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SUMMARY examined species although they differed in num-
ber and shape of their bodies. The dorsal horn

The distribution of NADPH-diaphorase (NADPH- showed the presence of NADPH-d staining in all
d) activity was investigated and compared in the rathree animals but its distribution was different in
rabbit and pheasant thoracic spinal cord. The invemedio - lateral direction.

tigation of all spinal cord regions (laminae) in three It can be suggested that observed differencies in
experimental species revealed marked differencethe presence and distribution of NADPH-d activi-
in the distribution of NADPH-d activity. ty across the examined species may reflect differ-
Cross sectional analysis of the spinal cord of thent fylogenetic development.

rat, rabbit and pheasant confirmed differences in tr

shape of the gray matter in all examined specie

More detailed investigation of Rexed’s laminasINTRODUCTION

showed similar distribution of NADPH-d activity in

the spinal cord of the rat and rabbit, which were dif The nicotinamide adenine dinucleotide hydrogen

ferent when compared with the spinal cord of thephosphate - diaphorase (NADPH-d) histochemi-
pheasant. cal reaction involves the transfer of hydrogen
Ventral horn of the rat and rabbit showed ncfrom the substrate, NADPH, to a hydrogen accep-
labelling whereas in pheasant this area possessetor, a tetrazolium salt, which is converted to the
number of scattered, intensively stained neuron:insoluble blue formazan (Mizukawa 1990, Scher-
In the location of autonomic preganglionic neu-er-Singleret al.,1983).

rons, differences were found as well. In the ra The significance of NADPH-d has been elucidat-

there was seen a number of densely packed, cleied by the discovery that NADPH-diaphorase so
ly dark blue coloured neurons. Similarly, theseclosely resembles nitric oxide synthase (NOS) that
neurons were present in the rabbit spinal cord bithey may be identical (Hopet al.,1991; Dawson

they were less numerous. No staining was found iet al.,1991). NOS is the enzyme responsible for

this region of pheasant. Pericentral area (lamina xthe synthesis of nitric oxide (NO), which was
and intermediate zone (laminaVIl) revealed theaccepted as a novel transcellular messenger that is
presence of NADPH-d positive neurons in alldirectly involved in a wide range of physiological
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activities (Kiechle and Malinskyl993).There is istry, immunochemistry and retrograde labelling
an evidence that NO plays a major role in at leas(Blottner and Baumgarten, 1992). Histochemistry
three systems: white blood cells, where it mediateof NADPH-d as a marker for NOS was used to
tumoricidal and bactericidalfetcts; blood vessels, identify NO synthesizing neurons in peripheral
where it represents endothelium-derived relaxininervous system as well (Grozdanogtal., 1992,
factor activity; neurons, where it functions very Gulatiet al.,1995).

much like that of a neurotransmitter (Bredt anc To address the question of whether there are
Snyder 1992). species dferencies in the distribution of NOS-
As NO is a gaseous, free radical with a half-life oireleasing neurons in the spinal cord, NOS
5 seconds, it is readily diifsible in tissue (Kiechle immunoreactivity was examined in the rat, mouse,
and Malinsky 1993).The detection of its presence cat and squirrel monkey (Dwet al., 1993).This

is focused upon the enzyme NOS. Previous studitstudy showed that NOS-positive neurons of spinal
(Hope et al., 1991; Dawsonet al., 1991) have cord were similarly distributed across the four
demonstrated that endothelial and neuronal forms species.

NOS are colocalized with NADPH-d in tissue fixed Results mentioned above raised our interest on
by 4% paraformaldehyd@his enzyme has a very possible species d@#rencies in the distribution of
wide distribution in the brain (Bredt and Snyder spinal cord NADPH-d positivity in cells of mam
1990), comparable to the distribution of the majomalian and non-mammalian material. Choice for
neurotransmitters glutamate and GABA, suggestinthe non-mammalian species was birds (Necker
an involvement in a lge number of dierent neu  1999). Since we have not yet found in literature the
ronal tissue functions (Garthwaite, 1995). Histo solution of this problem in birds, the present work
chemical characterization of neuronal NADPH wasaims to first study the localization of NADPH-d
studied more in detail by Hope axdhcent (1989). neurons and fibres in pheasant spinal cord and to
In the light of the importance of NO, NADPH- compare its distribution with the distribution of
diaphorase histochemistry has become the moNADPH-d in the rat and rabbit spinal cord.

widely used method to study the distribution of-neu

ronal structures containing NOS.

Our interest was focused on the presence (MATERIALS AND METHODS

NADPH-d in the spinal cord of rat, rabbit and

pheasant. From previous reports it has been knovAnimal tr eatment and tissue peparation

that NADPH-d is distributed in various segments Five adult rats, seven rabbits and four pheasants of
throughout the entire rat spinal cordadéchandf  both sexes were used in this stuBixperimental

et al.,1992) as is the distribution of NOS (Saitbo animals were anesthesized with pentobarbital (30
al., 1994). Localization of NADPH-d in the spinal mg/kg, i.v) and immediately killed via intracardiac
cord of cat and dog was studied Wizzardet al.  perfusion with saline followed by 4% paraformalde
(1994; 1997). Besides mammalian material, thihyde +0.1% glutaraldehyde lerfed with 0.1 M
presence od NADPH-d positivity was studied alscsodium phosphate, pH-7.4he fixatives were

in non-mammalian spinal cord cells, e.g. in snakfreshly made up immediately prior to perfusion.
(Jiang andTerashima, 1996), frog (Mioz et al., Following perfusion, the spinal cord was careful
1996) and fish (Funakoslat al., 1995). Special ly dissected out and stored in the same fixative for
interest was given to NADPH-d positivity in a sub 3-4 hours.Then it was placed in ascending eon
population of autonomic preganglionic neuronscentrations of sucrose (15-30%) in the same {phos
(Andersonet al., 1993). Nitregic autonomic neu phate bufler for cryoprotection and stored
rons in the rat spinal cord were studied also bovernight at 4°C. Spinal cord segments were sec
Blottner et al, (1993). There is support for the tioned transverselly in a freezing microtome at a
presence of NOS containing neurons in the inteithickness of 4jum.

mediolateral (IML) cell column of the rat spinal

cord (Saitoet al., 1994; Dunet al., 1992). This  Histochemical procedure

kind of neuron was confirmed in the thoracic NADPH-d histochemical detection was per
spinal cord of rat by combination of histochem formed as reported in our previous studies
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(Mars™alaet al., 1997; Kluchovaet al., 1999, staining, with the absence of labelling in lamina II
2000). Sections were incubated for an hour &(Fig. 1d). Spinal cord of the rabbit did not show this
37°C in a solution of 1.5 mM nitroblue tetrazolium picture; laminar arrangement was quitefudié but
(NBT, Sigma Chemicals, N-6876), 1.0 mM [3- NADPH-d positivity was found to be interrupted in
nicotinamide adenine dinucleotide phosphattthe dorso-ventral direction by the enterinfgednt
(NADPH, Sigma Chemicals, N-1630), 0.5%i- fibers (Fig. 1e). In spite of this, pheasant spinal cord
ton X-100 dissolved in 0.1 M phosphate feuf showed complete transfer of NADPH-d labelling
(pH 7.4), 10.0 mM monosodium malate (malicfrom the medial to its lateral part of the dorsal horn
acid, Sigma Chemicals, Mt25). in superficial layers (Fig. 1f).
Control sections were treated in the same way bl
without NADPH in the reaction mediumhis was Pericentral region (lamina X)
to test for endogenous reduction activity in the cor A substantial number of intensively stained
responding blue formazan product (Hope ¥ NADPH-d positive neurons were located around
cent, 1989). the central canal (lamina X) of the rat (Fig. 2a).
Following the reaction, sections were rinsed irTheir fibers were widely branching and intercom
0.1M phosphate btdr (pH 7.4), mounted on slides, municating, often extending to the dorsal commis
air-dried overnight and coverslipped with Entellan. sure (Fig. 2b). In the rabbit, pericentral neurons
were arranged in similar fashion but they were
found less numerous than in the rat, often local
RESULTS ized closely to the subependymal layer (Fig. 2c).
Surprising was the extensive diameter of the rab
The investigation of the rat thoracic spinal corchit central canal, the lgest of all examined ani
revealed the presence of NADPH-d positive neurormals. Higher magnification of positively stained
in three main localities: superficial layers of the-dor neurons showed less branching of their processes
sal horn, pericentral zone and the area of intermecin comparison with the rat (Fig. 2d). In pheasant
olateral (IML) column (Fig. 1a)lhe occurence and pericentral region, considerablefdifencies were
number of these neurons varied in the spinal cornoticed (Fig. 2e)The small, narrow central canal
throughout its entire length. No NADPH-d activity was located much more ventrally than in the rat
was found in the ventral horn of the rat spinal cordand rabbit and NADPH-d neurons were seen to be
Differences seen in transverse sections of the spirplaced more in a dorsal direction with glar dis
cord of the rat and rabbit were noticable only in thetance from the central candlhe shape of these
shape of the gray matter (Fig. 1a, 1b), but the distrneurons was diérent as well, their bodies were
bution of NADPH-d positive structures was verysmaller in size, possessing only a small number of
similar in both examined species. short, non-branching nerve fibers (Fig. 2f).
On the contrarypheasant spinal cord showed, in
the transverse section, quite deliént picture not Intermediolateral cell column (lamina VIl)
only in the shape and unclearfdife border of its At the magin of the gray matter and the lateral
gray matter but also in the lack of NADPH-d stain funiculus, intensive NADPH-d staining was found

ing in the IMLarea (Fig. 1c). in the rat and rabbit spinal cord (Fig. 1a, b). €lus
ters of neurons, densely packed, were observed in
Laminar distribution of NADPH-d activity this area, typical for the presence of sympathetic

Detailed observation of individual spinal cord preganglionic neurons. NADPH-d staining in the
layers (laminae) revealed considerabléedénces IML region of the pheasant was absent (Fig. 1c),
in the distribution of NADPH-d staining between but some positively labelled cells were seen in
mammalian (rat and rabbit) species and non-manlaminaVIl located medial to the IMIcolumn.
malian (pheasant) species.

Ventral horn (lamina VIII-1X)
Dorsal horn (lamina I-111) Both in the rat and rabbit spinal cord, cellular

In the dorsal horn of the rat, especially in lamina staining for NADPH-d activity in the ventral horn
and 1ll, NADPH-d presence was seen as a bilamin:was generally absent (Fig. 3a, b). Pheasant spinal
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cord was diferent in this area as well (Fig. 3c). The distribution of NADPH-d and NOS positive
Clearly stained NADPH-d neurons were seen-scaneurons in the spinal cord of rat was already
tered throughout the area of the ventral horn in thdescribed by others @tchanof et al., 1992;
thoracic part. Saito et al., 1994). The rabbit spinal cord was
examined for the localization of NADPH-d agctiv
ity as previously published (Kluchoedal.,1999,
DISCUSSION 2000; Magala et al., 1997). Both rat and rabbit
spinal cords are known to possess five areas which
In the present stugdyhe distribution of NADPH-d contain NADPH-d positive neurons, i.e. 1/auto
staining in the spinal cord of three species wanomic preganglionic neurons (lamik@#), 2/neu
examinedThe aim of this work was to compare therons of the intermediate zone (lamm#H), 3/peri-
presence of positively stained neurons and te suicentral neurons (lamina X), 4/neurons in the deep
gest possible physiological functions of NO in this(lamina I\VI) and 5/superficial (lamina I-111)
part of the CNS. It is well known that NO fuifes  layers of the dorsal hormA large number of
unhindered from its cells of origin with the potential NADPH-d positive neurons appear to be involved
to afect all cells within its immediate vicinity in spinal sensory processes and visceral regula
(Bredt and Snydef992).This property allows NO tion. The distribution of NADPH-d activity in the
to play a number of dérent roles in the CNS where pheasant spinal cord was rathefeatiént from the
it is regarded as a novel transcellular messeAger above mentioned animals. It was found in areas
mentioned before, NO generated by ngiemeu  of: 1/somatomotor neurons of the ventral horn
rons can be identified by NADPH-d histochemistry(lamina VIII-IX), 2/neurons of the intermediate
(Dawsonet al.,1991; Hopeet al.,1991). However zone (laminaVvll), 3/pericentral neurons (lamina
caution must be taken in interpretation of thesiX), 4/neurons in the deep (lamina-W) and
results in the light of recent evidence suggesting thi5/superficial (lamina I-111) part of the dorsal horn.
NADPH-d might be only a form of NOS (Schmidt This finding shows clear dérence in the pres
et al., 1992). Furthermore, Matsumogtdal. (1993) ence of NADPH-d between rat and rabbit spinal
have suggested that most of the NADPH-d activiticord on the one hand and pheasant spinal cord on
in intact cells is in the particulate fraction and is nothe other The omission of NADPH-d staining in
NOS. Thus, a one to one correlation betweerautonomic preganglionic neurons and its presence
NADPH-d and NOS does not always exist and NOtin the ventral horn are the most noticabldeaif
cells may represent a subpopulation of NADPH-tences in pheasant spinal cord in comparison with
neurons. In recent studies, NADPH-d histochemthose of the rat and rabbit.
istry is considered to be a selective marker for net In studies on NADPH-d labelled autonomic neu
rons that may synthesize NO both in the spinal corrons of the spinal cord, some speciededifices
(Murioz et al.,1996) and in the brain @hcovaet have been shown. Positively stained neurons were
al., 2000)when describing one species. Most stud noticed in IMLcell column of the rat (Andersagt
ies carried out point to a co-expression of NADPH-al., 1993; Valtschandf et al., 1992, Blottner and
d and NOS enzymes in the same regions (Daws(Baumgarten, 1992), but not in the cat (Mizukat/a
et al., 1991, Vizzard et al., 1994). Therefore, al., 1989). On the contraryprominent NADPH-d
although the controversy is still open, the use ocactivity in the IMLcolumn of the cat was found by
NADPH-d histochemistry seems to be a powerfuVizzardet al.(1994).The reason for the diérence
procedure to give insight into theganization of in IML staining in these two experiments might
NO systems in the spinal cord. reflect tissue condition (Mizukawet al., 1989) or

Fig. 1 - (a)lransverse section through the thoracic spinal cord of the rat shows intensively stained area of autonomic pregan
glionic neurons(b)View of the rabbits spinal cord reveals solitary arranged NADPH-d positive neurons in thegd{c)Note

different shape and unclear border of gray matter in the section though the spinal cord of pheasant. No staining can be seen in
the area of IMLcolumn.(d)Bilaminar NADPH-d staining in the superficial layers in left dorsal horn of the rat. (M - medial, L
lateral).(e)NADPH-d positivity in the dorsal horn of the rabbit is interrupted by tferexit nerve fibres. (M - medial,-Llater

al). (f))No staining in the medial part and positive NADPH-d reaction in the lateral direction were seen in neurons of-the pheas
ants left dorsal horn. (M - medial,-Lateral).
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fixation procedureAutonomic neurons of the sacral NADPH-d and NOS positive neurons in the region
parasympathetic nucleus (SPN) alsdedifacross of the ventral horn raises the possibility that:
species. In the dog, NADPH-d staining was not se€1l/there is a population of motoneurons with uausu
in this region (Vzzardet al.,1997).A similar situa  al neurochemical properties, or 2/there are present
tion exists in the cat (¥zardet al.,1994), whereas other types of neurons (e.g., autonomic teraht)
in the rat (Mltschandf et al., 1992) and rabbit in addition to motoneurons @zardet al., 1994).
(Marsala et al., 1997) the NADPH-d activity was It seems likely that positively stained cells in this
prominent in the region of lumbosacral parasymperegion are autonomic cells, or an unusual group of
thetic nucleus. motoneurons. In the study of Pullehal, (1997),
The results obtained in the present study-corsome sections of thoracic spinal cord of the cat
firmed the presence of NADPH-d positive neuronsexhibited distinct medial and lateral groups of
in the sympathetic preganglionic neurons of the remotor neurons showing NOS staining. Retrograde
and rabbit, but not in the pheasant spinal corclabelling experiments revealed that cat thoracic
Some NADPH-d positive cells were also locatecmotor neurons innervating external intercostal
medial to the IMLhorn in the region correspond muscles are located along with levator costae
ing to the intercalated and dorsal commissurémotor neurons as a group in the ventrolateral tip of
nuclei, which are known to contain sympatheticthe ventral horn, whereas motor neurons projecting
preganglionic neurons. NOS-immunoreactive cellito the internal intercostal nerve are sited more dor
were observed in this region of other species, tosomedially (Johnson, 1986). It may be speculated
(Vizzardet al.,1994). It is clear from these find that NADPH-d positivity in pheasant thoracic
ings that NO can function as a neurotransmitter imotoneurons reflects their &fent function
sympathetic preganglionic neurons of the pheasabecause of the presence of wings in bifd®ther
and is involved in spinal cord visceral regulation. possibility to explain this issue is that birds are
In the ventral horn of the thoracic spinal cord of theknown to possess much more propriospinal-con
rat and rabbit, there were not found any NADPH-tnections compared to other species @k,
positive neuronsAs previously descibed by others, 1985). Further studies will be needed to confirm
this phenomenon is common to other animals ilsome of these hypotheses.
physiological conditions @ltschandfet al.,1992; High activity of NADPH-d was noted in the dor
Dun et al., 1993). Diferent results were obtained sal horn of all three species especially in lamina |
after rhizotomy (Vzzardet al.,1993) and in injured and Il, but the distribution of this activity was quite
neurons after axonal damage when motoneurordifferent. In the rat, the dorsal horn staining-con
were capable of expressing NADPH-d and NOcSsisted of two distinct bands separated by a promi
activity (Wu, 1993). nent unstained regionThis banding was not
Despite the general lack of staining of motoneuobserved in the rabbit; here the NADPH-d activity
rons in the spinal cord of the cat and the rat, ilwas distributed throughout lamina | and Il in a
some cases NADPH-d and NOS positive neuronmore difuse mannerThe diference in the pheas
were seen in this region i@zardet al.,1994). In  ant dorsal horn was seen mostly in the mediolater
the cervical spinal cord of the cat these neuroral distribution of NADPH-d positivity Strongly
were located in the ventrolateral gray mafféns  stained structures in the lateral part of superficial
location suggests that these neurons may be a players of the dorsal horn was in marked contrast
of the spinal accessory nucleus. Results obtainewith the no staining in its medial pafthe fact that
by us in pheasant confirmed the presence c(afferent fibers, before entering the dorsal horn, are
NADPH-d positive neurons scattered throughoudivided into medial and lateral fascicles (&a,
the area of the ventral horihe small number of 1985), could contribute to an explanation of this

Fig. 2 - (@Numerous NADPH-d positive neurons around the central canal of the rat. (CC - centrallogtigher magnifica

tion of pericentral neurons shown in Fig. 2g)Note the extensive diameter of the rabbits central canal. (CC - central canal).
(d)Detailed view of neurons shown in Fig. deir location was closer to subendymal laye)Pericentral area of pheasant
spinal cord. Neurons were more distant to the central canal. (CC — central @dred} stained pericentral neurons shown in
Fig. 2e. revealed in higher magnification only a small number of short, hon-branching nerve fibers. (CC - central canal).
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finding. The medial fascicle consists of thick myeli
nated fibers which are connected in the periphery to
such structures as the Golgi neurotendinogargr
neuromuscular spindles and Meisssemd Pacei
ni's corpusculesTherefore, these fibers conduct
information from specialized sensory receptors.
The lateral part of the f&fent fibers carries infer
mation from mechanical, thermal and pain recep
tors (Mar&ala 1985).The fact that neurons of both
parts of the dorsal horn possesgeddnt chemical
substances may reflect f@ifent function of these
neurons in the medial and lateral parts of the dorsal
horn (O’Brienet al.,1989).

Differences in dérent projections and NADPH-

d staining were also noticed in the cat. For exam
ple, pelvic visceral &rents, and to a lesser extent
VIP-containing afferents, project around the
medial side of the dorsal horn to the dorsal €com
missure (Kawataret al.,1985).This medial path
way did not exhibit NADPH-d activitysuggesting
that NADPH-d is present in only a subpopulation
of VIP-emic visceral neurons.

From our observations, it may be suggested that
nerve impulse transmission from specialized- sen
sory receptors is accomplished probably by using
other neurotransmitters, but not by using NO. In
contrast, NO seems to function as a mediator in
the transmissiom of mechanical, thermal and pain
impulses in the spinal cord of the pheasant.

CONCLUSION

In summarythe present study is the first to show
the presence of NADPH-d in the thoracic spinal
cord of the pheasant, and to compare it with the
distribution of NADPH-d positive neurons in the
spinal cord of the rat and rablAtlarge number of
NADPH-d positive structures appear to be
involved in spinal sensory processes and visceral
regulation of the rat and rabbit, suggesting that
NO may play role of neurotransmitter in the mam
malian spinal cordThe distribution of NADPH-d
activity in pheasant spinal cord appears to be sim
ilar to, but somewhat diérent from, that in mam
Fig. 3 - (aNo NADPH-d positive or negative cells were seenmals. NO may be involved in many functions in
in the ventral horn of the rab)Neurons of the rabbit ventral  {ha non-mammalian nervous system including the
horn were visible in shape (arrow) but NADPH-d negative. .
(c)NADPH-d positive neurons (arrow) were seen scattere@omatose_nsory sys_tem, but a mor_e exa(_:t d_eterml
throughout the ventral horn of the pheasant. nation of its role will need further investigations.
The diference between mammalian and non-
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mammalian distribution of NADPH-d activity in Jiang PJ., and Terashima S.: Distribution of NADPH-
the spinal cord may reflect an evolutionary aspect cdiaphorase in the central nervous system of an infrared-sensi

the nitregic transmission in the nervous system tive snake,Trimeresurus flavoviridis. Brain Re313 168-
© 177, 1996.
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