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1. Introduction

Oxytocin is a neuropeptide synthesized mainly in the paraventricular and
supraoptic nuclel of the hypothalamus. As one of the classical neurohormones, oxytocin
is transported to the neurohypophysis where it is stored and released to the blood
circulation. It plays an important role in neuroendocrine regulation of parturition and
lactation (Silverman and Zimmerman, 1983; Sofroniew, 1985). Oxytocin is present not
only in the hypothalamo-neurohypophyseal system, but is also located in various areas
of the central and periphera nervous system (Buijs, 1978, 1980; Swanson and
McKellar, 1979; Jenkins et al., 1984; Sequeira and Chaiken, 1984; Kai-Kai et al., 1985;
Sofroniew, 1985). Furthermore, numerous studies have shown that oxytocin mRNA is
present in peripheral tissues such as decidua, chorion, amnion, ovary, testis and heart
(Chibbar et al., 1993; Furuyaet al., 1995; Einspanier and Ivell, 1997; Inaba et al., 1999;
Gutkowska et al., 2000). Locally synthetized oxytocin can stimulate uterine contractions
in the time of parturition in a paracrine fashion without increasing circulating maternal
oxytocin concentrations (Chibbar et al., 1993). Actions of local oxytocin in the ovary
are linked to luteinization, luteolysis and steroidogenesis (Einspanier et al., 1997).
Oxytocin may be involved in the local control of androgen biosynthesis and
spermatogenesis in the testis (Assinder et al., 2000). The heart and large vessels like
aorta and vena cava are also sites of oxytocin synthesis and the locally produced
oxytocin may have important regulatory functions within the heart and the vascular
system (Gutkowska et al., 2000).

1.1 Oxytocin in the spinal cord

A growing body of knowledge has accumulated on the location, origin, putative
roles and regulation of oxytocin in the spinal cord. The majority of oxytocin-containing
fibers in the spinal cord were shown to arise from the hypothalamic paraventricular
nucleus (Sawchenko and Swanson, 1982; Lang et al., 1983; Hawthorn et al., 1985;
White et al., 1986; Halbeck et al., 2001). Hosoya et a. (1995) reported that
oxytocinergic fibers descending from the paraventricular nucleus make contacts with
preganglionic neurons in the rat spinal cord, using a combination of retrograde cell body

labelling and immunocytochemistry. Rousselot et al. (1990) described oxytocinergic



terminals in the dorsal horn, central gray and intermediolateral column by means of
electron microscopic immunocytochemistry. The distribution of the oxytocinergic
hypothalamo-spina neurona projections shows a good overlap with that of the spinal
oxytocin receptors (Loup et al., 1989; Reiter et a., 1994; Tribolet et al., 1997),
supporting the view that oxytocin acts as a neurotransmitter in the central nervous
system (Buijs, 1983; Raggenbass, 2001). Several lines of evidence suggest that central
oxytocin is an endogenous modulator of various spinal functions. It has been shown to
induce spina antinociception through activation of oxytocin receptors (Arletti et al.,
1993; Robinson et al., 2002; Condes-Lara et a., 2003; Yu et a., 2003; Yang et a.,
2007). In addition, several studies indicate the involvement of oxytocin in the regulation
of spinal autonomic functions: it can inhibit sympathetic preganglionic neurons of the
spinal cord (Gilbey et al., 1982), plays an important role in the control of penile erection
and male sexua behaviour (Argiolas et al., 2004), mediates the pupillary dilatation
response to vaginocervical stimulation (Sansone and Komisaruk, 2001), modul ates the
micturition reflex (Pandita et al., 1998) as well as uterine motility (Benoussaidh et al.,
2004), and it can increase the heart rate and renal sympathetic activity (Yang et al.,
2002). Experiments have also been directed at defining physiologica and
pharmacological stimuli that can alter the spinal levels of oxytocin. Spinal oxytocin
displays cyclic variations during the stages of the rat estrous cycle, suggesting that it
may be regulated by ovarian hormones (Miaskowski et al., 1987). Evidence has been
provided for a direct estrogen-dependent release of oxytocin within the spinal cord in
response to vaginocervical stimulation (Sansone et al., 2002). Various other stimuli,
such as immobilization stress (Miaskowski et al., 1988), isotonic or hypertonic saline
(Lukic and Haldar, 1993) also affect the oxytocin content in the spinal cord. In addition,
oxytocin release from spinal cord synaptosomes seems to be under inhibitory control of
opioid peptides (Daddona and Haldar, 1994)

1.2 Oxytocin in the peripheral nervous system

Data available on the occurrence, origin and role of oxytocin in the peripheral
system is yet scanty. Oxytocin immunoreactivity was localized by
immunohistochemistry in neurons of rat sensory ganglia and characterized by high-
performance liquid chromatography (Kai-Ka et a. 1985, 1986). Immunoreactive

oxytocin detected in extracts of human lumbar sympathetic paravertebral ganglia was



identified chromatographically as being authentic oxytocin (Vecsernyés et a., 1990).
Occurence of oxytocin has been also revealed in peripheral nerves (Sequeira and
Chaiken, 1984). Recently, transcripts for oxytocin and its receptor was found in
ganglion cells of myenteric and submucosal plexuses. In addition, oxytocin and
oxytocin receptor proteins have been demonstrated by immunohistochemistry in the
enteric nervous system of therat (Welch et a., 2009).



1.3 Rationale and objectives

Although several studies have reported the localization of oxytocin- and/or
neurophysin-immunoreactive fibers in the rat spinal cord (Buijs, 1978;
Sofroniew and Weindl, 1978; Swanson and McKellar, 1979; Nilaver et d.,
1980; Sofroniew, 1980; Gibson et a., 1981; Sofroniew et a., 1981; Krukoff et
al., 1985), most of them lack a detailed analysis of their segmental distribution.
A truly detalled and comprehensive study was reported by Swanson and
McKellar (1979), athough they demonstrated only neurophysin | (the carrier
protein of oxytocin) staining, presumably due to more intense staining obtained
for neurophysin as compared to oxytocin. We have therefore sought to examine
the distribution of oxytocin-immunoreactive neuronal elements in the rat spinal
cord, using a specific oxytocin antibody for light and electron microscopic

immunocytochemical localization and quantitation by RIA.

. Centra histaminergic neurons have been shown to be involved in the control of

oxytocin secretion under various physiological conditions including parturition
and lactation, and both central and peripheral administration of histamine
increases plasma oxytocin level (Knigge and Warberg, 1991; Bealer and
Crowley, 1999; Knigge et a., 1999). However, the literature fals short of
providing sufficient data about the effect of peripheral histamine administration
on the oxytocinergic neuronal systems of the centra nervous system (Mens,
1982; Mens et al., 1983). Our objective was to examine whether oxytocin levels

change in the spinal cord after peripheral administration of histamine.

There is scanty information available on the occurrence of oxytocin in the
peripheral nervous system (Sequeira et al., 1984; Kai-Kai et al., 1985, 1986;
Vecsernyés et a., 1990). In order to obtain data in the human, sensory and
sympathetic ganglia as well as peripheral nerves have been examined for the
presence of oxytocin using high-performance liquid chromatography and
radioimmunoassay.



2. Subjectsand methods

2.1 I dentification of immunoreactive oxytocin in rat spinal cord

2.1.1 Light microscopic immunohistochemistry

The experiments were carried out on 12 male CFY rats weighing 200 - 310 g.
The animals were anaesthetized with sodium pentobarbital and perfused through the
heart with isotonic saline solution followed by 4% paraformadehyde in 0.1 M
phosphate buffer (pH 7.4). The spinal cords were then removed and kept in the same
fixative for 4-5 hours. Transverse and horizontal sections 50-70 um thick were cut on a
Vibratome (Oxford Instruments). Oxytocin was localized by means of the peroxidase-
antiperoxidase (PAP) method (Sternberger et al., 1970), using a rabbit antiserum to
oxytocin (kindly provided by Prof. Tj. B. Van Wimersma Greidanus, Utrecht, The
Netherlands). Briefly, the following incubations were performed: (1) 10% normal goat
serum containing 1.5% Triton X-100 for 30 minutes at room temperature (RT), (2)
rabbit antiserum to oxytocin (diluted 1/2000) containing 1% normal goat serum and 1.5
% Triton X-100 for 40-48 hours at 4 C, (3) goat antiserum to rabbit 1gG (diluted 1/20;
Serono) for 2 hours at RT, (4) rabbit PAP (diluted 1:50; Human Oltdéanyagtermel6
Vallaat, Budapest) containing 1% normal goat serum for 2 hours at RT, and (5) 0.05%
3,3’-diaminobenzidine tetrahydrochloride containing 0.005% H,0, for 5-15 minutes at
RT. All reagents were diluted in 0.1 M Tris-saline, pH 7.6. Between the successive
incubations, sections were washed with 0.1 M Trissaline, pH 7.6 a RT. After
visualization of the immunoreactivity in step (5), sections were washed, mounted, Nissl-
counterstained in some cases, dehydrated, cleared in xylene and coverslipped. When the
specificity of the staining was tested, no staining could be found after replacement of
the primary antissrum by norma rabbit serum a the same dilution. In
immunohistochemical blocking experiments, consecutive sections were incubated with
either anti-oxytocin serum or anti-oxytocin serum preincubated with arginine
vasopressin or oxytocin for 24 hours at 4 oC. Preincubation of the diluted antiserum
with as little as 20 UM oxytocin produced a complete blockade of staining, whereas as
much as 200 uM arginine vasopressin did not influence the immunoreactivity.
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2.1.2 Electron microscopic immunocytochemistry

Four male CFY rats weighing 200-310 g were anaesthetized with sodium
pentobarbital and perfused through the heart with isotonic salt solution followed by a
fixative containing 4% paraformaldehyde and 0.5% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.4). Subsequently, the spinal cords were removed and kept in the same
fixative for 4-5 hours. For preembedding staining, 40-50 um thick cross-sections were
cut with Vibratome. The sections were infiltrated with 30% sucrose, rapidly frozen in
liquid nitrogen and thawed in 0.1 M phosphate buffer. Oxytocin immunoreactivity was
localized by means of the PAP method (see 2.1.1). The Vibratome sections were
osmicated, dehydrated and embedded in Durcupan (Fluka). Finally, ultrathin sections
were made and examined under the electron microscope.

2.1.3 Radioimmunoassay (RIA)

Twenty male CFY rats of 220-250 g body weight were decapitated and their
spinal cords were quickly dissected into cervical, thoracic, lumbar, sacral and coccygeal
regions. Tissue samples were sonicated in ice-cold 1.0 M HCI. Subsequently, phosphate
buffer was added and the pH was adjusted to 4.0. An aiquot of the homogenate was
kept for determination of the protein content (Lowry et a., 1951). The remainder was
centrifugated, and oxytocin was extracted from the supernatant using thermally
activated Vycor glass powder. The evaporated residues of the extraction were
redissolved in RIA buffer. Oxytocin was determined in duplicate by RIA. Details of the
assay procedure has been described elsewhere (Dogterom et a., 1977). The same
antiserum to oxytocin was used as that for immunocytochemistry. The antiserum was
highly specific, its cross-reactivity with arginine vasopressin being less than 0.1%, and
that with arginine vasotocin less than 0.01%. The limit of detection was 2 pg oxytocin
per assay tube. Oxytocin concentrations were given in pg/mg protein. Data are
expressed as mean + SE. Results were calculated statistically by two-way ANOVA

without interaction, followed by Scheffe’s test for multiple comparison.
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2.1.4 Measurement of oxytocin after histamine treatment

The experiments were performed in male Wistar rats weighing 180-220 g. The
animals were maintained on a 14 h light/10 h dark cycle (lights on between 06.00 and
20.00 h) and allowed to consume standard food and tap water ad libitum. They were
injected intraperitoneally (i.p.) with an aqueous solution of histamine dihydrochloride
(Peremin, CHINOIN, Budapest, Hungary) in adose of 20 mg/kg b. wt. in avolume of
0.04 mi/10 g b. wt. The controls received physiological saline in the same volume.
Fifteen min after the treatment the animals were killed by decapitation. Subsequently,
the spinal cords were removed and their oxytocin contents were determined by RIA as
described under 2.1.3. The limit of detection was 1.99 fmol oxytocin per assay tube.
Oxytocin concentrations were given in fmol/mg protein. The statistical evaluation was
performed with the Student’s t-test. Data are expressed as mean + SE.

2.2. Chromatographical characterization of oxytocin in human ganglia and

peripheral nerves

Four pieces of Gasserian ganglia, two pieces of Ls ganglia, two pieces of celiac
ganglia and four pieces of vaga nerves (cumulative specimens from cervical and
thoracic portions) were obtained at routine post-mortem dissection from males who died
without a history of any neuropsychiatric and endocrine iliness. The age of the subjects
ranged from 50 to 71 years, and the time elapsed from death to removal of the ganglia

was 10-42 h. After removal, the samples were stored on dry ice until homogenization.

2.2.1 HPLC/RIA method applied to samples of Gasserian and L5 ganglia

The gangliawere cut into small pieces and sonicated in 1 M HCI (1 ml HCI/100
mg wet weight tissue). The acid extracts were centrifugated and the supernatants were
applied to SEP-PAK Cig cartridges (Waters Assoc., U.S.A.) which were then washed
with 0.1% trifluoroacetic acid (TFA). The peptides were eluted from the cartridges with
3 ml agueous methanol of gradually increasing methanol concentrations (25-50-75%
v/v) containing 0.1% TFA. A 1 ml aliquot of each eluted fraction was evaporated to
dryness under a nitrogen stream and subjected to RIA analysis for oxytocin (Dogterom
et a., 1977; Kovacs et a., 1985). The immunoreactive material eluted with 0.1% TFA-
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methanol (50%, v/v) was identified with a high-performance liquid chromatography
(HPLC) system. The eluate was evaporated to dryness under a nitrogen stream and the
residue was dissolved in 100 pl distilled water. A Knauer 64 high-pressure liquid
chromatograph was used to characterize oxytocin-like immunoreactivity. The samples
were loaded onto a Lichrosorb 10 RP-18 column (260 mm x 4.6 mm; Merck), and the
immunoreactive material was eluted with an isocratic eluent containing methanol (42%,
v/v) in 0.1% TFA. The flow rate was 1.0 ml/min and fractions for RIA were collected at
1 min intervals to 50 min. To avoid contamination, the samples were run in the
sequence: blank (distilled water), ganglion extracts and standard.

2.2.2 HPLC/RIA method applied to samples of celiac ganglia and peripheral nerves

Essentially, the same procedure was used as that described under 2.2.1, but with
some modifications. Tissues were cut into small pieces and homogenized in 1 M HCI (1
ml HCI/100 mg wet weight tissue). The acid extracts were centrifugated and the
supernatants were applied to SEP-PAK C,g cartridges (Waters Assoc., U.S.A.) which
were then washed with 0.1% TFA. The immunreactive material was eluted from the
cartridges with 3 ml agueous methanol (80% v/v) containing 0.1% TFA. 1 ml aiquot of
each eluted fraction was evaporated to dryness under a nitrogen stream and subjected to
RIA analysis for oxytocin (Dogterom et a., 1977; Kovacs et al., 1985). The remaining 2
ml eluates were pooled, partially evapurated and liophylized. The residue was dissolved
in 1000 pul aqueous methanol (30% v/v) containing 0.1 % TFA. A Knauer 64 HPLC
equipped with an AX-Il computer system controlling the gradient elution was used to
characterize oxytocin-like immunoreactivity. An aliquot of the dissolved samples was
loaded onto a Si-100-S 5 RP-18 column (260x 4.6 mm; BST, Budapest, Hungary) and
eluted in a gradient system with 30-60 % agueous methanol containing 0.1% TFA. To
avoid contaminations (Fischman et al., 1984), specimens were run in the sequence:
blank (30% aqueous methanol containing 0.1% TFA), pooled nervus vagus extract,
pooled ganglion extract and oxytocin standard (approx. 0.5 ng). The flow rate was 1
ml/min. The fractions were collected at 1-min intervals for up to 50 min and subjected
to RIA.
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Results

3.1 Immunoreactive oxytocin in the rat spinal cord

3.1.1 Light microscopic distribution of oxytocin-immunoreactive fibers

Each segment of the spinal cord contained oxytocin-immunoreactive fibers.
However, no cell bodies were labelled. The schematic distribution of oxytocin-
immunoreactive fibers is presented in Fig. 1. In the gray matter, the most intense
immunoreactivity was observed at Cg-T4 and Ti3-L4 levels. The superficial dorsal horn
(Rexed laminae | and I1) displayed moderate to intense immunoreactivity throughout
the entire spinal cord. Immunoreactive fibers were found mainly in the margina zone
(Rexed lamina 1) with extensions into the subjacent laminae 1l and Il (Fig. 2). A
longitudinally oriented network of labelled fibers was detected around the central canal
(Fig. 3A, B). The strongest labelling was observed in the upper and lower thoracic, and
lumbar segments. Some fibers were seen to closely appose the ependymal layer. A
preferential accumulation of labelled fibers was observed in the dorsal gray commissure
(Figs. 3B, 4A) in the thoracic, lumbar and upper sacral spinal cord. At the same levels,
strong patchy accummulations of fibers were found in the intermediolateral column
(Fig. 4B, C, D, E). These immunoreactive patches were interconnected by a network of
horizontally running fibers (Fig. 4B, D). The perikarya of the preganglionic autonomic
areas seemed to be surrounded by immunoreactive fibers (Fig. 3B, 4E). In the lamina
V11 of segments Cs-T4 and Ti3-L4, Strong immunoreactive bundles at irregular intervals
coursed between the dorsal gray commissure and the intermediolateral column (Fig. 4A,
B). This location corresponded to the area of nucleus intercalatus spinalis; for
designation of specific autonomic nuclei, see Petras and Cummings (1972). Fibers
around motoneurons of the anterior horn were labelled mostly in the Cs-C; and La-Lg
segments (Fig. 5). Therest of the gray matter contained very few labelled fibers.

In the white matter, the magjority of labelled fibers were detected in the dorsal
part of the lateral funiculus in the entire spina cord (Fig. 6C, D). We frequently
observed stained fibers in the Lissauer’s tract in al spinal segments (Fig. 6C). Some of
these fibers were found to enter the margina zone of the dorsal horn. Fibers were often

extending between the dorsal part of the lateral funiculus and superficial dorsal horn,
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Lissauer’s tract, intermediolateral column and dorsal gray commissure. In the lateral
funiculus, reactive fibers were seen to leave the intermediolateral column and appear
around the preganglionic neurons of the pars funicularis of nucleus intermediolateralis
(Fig. 6A).

Numerous fibers formed a longitudinally oriented network observed in
horizontal sections. This network was the densest below the pia mater, and some fibers
did enter it (Fig. 7A, B). Oxytocin-immunoreactive fibers were also seen close to the
subarachnoid space at the Lissauer’s tract and dorsal part of the lateral funiculus (Fig.
6C, D). Occasional fibers were labelled in the anterior funiculus (Fig. 6B), mostly in the
lumbar segments. These fibers entered the anterior funiculus from the network around
the central canal, and a few of them run to the surface of the ventral median fissure (Fig.
6B). The posterior funiculus contained only a few scattered reactive fibers.

In horizontal sections of the spinal cord longitudinally oriented oxytocin-
immunoreactive networks were detected around the central cana (Fig. 3A), in the
dorsal gray commissure (Fig. 4A), superficial dorsal horn, Lissauer’s tract, dorsal part
of the lateral funiculus and lateral funiculus (Fig. 7B).

3.1.2 Electron micropscopic identification of oxytocin-immunoreactive terminals

Oxytocin-immunoreactivity was seen in unmyelinated fibers of small diameter
and axon terminas in the laminae I, Il, VIl and X of the spinal gray matter. No
immunoreactive cell bodies were labelled. Oxytocin-containing axon terminals formed
mainly axo-dendritic synapses (Fig. 8, 9). We also found a few axo-somatic synaptic
contacts with presumptive neuronal cell bodies located in the ependymal lining of the
central canal (Fig. 10). In most cases, the electron dense peroxidase immunoprecipitate
completely filled the cytoplasm of the axon terminals and masked the subcellular
organelles and synaptic densities. When the reaction product was lightly distributed, it
was possible to see that the immunoreactive terminals contained numerous small clear

vesicles and afew large dense-cored vesicles (Fig. 9).
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Fig. 1. Schematic distribution of oxytocin-immunoreactive fibersin the rat spinal cord.
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Fig. 3. Horizontal (A) and transverse sections (B) demonstrating a dense network of
fibers around the central canal. Many fibers appear to contact the ependymal cells.
Numerous labelled fibers can be observed in the dorsal gray commissure (B). A
neuronal soma is encircled with oxytocin-immunoreactive varicosities (arrow).

Abbreviations: cc, central canal; Pf, posterior funiculus. Scale bar: 100 pm.



18

Fig. 4. Distribution of oxytocin in autonomic areas of the spinal cord shown in
transverse (C, E) and horizontal sections (A, B, D). Patchy accummulation of labelled
fibers can be seen in the intermediolateral column (B, C, D, E). The immunoreactive
patches (arrows) are interconnected by a network of horizontally running labelled fibers
(B, D). The perikarya of the preganglionic autonomic areas seem to be surrounded by
immunoreactive fibers (arrows) (E). Strong immunoreactive bundles course between the
dorsal gray commissure and intermediolatera column (A, B). Abbreviations: DGC,
dorsal gray commissure; IML, intermediolateral column; cc, central canal; Lf, lateral
funiculus. Scale bar: 100 um (A, B, C, D), 50 um (E).
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Fig. 5. Immunoreactive fibers scattered around motoneurons of the anterior hornin

the lumbar spinal cord. Scale bar: 50um.
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Fig. 6. Distribution of oxytocin-immunoreactive fibers in the white matter of the spinal

cord shown in a counterstained (Nissl) horizontal section (A) and in transverse sections
(B, C, D). The photomicrographs display oxytocin-immunoreactive fibers in the pars
funicularis of the nucleus intermediolateralis (A), the Lissauer’s tract (C), anterior
funiculus (B), and in the dorsal part of the lateral funiculus (C, D). In the lateral
funiculus, reactive fibers extend between the pars principalis (pp) and the pars
funicularis (pf) of the nucleus intermediolateralis (A). In the anterior funiculus, the
arrows indicate labelled fibers running toward the ventral median fissure (B).
Abbreviations: IML, intermediolateral nucleus;, LF, lateral funiculus, vmf, ventral
median fissure; LT, Lissauer’stract; DH, dorsal horn. Scale bar: 100 pum.
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Fig. 7. Oxytocin-immunoreactive fibers (arrow) in the pia mater of the spinal cord (A),

and a longitudinally oriented immunoreactive network (arrows) below the pia mater in
the lateral funiculus (B) shown in Nissl-counterstained horizontal sections. LF, lateral
funiculus;, PM, piamater. Scale bar: 50 pm.



22

Fig. 8. Oxytocin-immunoreactive axon terminals in laminae VII and X of rat spina

cord. The electron dense peroxidase reaction product has diffused throughout the
cytoplasm encircling the synaptic vesicles. The thickened postsynaptic membranes of
dendritic profiles (arrows) in Fig. 8A, C, D areclearly visible.
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makes synaptic contact with a dendritic profile (asterisk). The axon terminal contains

both small clear (arrowheads) and large dense-cored (arrows) synaptic vesicles.
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Fig. 10. An immunoreactive terminal (arrow) forms a synapse with a cell soma in the

ependymal layer of the central cana (shown at higher magnification in the inset).
Abbreviations: astro, astrocyte; Ep, ependyma.
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3.1.3 Quantitative distribution of oxytocin

Our RIA measurements revealed that oxytocin was concentrated in the caudal
regions of the rat spinal cord. The oxytocin content in the cervical spina cord was
significantly lower than those found in the thoracic, lumbar, sacral and coccygeal

regions. The highest quantity was measured in the lumbar spinal cord (Table 1).

Table 1
Oxytocin content of rat spinal cord regions (n = 8)

Spinal cord regions Oxytocin (pg/mg protein)
Cervical 64.41 + 5.33°
Thoracic 130.6 + 12.46"
Lumbar 235.08 + 33.15°

Sacral 116.04 + 14.91
Coccygeal 162.24 + 22.27°

Oxytocin concentrations are given in pg/mg protein. The data are expressed as means +
SE. The dtatistical analysis was performed by two-way ANOVA followed by Scheffe’s
test for multiple comparison.

@Jgnificantly different from thoracic (p <0.001), lumbar (p <0.001), sacral (p <0.05)
and coccygeal (p <0.001) levels.

PSgnificantly different from cervical (p <0.001) and lumbar (p <0.05) levels.
‘Sgnificantly different from cervical (p <0.001), thoracic (p <0.05) and sacral (p
<0.001) levels.

d5gnificantly different from cervical (p <0.05) and lumbar (p <0.001) levels.
°Sgnificantly different fromcervical (p <0.001) level.
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3.1.4 Acute effect of peripheral histamine administration on spinal oxytocin content

Spinal cord contents of oxytocin in control and histamine-treated animals are
shown in Table 2. Thei.p. injection of histamine induced a 36% decrease in oxytocin

content in the rat spinal cord.

Table 2
Effect of histamine (20 mg/kg b. wt., i.p.) on oxytocin content
of the spinal cord

Animal groups Oxytocin (fmol/mg)
1294+ 17.0
Control (10)
. 834+ 3.0
Histamine
9)

Theresultsare expressed as+ S E. The numbers of animals are shown in
parenthesis. * Sgnificantly different from control level (P <0.05, Sudent 'st-

test).

3.2 Chromatographically identified oxytocin in the human peripheral nervous system

Oxytocin-like immunoreactivity was detected in extracts of human sensory
(spina L5, Gasserian) ganglia, sympathetic (celiac) ganglia and peripheral nerves
(nervus vagus) by radioimmunoassay (RIA) specific to oxytocin and was characterized
by high-performance liquid chromatography (HPLC). HPLC-RIA measurements
demonstrated that the Gasserian, L5 ganglia and the celiac ganglia of humans contained
significant levels of immunoreactive oxytocin (Table 3, 4). However, our results
showed that the immunoreactive oxytocin migrated as two individual peaks. The first

immunoreactive peak was eluted at the same position as the authentic oxytocin
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standard. The identity of the second immunoreactive peak is not known, but it might be

a degradation product of oxytocin.

Table 3
GASSERIAN GANGLIA
--- OXT standard IR
100 — GASSERIAN GANGLIA
EXTRACT IR
) 5.
g :
= ]
< :
> :
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: e
2 1
. 1
E i L
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Elution profile of Gasserian and L5 sensory ganglia extracts. A Lichrosorb Cygcolumn
was used. The elution was performed with an isocratic methanol (42%, v/v)-0. 1% TFA

eluent, and the fractions wer e radioimmunoassayed for immunor eactive oxytocin.
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Table 4
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Elution profiles of the extracts of celiac ganglia and vagal nerves on a BST C;g column.
The elution was performed with a methanol-0.1% TFA gradient system, and fractions
were radioimmunoassayed for oxytocin. The great majority of the immunoreactive
material was eluted at the same position as the reference oxytocin in extract of the
vagal nerves, whereas in the extract of celiac ganglia a second immunoreactive peak

was also observed.
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4. Discussion

This study was undertaken to examine the distribution of oxytocin in the spinal cord
and revea its occurence in various parts of the peripheral nervous system. Our results
show that oxytocin is localized exclusively in axons, and the distribution of oxytocin-
immunoreactive fibers in the spinal cord correlates with structures related to
nociceptive, autonomic and motor functions. The oxytocin-immunoreactive fibers
clearly display segmentally uneven distribution. The significant rise in oxytocin content
in the thoracic, lumbar and sacral segments is associated with the dense innervation in
the spinal autonomic centers. In accordance with previous investigations of Swanson
and McKellar (1979), we conclude that the preferential sites of accumulation of
oxytocin-containing fibers in the spinal cord bear close resemblance to the locations of
sympathetic and parasympathetic preganglionic neurons, suggesting oxytocinergic
modulation of autonomic functions. An important finding of this study is that oxytocin-
containing fibers innervate the nucleus intermediolateralis pars funicularis in the lateral
funiculus, which has not been noticed by previous investigators. Our results
demonstrate that oxytocin-immunoreactive fibers get close to the internal and external
liquor spaces of the spinal cord. Although at the light microscopic level, many fibers
seemed to appose the ependyma of the central canal, the electron microscopic
immunocytochemistry revealed only occasional synaptic contacts with presumptive
neuronal perikarya in the ependymal layer. Our experiments also showed that some
fibers from the lateral funiculus entered the pia mater. In the study of Swanson and
McKellar (1979), neurophysin |-stained fibers were found adjacent to the ependyma of
the central canal in the rat. Furthermore, the authors found immunoreactive fibersin the
pia-arachnoid surrounding the filum terminale of the monkey. To our knowledge,
however, no oxytocin-containing fibers have been reported in the pia mater of the rat
spinal cord. The close proximity of oxytocin-containing fibers to the spinal liquor
spaces suggests that their terminals may release oxytocin into the cerebrospina fluid.
This possibility is supported by physiological experiments in which electrical
stimulation of the hypothalamic paraventricular nucleus yielded increased concentration
of oxytocin in perfusates obtained from the subarachnoid space of the spina cord
(Pittman et al., 1984). In accordance with our light microscopic results, in ultrathin

electron microscopic sections we found numerous oxytocin-immunoreactive axon



30

profiles in the gray matter of the spinal cord, but could not detect labeled cell bodies.
Our eectron microscopic findings confirm those of Rousselot et al. (1990) and Hosoya
et a. (1995) that many labelled axon terminals made synaptic contacts with dendritesin
the posterior horn, around the central canal and the autonomic areas of the spinal gray
matter. Moreover, we also found a few axo-somatic synaptic contacts in the area of the
central canal. Since the pre-embedding immunoperoxidase technique that we applied is
not suitable for a more precise anaysis of the subcellular structure of oxytocin-labeled
synapses, we could not confirm the results of Rousselot et a. (1990) showing that the
immunol abelled presynaptic vesicles belong to the electron dense type.

Severa studiesindicate the role of the central histaminergic system in the control of
oxytocin and vasopressin secretion (Dogterom et al., 1976; Beadler and Crowley, 1999;
Knigge et al., 1999;). However, the effect of peripheral histamine on the oxytocin and
vasopressin content of the central nervous system has been less studied (Mens et al.,
1983). Our results show that peripheral histamine administration can produce a
significant decrease in the spinal content of oxytocin. The dose of histamine used in this
study and the time-point for checking its effect are similar to those found by Dogterom
et a., (1976) and Mens et al., (1983) to have strong effects on arginine-8-vasopressin
and oxytocin release, explaining our choice regarding these parameters. The mechanism
of the action of peripheral histamine administration on the spinal oxytocin system is not
clear. We put forward three possible explanations how peripherally administered
histamine may influence the central oxytocinergic system the perikarya of which are
located mainly in the hypothalamic paraventricular nucleus:

e The presence of histamine receptors has been revealed in sensory ganglia
and sensory nerve endings (Ninkovic et al., 1982; Ninkovic and Hunt, 1985;
Kashiba et a., 1999). Histamine as an inflammatory mediator stimulates
nerve fibers that conduct nociceptive impulses to dorsal horn of the spinal
cord. Spina neurons give rise to spinothalamic tract that gives off collateral
fibers terminating in the reticular formation. Paraventricular nucleusisrichly
innervated by catecholaminergic pathways from reticular formation
(Yamano et al., 1985; Liposits, 1993; Knigge et al., 1999)

e Since histamine does not affect the plasma osmolality (Laczi et al., 1986),
the possibility of osmotic stimulation of oxytocinergic neurons may be
excluded. Instead, histamine might exert its effect through baroreceptor and

chemoreceptor activity alterations in the vascular system (Koerner et al.,
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2004; Lazarov et al., 2006; Rio et a., 2009). This haemodynamical
information is carried through the vagus and glossopharyngeal nerves to the
solitary nucleus and ventral lateral medulla, and then to the paraventricular
nucleus through the ascending catecholaminergic pathways (Yamano et
a.,1985; Liposits, 1993).

e Histamine is not readily capable of crossing the blood-brain barrier
(Schwartz et al., 1979). However, the circumventricular organs such as the
subfornical organ, organum vasculosum of the lamina terminalis, area
postrema, subcommissural organ and median eminence lack a blood brain
barrier and at these regions of the brain neurons are exposed to the chemical
environment of the systemic circulation (Johnson and Gross, 1993). Thus,
histamine in blood circulation may act directly on brain functions through
the circumventricular organs.

Our RIA measurements revealed significant levels of immunoreactive oxytocin
in selected samples of the human peripheral nervous system, including sensory (spina
L5, Gasserian) and sympathetic (celiac) ganglia as well as peripheral (vagal) nerves.
HPL C showed that the immunoreactive oxytocin was eluted at the same position as the
authentic oxytocin standard. Our results provide the first evidence for the presence of
oxytocin in the human peripheral nervous system. The presence of oxytocin was later
confirmed in human sympathetic paravertebral ganglia, too (Vecsernyés et al., 1990).
The occurrence of neurohypohysial peptides has been detected in several components of
the peripheral nervous system of mammals. It was found by Hanley et al., (1984) that a
bioactive and immunoreactive vasopressin-like peptide is present in the sympathetic
nervous system of the rat. Authentic arginine vasopressin and oxytocin were identified
by chromatography in sensory neurones (Kai-Kai, 1985) and peripheral nerves
(Sequeira, 1984). Oxytocin was reported to be present in both the small dark and the
large light sensory neurones of L5 dorsal root ganglia and to coexist with arginine
vasopressin in the rat. Arginine-vasopressin-like immunoreactivity was axonally
transported in the dorsal root and sciatic nerve. Furthermore, observations obtained in
animals neonatally treated with capsaicin suggests that vasopressin islocated in primary
afferent terminals in upper dorsal horn of the spinal cord (Kai-Kai et a., 1986). Finally,
oxytocin and oxytocin receptor transcripts and protein have been recently found in the
enteric nervous system (Welch et al., 2009). The origin and functional significance of

oxytocin in the peripheral nervous system are not clear yet. Although it is very likely
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that oxytocin is synthesized locally in neurons of sensory and autonomic ganglia,
further studies should be performed to confirm this assumption. The axonal transport of
oxytocin from ganglion cells also remain to be studied. Although the great majority of
oxytocin in the spinal cord has been shown to stem from the hypothalamic
paraventricular nucleus, there is a minor amount the source of which is unclear
(Hawthorn et al., 1985). The possibility that it originates from dorsal root ganglion cells
should thus be tested. There are only scarce data available on the role of oxytocin in the
peripheral nervous system. Oxytocin is thought to depress the ganglionic transmission
in superior cervical ganglia (Kirdly, 1985). In other experiments it has been shown to
activate intrathoracic ganglionic neurons involved in efferent sympathetic cardiac
regulation (Armour, 1990). Further studied are obviously needed to elucidate the precise
role and functional significance of oxytocin in different parts of the peripheral nervous
system.
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5. Summary

We investigated the distribution of immunoreactive oxytocin in the rat spina
cord using immunocytochemistry and RIA. The presence of authentic oxytocin in the
human peripheral nervous system was demonstrated by means of HPLC and RIA.

By light microscopic immunohistochemistry, each segment of the spinal cord
from cervical to coccygea ones contained oxytocin-immunoreactive fibers. The Rexed
laminae | and Il of the dorsal horn showed moderate to intense immunoreactivity. A
dense network was found around the central canal where some fibers apposed the
ependyma. The autonomic centers of the spina cord at the thoracolumbar and sacra
segments were heavily innervated. Few fibers were seen around the motoneurons. In the
white matter, the immunoreactivity was localized mainly in the dorsal part of the lateral
funiculus, in the pars funicularis of the nucleus intermediolateralis and in a longitudinal
network of the latera funiculus below the spinal cord surface. Some fibers from this
network were found to enter the pia mater.

Our electron microscopic investigations showed that the oxytocin-
immunoreactive fibers were unmyelinated and most of the immunoreactive axon
terminals made synaptic contacts with dendrites. A few oxytocin-containing axon
terminals were also observed synapsing with neronal somas located in the ependymal
lining of the central canal.

RIA measurements revealed that the oxytocin content was preferentially
accumulated in the caudal regions of the rat spinal cord. The cervical spina cord had
lower oxytocin content than that found in either the thoracic, lumbar, sacra or
coccygeal region.

Experiments made with peripheral administration of histamine demonstrated that
this agent can bring about a significant decrease in the oxytocin content of the rat spinal
cord.

Oxytocin immunoreactivity was detected in extracts of human spina Ls,
Gasserian and celiac ganglia as well as vagus nerve by RIA and characterized by HPLC.
HPLC/RIA examinations showed that a major part of the immunoreactive material co-
eluted with a reference synthetic oxytocin, but in the extracts of spina L5, Gasserian
and celiac ganglia a second immunoreactive peak was a so observed. The identity of the
latter material is unknown, but it might well be a degradation product of oxytocin.
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In conclusion, our results demonstrate that the distribution of oxytocin in the rat
spinal cord correlates with anatomic locations related to nociceptive, autonomic and
motor functions. Oxytocin-containing axon terminals shown to make synaptic contacts
with dendrites and cell somas are thought to be the structures through which oxytocin
modulates spinal functions. We assume that oxytocin-containing axon terminals situated
in close proximity of spinal liquor spaces play a role in secreting oxytocin into the
cerebrospinal  fluid. Our experiments also showed that peripheraly administered
histamine alters oxytocin content in the spinal cord which may have relevance under
physiological and/or pathological conditions. Finally, this study revealed the occurrence
of oxytocin in various parts of the human peripheral nervous system. The morphological

aspects and functional significance of this finding remain to be elucidated.
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