH 7.4), where they were stored (at 4 °C) for at least three 
days or until further processing.

Each piece of the muscle was placed flat in the cryostat mould and cut in 12 µm 
thick serial sections.

The sections were stained, using a single and double labelling immunofluorescence 
method, in order to test for the presence and co-existence of tyrosyne hydroxylase 
(TH), as a marker for the presence of noradrenaline (NA), with vesicular acetylcho-
line transporter (VAChT), as a marker for cholinergic neurons, neuronal nitric oxide 
synthase (nNOS), the enzyme synthesizing nitric oxide, and the following biological-
ly active peptides: calcitonine gene-related peptide (CGRP), leu-enkephaline (LENK), 
neuropeptide Y (NPY), substance P (SP) and vasoactive intestinal peptide (VIP).
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The same primary antiserum or couple of antisera were applied to sections sep-
arated by at least 96 µm from each other, to eliminate the likelihood of testing the 
same fibre twice for the same antisera. 

In case of single immunolabelling, sections were air-dried at room temperature 
(rt) for 30 min., rinsed (3X5 min.) with phosphate buffered saline (PBS; pH 7.4) and 
incubated with a blocking mixture containing 0.25% Triton X-100, 1% bovine serum 
albumine and 10% normal goat serum in PBS for 1 h (rt), to reduce non-specific back-
ground staining. The sections were then incubated overnight in a humid chamber 
with one of the aforesaid primary antisera, then they were incubated (1h; rt) with 
fluoroscein isothiocyanate (FITC)-conjugated goat antirabbit IgG, Texas Red-conjugat-
ed goat antirabbit IgG, or Texas Red-conjugated horse antimouse IgG, according to 
the primary antiserum used (primary antisera and secondary reagents are listed in 
Table 1) and mounted in buffered glycerin (Bio-Optica). 

In case of double labelling, after incubation in the blocking medium (see above), 
sections were incubated (overnight; rt) in a humid chamber with a mixture of two 
primary antisera (TH with each of the aforesaid antisera). Then the sections were 
incubated with a mixture of FITC-goat antirabbit and Texas Red horse antimouse sec-
ondary antibodies (1h; rt), and mounted as described above. Each step of single- or 
double- labelling was followed by rinsing the sections with PBS (3x5 min).

The single- or double-labelled sections were studied and photographed with Zeiss 
axiophot fluorescence microscope equipped with epi-illumination and appropriate fil-
ter sets for FITC and Texas Red.

Controls. Standard tests (preabsorption for the neuropeptide antisera, omission 
and replacement of all the primary antisera used by PBS) were applied to control the 
specificity of immunofluorescence. 

Results

The sow RCM was supplied by nerve fibres with different chemical coding and 
that were observed around the smooth muscle cells, around the blood vessels and/or 
in the interstitial connective tissue of the muscle (Table 2).

Table 1 – Primary antisera, secondary reagents and dilutions used.
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Table 2 - Distribution of immunoreactivity within tissue.

Smooth muscle cells Blood vessels Interstitial connective tissue
TH +++ +++ +++
NPY +++ +++
nNOS + ++
CGRP ++
VIP +
SP +
LENK +
VAChT +/- +/-
TH/NPY +++ +++

TH: Tyrosyne hydroxylase; NPY: Neuropeptide Y; nNOS: neuronal Nitric Oxide Synthase; CGRP: 
Calcitonine Gene-Related Peptide; VIP: Vasoactive Intestinal Peptide; SP: Substance P; LENK: 
Leu-Enkephaline; VAChT: Vesicular Acetylcholine Transporter.

Fig. 1 – TH+ fibres in association with the intrinsic smooth muscle cells of the RCM. X 40, bar = 50 µm.
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Single labelling. The majority of nerve fibres of the RCM was TH- and NPY- immu-
noreactive (IR). A minor number of fibres was IR for nNOS and CGRP and then for 
VIP, SP, LENK and VAChT. In particular the cholinergic fibres were scarce in number.

The fibres IR to TH were observed both as isolated fibres and forming thick nerve 
bundles. The single fibres were observed in association with the intrinsic smooth mus-
cle cells of the RCM (Fig. 1) or with the muscular coat of its blood vessels (Fig. 2), 
whereas the TH-IR nerve bundles were observed in the interstitial connective tissue.

NPY-IR fibres travelled parallel to the large axis of the intrinsic smooth muscle 
fibres (Fig. 3) or were associated with blood vessels.

Morphologically, the TH-IR fibres were more voluminous and varicose in respect 
to NPY-IR fibres (compare Fig. 1 with Fig. 3).

Numerous fibres IR to nNOS were observed in relation with the blood vessels 
(Fig. 4), while those innervating non-vascular smooth muscles were moderate in 
number. 

The fibres IR to CGRP and, in decreasing order, to VIP, SP and LENK were found 
in the interstitial connective tissue of the muscle (Fig. 5). All these fibres had a wind-
ing course and varicosities, with the exception of the LENK-IR fibres.

The very low number of fibres IR to VAChT were observed in the interstitial con-
nective tissue and in the muscular coat of the vessels of the RCM (Fig. 6). These fibres 
had a sinuous course and showed varicosities.

Double labelling. The double immunostaining showed only the co-localization of 
TH with NPY and these fibres were always observed in relation to the smooth muscle 

Fig. 2 – TH+ fibre in association with the muscular coat of RCM blood vessels. X 40, bar = 50 µm.



180 Maddalena Botti, Luisa Ragionieri, Ferdinando Gazza et al.

Fig. 3 – NPY+ fibres in association with the intrinsic smooth muscle cells of the RCM. X 40, bar = 50 µm.

Fig. 4 – nNOS+ fibres in association with the intrinsic smooth muscle cells of the RCM. X 40, bar = 50 µm.
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Fig. 5 – CGRP+ (a), VIP+ (b), SP+ (c), LENK+ (d) fibres in association with the interstitial connective tissue of 
the RCM. The positive fibres are green. X 40, bar = 50 µm.

Fig. 6 – VAChT+ fibre in association with the interstitial connective tissue of the RCM. X 40, bar = 50 µm.
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cells of the RCM (Fig. 7) and blood vessels (Fig. 8). In both cases the double labelled 
fibres were voluminous and showed varicosities.

Discussion

Distribution and co-localization of particular neurotransmitters

Single labelling revealed a reliable axonal immunostaining for TH and NPY, fol-
lowed by immunostaining for nNOS, while immunoreaction for CGRP, VIP, SP and 
LENK was restricted to less numerous subpopulations of mostly interstitial connec-
tive nerves. VAChT-containing nerve fibres were observed only sporadically.

TH-IR nerve fibres were one of the most numerous subsets of the autonomic 
nerve fibres found within the sow RCM. These fibres were prevalently found around 
the blood vessels, but single noradrenergic varicosities were also found around the 
intrinsic miocytes. Our finding is in accordance with Majewsky et al. (1999), who 
found noradrenergic fibres not only around all arteries and veins, but also in the 
interstitial tissue of the boar penis and retractor penis muscle, the male analogous 
of the RCM. Noradrenaline is a typical sympathetic neurotransmitter with excitatory 
activity. In fact it causes the contraction of smooth musculature (Owman and Stjern-
quist, 1988; Andersson, 2000; Andersson et al., 2000) and in particular the contraction 
of blood vessel musculature (Majewski et al., 1999). 

Fig. 7 – TH+/NPY+ fibres in association with the intrinsic myocells of the RCM. a: TH immunoreactivity; b: 
NPY immunoreactivity; c: TH+/NPY+ immunoreactivities. X 40, bar = 50 µm.

Fig. 8 – TH+/NPY+ fibres in association with the blood vessels of the RCM. a: TH immunoreactivity; b: NPY 
immunoreactivity; c: TH+/NPY+ immunoreactivity. X 40, bar = 50 µm.
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The present study has also revealed that the sow RCM receive an extensive NPY-
IR innervation distributed to the intrinsic and vascular smooth musculature. Our 
result is supported by what has been found in man (Wespes et al., 1988; Kirkeby et 
al., 1991; Hauser-Kronberger et al., 1994), monkey (Schmalbruch and Wagner, 1989), 
rat (Lamano Carvalho et al., 1986; Carrillo et al., 1991), guinea-pig (Lamano Carvalho 
et al., 1986) and pig (Majewsky et al., 1999) penis and retractor penis muscle. NPY is 
a neuropeptide that show excitatory activity, in fact it enhances the contractile effects 
of noradrenaline (Ekblad et al., 1984; Lundberg, 1991) and is a potent vasoconstrictor 
(Lundberg and Hokfelt, 1986; McLachlan and Llewellyn-Smith, 1986; Morris and Gib-
bins, 1987; Lundberg et al., 1990; Majewski et al., 1995). 

Our finding of numerous nNOS-IR fibres around blood vessels and less number 
around non-vascular smooth muscles is in agreement with that has been found by 
Majewsky et al. (1999) in the porcine retractor penis muscle. nNOS is the enzyme pro-
ducing nitric oxide (NO), a molecule having relaxing activity, in particular involved 
in the autoregulation of local blood flow through direct effects on vascular smooth 
muscle or through inhibition of perivascular sympathetic nerve activity (Melikian et 
al., 2009). The nNOS distribution pattern, that we found, may implicate its involve-
ment in the relaxation of the RCM blood vessels rather than the control of the same 
muscle functions.

Also CGRP-IR was found within moderate numbers of fibres that were distrib-
uted in the interstitial connective tissue of the sow muscle. This peptide has been 
found in the male genital organs, prevalently in the penis with interspecies differ-
ences in its existence and distribution. In fact, it has been found in the rat cutis glan-
dis (Lamano Carvalho et al., 1986), in the rat and dog urethral epithelium (Lamano 
Carvalho et al., 1986; Iwanaga et al., 1985), and in the pig cutis glandis and urethral 
epithelium (Majewski et al., 1999). CGRP is commonly considered a marker of the 
afferent pathways (McNeill et al., 1992; Maggi, 1995; Majewski et al., 1995; Kaleczyc, 
1997; Czaja, 2000). The distribution pattern of CGRP-IR nerve fibres in the interstitial 
connective tissue may implicate its involvement as contraction evoking agent in the 
sow RCM methabolism.

We also found VIP, SP and LENK, but within scarce nerve fibres innervating the 
porcine RCM. All these substances were distributed prevalently in the interstitial con-
nective tissue of the muscle. The presence of VIP-IR nerve fibres has been found in the 
porcine retractor penis muscle (Majewski et al., 1999), that is heavily innervated by this 
peptide. This peptide principally acts, like nitric oxide, as vasodilator on blood vessels 
(Lynch et al., 1980; Clark et al., 1981; Polak et al., 1981; Polak and Bloom, 1984; Morris 
et al., 1985; Majewski et al., 1995), but it also plays a relaxatory role in the muscular 
wall of the uro-genital tract (Lynch et al., 1980; Walles et al., 1980; Helm et al., 1981; 
Polak et al., 1981; Stjernquist and Owman, 1984; Palle et al., 1989; Owman and Stjern-
quist, 1988; Yoshiyama and de Groat, 2008). Its distribution pattern in the interstitial 
connective tissue of the RCM may suggest its involvement in both functions.

Also the presence of SP-IR fibres has been documented in the boar penis 
(Majewski et al., 1999), even if it has usually been observed around blood vessels. 
However, we can not exclude this destination for SP-IR nerve fibres that we found. 
SP is considered a marker of the afferent pathways (Maggi, 1995; Majewski et al., 
1995; Kaleczyc, 1997; Czaja, 2000), like CGRP, and is an excitatory neuropeptide 
(Majewski et al., 1995).
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We also reported, in our study, the occurrence of LENK, an opioid pentapeptide 
that has been observed throughout male internal genital organs (Owman and Stjern-
quist, 1988) and in the retractor penis muscle (Majewski et al., 1999), the male homol-
ogous of the RCM. The enkephalines seem to have a vasodilator effect due to their 
inhibitory nature on autonomic neurotransmission (Konishi et al., 1979; 1981; Katay-
ama and Nishi, 1984; Kaleczyc et al., 1997; Kaleczyc, 1998).

We have also observed single nerve fibres immunoreactive to VAChT, that were 
in the interstitial connective tissue and around blood vessels. Also results of previ-
ous studies have suggested a rather scarce cholinergic innervation of the pig retractor 
penis muscle (Majewsky et al., 1999). So the paucity of cholinergic terminals in these 
two homologous smooth muscles, associated to the porcine female and male genital 
organs, may be explained by two hypotheses. First, the porcine RCM and retractor 
penis muscle receive axons from paravertebral and prevertebral neurons (Panu et al., 
2001; 2003), and the paravertebral and prevertebral cholinergic nerve cells (Bo Minelli 
et al., 2002; Botti et al., 2003) do not contribute to the innervation of the muscles. Sec-
ond, according to Majewski et al. (1999), the intramuscular cholinergic terminals may 
contain too low amounts of VAChT to be detected by immunofluorescence, thus lead-
ing to false negative results.

Finally the double labelling allowed to document only the co-localization of TH 
and NPY within the sow RCM nerve fibres, that were observed in relation to both 
the muscle cells of the RCM and of its blood vessels. This co-localization has been 
already detected by Majewski et al. (1999) in relation with the vessels (arteries and 
veins) and the intrinsic smooth muscle of the boar penis. The co-localized sympathet-
ic axons, that we found, could determinate the contraction of intrinsic and extrinsic 
smooth musculature of the sow RCM.

Putative origin of particular subsets of RCM nerve fibres

Our previous study (Panu et al., 2001) has documented that the sow RCM is inner-
vated by fibres originating from neurons located in the sacral (S1-S4) spinal ganglia, 
in the lumbo-sacral (L5-L6 or L6-L7 and S1-S3) sympathetic trunk ganglia and in the 
prevertebral caudal mesenteric ganglia. Moreover an our previous study (Bo Minelli 
et al., 2002) has documented the neurochemical content of the above mentioned neu-
rons, that showed IR for all the substances studied, even if with differences dealing 
from the category of ganglia.

On the basis of these researches we could hypothesize that the vast majority, if not 
all, of the numerous TH- and NPY-IR nerve fibres originate from the neurons located 
in the sympathetic trunk and prevertebral ganglia, where these two substances are 
mainly present. 

Also the nNOS-IR fibres could prevalently originate from autonomic neurons 
projecting to the sow RCM. However, since McNeill et al. (1992) have suggested 
that some of penile sensory nerves may serve as an additional source of NO and Bo 
Minelli et al. (2002) have found a discrete percentage of sensory neurons, projecting to 
the RCM, IR to nNOS, we could hypothesize that the nNOS-IR fibres originate also 
from spinal ganglia.

The CGRP-IR nerve fibres in the sow RCM could be afferent and originate only 
from the neurons of spinal ganglia, because, in our previous study (Bo Minelli et al., 
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2002), this peptide has been found in a very little percentage of sympathetic trunk 
ganglia and has not been detected in caudal mesenteric ganglia.

The VIP-, SP- and LENK-IR nerves could originate from sensory and autonom-
ic neurons that project to the sow RCM, because they have been observed in spinal, 
sympathetic trunk and prevertebral ganglia (Bo Minelli et al., 2002).

Finally VAChT immunoreactive fibres could originate only from the autonom-
ic ganglia, because this substance has not been documented in the sensory neurons 
innervating the RCM (Bo Minelli et al., 2002).

In conclusions, the present results document that the sow RCM intrinsic and vas-
cular smooth muscles receive a heterogeneous innervation in relation to the respec-
tive functional specializations. In addition, our study confirms the finding that we 
have documented in sensory and autonomic neurons projecting to the sow RCM (Bo 
Minelli et al., 2002). In fact in the nerve fibres of the muscle we have found the same 
neuroactive substances of the neurons. Nevertheless, further studies are necessary to 
elucidate the exact physiological relevance of these substances.

References

Alm P., Lundberg L.M. (1988) Co-existence and origin of peptidergic and adrenergic 
nerves in the guinea pig uterus. Cell Tissue Res. 254: 517-530.

Andersson K.E. (2000) Neurotransmitters: central and peripheral mechanisms. Int. J. 
Impot. Res., 12 (Suppl 4): S26-33. 

Andersson K.E., Hedlund P., Alm P. (2000) Sympathetic pathways and adrenergic 
innervation of the penis. Int. J. Impot. Res. 12 (S1): S5-S12. 

Basset E.G. (1961) Observations on the retractor clitoridis and retractor penis muscles 
of mammals, with special reference to the ewe. J. Anat. 95: 61-77.

Berkley K.J., Robbins A., Sato Y. (1988) Afferent fibers supplying the uterus in the rat. 
J. Neurophysiol. 59: 142-163.

Bo Minelli L., Ragionieri L., Botti M., Gazza F., Acone F., Panu R., Palmieri G. (2002) 
Peripheral neurons projecting to genital smooth muscolature in the female pig: an 
experimental study by retrograde transport and immunohistochemistry. It. J. Anat. 
Embryol. 107 (2/3): 87-101.

Boratynski Z., Welento J. (1996) Sources of the autonomic fibers in the mammary 
gland in pig. Folia Morphol. (Warsz.) 55 (4): 219-221.

Boratynski Z., Flieger S., Welento J., Kryzanowski J., Slawomirski J. (1988) Sources of 
autonomic and afferent fibers to the uterine cervix in pig. Folia Morphol. (Warsz.) 
47 (1-4): 71-76.

Botti M., Gazza F., Ragionieri L., Acone F., Panu R., Bo Minelli L., Palmieri G. (2003) 
Double labelling immunohistochemistry on the autonomic ganglia related to the 
smooth genital musculature of the pig. Acta Vet. Brno 72 (7): S12.

Botti M., Bo Minelli L., Gazza F., Ragionieri L., Acone F., Panu R., Palmieri G. (2006) 
Sensory, motor somatic, and autonomic neurons projecting to the porcine cremas-
ter muscle. Anat. Rec. Part A Discov. Mol. Cell. Evol. Biol. 288A: 1050-1058. 

Botti M., Ragionieri L., Gazza F., Acone F., Bo Minelli L., Panu R. (2009) Striated per-
ineal muscles: location of autonomic, sensory, and somatic neurons projecting to 
the male pig bulbospongiosus muscle. Anat. Rec. 292: 1756-1763.



186 Maddalena Botti, Luisa Ragionieri, Ferdinando Gazza et al.

Carrillo Y., Fernandez E., Dail W.G., Walton G. (1991) Distribution and origin of neu-
ropeptide Y-immunoreactive fibers in the penis of the rat. Cell Tissue Res. 264 (1): 
127-132.

Clark K.E., Mills E.G., Stys S.J., Seeds A.E. (1981) Effects of vasoactive polypeptides 
on the uterine vasculature. Am. J. Obstet. Gynecol. 15, 139 (2): 182-188.

Crissinger K.D., Burney D.L., Velasquez O.R., Gonzales E. (1994) An animal model 
of necrotizing enterocolitis induced by infant formula and ischemia in developing 
piglets. Gastroenterolgy 106: 1215-1222.

Czaja K. (2000) Distribution of primary afferent neurons innervating the porcine ovi-
duct and their immunohistochemical characterization. Cells Tissue Organs 166: 
275-282.

Dodds W.J. (1982) The pig model for biomedical research. Fed. Proc. 41: 247-256.
Ekblad E., Edvinsson L., Wahlestedt C., Uddman R., Hakanson R., Sundler F. (1984) 

Neuropeptide Y co-exists and co-operates with noradrenaline in perivascular 
nerve fibers. Regul. Pept. Apr. 8 (3): 225-235. 

Flieger S. (1977) Eksperymentalne badania nad lokalizacjąosrodków nerwowych 
narządów plciowych u owcy. Polskie Archiwum Weterynaryjne 20: 89-119.

Flieger S., Welento J., Boratynski Z., Krzyzanowski J., Slawomirski J. (1988 a) Sources 
of the autonomic and afferent fibers to the clitoris in pig. Folia Morphol. (Warsz.) 
47 (1-4): 83-88.

Flieger S., Boratynski Z., Welento J., Krzyzanowski J., Slawomirski J. (1988 b) Sources 
of the autonomic and afferent fibers to the horns and body of the uterus in pig. 
Folia Morphol. (Warsz.) 47 (1-4): 77-82.

Hauser-Kronberger C., Hacker G.W., Graf A.H., Mack D., Sundler F., Dietze O., Frick 
J. (1994) Neuropeptides in the human penis: an immunohistochemical study. J. 
Androl. 15: 510-520.

Helm G., Ottesen B., Fahrenkrug J., Larsen J.J., Owman C., Sjoberg N.O., Stolberg B., 
Sundler F., Walles B. (1981) Vasoactive intestinal polypeptide (VIP) in the human 
female reproductive tract: distribution and motor effects. Biol. Reprod. 25 (1): 227-
234.

Inyama C.O., Wharton J., Su H.C., Polak J.M. (1986) CGRP-immunoreactive nerves in 
the genitalia of the female rat originate from dorsal root ganglia T11-L3 and L6-S1: 
a combined immunocytochemical and retrograde tracing study. Neurosci. Lett. 15, 
69 (1): 13-18.

Iwanaga T., Fujita T., Yanaihara N. (1985) Nerve fibers in the urethral mucosa of 
canine penis are immunoreactive for both substance P and calcitonin gene-related 
peptide. Arch. Histol. Jpn. 48: 547-552.

Kaleczyc J. (1997) Neurons of the pelvic plexus of the male pig: Distribution and 
immunohistochemical characterisation with special emphasis to neurons supply-
ing the vas deferens. Acta Acad. Agricult. Tech. Olst. Veterinaria 24 (Suppl A): 
1-70.

Kaleczyc J. (1998) Origin and neurochemical characteristics of nerve fibres supplying 
the mammalian vas deferens. Micr. Res. and Techn. 42: 409-422.

Kaleczyc J., Timmermans J.P., Majewski M., Lakomy M., Scheuermann D.W. (1995) 
Distribution and immunohistochemical characteristics of neurons in the porcine 
caudal mesenteric ganglion projecting to the vas deferens and seminal vesicle. 
Cell Tissue Res. 282: 59-68.



187Neurochemical content of the sow RCM fibres

Kaleczyc J., Timmermans J.P., Majewski M., Lakomy M., Scheuermann D.W. (1997) 
Immunohistochemical characteristics of nerve fibres supplying the porcine vas 
deferens. A colocalisation study. Histochem. Cell Biol. 107 (3): 229-241.

Kaleczyc J., Timmermans J.-P., Majewski M., Lakomy M., Scheuermann W. (1999) 
Immunohistochemical properties of nerve fibres supplying the accessory male gen-
ital glands in the pig. A colocalisation study. Histochem. Cell Biol. 111 (3): 217-228.

Kaleczyc J., Scheuermann D.W., Pidsudko Z., Majewski M., Lakomy M., Timmermans 
J.-P. (2002) Distribution, immunohistochemical characteristics and nerve pathways 
of primary sensory neurons supplying the porcine vas deferens. Cell Tissue Res. 
310: 9-17. 

Katayama Y., Nishi S. (1984) Sites and mechanism of action of enkephalin in the 
feline parasympathetic ganglion. J. Physiol. (Lond.) 351: 111-121.

Kawatani M., de Groat W.C. (1991) A large proportion of afferent neurons innervating 
the uterine cervix of the cat contain VIP and other neuropeptides. Cell Tissue Res. 
266: 191-196.

Kawatani M., Takeshige C., de Groat W.C. (1990) Central distribution of afferent path-
ways from the uterus of the cat. J. Comp. Neurol. 302: 294-304.

Kawatani M., Tanowitz M., de Groat W.C. (1994) Morphological and electrophysio-
logical analysis of the peripheral and central afferentpathwaysfrom the clitoris of 
the cat. Brain Res. 646 (1): 26-36.

Kirkeby H.J., Jørgensen J.C., Ottesen B. (1991) Neuropeptide Y (NPY) in human 
penile corpus cavernosum tissue and circumflex veins – occurrence and in vitro 
effects. J. Urol. 145: 605-609.

Konishi S., Tsuno A., Otsuka M. (1979) Enkephalins presynaptically inhibit choliner-
gic neurotransmission in sympathetic ganglia. Nature 282: 515-516. 

Konishi S., Tsuno A., Otsuka M. (1981) Enkephalin as transmitter for presynaptic 
inhibition in sympathetic ganglia. Nature 294: 80-82.

Lamano Carvalho T.L., Hodson N.P., Blank M.A., Watson P.F., Mulderry P.K., Bishop 
A.E., Gu J., Bloom S.R., Polak J.M. (1986) Occurrence, distribution and origin of 
peptide-containing nerves of guinea-pig and rat male genitalia and the effects of 
denervation on sperm characteristics. J. Anat. 149: 121-141.

Lundberg J.M. (1991) Volume transmission by coreleased  peptides in the autonomic 
nervous system. In: Volume transmission in the brain: Novel mechanism for neu-
ral transmission; Fuxe K., Agnati LF [Eds.], Raven Prsss, New York: 435-432.

Lundberg J.M., Hokfelt T. (1986) Multiple co-existence of peptides and classical trans-
mitters in peripheral autonomic and sensory neurons-functional and pharmaco-
logical implications. Prog. Brain Res. 68: 241-262.

Lundberg J.M., Franco-Cereceda A., Lacroix J.S., Pernow J. (1990) Neuropeptide Y 
and sympathetic neurotransmission. Ann. N. Y. Acad. Sci. 611: 166-174.

Lynch E.M., Wharton J., Bryant M.G., Bloom S.R., Polak J.M., Elder M.G. (1980) The 
differential distribution of vasoactive intestinal polypeptide in the normal human 
female genital tract. Histochemistry 67 (2): 169-177. 

Maggi C.A. (1995) Tachykinins and calcitonin gene-related peptide (CGRP) as co-
transmitters released from peripheral endings of sensory nerves. Prog. Neurobiol. 
45 (1): 1-98.

Majewski M., Sienkiewicz W., Kaleczyc J., Mayer B., Czaja K., Lakomy M. (1995) 
The distribution and co-localization of immunoreactivity to nitric oxide synthase, 



188 Maddalena Botti, Luisa Ragionieri, Ferdinando Gazza et al.

vasoactive intestinal polypeptide and substance P within nerve fibres supplying 
bovine and porcine female genital organs. Cell Tissue Res. 281: 445-464.

Majewski M., Kaleczyc J., Mayer B., Schemann M., Weihe E., Lakomy M. (1999) Inner-
vation of the fibro-elastic type of the penis: an immunohistochemical study in the 
male pig. Acta Histochem. 101 (1): 71-101.

McLachlan E.M., Llewellyn-Smith I.J. (1986) The immunohistochemical distribution of 
neuropeptide Y in lumbar pre- and paravertebral sympathetic ganglia of the guin-
ea pig. J. Auton. Nerv. Syst. 17 (4): 313-324. 

McNeill D.L., Papka R.E., Harris C.H. (1992) CGRP immunoreactivity and NADPH-
diaphorase in afferent nerves of the rat penis. Peptides 13: 1239-1246.

Melikian N., Seddon M.D., Casadei B., Chowienczyk P.J., Shah A.M. (2009) Neuronal 
nitric oxide synthase and human vascular regulation. Trends Cardiovasc. 19 (8): 
256-262.

Merighi A., Kar S., Gibson S.J., Ghidella S., Gobetto A., Peirone S.M., Polak J.M. 
(1990) The immunocytochemical distribution of seven peptides in the spinal cord 
and dorsal root ganglia of horse and pig. Anat. Embryol. (Berl.) 181 (3): 271-280.

Morris J.L., Gibbins I.L. (1987) Neuronal colocalization of peptides, catecholamines, 
and catecholamine-synthesizing enzymes in guinea pig paracervical ganglia. J. 
Neurosi. 7 (10): 3117-3130.

Morris J.L., Gibbins I.L., Furness J.B., Costa M., Murphy R. (1985) Co-localization of 
neuropeptide Y, vasoactive intestinal polypeptide and dynorphin in non-noradr-
energic axons of the guinea pig uterine artery. Neurosci. Lett. 20, 62 (1): 31-37.

Nance D.M., Burns J., Klein C.M., Burden H.W. (1988) Afferent fibers in the reproduc-
tive system and pelvic viscera of female rats: anterograde tracing and immunocy-
tochemical studies. Brain Res. Bull. 21: 701-709.

Owman C., Stjernquist M. (1988) Origin, distribution and functional aspects of 
aminergic and peptidergic nerves in the male and female reproductive tracts. In: 
Björklund A., Hökfelt T., Owman C., (Eds) Handbook of Chemical Neuroanatomy: 
The Peripheral Nervous System. Elsevier, Amsterdam, pp 445-544.

Palle C., Ottesen B., Jorgensen J., Fahrenkrug J. (1989) Peptide histidine methionine 
and vasoactive intestinal peptide: occurrence and relaxant effect in the human 
female reproductive Tract. Biol. Reprod. 41 (6): 1103-1111.

Panu R., Bo Minelli L., Sanna L., Zedda M., Acone F., Gazza F., Palmieri G. (1995) 
On the vegetative and sensitive innervation of the retractor clitoridis muscle in the 
some domestic animals. Anat. Histol. Embryol. 24: 265-268.

Panu R., Bo Minelli L., Botti M., Gazza F., Acone F., Palmieri G. (2001) Peripheral gan-
glia supplying the genital smooth musculature in the female pig: an experimental 
study. J. Anat. 199: 317-322.

Panu R., Bo Minelli L., Botti M., Gazza F., Acone F., Ragionieri L., Palmieri G. (2003) 
Localization of neurons projecting into the extrinsic penile smooth muscolature of 
the pig: an experimental study on the retractor penis muscle. Anat. Rec. Part A 
275 A: 1102-1108.

Papka R.E., McCurdy J.R., Williams S.J., Mayer B., Marson L., Platt K.B. (1991) Origin 
of galanin-immunoreactive nerve fibers in the rat paracervical autonomic ganglia 
and uterine cervix. J. Auton. Nerv. Syst. 33: 25-34.

Polak J.M., Bloom S.R. (1984) Localisation and measurement of VIP in the genitouri-
nary system of man and animals. Peptides 5 (2): 225-230. 



189Neurochemical content of the sow RCM fibres

Polak J.M., Gu J., Mina S., Bloom S.R. (1981) Vipergic nerves in the penis. Lancet 1, 2 
(8240): 217-219. 

Schmalbruch H., Wagner G. (1989) Vasoactive intestinal polypeptide (VIP9- and neu-
ropeptide Y (NPY)-containing nerve fibres in the penile cavernous tissue of green 
monkeys (Cercopithecus aethiops). Cell Tissue Res. 256: 529-541.

Stjernquist M., Owman C. (1984) Vasoactive intestinal polypeptide (VIP) inhibits neu-
rally evoked smooth muscle activity of rat uterine cervix in vitro. Regul. Pept. 8 
(2): 161-167. 

Swindle M.M., Moody D.C., Philips L.D. (1992) Swine as models in biomedical 
research. Iowa State University Press, Ames, 1-312.

Timmermans J.-P., Barbiers M., Scheuermann D.W., Stach W., Adriaensen D., Mayer 
B., De Groodt-Lasseel M.H.A. (1993) Distribution pattern, neurochemical features 
and projections of nitrergic neurons in the pig small intestine. Annal. Anat. 176: 
515-525.

Walles B., Hakanson R., Helm G., Owman C., Sjoberg N.O., Sundler F. (1980) Relaxa-
tion of human female genital sphincters by the neuropeptide vasoactive intestinal 
polypeptide. Am. J. Obstet. Gynecol. 138: 337-338.

Wasowicz K., Majewski M., Lakomy M. (1998) Distribution of neurons innervating 
the uterus of the pig. J. Auton. Nerv. Syst. 74: 13-22.

Welento J., Flieger S., Boratynki Z., Krzyzanowski J., Strzalka B., Slawomirski J., 
Szalak M., Eustachiewicz R. (1984) Experimental investigations on localization of 
the nerve centers concerned in the innervation of the ovary and the uterine tube 
in pig. Folia Morphol. (Warsz.) 43: 85-90.

Welento J., Flieger S., Boratynski Z., Krzyzanowski J., Slawomirski J. (1987a) Ekspery-
mentalne badania nad lokalizacja osrodkòw nerwowych narzadòw rozrodczych u 
swini. Zesz. probl. post. nauk roln. 339: 73-88.

Welento J., Szalak M., Flieger S., Eustachiewicz R., Boratynski Z., Krzyzanowski J. 
(1987b) Badania doswiadczalne nad lokalizacja osrodkòw nerwowych macicy u 
krowy. Pol. Arch. Wet. 25: 297-305.

Wespes E., Schiffmann S., Gilloteaux J., Schulman C., Vierendeels G., Menu R., Pel-
letier G., Vaudry H., Vanderhaeghen J.J. (1988) Study of neuropetide Y-containing 
nerve fibers in the human penis. Cell Tissue Res. 254: 69-74.

Yoshiyama M, de Groat WC. (2008) The role of vasoactive intestinal polypeptide and 
pituitary adenylate cyclase-activating poypeptide in the neural pathways control-
ling the lower urinary tract. J. Mol. Neurosci. 36 (1-3): 227-240.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Szalak+M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Szalak+M%22%5BAuthor%5D

