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Summary

The aim of this work was to evaluate ontogeny attiee nitrogen species (RNS) production
by peripheral blood phagocytes in pig. Pig fety8&sand 92 days of gestation) and postnatal
piglets (1, 3, 8, 17, 31 and 41 days after birtejewused. RNS production was measured by
fluorescent probes diaminofluorescein-diacetateKEBBAMDA) and dichlorofluorescein-
diacetate (H2DCFDA). Levels of nitration of celbpeins were established by
immunofluorescent detection of nitrotyrosine. Lavet plasma nitrites/nitrates were detected
spectrophotometrically by Griess reaction. Nitréde production measured by DAF-FMDA
in neutrophils decreased during postnatal life.rffoeous RNS measured by H2DCFDA
decreased from 55th day of gestation to the 4}sotlife. Phorbol-12-myristate-13-acetate
activated production decreased during postnatalffoduction of NO measured by DAF-
FMDA in macrophages decreased from the 1st toddsafter birth. RNS production
measured by H2DCFDA in monocytes did not show agyificant changes during ontogeny.
The level of nitrotyrosine significantly decreageam the 3rd to 17th day. Levels of plasma
nitrites/nitrates gradually decreased from the Bty of gestation to the 41st day after birth.
A temporary increase in all parameters occurregt afeaning, but without any significance.
In conclusion, RNS production has a decreasingltdeming ontogeny and is transiently

upregulated after weaning.

Keywords

Blood phagocytes; ontogeny; reactive nitrogen ggq@lasma nitrites/nitrates

Main text

1. Introduction
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There is substantial evidence that the porcine imargystem develops not only before birth
but also during early postnatal life (Zelnickaataal. 2006). Development of acquired
immunity in pig has recently been a relatively wetplored part of developmental
immunology (Trebichavsksgt al. 1996, Kovariet al. 2002). On the contrary, there is very
little information about both prenatal and posthatdogeny of natural immunity, especially
mechanisms of defense against potential infectjophagocytes. The production of reactive
oxygen and nitrogen species is one of the most itapbbactericidal mechanisms of
phagocytic cells

Nitric oxide can be produced by many cell typesbiyon of two types of the enzyme nitric
oxide synthase (NOS) (Forstermaatal. 1995). Under physiological conditions, only small
amounts of NO by the constitutive, calcium dependsmform of NOS (cNOS) are produced.
NO produced by cNOS plays a role as a regulateastular tone. cNOS is expressed mainly
by endothelial cells and neurons. On the other hiawldicible NOS (iNOS) expressed by
activated phagocytes plays crucial role in produrctf relatively high amounts of NO, which
give rise to other, much more efficient reactivieagen species (RNS), e.g. peroxynitrite.
RNS ensure the sufficient fight of phagocytes agjdvacterial pathogens (Fang 1997,
Chakravortty and Hensel 2003).

There is very little and controversial informatiavailable about ontogeny of RNS production
by phagocytes at present. Sherrsal. (1996) found that spontaneous, LPS, and IFN-
gamma stimulated RNS production by rat alveolarmop@tages in 3-day-old animals was
twice the production of that by older animals (Hyslold and adults). On the contrary, kte
al. (2001) found that RNS production by rat alveolacnophages stimulated in the same way
was significantly lower in newborn rats in comparnigo adult ones. However, production of

RNS by blood phagocytes has not yet been assessed.
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More information exists about ontogenesis of plasitréte or nitrate production. Plasma
nitrite/nitrate may be formed nonenzymatically bgestion of nitrites with food or may be
formed by intestinal flora (Castillet al. 1993). In fasting humans, it arises mostly from
endogenously produced nitric oxide (Rhodeal. 1995). Endogenously produced nitric
oxide spontaneously changes to nitrite, which cdswue nitrate when the reaction is
catalysed by hemoglobin (Ignargbal. 1993). The basal and relatively constant plasma
nitrite/nitrate levels are products of cNOS actest(Kleinbongaratt al. 2003); however

these levels can be greatly enhanced during amtigballenge when iNOS from activated
phagocytes become a major source of endogenoisaxide (Ergenekost al. 2000).
Ontogeny of plasma nitrite and nitrate levadse been better documented than direct
production of RNS by blood phagocytes. Howeves ihionly via indirect detection, which
may represent production of NO from other sourhas blood phagocytes. Unfortunately,
the results obtained by different investigatorscanetroversial. While Endet al. (2001)

found that levels of plasma nitrites/nitrates iase during the first few days of life in
children, Blumet al. (2001) found a strong decrease in calves. This fiather suggests that
there may exist species-specific differences imgeny of plasma nitrites and nitrates. As far
as we know, there exists only one publication refgrto increased fetal plasma nitrate levels
in ovine fetuses (Yang al. 1996). Other data related to prenatal ontogetigniged in
comparison to preterm and term-born children (Hdebhl. 2000). Moreover, data about
ontogeny of plasma nitrites/nitrates in pig hasysitbeen published.

Protein tyrosine nitration in neutrophils occursanliRNS, mostly peroxynitrites are produced
(Ischiropoulos 1992). Immunohistochemical detectibnitrotyrosine can be used as another
method for evaluation oh vivo RNS production.

The aim of the present study was to evaluate ptamtuof RNS by peripheral blood

phagocytes in pigs during prenatal and postnataigamy.
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2. Material and methods

2.1. Animals and blood sample collection

Piglets on days 55 (7 piglets) and 92 (5 pigletg)estation, taken from two sows which
underwent hysterectomy under halothane inhalati@sthesia, were used in this study. Eight
postnatal piglets from two litters of ages 1, 318, 31 and 41 days were used. The sows were
separated from piglets after weaning on day 28pégldts were then kept together in one pen.
The animals were used under the agreement of gamecBrCommission for Animal Welfare

of the Ministry of Education, Youth and Sports loé tCzech Republic.

The blood from fetuses was obtained by punctutbeiimbilical cord vein. Peripheral blood
from postnatal piglets in the volume of 3-4 ml veaflected on heparin (20 i.u./ml, Zentiva,
Czech Republic) by puncture of the jugular vein.

2.2. Assays for determination of nitric oxide protion

2.2.1. Flow cytometric measurements

Intracellular fluorescent probes diaminofluoresatiscetate (DAF-FM DA, Invitrogen,

USA) and dichlorodihydrofluorescien diacetate[@@F DA, Sigma-Aldrich, USA) were

used for flow cytometric detection of reactive ogen species produced by blood phagocytes
(neutrophils and monocytes).

The whole blood (6@) was mixed with either 1fl of DAF-FM DA (final concentration 10
pmol/l) or HLbDCF DA (final concentration fmol/l) and 15 ul of phorbol-12 myristate-13
acetate (PMA, Sigma-Aldrich), which was used amuskator (final concentration 200

nmol/l). All solutions were diluted in HBSS (Sigmddrich) in 3 ml FACS tubes and
incubated for 20 min in 37°C water bath in the démkolank samples, the fluorescent probes
were replaced by HBSS. The reaction was stopped 20t min and red blood cells were

lysed using 3 ml of 5-8°C cold hemolytic solutiodnaonmonium chloride (0.154 mol/|
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ammonium chloride, 10 mmol/l potassium bicarboné#)Sigma-Aldrich). After
centrifugation (600 g, 7 min, 0°C) and removalla supernatant, i of PE-conjugated anti-
human CD14 antibody (clone Tuk4, Serotec, UK) wdded and the solution was incubated
in ice-cold water bath in the fridge for 15 mintéfthe next washing with ice-cold PBS and
addition of propidium iodide (Sigma-Aldrich), tharaples were immediately measured in
flow cytometer (FACS Calibur, Becton Dickinson, US®ff-line analysis was performed by
Summit Software, version 4.0 (Dako Cytomation, Darkhand WinMDI, version 2.8
(http://facs.scripps.edu/software.html).

For expression and statistical evaluation of restite median of the positive DAF-FM DA or
H,DCF DA (FL1 channel) peak of either the neutropinimonocyte subpopulations was
evaluated after gating of viable cells (propidiwodide negative cells — FL3 channel).
Neutrophils and monocytes were identified accordimggr light scatter characteristics and
positivity in FL2 channel (CD14-positive cells).

2.2.2. Spectrophotometrical detection of plasmigtest and nitrates

Concentrations of plasma nitrites and nitrates pcedin vivo were detected by the Griess
reaction (Suret al. 2003), modified according to Trebichavsky (2001)e blood sample was
centrifuged (1000 g, 10 min, 22°C) to obtain blgtasma. Then 1l of blood plasma
diluted 1:5 by deionized water was mixed withi 2@f 0.31 mol/l PBS (Sigma-Aldrich), 10
pl of 0.86 mmol/l NADHP, tetrasodium salt (Roche r@any), 10ul of 0.11 mmol/l flavin
adenine dinucleotide, disodium salt (Sigma-Aldrjand 10ul of 0.1 IU nitrate reductase
from Aspergillus sp. (Roche) and incubated for 60 min in the darbam temperature. Then
60 pl of Griess reagent (1% sulphanilamide, 548, and 0.1% 2-(1-naphthylamino
ethylamine) (all Sigma-Aldrich) was added to eaaimgle. Samples were measured
spectrophotometrically (Lambda 11, Perkin-ElmerAY&t the wavelength of 540 nm.

Concentrations of nitrites/nitrates in each sanjg@kpressed ipmol/l) were read from the
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calibration curve. The calibration curves were dateed using different concentrations of
sodium nitrite and sodium nitrate (both Sigma-Adtiisolutions by the same procedure as
blood samples.

2.2.3. Immunofluorescent detection of nitrotyrosine

Nitrotyrosine was detected in neutrophils by indirenmunofluorescent staining (Vieehal.
1999). Neutrophils, isolated by discontinuous dgrgiadient Histopaque 1077/Histopaque
1119, were sliced on the cover slips by cytocamgation. The cells were fixed in 4%
paraformaldehyde in PBS for 15 min and permealuilizéh 0.1% Triton X-100 for 15
minutes. Blocking was performed by 10% donkey seirufBS for 1 hour. The samples
were then incubated with anti-nitrotyrosine antilesdUpstate, USA) overnight at room
temperature. On the next day, samples were incdifbatel hour with FITC conjugated
donkey anti-rabbit secondary antibodies. Cell nugkre stained by propidium iodide.
Preparates were mounted with VectaShield H-1000mmoy medium (Vector Laboratories,
USA). The intensity of fluorescence for each cedbvexpressed semiquantitatively as 25%,
50%, 75% and 100% positivity and then the meangmtage value for all 200 neutrophils
was calculated.

2.3. Statistical analysis

Age-dependent changes were tested with the nomagdiia ANOVA test (Kruskal-Wallis
test) and with Dunn’s post-test for the comparisball pairs. All calculations were
performed with MS-Excel (Microsoft Corp. Inc.) aRdzma® (Graph Pad Software Inc.)

software.

3. Results

3.1. Flow cytometric measurements



173 Significant changes of RNS production in neutrapfstimulated as well as nonstimulated)
174 generally occurred during ontogeny. In monocytesy stimulated production significantly
175 changed. Some accidental changes were observet)guwenatal ontogeny of RNS

176 production; however, they were non-significant antthout any correlation between

177 stimulated and nonstimulated, or betwenn DAF-FM &4 HDCF DA. Prenatal RNS

178 production was detected in neutrophils only dupresence of small numbers of white blood
179 cells in blood of pig fetuses. During postnataligey significant decreases in RNS production
180 by neutrophils (stimulated as well as nonstimulpted by stimulated monocytes occurred.
181 Moreover, transitional increases in RNS producbgmeutrophils and by stimulated

182 monocytes occurred after weaning; however, witlamyt significance.

183 3.1.1. Production of RNS by activated neutrophils

184 Production of RNS significantly changed during @goy (Kruskal-Wallis test for DAF-FM
185 DA: P<0.01; for HDCF DA: P<0.001) (Fig. 1a). No significant changesurred during the
186 prenatal period. Significant decrease was founthdyostnatal life (Dunn’s post-test for
187 DAF-FM DA between days 1 and 31 of age: P<0.01HgiDCF DA between day 1 and 41 of
188 age: P<0.001).

189 3.1.2. Spontaneous production of RNS by neutrophils

190 Production of RNS significantly changed during pasal period (Kruskal-Wallis test for

191 both DAF-FM and HDCF DA: P<0.001) (Fig. 1b). No significant changesurred during
192 prenatal period. Significant decrease was fourldNtS production during postnatal life

193 (Dunn’s post-test for DAF-FM DA between day 1 ada#lage: P<0.01; for #DCF DA

194 Dbetween day 1 and 17 of age: P<0.05).

195 3.1.3. Stimulated and spontaneous production of BjN@onocytes

196 Production of RNS (specifically NO measured by DRB-DA) significantly decreased

197 during postnatal ontogeny (Kruskal-Wallis test: B0 Dunn’s post-test between day 1 and



198 41: P<0.01). Postnatal production of RNS measuydd,DCF DA did not change (Fig. 1c,
199 d).

200 3.2. Spectrophotometrical detection of plasmategrand nitrates

201 Levels of plasma nitrites/nitrates significanthyadged during ontogeny (Kruskal-Wallis test:
202 P<0.001) (Fig. 2). Gradual decrease occurred frayn5® of gestation to day 41 of life

203 (Dunn’s post-test: P<0.001). Plasma nitrites/néisdevels correlated with NO production by
204 neutrophils during postnatal life including nonssfgcant transient increase after weaning on
205 day 31 of life.

206 3.3. Immunofluorescent detection of nitrotyrosine

207 The level of nitrotyrosine in neutrophil granuloeytshowed significant decrease from day 3
208 to 17 (P<0.01) and from day 3 to 41 (P<0.001)fef(Fig. 3). Transient increase after

209 weaning, though without significance, correlatethvan increase of RNS and ROS

210 production by neutrophils.

211

212 4. Discussion

213 The aim of the present study was to evaluate ptamtuof RNS during prenatal and postnatal
214  ontogeny by peripheral blood phagocytes in pigs.

215 Our previous data (Zelnickowal. 2006) documented that production of reactive oryge
216 species by blood phagocytes measured by chemilseenee also decreased during postnatal
217 ontogeny. In general, it would be more logical tpect that RNS production as a

218 representative bactericidal mechanism in periph#caid cells will have an increasing trend
219 during ontogeny.

220 The nonsignificant increase in RNS production afteaning, which correlated with the

221 increase of plasma nitrites/nitrates levels andedrof nitrotyrosine in neutrophils, could be



222 related to the activation of immunity after abseatt&actogenic immunity, and consistent
223 with the increase of antigenic pressure.

224  The production of RNS by neutrophils and monocwgfgsr stimulation correlated with its
225 spontaneous production. The RNS production dependise amount of INOS present in

226 RNS producing cells and on the availability of fudbstrate (I-arginine). It is likely that the 20
227 min stimulation with PMA used in the present stiglyot sufficient for increased INOS

228 expression, but only for elevation of the RNS piidn by the increasing availability of the
229 substrate to present INOS. It seems to be suitaldéso detect the content of INOS in the
230 phagocytizing cells as another parameter, whiclhacherizes the NOS production; however,
231 at present, there do not exist any commerciallyl@avi@ monoclonal antibodies against

232 porcine INOS.

233  While there does not exist data about RNS produadiioblood phagocytes during ontogeny,
234  more information is available about urine levelsitfites/nitrates in blood. However, almost
235 all data arises from human model. The levels dfmplanitrites/nitrates were found to increase
236 from birth to day 5 of life (Endet al. 1996, 2001) with subsequent decrease until dayf 30
237 life (Endoet al. 1996). A similar increase of nitrites/nitrateseéésvin children from days 1 to
238 4 of life in urine was observed by Tsukahearal. (1997a). Other observations refer to the
239 transient increase in urine nitrites/nitrates latar period — an increase from ages 1 week to 1
240 month with a subsequent decrease to 4 months dffagé&aharaet al. 1997b). The reason for
241 these observations was the developing intestioed flwhich is the source of plasma

242 nitrites/nitrates. Our observations show decreaglagma nitrites/nitrates during the whole
243 early postnatal period, similar to data from litara describing plasma levels of

244 nitrites/nitrates in newborn calves (Blwtnal. 2001).

245 The principal questions: What is the main sourcgla$ma nitrites/nitrates during ontogeny

246 and why are plasma nitrites/nitrates elevated duhe early developmental period?
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Decreased levels of plasma nitrites/nitrates dypimgtnatal ontogeny correlated with
decreasing NO production by blood phagocytes. Toergthe changes in NO production
during ontogeny can be caused not only by endethdldS (NOS 1) (as referred by
Tsukaharaet al. 1997a), but also by inducible NOS Il expressetlbpd phagocytes.

When experiments concerning ontogeny of RNS andadieeof NO production during
ontogeny are planned, not only endothelial (NO&ut)also inducible NOS Il activity should
be included. Constitutive NOS Il expressed by nearshould not be omitted either, because
changes in cerebral and cerebellar NOS Il expoessi guinea pigs and rats during ontogeny
were found (Lizasoaiet al. 1996).

Due to the ethical reasons, neither human nor drstudies include nitrites/nitrates status
during prenatal period; however, some studies coetppreterm and full-term animals,
where preterm individuals probably reflect theitgs/nitrates production before birth. Data
from the literature coincide that preterm babiesuiiaharat al. 1997a; 1997b, Honolet al.
2000, Dziket al. 2002) and preterm calves (Blwehal. 2001) produce higher amounts of
nitrites/nitrates than full-term ones. This is lose relation to our findings, where pig fetuses
in the late phase of gestation (day 92 of gestptiad higher levels of nitrites/nitrates than
newborn ones. It should be noted, however, thasareaents of nitrites/nitrates in humans
were performed in urine and were re-counted toeucieatinin, whereas measurements in
calves were performed directly in the blood plaslinia. questionable whether urine
nitrites/nitrates can fully reflect the levels dhgma nitrites/nitrates because it is known that
renal function of neonates is different from thiadults (Hill and Lumbers 1988, Tsukahara
et al. 1990). One publication, in which nitrites/nitratesre detected only in plasma,
disagreed with all of the aforementioned resultsabee no differences between preterm and

full-term babies could be found (Bibahal. 2001).
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No changes between prenatal and newborn produatibi® by blood neutrophils were
observed in our study but the levels of nitritetsates decreased during this period. Most
plasma nitrites are excreted from the organismuiiinaurine. The possibility that the levels of
plasma nitrites/nitrates can be increased indepelydeom NO production by restricted
removal of nitrites/nitrates from the blood stresimould not be omitted.

Some authors have mentioned that increased NO giioduyexpressed as increased level of
nitrites/nitrates) is the mechanism of vasculaetoegulation (Endet al. 2001) because
fetuses have lower blood pressure than postnatadiduals. Why plasma nitrites/nitrates are
significantly higher on day 55 of gestation in caripon to day 92 of gestation is not clear,
and whether the blood pressure is thus lower orb8aian on day 92 remains unknown.

We can conclude that the production of RNS by penigl blood neutrophils does not change
during prenatal development. RNS production byghesal blood phagocytes has decreasing
trend during postnatal ontogeny (except for prodncdf RNS by blood monocytes, which
remained unchanged during the postnatal periodrerare some similarities in development
of RNS production by blood phagocytes and by plasitnges/nitrates but we cannot exactly
determine if elevated plasma nitrites/nitratesnirearlier period are caused by NO production
by peripheral blood phagocytes or if there is sother source of NO (e.g. endothelial cells
or neurons). Thus the interpretation of this spfit#éata for understanding of natural immunity
development can not be exactly established. Fusihatar studies should be done to obtain

more complete view of the RNS production duringyptal and early postnatal period of life.
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Figure captions

Fig. 1:Invitro production of reactive nitrogen species (RNS) égpgheral blood phagocytes
during ontogeny in pigs. Nitric oxide detected lgndinofluorescein diacetate (DAF-FM DA,
white bars) and other RNS detected by dichlorodibijdorescein diacetate (BCF DA,
grey bars) were measured in PMA stimulated neutl®gh), nonstimulated neutrophils (b),
PMA stimulated monocytes (c) and nonstimulated negtes (d). RNS production was
expressed as the median of the histogram peak ih dflannel after gating of viable,
propidium iodide (FL3 channel) negative and CDl14.2(Fchannel) positive cells (final
discrimination between monocytes and neutrophilss wealized by their light scatter
characteristics). Results are shown as mean ofamedi SEM. Significant differences
between pairs (Dunn's post-test) are designatéaeifigure.

Fig. 2: Level of plasma nitrites/nitrates duringageny in pigs. Plasma nitrites/nitrates were
measured spectrophotometrically by modified Grresstion assay at 450 nm. Absorbance
was re-counted to nitrites/nitrates (expressqdmniol/l) by calibration curve. Results are
shown as mean £ SEM. Significant differences betwssers (Dunn’s post-test) are marked
in the Figure.

Fig. 3: Levels of nitrotyrosine in neutrophil grameytes during postnatal ontogeny in pigs.
Nitrotyrosine was detected by indirect immunofligment staining. Neutrophils were
recognized by nucleus morphology after stainindnyitopidium iodide. 200 neutrophils were
evaluated. The intensity of fluorescence for eathwas expressed as 25%, 50%, 75% and
100% intensity of fluorescence and then the mearepéage value for all 200 neutrophils
was calculated. Results are shown as a mean ddrage representation + SEM. Significant

differences between pairs (Dunn’s post-test) ankeatkin the Figure.
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