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Abstract

Ambrosino A., D. Russo, C. Lamanna, L. Assisi, M. Rizzo, A. Vittoria,
A. Cecio: Isoformsof Nitric Oxide Synthase in the Pig Testis. ActaVet. Brno 72, 2003:
493-498.

Nitric oxideisabiologically active moleculeinvolved in the regulation of main functionsof the
body and is produced in different cellular types by the action of molecular isoforms of the enzyme
nitric oxide synthase (NOS). The presence of the isoforms defined as neuronal, testicular,
endothelial and inducible has been studied in the testis of adult pigs by means of
immunohistochemical techniques. Western blot analysis and a biochemical quantitative method
were also performed to confirm the morphological data and to assess nitric oxide tissue activity.

The NOS isoforms were contained in interstitial (Leydig), sustentacular (Sertoli), peritubular,
endothelial and macrophage cells, as well as in spermatogonia and spermatids. Positive Leydig
cells were numerous, isolated or grouped in clusters and differed in staining intensity. Testicular
extracts were found to contain four types of proteins whose molecular weight was very similar to
those of the NOSisoforms. The biochemical measurement of the NO,, tissue content gavetheresult
of 155.25 + 21.9 nmol/mg.

On the basis of adetailed bibliographic review, the findings here obtained led usto hypothesize
that a) the sources of nitric oxidein the pig testis are numerous, and b) the oxide could beinvolved
in the regulation of the following testicular functions: steroidogenesis, vasodilatation,
peristalsis/permeability of seminiferous tubules and devel opment/apoptosis of germ cells.

Pig, testis, nitric oxide synthase isoforms, testicular cytotypes

Nitric oxide (NO) is a biologically active molecule widespread diffused in the body,
regulating main organic functions such as transmission of interneural impulse, secretion of
hormones, motility of vascular and non-vascular smooth muscle, and immunity defence
(Moncada et a. 1991; Ceccatelli et a. 1993; Murad 1994). NO is produced by the
enzyme nitric oxide synthase (NOS) of which three principal isoforms were described:
neuronal (NNOS), endothelia (eNOS) and inducible (INOS) (Fostermann et a. 1991).
Such isoforms have been detected, although separately, in human and rodent testicular
cytotypes such as interstitial (Leydig) and sustentacular (Sertoli), peritubular, germ,
endothelial and macrophage cells. They were studied mainly by applying
immunohistochemical techniques to different experimental conditions, in health and
diseases(Davidoff etal.1995; Stephan eta. 1995; Grozdanovic etal. 1995; Zini et
al. 1996; Lissbrant et a. 1997; Middendorff et a. 1997; Tatsumi et a. 1997,
O’ Bryan et al. 2000; Koziel et a. 2000; Fujisawa et al. 2001). Recently an NH,-
terminal truncated nNOS has been detected in human and mouse Leydig cellsinwhichitis
encoded by the activity of a specific gene promoter. Such molecule, defined testisnNOS
(TnNOS), shows amolecular weight of 125 kDainstead of 160 kDawhich isthe weight of
the full length molecule. Its biological roleis still unknown (Wang et al. 1997; Wang et
al. 2002).
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In the testis NO has been thought to influence testosterone synthesis, blood circulation,
seminiferous tubule contraction and germ cell metabolism/apoptosis (A dams et al. 1994;
Davidoff etal.1995; Rosselli etal. 1995; EI Gohary etal. 1999). Thewaysby which
the oxide plays these roles are incompletely understood as yet. They are related to the
activation of two enzymes:. cytoplasmic soluble guanylyl cyclase or mitochondrial P 450
cytochrome. A (direct or indirect) modification of gene transcription cannot be excluded
(Snyder etal.1996; Davidoff eta.1997; Pomerantz and Pitelka 1998).

Thisstudy aimed to: a) detect the presence and distribution of the NOSisoformsin thepig
testis by means of immunohistochemistry, b) determine the molecular weight of the NOS
isoformsby western blotting analysisand c¢) assessactivity of testicular NO by abiochemical
method. Finally, the pig was chosen because there has been no dataavailablein this species,
and because porcinetestisis particularly rich in Leydig cells.

Materialsand Methods

Small samplesof testisand cerebellumwere collected from five Large Whitepigsat alocal slaughterhouse, soon
after the death of the animals that were fourteen to eighteen months of age. The cerebellum was chosen as
acomparison organ because it is known to contain the nNOS isoform and, on the contrary, lacking of the TnNOS
isoform (Wang et a. 2002). The material was processed as described below.

Immunohistochemistry

Samples were fixed in Bouin's fluid for 12-24 h at room temperature, dehydrated, embedded in Paraplast and
cut on microtomeinto 7 pm sections. Two indirect immunohistochemical methodswere used for staining. Thefirst
employed the avidin-biotin complex (ABC) (Vector Laboratories, PK-6101) and the second utilized tyramide
molecules as signal amplifiers. The latter technique was introduced into immunohistochemical practice quite
recently (Adams 1992) and its sequence was as follows: primary antibody, peroxidase-labelled secondary
antibody, dinitrophenol (DNP)-labelled tyramide (NEN Life Sciences, Kit NEL 747 A), HRP-conjugated anti-DNP
antibody (NEN Life Sciences, Kit NEL 747 A). 3,3' diaminobenzidine (DAB) (Vector Laboratories, SK 4100) was
used as chromogen for the ABC method while the complex DAB-nickel (Vector Laboratories, SK 4100) was
utilized for the amplified technique. The primary antibodieswere polyclonal, raised in rabbits and directed against
the nNOS, eNOS and iNOS isoforms (S. Cruz Biotechnal., SC 648, SC 654, SC 651, respectively). They were
diluted 1:400 and applied to the sections overnight. Control sectionswereincubated with PBS (0.01 M, pH 7.4) or
normal rabbit serum in the specific step and never showed positivities. In particular the anti-nNOS antibody used
hereisdirected against the —COOH terminal of nNOS and recognises this latter but also cross reactswith TnNOS
which hasthe same structure of thefirst with the del etion of the 1-335 amino acid sequence (Al derton etal. 2001).
Interstitial macrophages were identified immunohistochemically by using amonoclonal antibody raised in mouse
and directed against the CD1 protein from pig leukocytes (VMRD Inc., 76-7-4). Before staining the sectionswere
placed in citrate buffer (0.01 M, pH 6) and heated in a microwave oven (Siemens E-Nr HF12021/01, 800 W) at
maximal power for two cycles, 5 min each.

The preparations were observed by a Nikon E 600 light microscope and microphotographs were taken by using
Kodak Technical Pan black/white film.

Western blotting analysis

Samples from testes were homogenized in ice cold membrane buffer (50 mM Tris-HCI, 150 mM NaCl, 5 mM-
EDTA, 50 pg/ml AEBSF, 2 ug/ml Leupeptin, 2 pg/ml Aprotinin; pH 7.4) and centrifuged at 8 000 rpm for 15 min
at 4 °C. Protein concentration was assessed by the Bradford assay. Then 30 ug of proteinwerediluted 1:5in 5x SDS
loading buffer (5 mM Tris-HCI, 1% SDS, 10% glycerol, 1% 2-Mercaptoethanol; pH 6.8), boiled for 5 min, size
fractionated by SDS-PAGE on 7.5% gel and electrophoretically transferred to PV DF membrane (Tropix A.B.; XM
105). This latter was rinsed in PBS, immersed in blocking buffer for 60 min and incubated for 90 min with the
antibodies directed against the NOS isoforms (see above) previously diluted 1:400 in blocking buffer. Alkaline
phosphate-conjugated goat anti-rabbit 1gG (Tropix A.B.; WT 10 RC Kit) was diluted 1:5 000 in blocking buffer
and applied for 60 min, as secondary antibody. Finally the membrane was bathed in CSPD, a chemiluminescent
reagent, and exposed for 30 sec to aK odak black/whitefilm (Sigma; X-OMAT AR). The same procedure was used
to analysethe cerebellum sampleswith the exceptionthat, in thiscase, it wasused only theantibody directed against
thenNOS.

Biochemical measurement of NO activity

AccordingtoMeli etal. (1997), NO activity was assessed by measurement of tissue NO,, which isan oxidation
product of NO. Samplesfrom testeswere rinsed in cold PBS buffer (0.1 M, pH 7.4) soon af%er collection and then
weighed and homogenised (1.2, w/v) in the sameice-cold buffer. The subsequent phases were carried out at 4 °C.
The suspension was centrifuged at 3 500 x g for 15 min and aliquots of 100 pl of supernatant were mixed with
aliquots of 100 pl of Griess reagent containing 1% sulphanilamide and 0.1% naphthylethylenediamide in 5%
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phosphoric acid. The suspensions were kept at room temperature for 10 min and then their absorbance at 550 nm
was measured in a microplate reader (Titertek multiskan MCC). Solutions of sodium nitrite (NaNO,) served as
standards. Nitrite concentration of the tissue suspensions was cal culated by comparing their OD with those of the
standard solutions.

Theassay datawereanalysed by aone-way ANOV A method followed by Duncans’ multirangetest. Valueswere
expressed asmean + SD.

Results

nNOSimmunoreactivity wasfoundin Leydig (Platelll, Figs 1a,b) and peritubular myoid
cells (Fig. 1c) as well as, within the seminiferous tubules, in Sertoli cells (Fig. 1d) and
spermatogonia (Fig. 1€). The positive Leydig cellswere numerous and appeared isolated or
grouped in clusters containing avariable number of components, from aminimum of 4-5to
a maximum of 25-30. They were roundish/polyhedric in shape, larger than the other
interstitial cytotypesand different in staining intensity. Reactive peritubul ar and Sertoli cells
and positive spermatogonia were rare and present only in part of the seminiferous tubules
visiblein atissue section. The Sertoli cellswerelightly stained but easily discernible dueto
their irregular cytoplasmic profile. eNOS immunoreactivity was detected in Leydig (Plate
IV, Fig. 2a), Sertoli (Fig. 2b) and endothelial cells (Fig. 2c) aswell asin spermatids (Fig.
2d). These positive cells resulted infrequent with the exception of the Leydig, more
numerous. Finally, iINOS immunoreactivity was found in Sertoli (Fig. 2e) and macrophage
cells (Fig. 2f). Thefirst were rare while the second were numerous and stained also by the
anti-CD1 antibody (Fig. 2g). Macrophages resulted mainly isolated and polymorphic in
shape, the oval profile being quite frequent. They were localized generally at the periphery
of theinterstitial spaces and frequently showed a perivascular position (Figs. 2f,g).

The immunohistochemical technique utilizing tyramide as asignal amplifier waslargely
preferred to the ABC complex method because of its sensitivity in revealing even small
guantities of antigen.

The western blot analysis from testicular extracts showed four discrete protein bands
recognised by the NOSisoform antibodies. On the basis of their el ectrophoretic mobility the
bands had molecular weights of 160, 133, 131 and 125 kDarespectively for nNOS, eNOS,
iNOS and TnNOS (Plate 111, Fig. 3). The blot analysis from cerebellar extracts was
performed utilizing theanti-nNOS antibody a one and showed the presence of aunique band
corresponding to the molecular weight of the nNOS protein (160 kDa) (Fig. 3).

The biochemical measurement of NO, tissue content performed by the Meli’s method,
gavetheresult of 155.25 + 21.9 nmol/mg.

Discussion

An accurate experimental study performed in human and mousetestisshowed that, at |east
in these species, the TNNOS isoform is not diffuse in the organ but restricted to the Leydig
cells (Wang et a. 2002). As reported above the anti-nNOS antibody used in this work
cannot differentiate NNOS from TnNOS due to their high structural similarity. On the basis
of such considerations and apart from interspecies differences, the positivity we obtained in
the Leydig cells using such antibody should be indicative of the presence of both the
mol ecules whil e those obtai ned el sewhere shoul d be dueto nNOS alone. Such hypothesisis
supported by the finding of positive Leydig cells more numerous than the other reactive
cytotypes and by the consideration that their difference in staining intensity could be dueto
variable amounts of the said two isoforms.

A detailed review of the bibliography showed that the three main isoforms of NOS,
neuronal, endothelial and inducible, have been detected in many testicular cytotypes, i.e.,
Leydig, Sertoli, endothelial, peritubular and macrophage cells as well as spermatogonia,
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spermatocytes and spermatids (Davidoff et al. 1995; Grozdanovic et a. 1995;
Stephan eta.1995; Zini etal. 1996; Lissbrant etal. 1997; Middendorff etal. 1997,
Tatsumi etal. 1997; Koziel eta.2000; O’'Bryan et a. 2000). Although this finding
was obtained from different species (man and two rodent species) and by various
technical/experimental conditions, it led us to hypothesise that the mammalian testis has
good potentiality of NO producing. A metabolic turn over of the NOS isoforms could also
be present in the testicular cytotypes as suggested by the inconstancy of their positivity at
the relative antibodies and by the existence of putative regulators of NO activity. It was
reported that the cellular production of the oxide can be influenced by the presence of
glutamate, aspartate, cytokines, acetylcholine, noradrenaline, serotonin, endothelin,
bradykinin, lipopolysaccharides, protein kinases, hsp 90, VEGF, histamine, kalirinand PIN
(Kagi et al. 1988; Garthwaite and Boulton 1995; Baader and Schilling 1996;
Tatsumi et a. 1997; Banche et al. 1998; Meroni et a. 2000; Alderton et al. 2001).
Someof thesemolecules, i.e., glutamate, aspartate, cytokineinterleukin 6, serotonin, protein
kinases A, C and |1 have been described inthe Leydig cell (Kagi etal. 1988; Davidoff et
al. 1993, 1995; Saez 1994; Tatsumi et a. 1997).

NO has been retained to play in the testis the following functions: a) inhibition of
steroidogenesis, b) stimulation of germ cell metabolism/apoptosis, c) relaxation of vascular
myocytes, d) regulation of peristalsis and permeability of the seminiferous tubule wall
(Adams et al. 1994; Welch et al. 1995; Rosselli et a. 1995; Del Punta et al. 1996;
Middendorff etal. 1997; Davidoff etal. 1997; Lissbrandt et al. 1997; Pomerantz
and Pitelka 1998; El Gohary etal. 1999). Therole played by NO in the steroidogenesis
inhibition has primary importance in the species reproduction. It will be briefly discussed.

NO couldinhibit Leydig cell testosterone synthesisdirectly andindirectly. Inthefirst case
NO, released within the testis by the cellular sources described above or by intraorganic
nervefibres(Zini etal. 1996), could activate soluble guanylyl cyclase (SGC) inthe Leydig
cell and consequently cyclic guanosin monophosphate (cGMP) (Welch et al. 1995,
Davidoff etal. 1997). Thislatter could induce the stimulation of ayet poorly documented
cytoplasmic protein kinase (Middendorff et a. 1997). It is worthy of note that the
SGC/cGMP way of cellular response to NO has been proposed not only for the Leydig cell
but also for other testicular cytotypes such as Sertoli, endothelial, peritubular and germ cells
(Middendorff et al. 2000). Alternatively, it has been hypothesised that the intracellular
mediator of the androgenolitic action of NO is an enzyme belonging to the group of P 450
cytochromes (Del Punta et al. 1996; Pomerantz and Pitelka 1998). Particularly the
administration of the NO-donor molecule S-nitroso-N-acetyl penicillamine to cultured
Leydig cells inhibited steroidogenesis by decreasing the action of the enzyme 17a
hydroxylase/C, 5, lyase (Pomerantz and Pitelka 1998). Indirect ways in which NO
could act on Leyé)ig cell steroidogenesis are the dilation of testis microvasculature, and
consecutive stasis of blood circulation (Zini et a. 1996), and inhibition of LH
synthesis/secretion by the gonadotrope-releasing cells of the hypophysisin which NO has
been found to be produced (Ceccatelli etal. 1993).

A recent study on the action of NO on Leydig cell steroidogenesis reports that the effect
of the oxide could be considered biphasic resulting in astimulation at low concentration and
inan inhibition at high concentration (V al enti et al. 1999).

The other functions played by NO in the testisare poorly known and mainly derived from
analogous findings obtained in other organs. Recently the presence of the eNOS and iINOS
in the Sertoli cell has been related, respectively, to the interaction with germ cells
(Fujisawa et a. 2001) and to the production of gamma-glutamyl transpeptidase (M eroni
et a. 2000). This enzyme activates amino acid transport across the plasma membrane and
regulates glutathione levels.
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The western blot analysis from pig testicular extracts showed the existence of four types
of proteins whose molecular weights, 160, 133, 131 and 125 kDa, are identical to those of
the NOS isoforms, neuronal, endothelial, inducible and testicular, respectively. This latter
lacksfrom the cerebellar extracts. Such findings and that obtained from the measurement of
NO activity confirm the validity of the immunohistochemical data obtained and strengthen
the hypothesisthat the pig testis produces NO.

In conclusion it is probable that: @) NO is produced by various cytotypesin the testis; b)
it acts on cellular targets, regulating some testicular functions; c) it is a component of the
molecular complex containedintheL eydig cell which cooperateswith exogenoushormones
to regulate the androgen production.

Izoformy NO syntazy ve varlatech prasat

NO je biologicky aktivni molekula ucastnici se zdkladnich funkci v téle a je produkova-
na v riznych typech bunék ¢innosti izoforem enzymu NO syntazy (NOS). Pfitomnost izo-
forem definovanych jako neuronové, testikularni, endotelidlni a inducibilni byla studovéana
ve varlatech dospélych kancti pomoci imunohistochemickych postupti. Analyza Western
blot a biochemicka kvantitativni metoda byly rovnéZ pouZity k potvrzeni morfologickych
udaji a k stanoveni NO-tkanové aktivity.

Izoformy NOS byly obsaZeny v buiikdch Leydigovych, Sertoliho, peritubuldrnich, endo-
telidlnich a v makrofazich, jakoZ i v spermatogoniich a spermatidach. Pozitivni Leydigovy
buriky byly Cetné, izolované nebo ve shlucich a liSily se intenzitou zabarveni. V extraktech
z varlat byly zji$tény 4 typy proteind, jejichZ molekulova hmotnost byla velmi podobna té
NOS izoforem. Biochemickymi mé&fenimi obsahu NO, v tkéni se dospélo k vysledku 155.25
+21.9 nmol/mg.

Na zaklad€ dikladného prostudovani literatury a vlastnich nélezi 1ze ptedpokladat, Ze a)
zdrojii NO v kancich varlatech je n€kolik a b) oxid dusiku se miiZe tcastnit regulace néasle-
dujicich testikularnich funkei: tvorba steroidd, vasodilatace, peristaltika/permeabilita seme-
notvornych kandlkl a vyvoj/apoptdza zarode¢nych bunék.
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Fig. 1. Immunoreactivity for NNOS. a,b: isolated (a) and clustered (b) Leydig cellsin two interstitial spaces.
Note the roundish/polyhedric shape and the different staining intensities. c: myoid cellsaligned at the boundary
of a seminiferous tubule. d: Sertoli cells typicaly elongated and irregular in shape. e severa reactive
spermatogonialocalised at the basal side of the germina epithelium. TSA amplified technique. Bars: 10 pm.
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Fig. 3. Western blot detection of NOS immunoreactivity in homogenates from pig testis and cerebellum. &
the anti-nNOS antibody recognised in testis homogenates two protein bands corresponding to the molecular
weights of nNOS (160 kDa) and TnNOS (125 kDa), respectively. b: the same antibody recognised in
cerebellum extracts the 160 kDa band alone. c,d: the antibodies directed against eNOS (c) and iNOS (d)
detected the presence of the respective antigens (133 and 131 kDa) in testis homogenates.
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Fig. 2. Immunoreactivity for eNOS (a-d), INOS (e, f) and CD1 (g). & aninterstitial spacefilled with negative
and differently stained Leydig cells. b: a couple of Sertoli cells packed between piles of spermatocytes. c:
endothelial cellsfound in asmall sized blood vessel. d: roundish spermatids showing intense staining in the
acrosomal zone. e,f: Sertoli cells(e) and anisolated macrophage (f) containing theiNOSisoform. g: fusiform
shaped macrophages, although mainly isolated, are quite frequent in the interstitial spaces. Figs. atoe: TSA
amplified technique; figs. f, g: ABC method. Bars: 10 um.



