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SUMMARY

Nitric oxide (NO) is a recently identified neuro-
nal messenger within the central and peripheral
nervous system. NO is synthesized by specific
populations of spinal neurones, and is implica-
ted in nociception and hyperalgesia. We have
studied here the ultrastructural features and
synaptic connections of NADPH-diaphorase
positive neurones in the superficial dorsal horn
and lamina X, which are the main sites of pro-
cessing for somatic and visceral nociceptive
information relaved to the cord. Labelled neuro-
nes in the dorsal horn were islet cells with mye-
linated axons, and thus likely corresponded to
projection neurones. Their dendrites were
usually post-synaptic to unlabelled axons or, at
times, appeared as peripheral elements in type II
glomeruli. In lamina X, labelled neurones were
of the multipolar type. NADPH-diaphorase posi-
tive processes included myelinated and small
unmyelinated axons and dendrites of varying
size. Therefore lamina X receives a direct axonal
input from local and/or supraspinal neurones
producing NO. These results provide morpholo-
gical evidence that the synaptology of NO pro-
ducing neurones varies in different areas of the
spinal cord involved in pain processing.
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INTRODUCTION

The superficial dorsal horn (laminae I-II) and the
central grey region (lamina X) of the spinal cord

Correspondence to:

are involved in somatosensation, particularly
nociception (Honda , 1985; Honda and Perl, 1985,
Light, 1992; Meller and Gebhart, 1994; Nahin et
al., 1983, 1984; Willis and Coggeshall, 1991).
Lamina II (the substantia gelatinosa of Rolan-
do) is the major site of integration of nociceptive
afferent input to the dorsal horn. Primary afferent
fibers involved in nociception contain and likely
release a number of biologically active small
molecules among which are the transmitter amino
acids L-glutamate and L-aspartate (De Biasi and
Rustioni, 1988; Maxwell et al., 1990; Merighi et al.,
1991; Ueda et al., 1994; Valtschanoff et al., 1994)
and numerous peptides, including the calcitonin
gene-related peptide (CGRP) and substance P
(Cuello et al., 1993; De Biasi and Rustioni, 1988;
Merighi et al., 1991; Ribeiro-Da-Silva, 1995). Many
of these substances together with several other
transmitters/modulators  of nociception and/or
analgesia have also been immunohistochemically
localized in axons and terminals of lamina X (Bar-
ber et al., 1979; Honda and Lee, 1985; La Motte et
al., 1982). More direct implication of this area in
pain perception has been provided by the
demonstration that thinly myelinated primary affe-
rent fibers from both cutaneous and subcutane-
ous nociceptors terminate in the grey matter
surrounding and immediately dorsal to the central
canal (Light and Perl, 1979; Mense et al., 1981).
The free radical gas nitric oxide (NO) is a
recently identified intracellular messenger mole-
cule which appears to be involved in a wide
range of physiological and pathological proces-
ses (Bredt and Snyder, 1994; Moncada et al.,
1991; Moncada and Higgs, 1993). In the superfi-
cial dorsal horn, NO synthesis linked to n-
methyl-D-aspartate (NMDA) receptor activation
has been implicated in the maintainance of
hyperalgesia in several models of persistent pain
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(Meller and Gebhart, 1993, 1994). NO is synthe-
sized in neural tissue from L-arginine by the
enzyme nitric oxide synthase (NOS), which is
present throughout the central nervous system
(CNS) (Anggard, 1994; Bredt and Snyder, 1990;
Vincent and Hope, 1992). In fixed tissue, NOS
corresponds to nicotinamide adenine dinucleoti-
de phosphate-diaphorase (NADPH-diaphorase)
(Buwalda et al., 1995; Dawson et al., 1991; Hope
et al., 1991; Matsumoto et al. 1993) Therefore,
the histochemical method for NADPH -diaphora-
se has been widely used to investigate the distri-
bution of neurones containing NOS.

At the light level, NOS immunoreactivity
and/or NADPH-diaphorase positivity have been
detected in both the superficial dorsal horn and
the central grey region of the spinal cord of
several mammals (for review see Vincent, 1995).
We studied here the electron microscopic distri-
bution of NADPH-diaphorase-positive neurones
in these areas. We wanted to obtain detailed
information on the connectivity and synaptology
of these neurones in order to shed more light on
their possible role in pain processing.

MATERIALS AND METHODS

Studies were performed on four male Wistar rats
(240-260 g body weight). All experiments were
carried out in strict accordance with the Italian
and UE Regulations and were authorized by
the  TIralian  Ministry  of  Health  (ref.
600.8/82.20/AG1826). Under deep pentobarbital
anesthesia (60 mg/100 @), animals were injected
intracardially with 1 ml heparin (5000 U/ml), and
perfused through the descending aorta with
Soérensen buffer 0.1 M, pH 7.4 containing 0.8%
Nacl, 0.025% KCI, 0.05% NaHCO, and saturated
with a4 mixture Of Q,:C0,. (95 )) followed by
cold fixative solution. The thter consisted of 2%
glutaraldehyde and 1% paraformaldehyde in
Sorensen buffer 0.1 M, pH 7.4. After perfusion,
the spinal cord was removed, cut in 4-5 mm
thick blocks and postfixed for 2-4 hours. Coronal
and horizontal slices from different levels of the
cord were cut on a Vibratome (Oxford, UK) at a
thickness of 50-100 pm. Sections were then
preincubated in PBS containing 0.25% Triton X-
100 for 10 minutes at room temperature and pro-
cessed for the histochemical visualization of
NADPH-diaphorase. To do so, they were trans-
ferred to a freshly prepared buffer-Triton solu-
tion containing 1 mg/ml B-NADPH (Sigma, UK)
and 0.2 mg/ml nitro blue tetrazolium (NBT)
(Sigma, UK) for 2-4 hours at 37°C. The reaction
was monitored under the microscope and stop-
ped by transferring sections in PBS. As an alter-
native to the use of NBT, which is not osmiop-
hilic, some sections were incubated with 0.1 M

PBS containing 1 mg/ml 3-NADPH (Sigma, UK)
and 0.6 mg/ml 2-(2-benzothiazolyD-5-styryl-3-
(4’-phthalhydrazidyl) tetrazolium chloride (BSPT,
Sigma, UK)(Wolf et al. 1992). BSPT was initially
dissolved in 3-4 drops of dimethylformamide.
NBT- and BSPT-labelled sections were then
postfixed in osmium ferrocvanide for 1 hour at
4° C, stained with 1% uranyl acetate in maleate
buffer for 1 hour at 4° C, dehydrated in increa-
sing concentrations of ethanol and flat-embed-
ded in Araldite. Ultrathin sections were coun-
terstained further with uranyl acetate and lead
citrate before observation with a Siemens Elmis-
kop 102 or a Philips CM10 electron microscope.

RESULTS

NADPH-diaphorase activity can be easily detec-
ted in aldehyde-fixed nervous tissue by means of
a tetrazolium salt technique, based on the reduc-
tion of tetrazolium salts to insoluble and coloured
formazan deposits. To study the distribution of
positive nerve cells in the spinal cord at the light
microscopic level and to directly correlate it with
ultrastructural observations, we used NBT as a
chromogen. NADPH-diaphorase-stained neuro-
nes are deep purple/blue and are histochemically
labelled with a Golgi-like appearance. Therefore,
it is very easy to follow their processes up to the
finest axons and/or dendritic tips. As already
reported by others (Dun et al., 1993; Laing et al.,
1994; Morris et al., 1994; Valtschanoft et al., 1992;
Vizzard et al., 1994a,b), labelled neurones were
found in laminae I-II and X and the intermedio-
lateral cell column of the thoracic spinal cord.
Cells in laminae I and II were small, round or
oval with dendritic trees showing a bipolar shape
and oriented along a rostrocaudal axis. Positive
neurones in lamina X were either oval or fusi-
form with three to five thin cell processes exten-
ding towards the dorsal horn or central canal.
For electron microscope analysis, in addition
to the NBT staining we marked positive neuro-
nes with BSPT. This latter chromogen is a non-
osmiophilic tetrazolium salt that, unlike NBT,
yields an osmiophilic formazan. The BSPT for-
mazan was found to depict very precisely the
subcellular localization of enzyme activity, appe-
aring as a very fine granular material of high
electron density. By such an approach, the for-
mazan deposists were mainly observed on intra-
cellular membranes of the rough endoplasmic
reticulum and the outer nuclear envelope
(Fig.1A and insert). A positive reaction was also
detected at the levels of the Golgi apparatus and
the outer mitochondrial membranes. In NBT-stai-
ned preparations, the reaction end product had
a more floccular aspect, without a precise sub-
cellular localization (Fig. 1 B-C-D and Fig. 2), so
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that it was impossible to ascribe with certainty spinal cord, we decided to use this latter appro-
the enzyme activity to specific cell organelles. ach because the resulting formazan could be
Nevertheless, to study the connectivity of easily detected also in very fine cell processes,
NADPH-diaphorase positive nerve cells in the including very small axons.
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Fig.1.— Ultrastructural visualization of NADPH-diaphorase-positive neurones and processes in the dorsal horn. Positive neuronal cell bodies
in lamina 1I show a different subcellular localization of formazan deposits depending on the chromogen used to reveal diaphora-
se activity. When using BSPT (A), staining is apparent at the level of the rough endoplasmic reticulum (long arrows) and nucle-
ar membrane (short arrows). Al higher magnification (insert), the electrondense BSPT label is localized to membranes of the
reticulum cisternae. NBT-positive reaction (B-C-D) appears in the form of coarser deposits which fill completely almost the neu-
ronal cell body and processes without any clear association with specific cell organelles. Note in C positivity within a small mye-
linated axon (arrow heads). a = axon; d = dendrite; n = nucleus. Scale bars = 1lpm
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NADPH-diaphorase-positive cell bodies and
dendrites were observed in all laminae of the
dorsal horn but were particularly abundant in
the inner part of the lamina IT (lamina ID). Labe-
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lled cell bodies were of small to medium size
and showed a characteristically indented
nucleus. They often received synapses from
unlabelled axons. NADPH-diaphorase-positive

Fig.2.— Distribution and connectivity of NADPH-diaphorase positive
1

ast two differen aptic configurations were obs
rase-positive dendrites (A) and NADPH-diaphorase posit
mall pos nated ax (©) were also detect
n; d = dendrite. Scale bars = 0.5 pm.

in this region:
axon terminals presynaptic to NADPH-diapho
in lamina X. Curved arrows indicate the dir

egative dendrites (B-
on of synaptic input.
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dendrites usually received synapses of the asym-
metric type from unlabelled axonal endings,
which were generally free of dense core vesicles,
and from unlabelled dendrites of varying size.
Some positive dendrites were at times observed
at the periphery of type II glomeruli. Only a sin-
gle example was found of a NADPH-diaphorase
positive peripheral dendrite that was part of a
type I glomerulus after examination of several
hundreds of labelled profiles. NADPH-diaphora-
se positive myelinated axons were found in
Lissauer's tract and laminae [-II (Fig. 1C, D).
Some very small neuronal processes were filled
by the formazan deposits and scattered throug-
hout these laminae, but it was impossible to
identify their dendritic or axonal nature simply
on the basis of their complement of organelles
and/or vesicles.

In lamina X, NADPH-diaphorase-positive neu-
rones originated both myelinated (Fig. 2C) and
small unmyelinated axons (Fig. 2B, C). The latter
were often observed to form axo-dendritic or axo-
somatic contacts of the asymmetric type (Fig. 2B,
C). We also frequently found negative terminals
containing a number of clear synaptic vesicles,
rounded mitochondria and very rarely a few large
dense core vesicles, which were presynaptic to
NADPH-diaphorase-positive dendrites (Fig. 2A).

DISCUSSION

Subcellular localization of NADPH-diaphorase
activity

In several areas of the brain a one-to-one
correspondence between neurones expressing
NOS mRNA or NOS immunoreactivity and those
showing NADPH-diaphorase positivity was
found (Bredt et al. 1991; Dawson et al. 1991),
and it is now widely recognized that NOS corres-
ponds to NADPH-diaphorase in aldehyde-fixed
tissue. Moreover, the recent demonstration that
after knocking out the NOS gene there is a com-
plete loss of NADPH-diaphorase activity in the
nervous system provided definitive evidence for
the correspondence of NADPH-diaphorase and
NOS activities (Huang et al. 1993).

We decided to use the histochemical staining
to label NO producing neurones in the spinal
cord because: i. the intensity of the enzyme reac-
tion was not quenched by fixation with high per-
centage glutaraldehye, thus rendering it possible
to obtain satisfactory ultrastructural preservation
of our samples; #i. addition of small amounts of
a detergent to the incubation medium allowed
the staining of positive nerve cells through the
whole thickness of Vibratome sections up to 100
pum, without having a detrimental effect on
ultrastructure.

Our results demonstrate that the use of diffe-
rent tetrazolium salts for the histochemical loca-
lization of NADPH-diaphorase yields different
subcellular localization of positive reaction sites.
NBT formazan deposits were scattered throug-
hout the neuronal cell body and processes wit-
hout any preferential association with cell orga-
nelles. On the other hand, by using BSPT
enzyme activity was localized to the rough endo-
plasmic reticulum, mitochondria and nuclear
membranes, as previously observed in some
other areas of the brain (Darius et al. 1995; Tang
et al., 1995; Wolf et al. 1992). Biochemical stu-
dies indicate that brain NOS is a cytosolic enzy-
me and those who have used NOS immunocyto-
chemistry have not been able to observe a
specific association with any subcellular organe-
lle or membrane (Bredt and Snyder, 1990; Lle-
wellyn-Smith et al. 1992). However, highest
enzyme activity was detected in the microsomal
fraction from the rat brain by others (Kuonen et
al. 1988). Therefore, considering the difficulties
in obtaining a reliable subcellular localization by
a pre-embedding approach (Ribeiro-Da-Silva et
al. 1993) and the results of the present work, it
seems reasonable to assume that both a mem-
brane-bound and a cytosolic fraction of the
enzyme exist in neurones.

NADPH-diaphorase positive neurones in the
superficial dorsal horn

The distribution of NADPH-diaphorase positi-
ve neurones in the rat dorsal horn as described
here is in substantial agreement with previous
reports at the light level (Aimi et al. 1991; Dun et
al. 1993; Valtschanoff et al. 1992; Vincent, 1995;
Vizzard et al. 1994a, b).

In lamina I, NADPH-diaphorase-stained neu-
rones had dendritic trees oriented in the rostro-
caudal plane and flattened mediolaterally. Some
of these cells morphologically resembled certain
types of marginal neurones (Gobel, 1979). In
lamina II, most NADPH-diaphorase-positive neu-
rones morphologically corresponded to the islet
cells described by Gobel (1979), one of the two
most represented neuronal types within the gela-
tinosa. They had perikarya with diameters ran-
ging from 8 to 18 pm and dendrites predomi-
nantly travelling along a rostro-caudal axis. In
addition, positive neurones often received den-
dro-dendritic synapses. Thus, they clearly did
not correspond to stalked cells, the second major
neuronal type of the gelatinosa, which have fan-
like dendritic arbors and different synaptic con-
figurations (Gobel et al., 1980).

In the substantia gelatinosa, NADPH-diapho-
rase-positive neurones originated small myelina-
ted axons. Therefore, they likely corresponded
to projection neurones and/or propriospinal
neurones. The possibility that at least some of
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the positive cells in the substantia gelatinosa are
propriospinal neurones is in agreement with stu-
dies on Golgi-stained preparations (Abdel-
Maguid and Bowsher, 1984). As to the possibility
that some of the NADPH-diaphorase-positive
neurones are projection neurones, this is strengt-
hened by their close morphological resemblance
with type A spinotectal neurones (Lima and
Coimbra, 1989), group I or type C spinoreticular
cells (Lima et al. 1991), spinolateroreticular type
I cells (Lima and Coimbra, 1990), spinothalamic
type 2 neurones (Lima and Coimbra, 1988), type
[11 spinothalamic cells (Abdel-Maguid and
Bowsher, 1984), and to some physiologically
identified wide dynamic range (WDR) gelatinosa
neurones, many of which send their axons to the
spino-thalamic tract (Treede et al. 1992). In addi-
tion, NOS immunoreactivity was described in
certain rat spinothalamic cells (Lee et al. 1993).

Positive neurones in deeper laminae, as pre-
viously observed by Valtschanoff et al. (1992),
have a morphology that closely resembles that
of intracellularly filled spinal neurones projec-
ting to the dorsal column nuclei or spinocervical
tract cells.

NADPH-diaphorase posilive neurones in lamina X

Light microscopic level studies of lamina X
showed that the majority of the NADPH-diapho-
rase-positive nerve cells were located dorsal and
lateral to the central canal (Tang et al., 1995). At
electron microscopic level, by using NBT we
detected a positive reaction in cell bodies, den-
drites of varying size, small unmyelinated and
myelinated axons. The cytological features and
synaptic connectivity of these cells, as observed
here, are in substantial agreement with a pre-
vious report on the distribution of NADPH-diap-
horase in the rat lamina X using BSPT as a chro-
mogen, except for the failure to demonstrate
labelling in myelinated axons in that study (Tang
et al.,, 1995). This might be explained conside-
ring the already discussed differences in subce-
llular localization of diaphorase activity after use
of BSPT or NBT formazans.

The neuropil of the central grey region dis-
plays three main types of terminals, which have
been classified based upon their vesicular cons-
tituents (Miller and Seybold, 1987). These three
terminal types respectively contained: i. small
round clear vesicles; 7i. small flattened clear vesi-
cles; and #7i. small round clear vesicles and large
dense core vesicles (LGVs). The NADPH-diapho-
rase-positive terminals that we observed in lami-
na X were generally filled with round agranular
vesicles only. For this reason, and considering
that it is now widely accepted that LGVs repre-
sent the subcellular site of storage for biologi-
cally active neuropeptides (De Biasi and Rustio-
ni, 1988; Merighi et al., 1991, 1992), we believe

that the NO input to lamina X comes from sour-
ces other than the peptidergic afferents, which
are widely represented in this lamina (LaMotte,
1988; LaMotte and Shapiro, 1991). Alternatively,
NADPH-diaphorase-positive axon terminals in
lamina X may arise from supraspinal regions. In
keeping, neurones of the hypotalamic paraven-
tricular nucleus, the parabrachial nucleus, the
nucleus tractus solitarius, the ventrolateral medu-
lla and raphe nuclei, known to project to this
region, are all NADPH-diaphorase-positive
(Mizukawa et al., 1989; Vincent and Kimu-
ra,1992). Another possibility is that positive ter-
minals arise from local neurones producing NO.
This is supported by the finding that physiologi-
cally identified cells around the central canal
issue a great number of axon collaterals that
ramify within a short distance from their cell
bodies (Honda and Perl, 1981).

The presence of NADPH-diaphorase-positive
terminals in lamina X, but not in laminae I-II
indicates that the synaptology of NO-producing
neurones varies in the different areas of the spi-
nal cord involved in nociception, and might be
of physiological relevance, although, at present,
an axonal release of NO has only been demons-
trated with certainty in the peripheral nervous
system (Bult et al., 1990).

In the CNS, there is a wide body of evidence
indicating that NO released at dendrites is able to
influence a series of very important synaptic
events and has a key role in the synchronization
of synaptic activity. As to the role of this molecu-
le in pain perception, a much clearer picture is
coming out in the superficial dorsal horn, where
severals groups have demonstrated functional
links between NMDA receptor activation, produc-
tion of NO and release of sensory neuropeptides.
In keeping, we have recently demonstrated that
NO produced at the level of islet cell dendrites in
lamina II. stimulates release of substance P from
primary afferents in lamina II , in the absence of
direct synaptic contacts (Aimar et al., 1998). This
indicates that in the dorsal horn NO acts simply
by transmembrane diffusion as suggested after in
vitro experiments (Kelm et al., 1988).

ACKNOWLEDGEMENTS

This work was supported by grants of the Italian
CNR and MURST. P. Aimar was supported by the
Cavalieri-Ottolenghi Foundation, Torino-Italy.

REFERENCES

ABDEL-MaGuID TE and BowsHer D (1984). Interneurones and
proprioneurones in the adult human spinal grey matter
and in the general somatic and visceral afferent cranial
nerve nuclei. / Anat, 139: 9-19.



Uttrastructural features and synaptic connections of NADPH-Diaphorase positive neurones in the rat spinal dorsal horn and central grey matter

AMAR P, Pasti L, Pozzan T, CarmioNOTO G and MERIGHI A
(1998). Synaptic connections and physiological proper-
ties of nitric oxide-producing neurons in the rat subs-
tantia gelatinosa with special reference to their rela-
tionship  with peptide- and/or  glutamate-
immunoreactive processes and terminals. J Neurosci,
submitted.

At Y, FunMUuRA M, VINCENT SR and Kimura H (1991). Loca-
lization of NADPH-diaphorase-containing neurones in
sensory ganglia of the rat. J Comp Neurol, 306: 382-392.

ANGGARD E (1994). Nitric oxide:mediator, murderer, and
medicine. Lancet, 343: 1199-1200.

BarsEr RP, VAUGHN JE, SLEMMON JR, SALVATERRA PM, ROBERTS
E and LeemMan SE (1979). The origin, distribution and
synaptic relationships of substance P axons in rat spinal
cord. J Comp Neurol, 184: 331-352:

BrepT DS, Grart CE, HwanG PM, Fotunr M, Dawson TM and
SNYDER SH (1991). Nitric oxide synthase protein and
mRNA are discretely localized in neuronal populations
of the mammalian CNS together with NADPH diaphora-
se. Neurone, 7: 615-024.

Brept DS and SnyDER SH (1990). Isolation of nitric oxide
synthase, a calmodulin-requiring enzyme. Proc Nail
Acad Sci USA, 87: 682-685.

BrepT DS and SnypER SH (1994). Nitric oxide: a physiologic
messenger molecule. Ann Rev Biochem, 63: 175-195.

Brown AG (1982) The dorsal horn of the spinal cord. Quar-
terly Journal of Experimental Physiology, 67: 193-212.

Burt H, BOECKXSTENS GE, PELCKMANSE PA, JorDAENS FH, Van
MAERCKE YM and Herman AG (1990). Nitric oxide is an
inhibitory non-adrenergic non-cholinergic neurotrans-
mitter. Nature, 345, 346-347.

Buwarpa B, Nyakas C, Gast J, Lurten PGM and ScHminT HHHW
(1995). Aldehyde fixation differentially affects distribution
of diaphorase activity but not nitric oxide synthase immu-
noreactivity in rat brain. Brain Res Bull, 38:467-473.

CurLLo AC, RIBEIRO-DA-Siiva A, MA W, DE Koninck Y and
Hengry JL (1993). Organization of substance P primary
sensory neurones: Ultrastructural and physiological
correlates. Regul Pept, 46: 155-164.

Darius S, Worr G, HuanG PL and Fisuman MC (1995). Loca-
lization of NADPH-diaphorase/nitric oxide synthase in
the rat retina: An electron microscopic study. Brain Res,
690: 231-235.

Dawson TM, BrepT DS, Fotuni M, HwanG PM and Snyper SH
(1991). Nitric oxide synthase and neuronal NADPH
diaphorase are identical in brain and peripheral tissues.
Proc Natl Acad Sci USA, 88: 7797-7801.

DE Biast S and Rustiont A (1988) Glutamate and substance
P coexist in primary afferent terminals in the superficial
laminae of the spinal cord. Proc Natl Acad Sci USA, 85:
7820-7824.

Dun NJ, Dun SL, Wu SY, FORSTERMANN U, Scumipt HHHW
and TsenGS LF (1993). Nitric oxide synthase immunore-
activity in the rat, mouse, cat and squirrel monkey spi-
nal cord. Neuroscience, 54: 845-857.

GoBEL S (1979). Neural circuitry in the substantia gelatinosa
of Rolando: anatomical insights. Adv Pain Res and Ther,
3: 175-195.

GOBEL S, FalLs WM, BENNETT GJ, ABDELMOUMENE M, HAYASHI
H and Humprey E (1980). An EM analysis of the synap-
tic connections of horseradish peroxidase filled stalked
cells and islet cells in the substantia gelatinosa of adult
cat spinal cord. J Comp Neurol, 194: 781-807.

Honpa CN (1985). Visceral and somatic afferentconvergen-
ce onto neurones near the central canal in the sacral spi-
nal cord of the cat. J Neurophysiol, 53: 1059-1078.

Honpa CN and Lee CL (1985). Immunohistochemistry of
synaptic input and functional characterization of neuro-
nes near the spinal central canal. J Neurophysiol, 53:
1059-1078.

Honpa CN and Per. ER (1981). Properties of neurones in
lamina X and the midline dorsal horn of the sacco-
coceygeal cord in the cat. Newrosci Abstr, 7: 610.

Honpa CN and Pere ER (1985). Functional and morphologi-
cal features of neurones in the midline region of the
caudal spinal cord of the cat. Brain Res, 340: 285-295.

Hore BT, MicHaeL GJ, KnigGeE KM and VINCENT SR (1991).
Neuronal NADPH diaphorase is a nitric oxide synthase.
Proc Natl Acad Sci USA, 88: 2811-2814.

Huang PL, Dawson TM, Brept DS, SnyDER SH and FisHMAN
MC (1993).Targeted disruption of the neuronal nitric
oxide synthase gene. Cell, 75: 1273-1286.

KM M, FegLIsH M, Spanr R, PivEr H-M, Noak E and ScHRaA-
DER JW (1988). Quantitative and kinetic characteriza-
tion of nitric oxide and EDRF released from cultured
endothelial cells. Biochem Biophys Res Commun, 154:
236-244.

Kuonen DR, Kemp MC and Roserts PJ (1988). Demonstration
and biochemical characterization of rat brain NADPH-
dependent diaphorase. J Newrochem, 50: 1017-1025.

LainG I, Topp AJ, HEizmanny CW and Scamipt HHHW (1994).
Subpopulations of GABAergic neurones in laminae I-III
of rat spinal dorsal horn defined by coexistence with
classical transmitters, peptides, nitric oxide synthase or
parvalbumin. Newuroscience, 61: 123-132.

LaMOTTE CC, Jouns DR and DE Lanerorte NC (1982). Immu-
nohistochemical evidence of indolamine neurones in
monkey spinal cord. Jf Comp Neurol, 206: 359-370.

LamoTTE CC (1988). Lamina X of Primate spinal cord: distri-
bution of five neuropeptides and serotonin. Newros-
cience, 25: 639-638.

LamoTTE CC and SHAPirRO CM (1991). Ultrastructural localiza-
tion of substance P, met-enkephalin, and somatostatin
immunoreactivity in lamina X of the Primate spinal cord.
J Comp Neurol, 306: 290-306.

Leg J-H, Prick RH, WiLLiams FG, Maver B and Berrz AJ (1993).
Nitric oxide synthase is found in some spinothalamic
neurones and in neuronal processes that appose spinal
neurones that express Fos induced by noxious stimula-
tion. Brain Res, 608: 324-333.

LicHT (1992). The initial processing of pain and its descen-
ding control: spinal and trigeminal systems. New York:
Karger.

Licut AR and PerL ER (1979). Spinal termination of func-
tionally identified primary afferent neurones with
slowly conducting myelinated fibers. J Comp Neurol,
186, 133-150.

Lima D, MENDEZ-RIBEIRO JA and Comsra A (1991). The spino-
latero-reticular system of the rat: projections from the
superficial dorsal horn and structural characterization of
marginal neurones involved. Neuroscience, 45: 137-152.

Lima D and ComBra A (1988). The spinothalamic system of the
rat: structural types of retrogradely labelled neurones in
the marginal zone (lamina I). Neuroscience, 27: 215-230.

Liva D and ComBra A (1989). Morphological types of spi-
nomesencephalic neurones in the marginal zone (lami-
na 1) of the rat spinal cord, as shown after retrograde
labeling with cholera toxin subunit B. / Comp Neurol,
279: 327-339.

Lima D and ComBra A (1990). Structural types of marginal
(lamina I) neurones projecting to the dorsal reticular
nucleus of the medulla oblongata. Neuroscience, 34:

591-606.

33



34

Aimar P, Barajon | and Merighi A.

LLEWELLYN-SMITH 1], SONG Z, Costa M, BrepT DS and SNYDER
SH (1992). Ultrastructural localization of nitric oxide
synthase immunoreactivity in guinea-pig enteric neuro-
nes. Brain Res, 577: 337-342.

MatsumoTto T, NAKANE M, Porrock JS, Kuk JE and FORSTER-
mann UA (1993). A correlation between soluble brain
nitric oxide synthase and NADPH-diaphorase activity is
only seen after exposure of the tissue to fixative. Neu-
rosci Lett, 155: 61-64.

MaXWELL DJ, CHrisTiE WH, SHORT AD, STORM-MATHISEN | and
OTTERSEN OP (1990) Central boutons of glomeruli in the
spinal cord of the cat are enriched with L-glutamate-like
immunoreactivity. Neuroscience, 36: 83-104.

Mewier ST and Gesnart GF (1993). Nitric oxide (NO) and
nociceptive processing in the spinal cord. Pain, 52: 127-
136.

MeLer ST and Gestart GF (1994). Spinal mediators of
hyperalgesia. Drugs, 47: 10-20.

Mensk S, LicHT AR and PerL AR (1981). Spinal terminations
of subcutancous high threshold mechanoreceptors. In:
Brown AG and Réthelyi M (eds). Spinal cord sensation.
Scottish Academic Press, Edinburgh, 1981, pp 79-86.

MEeRrIGHT A, PoLak JM and THeEoDosis DT (1991). Ultrastruc-
tural visualization of glutamate and aspartate immu-
noreactivities in the rat dorsal horn with special refe-
rence to the co-localization of glutamate, substance P
and calcitonin gene-related peptide. Neuroscience, 40:
67-80.

MEeriGHI A, Cruz F and ComMBra A (1992). Immunocytoche-
mical staining of neuropeptides in terminal arborization
of primary afferent fibers anterogradely labeled and
identified at light and electron microscopic levels. f New-
rosci Meth, 42: 105-113.

Mier KE and SeysoLb VS (1987). Ultrastructure of the cen-
tral gray region (lamina X) in cat spinal cord. Newuros-
cience, 22: 1057-1066.

Mizukawa K, VINCENT SR, McGEER PL and Mcceer EG (1989).
Distribution of reduced-nicotin-amide-adenine-dinucle-
otide-phosphate diaphorase-positive cells and fibers in
the cat central nervous system. J Comp Neurol, 279: 281-
311.

Moxcapa S and Hicas A (1993). The L-arginine-nitric oxide
pathway. New Engl | Med, 329: 2002-2012.

Moncapa S, Paiver RM] and Higes A (1991).Nitric oxide:
physiology, pathophysiology, and pharmacology. Phar-
macol Rev, 43: 109-142.

Morris R, SoutHam E, Grimins SR, DE VENTE | and GARTH-
WAITE J (1994). The NO-cGMP pathway in neonatal rat
dorsal horn. Eur J Neurosci, 6: 876-879.

Nauin RL, Mansen AM and GiestEr GJ (1983). Anatomical
and physiological studies of the grey matter surroun-
ding the spinal cord central canal. J Comp Neurol, 220:
321-335.

NAHIN RL, MADSEN A, MicevycH PE, Haist F, TErRMAN GW and
GiestEr GJ (1984). Studies of the area around the cen-

tral canal: cfferents and afferents. Soc Newrosci Abstr,
10: 487.

RIBEIRO-DA-SnvA A, PRIESTLEY JV and CueLLo AC (1993). Pre-
embedding ultrastructural  immunocytochemistry.  In:
Immunohistochemistry II. Edited by AC Cuello. Chi-
chester: John Wiley & Sons. 181-228,

RiBERO-DA-SIva A (1995). Ultrastructural features of  the
colocalization of calcitonin gene-related peptide with
substance P or somatostatin in the dorsal horn of the spi-
nal cord. Canacdian J Physiol Pharmacol, 73: 940-944.

ScHuMaN EM and Mapison DV (1994). Nitric oxide and
synaptic function. Annu Rev Newrosci, 17: 153-183.

TanG FR, Tan CK and Ling EA (1995). The distribution of
NADPH-d in the central grey region (lamina X) of the
rat upper thoracic spinal cord. J Newrocylol, 24: 735-743.

TREEDE R, MEYER RA, Raja SN and CampBeLL JN (1992). Perip-
heral and central mechanisms of cutaneous hyperalge-
sia. Progr Neurobiol, 58: 397-421.

Ueba M, Kuraistn Y, SuciMoTo K and SatoHA M (1994). Evi-
dence that glutamate is released from capsaicin-sensiti-
ve primary afferent fibers in rats: Study with on-line
continuous monitoring of glutamate. Neurosci Res, 20:
231-237. ;

VALTSCHANOFF JG, WEINBERG RJ and Rustiont A (1992).
NADPH diaphorase in the spinal cord of rats. J Comp
Netwirol, 321: 209-222.

VALTSCHANOFF JG, PHEND KD, BerNarD! PS, WEINBERG R] and
RusTIONT A (1994). Amino acid immunocytochemistry of
primary afferent terminals in the rat dorsal horn. J Comp
Newrol, 346; 237-252.

VINCENT SR (1995). Localization of nitric oxide neurones in
the central nervous system. In: Nitric oxide in the ner-
vous system. Edited by SR Vincent. London, New York:
Academic Press. 83-102.

Vincent SR and Hope BT (1992). Neurones that say NO.
Trends Neurosci, 15: 108-113.

VINCGENT SR and Kivura H (1992). Histochemical mapping of
nitric oxide synthase in the rat. Newroscience, 46: 722-784.

Vizzarp MA, ErpMaN SL, Erickson VL, STEWART R], RorpoLO
JR and DE Groatr WC (1994a). Localization of NADPH
diaphorase in the lumbosacral spinal cord and dorsal
root ganglia of the cat. J Comp Newrol, 339: 62-75.

VizzarD MA, ERDMAN SL, FOrstERMANN U and DE Groar WC
(1994b). Ontogeny of nitric oxide synthase in the lum-
bosacral spinal cord of the neonatal rat. Dev Breain Res,
81: 201-217.

WitLis WD, Jr. and CoGGesHALL RE (1991). Sensory mecha-
nisms of the spinal cord. New York and London: Ple-
num Press.

Worr G, WURrDIG S and ScHUNZEL G (1992). Nitric oxide synt-
hase in rat brain is predominantly located at neuronal
endoplasmic reticulum: an electron  microscopic
demonstration of NADPH-diaphorase activity. Newrosci
Lett, 147: 63-G6.



