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The substantia gelatinosa of the spinal cord (lamina II) is the
major site of integration for nociceptive information. Activation
of NMDA glutamate receptor, production of nitric oxide (NO),
and enhanced release of substance P and calcitonin gene-
related peptide (CGRP) from primary afferents are key events
in pain perception and central hyperexcitability. By com-
bining reduced nicotinamide adenine dinucleotide phosphate
(NADPH) diaphorase histochemistry for NO-producing neurons
with immunogold labeling for substance P, CGRP, and gluta-
mate, we show that (1) NO-producing neurons in lamina IIi are
islet cells; (2) these neurons rarely form synapses onto peptide-
immunoreactive profiles; and (3) NADPH diaphorase-positive
dendrites are often in close spatial relationship with peptide-
containing terminals and are observed at the periphery of type
II glomeruli showing glutamate-immunoreactive central end-
ings. By means of confocal fluorescent microscopy in acute
spinal cord slices loaded with the Ca21 indicator Indo-1, we
also demonstrate that (1) NMDA evokes a substantial [Ca21]i

increase in a subpopulation of neurons in laminae I-II, with
morphological features similar to those of islet cells; (2) a
different neuronal population in laminae I-IIo , unresponsive
to NMDA, displays a significant [Ca21]i increase after slice
perfusion with either substance P and the NO donor 3-
morpholinosydnonimine (SIN-1); and (3) the responses to both
substance P and SIN-1 are either abolished or significantly
inhibited by the NK1 receptor antagonist sendide. These results
provide compelling evidence that glutamate released at type II
glomeruli triggers the production of NO in islet cells within
lamina IIi after NMDA receptor activation. The release of sub-
stance P from primary afferents triggered by newly synthesized
NO may play a crucial role in the cellular mechanism leading to
spinal hyperexcitability and increased pain perception.
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The free radical gas nitric oxide (NO) has been recently identified
as a neuronal messenger that performs diverse signaling functions
in the nervous system. NO is an unconventional transmitter
because it is not packaged in vesicles and it can cross cell mem-
branes rapidly diffusing from the site of production in the absence
of any specialized release machinery (Schuman and Madison,
1994). Within the CNS NO represents an intracellular signaling
molecule with an important modulatory action on the NMDA
glutamate receptor subtype (Wood, 1995). NO is also considered
a good candidate as a retrograde signaling molecule in long-term
potentiation (Schuman and Madison, 1994).

Nitric oxide synthase (NOS) immunocytochemistry, NOS
mRNA in situ hybridization, and reduced nicotinamide adenine
dinucleotide phosphate diaphorase (NADPH-d) histochemistry
of fixed tissue are reliable methods to identify NO-producing
neurons in the brain (for review, see Vincent, 1995). By this
approach, powerful evidence has been provided that NO is syn-

thesized in specific populations of spinal cord neurons
(Valtschanoff et al., 1992; Dun et al., 1993; Laing et al., 1994;
Morris et al., 1994; Vizzard et al., 1994a,b, 1995).

Among the neurons of adult rats shown to be NOS-positive
and/or possessing NADPH-d activity at the light level, are those
of laminae I-II (the substantia gelatinosa) of the dorsal horn
(Valtschanoff et al., 1992). These laminae of the spinal cord are
known to be involved in modulation of pain stimuli from the
periphery (Willis and Coggeshall, 1991; Light, 1992; Meller and
Gebhart, 1994). Small myelinated and unmyelinated primary af-
ferent fibers that mediate nociception in the superficial dorsal
horn contain and, likely, release the neurotransmitters
L-glutamate and L-aspartate (Jahr and Jessel, 1985; Schouenborg
and Sjölund, 1986; De Biasi and Rustioni, 1988; Maxwell et al.,
1990; Merighi et al., 1991; Ueda et al., 1994; Valtschanoff et al.,
1994) as well as a number of peptides. Among these, the
calcitonin gene-related peptide (CGRP) and the substance P (De
Biasi and Rustioni, 1988, 1991; Harmann et al., 1988; McNeill et
al., 1988; Merighi et al., 1989, 1991, 1992; Ribeiro-Da-Silva et al.,
1989; Jakab et al., 1990; Traub et al., 1990; De Koninck et al.,
1992; Cuello et al., 1993; Ribeiro-Da-Silva, 1995) are the most
abundant and better characterized.

In the superficial dorsal horn, NO synthesis linked to NMDA
receptor activation has been implicated in the maintenance of
hyperalgesia in several models of persistent pain (Meller and
Gebhart, 1993, 1994). In many of the experimental conditions that
can increase nociceptive transmission, the spinal NMDA–NO
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cascade is initiated by prolonged release of substance P and
glutamate from primary afferents (McMahon et al., 1993;
Radhakrishnan et al., 1995). In addition, previous studies have
repeatedly demonstrated that the release of immunoreactive
CGRP and substance P is increased in the dorsal horn during
hyperalgesia (Oku et al., 1987a,b; Garry and Hargreaves, 1992;
Meller and Gebhart, 1994). More recently, evidence has been
obtained that sodium nitroprusside, used as an NO donor, evokes
the release of CGRP and substance P from capsaicin-sensitive
primary afferents, via NO-dependent and -independent mecha-
nisms (Garry et al., 1994). Taken together, these data indicate the
existence of active interactions among NO, glutamate, and pep-
tides in pain modulation.

We studied here the light and ultrastructural morphology of
NADPH-d-positive neurons in the gelatinosa and their relations
with CGRP-, substance P-, and glutamate-immunoreactive nerve
endings. In addition, we used an acute slice preparation of the
spinal cord from young rats, fluorescent calcium indicators, and
confocal microscopy to analyze the physiological properties of
these neurons. We here provide a series of results on the connec-
tivity and physiology of NO-producing neurons in the gelatinosa
that represent, in our opinion, a step forward for the understand-
ing of the complex interactions occurring among peptidergic and
glutamatergic fibers in the processing of sensory information.

MATERIALS AND METHODS
Animals. Light and electron microscopic studies were performed on

eight male Wistar rats (240–260 gm body weight). Slices for confocal
microscopy were obtained from 12 male Wistar rats at postnatal day 8
(P8). All experiments were performed in strict accordance with the
Italian and European Union regulations and have been authorized by the
Italian Ministry of Health (ref. 600.8/82.20/AG1826).

Tissue preparation for light and ultrastructural morphology. Under deep
pentobarbital anesthesia (60 mg/100 gm), animals were injected intra-
cardially with 1 ml heparin (5000 U/ml) and perfused through the
descending aorta with Sörensen buffer 0.1 M, pH 7.4, containing 0.8%
NaCl, 0.025% KCl, 0.05% NaHCO3 and saturated with a mixture of 95%
O2 and 5% CO2 , followed by cold fixative solution. The latter consisted
of 4% paraformaldehyde in PBS 0.1 M, pH 7.4, for light microscopy, or
2% glutaraldehyde and 1% paraformaldehyde in Sörensen buffer 0.1 M,
pH 7.4, for electron microscopy. After perfusion, the spinal cord was
removed, cut in 4–5-mm-thick blocks and post-fixed for 2–4 hr. Coronal
and horizontal slices from different levels of the cord were cut on a
vibratome at a thickness of 50–100 mm.

Light microscopy. To reveal NADPH-d activity, sections were preincu-
bated in PBS containing 1% Triton X-100 for 10 min at room tempera-
ture and then transferred to a freshly prepared buffer–Triton solution
containing 1 mg/ml b-NADPH (Sigma, Poole, UK) and 0.2 mg/ml nitro
blue tetrazolium (NBT) (Sigma) or 0.6 mg/ml 2-(29-benzothiazolyl)-5-
styryl-3-(49-phthalhydrazidyl) tetrazolium chloride (Sigma) for 2–4 hr at
37°C. The reaction was monitored under the microscope and stopped by
transferring sections in PBS. Some sections, after rinsing in PBS, were
immunocytochemically stained for substance P, CGRP, or the
NMDAR1 receptor using the avidin–biotin–peroxidase procedure (Vec-
tor Laboratories).

Electron microscopy. Sections were preincubated in PBS containing
0.25% Triton X-100 for 10 min at room temperature and processed for
the histochemical visualization of NADPH-d as previously described for
light microscopy.

NBT-labeled sections were then post-fixed in osmium ferrocyanide for
1 hr at 4°C, stained with 1% uranyl acetate in maleate buffer for 1 hr at
4°C, dehydrated in increasing concentrations of ethanol, and flat-
embedded in Araldite. After observation in the light microscope and
camera lucida drawings (Merighi et al., 1992), areas of interest were
trimmed out and reembedded. A particular care was exercised in section
trimming to ensure accurate definition of laminar boundaries. These
latter were further assessed by examination of toluidine blue-stained
semithin sections. Series of at least 10–20 ultrathin sections were cut to
allow for a unequivocal classification of different synapses on the basis of
the postsynaptic densification and type, size, and appearance of vesicles.

Sections were then collected on single slot copper grids or uncoated
nickel grids (200 mesh). These latter were processed for immunostaining
as previously described (Merighi and Polak, 1993). Briefly, sections were
treated for 3 min at room temperature with a saturated aqueous solution
of sodium metaperiodate (Sigma), rinsed in 1% Triton X-100 in Tris-
buffered saline (TBS) 0.5 M, pH 7.4, and then incubated for 1 hr in 10%
normal serum. Grids were then placed on drops of diluted primary
antibodies (see below) and incubated overnight at 4°C. After extensive
rinsing in TBS, they were incubated in the appropriate gold conjugates
(diluted 1:50), transferred into drops of 2.5% glutaraldehyde in Sörensen
buffer 0.1 M, pH 7.4, and finally washed in distilled water. The sections
were counterstained further with uranyl acetate and lead citrate before
observation with a Siemens Elmiskop 102 or a Philips CM10 electron
microscope.

For quantitative analysis, three grids were randomly selected out of
series cut from blocks (n 5 12) of the lumbar spinal cord from four
different animals. The boundaries of lamina II were observed at a very
low magnification (2503), and a photograph was taken at the top left
corner of each square of the grid comprising the gelatinosa at the
magnification of 89003.

Antibodies and controls. In this study we used primary antibodies
against CGRP (polyclonal, 1:500), substance P (rat monoclonal, 1:40),
and glutamate (polyclonal, 1:2000). All these antibodies have been ex-
tensively characterized in previous work, and readers are referred to
published data for details on their use and specificity (Merighi et al.,
1988, 1989, 1991). We also used an antibody against the NMDAR1
glutamate receptor (monoclonal, 1:250; PharMingen, San Diego, CA).
Immunocytochemical controls were routinely performed as described
elsewhere (Merighi and Polak, 1993).

Slice preparation for confocal microscopy. Transverse slices of the spinal
cord (300–350 mm) were prepared by modifying a protocol originally
developed for visual cortical slices (Carmignoto and Vicini, 1992).
Briefly, animals were killed by decapitation, and the body was immedi-
ately immersed in ice-cooled physiological saline (in mM: NaCl, 120;
KCl, 3.1; NaH2PO4 , 1.25; NaHCO3 , 25; dextrose, 4; MgCl2 , 2; CaCl2 , 1;
NaPyruvate, 2; myoinositol, 0.5; and ascorbic acid, 0.1, pH 7.4, with 5%
CO2 and 95% O2 ). A laminectomy was performed, and the thoracic and
lumbar segments of the cord were carefully dissected out and sliced with
a vibratome. During the entire procedure the cord remained covered
with cold physiological saline.

Slices were then incubated in physiological saline containing 20 mM
Indo-1 AM (Molecular Probes, Eugene, OR) and 0.02% pluronic acid at
37°C for 40–50 min under continuous mild stirring and 95% O2 and 5%
CO2 flux.

Confocal microscopy: ratio image acquisition. Recording sessions were
performed at room temperature. After incubation with Indo-1 AM, slices
were mounted in a chamber that was placed on the stage of a Nikon
inverted microscope (Diaphot 300), equipped with a 403 water immer-
sion objective (Nikon; NA, 1.1) connected with a real time confocal
microscope (Nikon model RCM8000). The 351 nm band of the argon ion
laser was used for excitation and the emitted light, separated into its two
components (405 and 485 nm) by a dichroic mirror, was collected by two
separate photomultipliers. The ratio of intensity of the light emitted at
the two wavelengths (R404/485) was displayed as a pseudocolor scale.
Time series were acquired with a frame interval of 1, 2, or 3 sec, and 16
images were averaged for each frame. During recordings, slices were
continuously perfused (3 ml/min) with physiological saline (in mM:
NaCl, 120; KCl, 3.1; NaH2PO4 , 1.25; NaHCO3 , 25; dextrose, 5; MgCl2 ,
1; and CaCl2 , 2, pH 7.4, with 5% CO2 and 95% O2 ) saturated with 95%
O2 and 5% CO2.

The response to NMDA was investigated after prolonged slice perfu-
sion with nominally Mg 21-free solution. In a number of experiments, the
stimulation with NMDA was performed in the presence of 10 mM glycine.

Drugs. Substance P; [Tyr 6, D-Phe 7, D-His 9]-fragment 6–11 (sendide),
a highly selective and competitive antagonist of spinal substance P (NK1 )
receptor; L-glutamate, and NMDA were from Sigma. The NO donor
3-morpholinosydnonimine (SIN-1) was from Tocris.

RESULTS
Distribution of NADPH-d-positive nerve profiles in the
dorsal horn
In both light and electron microscopy preparations the pattern of
NADPH-d staining was similar, and positive neurons were mainly
observed in laminae I-II of the dorsal horn (Figs. 1, 2A), lamina
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X, and the intermediolateral cell column. Dual labeling experi-
ments at the light microscopy level after NADPH-d staining and
NMDAR1 glutamate receptor immunolabeling showed colocal-
ization of the two labels in neurons within the superficial dorsal

horn (Fig. 1D), the intermediolateral cell column, and, less fre-
quently, lamina X.

At the ultrastructural level, NADPH-d positivity was detected
in a number of small- to medium-sized neuronal cell bodies and

Figure 1. NADPH-d-stained neurons in the rat cervical dorsal horn. A, Camera lucida drawings of two NADPH-d-positive neurons from a horizontal
vibratome slice cut through lamina II. The same slice was then subsequently reembedded for ultrastructural examination. Positive neurons have a
fusiform shape and longitudinally oriented dendritic trees with a few long branches. The arrows indicate axon-like processes originating from proximal
dendrites. B,C, Combined enzyme histochemistry for NADPH-d (blue) and peroxidase immunocytochemistry for substance P (brown). B, NADPH-
d-positive neuronal cell bodies and processes are particularly abundant in lamina IIi , whereas substance P immunoreactivity is mainly detected in lamina
IIo. Lamina I shows similar densities of both labels. C, At higher magnification, NADPH-d positivity and substance P immunoreactivity appear to be
present in different neuronal profiles. D, Combined enzyme histochemistry for NADPH-d ( pink) and peroxidase immunocytochemistry for the
NMDAR1 glutamate receptor (brownish black). A neuronal cell body in lamina IIi shows colocalization of the two labels. Scale bars: A, B, 50 mm; C,
D, 25 mm.
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Figure 2. Ultrastructural visualization of NADPH-d positivity in the dorsal horn (A, B) and Lissauer’s tract (C) at the lumbar level of the rat spinal
cord. The NBT-positive reaction appears in the form of coarse electrondense deposits that fill almost completely the neuronal cell body and processes
without any clear association with specific cell organelles. The lamina II neuron in A has a typical bipolar shape, which is clearly appreciated in the
corresponding unstained semithin section (insert) and a characteristically indented nucleus. The arrows point to a small nucleus used as an identifying
landmark. Note in B and C the presence of a number of small myelinated axons containing NBT deposits within their axoplasm (arrows and insert). A
positive dendrite is also indicated (long arrow) in B. a, Axon; d, dendrite; n, nucleus. Scale bars: A–C, 1 mm; inserts, 0.25 mm.
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processes in the dorsal horn from all segments of the spinal cord
(Figs. 2, 3). A positive reaction was also detected in the Lissauer’s
tract (Fig. 2C) and at the level of the small capillary endothelium.
Staining was never observed in glial cells.

Positive cell bodies in the spinal gray matter were small (;6–10
mm), ovoid- to fusiform-shaped, and mainly concentrated in lam-
inae I-II (Fig. 1B). In laminae III-IV, positive cell bodies were
scarce, had a larger size, and a pyramidal shape. Our correlative
light and electron analysis was focused on lamina II, the substan-
tia gelatinosa. Labeled cells in the substantia gelatinosa had their
dendritic trees showing a bipolar shape and oriented along a
rostrocaudal axis (Figs. 1A, 2A). Positive cells in other laminae of
the dorsal horn were by far less abundant, and, thus, it was more
difficult to trace their dendritic arbors with the electron micro-
scope. At the ultrastructural level, NADPH-d-positive dendrites
were observed in all laminae of the dorsal horn but were concen-
trated in the inner part of lamina II (lamina IIi ) (Fig. 3C).
Labeled dendrites were of varying sizes and contained a variable
number of mitochondria and tubules. They were often observed
in close apposition with the small bundles of fine unmyelinated
axons that were characteristically present in the neuropil of the
substantia gelatinosa, but only occasionally were seen in glomer-
ular configuration (Figs. 4C, 5A,B). Frequently, positive den-
drites received asymmetric synapses from axons of very small
caliber (Fig. 3B) and from unlabeled dendrites of varying size
(Fig. 3C). NADPH-d positive axons were concentrated in lami-
nae I-II and the Lissauer’s tract. They were usually of small size
and myelinated (Fig. 2B,C).

In laminae III-V, profiles filled with the NBT formazan were
usually dendrites of varying size, scattered throughout the gen-
eral neuropil.

Relationship of NADPH-d-positive profiles and
peptide- or glutamate-immunoreactive axons
and terminals
At the light level, CGRP–substance P immunolabeling and
NADPH-d staining showed different densities in laminae I and II
(Fig. 1B). In lamina I both signals were present at similar inten-
sities, whereas peptide staining was denser in lamina IIo , and
NBT deposits were more concentrated in lamina IIi. At higher
magnifications (Fig. 1C) it clearly appeared that the profiles
labeled by the enzymatic and immunocytochemical reactions for
CGRP–substance P were spatially segregated. At the ultrastruc-
tural level, CGRP–substance P immunostaining was mainly de-
tected in axonal varicosities of laminae I-IIo , which sometimes
formed the central boutons (C1) of type I synaptic glomeruli. At
the cellular level immunoreactivity was restricted to large gran-
ular vesicles (LGVs) within immunoreactive terminals.

When double-labeled preparations were examined with the
electron microscope, the floccular NBT reaction was clearly dis-
tinguishable from the gold particles indicative of CGRP–
substance P immunolabeling (Figs. 4C, 5). Quantitative analysis
of .500 positive profiles within laminae I-II showed that
NADPH-d positivity and peptide immunoreactivities were
present in different types of processes irregularly scattered in the
neuropil. As to their connectivity, the following configurations
were observed, and their relative percentages are given in paren-
theses: (1) no direct apposition of NADPH-d-positive dendrites
and peptide-immunoreactive terminals (68%) (Figs. 4A,B, 5B);
(2) direct apposition with no synaptic specializations (27%);
(3) axodendritic contacts between peptide-immunoreactive ter-
minals and NADPH-d-positive dendrites (3%); and (4) peptide-

immunoreactive terminals were seen to make an axodendritic
synapse onto an unlabeled dendrite, which, in turn, was contacted
by a NADPH-d-positive dendrite (2%). Finally, when direct
synaptic interactions between NADPH-d and peptide-containing
profiles were observed, they only exceptionally (0.2%) occurred
at the level of type I glomeruli (Fig. 4C) and never took place at
the level of those of the type II. This was further confirmed by
serially sectioning a square of ;1 mm2 cut from a horizontal
vibratome slice of 100 mm thickness through the substantia ge-
latinosa in which NADPH-d-positive neurons were drawn with
the camera lucida (Fig. 1A), and their connectivity was subse-
quently examined with the electron microscope. We never ob-
served colocalization of NADPH-d and peptide labeling in any of
our preparations.

Glutamate-positive terminals often formed the core of type I
and II glomeruli. In NADPH-d and glutamate double staining,
NBT-labeled peripheral dendrites were observed in some type II
glomeruli showing a central ending (C2) immunolabeled with the
anti-glutamate antiserum. (Fig. 5A,B). At times, the two types of
profiles appeared to be apposed in nonglomerular configurations
with or without synaptic specializations. Most frequently, how-
ever, glutamate-positive axons and NADPH-d-labeled dendrites
were spatially segregated.

Confocal microscopy
We first investigated the responsiveness of substantia gelatinosa
neurons to NMDA and substance P. Because glycine is endog-
enously present in the slice preparation in the initial series of
experiments, the stimulation with NMDA was performed in the
absence of exogenously applied glycine. As illustrated in the
series of pseudocolor images of Figure 6A, the stimulation with
NMDA (100 mM) in a nominally Mg21-free solution induced a
clear [Ca21]i increase in a neuron localized at ;100 mm from the
dorsal hedge of the dorsal horn, whereas no [Ca21]i change was
observed after stimulation with substance P (10 mM). As reported
in Figure 6B, the response was typically characterized by slow
kinetics of the [Ca21]i rise followed by a long-lasting plateau. In
contrast, substance P induced a transient [Ca21]i rise in the
NMDA-unresponsive neuron (mean 6 SEM; time to peak, 5.5 6
0.59; decay, 23.3 6 2.04; n 5 18) and no [Ca21]i change in the
NMDA-responsive neuron. The [Ca21]i increase of substance
P-responsive neurons often displayed an oscillatory pattern. Ap-
proximately 8.7% of the cells (11 of 126; 17 experiments) re-
sponded exclusively to NMDA stimulation, whereas 69.8% (88 of
126) responded exclusively to substance P. A number of cells (n 5
24; 19%) did not respond to either agent; eight of these cells were
classified as astrocytes (Pasti et al., 1997). Neurons formed, there-
fore, two main distinct populations. It is noteworthy that sub-
stance P-responsive neurons were, as a general trend, close to the
surface of the dorsal horn, whereas the NMDA-responsive neu-
rons were deeper. Some of these neurons showed a bipolar-like
shape reminiscent of that of the NADPH-d-positive neurons at
corresponding locations (Fig. 6A, d,e). When stimulation with
NMDA was performed in the presence of 10 mM glycine (n 5 99;
11 experiments), the response of the [Ca21]i increase was slightly,
although not significantly, higher with respect to that observed the
absence of exogenously applied glycine (mean change in R405/
485 6 SEM, 0.78 6 0.09 vs 0.57 6 0.07; t test not significant), and
the percentage of NMDA-responsive neurons was increased (16.2
vs 8.7%). Neurons responding to both substance P and NMDA
were very few (8 of 99, 8.1%), whereas the great majority re-
sponded exclusively to either substance P (61 of 99, 61.7%) or
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Figure 3. Distribution and connectivity of NADPH-d-positive nerve processes in the lumbar dorsal horn. A, An isolated labeled dendrite (arrow) in
lamina I. B, A NADPH-d-positive dendrite (white d) in lamina III receives a synaptic contact (curved arrow) from an unlabeled axon (a). C,
NADPH-d-positive nerve processes in lamina IIi. A large positive dendrite (white d) receives a synapse (curved arrow) from an adjacent unlabeled
dendrite (black d). Other NADPH-d-positive profiles of smaller caliber (arrows) are part of the dense meshwork of neuronal processes that is observed
in lamina IIi. a, Axon; d, dendrite. Scale bars, 1 mm.
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Figure 4. Combined preembedding NADPH-d histochemistry and postembedding peptide immunogold labeling in the lumbar substantia gelatinosa. A,
A NADPH-d-positive dendrite (white d, arrow) in lamina IIo is surrounded by a dense meshwork of CGRP–substance P double-labeled axonal profiles
(arrowheads). B, A NADPH-d-positive dendrite (white d, arrow) is seen in proximity of a CGRP–substance P double-labeled axonal ending. Peptide
immunoreactivity is restricted to the LGVs (insert). C, A NADPH-d-positive peripheral dendrite (white d, arrow) is part of a type I glomerulus showing
a central bouton (C1) double-labeled for CGRP and substance P (arrowheads). d, Dendrite; LGVs, large dense-cored synaptic vesicles; CGRP, 20 nm
gold; substance P, 10 nm gold. Scale bars, 0.5 mm.
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NMDA (16 of 99, 16.2%). In two experiments, a lower dose of
substance P (1 mM) induced the response in 17 of 30 (57%)
cells, and mean [Ca 21]i increase was comparable to that ob-
served with 10 mM.

In a second group of experiments we analyzed the possible
effect of the NO donor SIN-1 on the [Ca21]i change in different
neurons. Figure 7 reports the [Ca 21]i change in one neuron
localized close to the dorsal surface of the dorsal horn after
successive stimulation with SIN-1 in the presence and absence of
the NK1 receptor inhibitor sendide, substance P, and NMDA.
This neuron displayed a significant [Ca21]i increase on the first
SIN-1 stimulation (200 mM). A second stimulation with SIN-1 was
then applied (time interval, 15 min) together with the NK1

receptor antagonist sendide (5 mM). Under these conditions, no
significant variations in [Ca21]i were observed, but the response
to SIN-1 was recovered after wash-out of the NK1 antagonist and
an interval of 15 min. In the same neuron, substance P (10 mM)
induced a [Ca21]i increase whose kinetics are comparable to
those observed after direct administration of the peptide in the
first series of experiments. No response was observed after
NMDA stimulation (100 mM). In contrast, another neuron local-
ized deeper in the dorsal horn responded to NMDA with a
typical, long-lasting [Ca21]i increase (data not shown). The re-
sponse to SIN-1 was inhibited completely by sendide in 5 of 28
neurons analyzed (five experiments), whereas in the other 23, the
response to SIN-1 was reduced to 53 6 3.9% (mean change in
R405/485 6 SEM, 0.16 6 0.02 before and 0.07 6 0.01 after
sendide; t test, p , 0.001). It is noteworthy that, in all substance
P-responsive neurons investigated, the response to substance P
was blocked by sendide (5 mM).

DISCUSSION
This study provides correlative morphological and functional
evidence for a nonsynaptic NO-mediated release of sensory neu-
ropeptides in the rat dorsal horn. Moreover, it shows that the
main source of NO are the islet cells within lamina IIi and that the
interactions of these cells and glutamate-immunoreactive pri-
mary afferent fibers primarily occur at the level of type II synaptic
glomeruli (Fig. 8). First, we will discuss our results on the nature
and connectivity of NO-producing neurons after combined
NADPH-d histochemistry and peptide–glutamate immunocyto-
chemistry. We will then consider the physiological properties of
these neurons in terms of their [Ca21]i change after specific
stimuli, such as activation of the NMDA/NK1 receptors. Finally,
on the basis of our findings, we will provide a hypothetical model
to explain some of the interactions occurring among NO, pepti-
dergic, and glutamatergic fibers in the processing of sensory
information.

NADPH-d positive neurons in the superficial
dorsal horn
The majority of NADPH-d positive neurons in the rat dorsal horn
as described in this correlative light and electron microscopic
analysis, were located in lamina II and most likely corresponded
to islet cells (Gobel, 1979), as previously suggested by others after
light microscopy NADPH-d stain and/or NOS immunocytochem-

4

indicative of glutamate immunoreactivity. Note the axodendritic contact
between the two profiles (curved arrow). B, Two NADPH-d peripheral
dendrites (white d, arrow) in a glutamate-immunoreactive type II glomer-
ulus. d, Dendrite; C2, central ending in glomerulus. Scale bars, 0.5 mm.

Figure 5. Combined preembedding NADPH-d histochemistry and
postembedding glutamate immunogold labeling in the lumbar lamina IIi.
A, A NADPH-d-positive dendrite (white d, arrow) is part of a type II
glomerulus showing a central bouton (C2) containing 10 nm gold particles
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Figure 6. Different responses of substantia gelatinosa neurons to stimulation with substance P and NMDA. A, Time series of pseudocolor images of
the [Ca 21]i changes occurring in two Indo-1-loaded cells (1 and 2) from the dorsal horn of a young rat (P8) after subsequent perfusion of the slice with
100 mM NMDA (sequence a–c) and 5 mM substance P (sequence d–f ). Images in a–f correspond to the time points a–f indicated in B. The R405/485 is
displayed as a pseudocolor scale. Sampling rate, 2 sec. Scale bar, 10 mm. B, Kinetics of the [Ca 21]i changes in cell 1 and cell 2 after NMDA and substance
P stimulation, as expressed by the ratio between Indo-1 emission wavelength at 405 and 485 nm. Calibration: 30 sec.
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istry (for example, see Valtshanoff et al., 1992; Vizzard et al.,
1994b). Two major points arise from the present ultrastructural
analysis: (1) virtually all NADPH-d-positive axons in lamina II
are myelinated, and (2) there are not NADPH-d-positive termi-
nals in this lamina, or they are extremely rare. Such an observa-
tion cannot be ascribed to technical drawbacks related to the use
of the histochemical stain, considering that in the same prepara-
tions we have been able to obtain reliable terminal labeling in
lamina X (Aimar et al., 1998). Therefore, our EM results imply
that NADPH-d-myelinated axons likely run across the gelatinosa
in the absence of an input to the lamina II neuropil from positive
terminals. By using preembedding NOS immunocytochemistry
Bernardi et al. (1995) have been able to show terminal staining in
the dorsal horn. However, positive reaction appeared to be mainly
concentrated in lamina IIi and dorsal lamina III, and authors have
not commented about the quantitative relevance of this finding.
The major contribution to axonal NADPH-d staining in the rat
substantia gelatinosa appears to be related to projection fibers as
well as arbors from local circuit neurons in deeper laminae
(Valtshanoff et al., 1992), although a fraction of this staining,
albeit very limited and restricted to certain segments of the cord,
was reported to originate from NO-containing primary afferents
(Aimi et al., 1991). In keeping, it was not possible to detect
NADPH-d staining (this study) or NOS immunoreactivity (Ber-
nardi et al., 1995) in primary afferent endings.

Finally, although our light and EM NADPH-d staining suggests
that positive neurons in the gelatinosa are mainly islet cells, the
lack of staining in unmyelinated axons and/or terminals is puz-
zling. Indeed, numerous Golgi studies reported that islet cells
have local axon arbors (Gobel, 1975; Bennet et al., 1980; Willis
and Coggeshall, 1991), which at EM level resulted to be unmy-
elinated (Falls and Gobel, 1979; Gobel et al., 1980). Nonetheless,
the existence of some islet cells sending their axons outside
lamina II cannot be completely ruled out (Todd and Lewis, 1986;
Spike and Todd, 1992). Under this context, the possibility that
(some) NADPH-d-positive (islet) cells send their axons outside
the substantia gelatinosa would be in agreement with previous
studies on Golgi-stained preparations (Abdel-Maguid and Bow-
sher, 1984; Spike and Todd, 1992).

NADPH-d positive neurons and primary afferent fibers
in laminae I-II
Three main types of primary afferent terminal configurations
have been described in the superficial dorsal horn. These are the
central terminals of type I and type II glomeruli, usually referred
to as C1 and C2, respectively, which have different and peculiar
ultrastructural and neurochemical features, and a third nonglo-
merular type particularly enriched of peptide-containing LGVs
(Knyihar-Csillik et al., 1982; Coimbra et al., 1984; Valtschanoff et
al., 1994). Our results demonstrate the lack of coexistence be-
tween NADPH-d staining and peptide immunoreactivity in the
superficial dorsal horn. Nonetheless, NADPH-d-positive den-
drites were commonly seen close to immunoreactive primary
afferent axonal varicosities and terminals of the nonglomerular
type containing significant numbers of CGRP–substance
P-immunolabeled LGVs, but synapses between the two types of
profiles were exceptional. In addition, NADPH-d-positive den-
drites were, at times, detected at the periphery of type II glomer-
uli with glutamate-immunoreactive central boutons (C2), and,
less frequently, were contacted by glutamate-positive axons at
simple axodendritic synapses.

Functional properties of neurons in the superficial
dorsal horn
Our confocal experiments clearly demonstrate that neurons with
functional NMDA receptors (1) are preferentially located in
lamina IIi , as previously suggested by in situ hybridization studies
on the distribution of spinal cord neurons expressing functional
NMDAR1-NMDAR2D receptor complex (Tölle et al., 1993,
1995), and (2) show a laminar distribution and have morpholog-
ical features resembling those of NADPH-d-positive neurons, in
keeping with the results of our double-labeling experiments show-
ing the colocalization of NADPH-d labeling and NMDAR1
immunoreactivity, and the observation that NOS-containing neu-
rons in the spinal trigeminal nucleus of the rat express NMDA
receptor mRNA (Dohrn and Beitz, 1994). As to the identification
of a neuronal type or types in the confocal microscope, it seems
of relevance to note that loading of Indo-1 AM into dendrites
was, in general, insufficient for a clear visualization of the den-
dritic arbor, and, thus, it did not permit an unambiguous cell
classification on the basis of pure morphological criteria. How-
ever, in a number of neurons the dendritic arborization could be
followed at various focus planes by increasing the laser power. It
is noteworthy that some, although not all, of these neurons were
morphologically similar to NADPH-d-positive neurons (islet
cells). It seems of relevance to point out that the maturation of
the islet cell dendrites occurs after birth (Falls and Gobel, 1979),
and the characteristic bipolar shape of their dendritic arbors is
first seen at P5, and fully completed after P20 in the rat (Bicknell
and Beal, 1984). Because our confocal microscope experiments
were performed on slices from P8 rats, the morphological iden-
tification of islet cells on the basis of their dendritic arborization
could not be (always) considered a reliable approach.

Perhaps the most intriguing result of our study is that the great
majority of neurons in laminae I-II responded exclusively to
either substance P or NMDA, and very few appeared to respond
to both agents. This result may have a series of implications for
the understanding of the mechanism by which substance P con-
tributes to the modulation of the synaptic information transfer in
the dorsal horn. It is known, for example, that substance P can
potentiate the action of glutamate on the NMDA receptor in a
large number of substantia gelatinosa neurons (Randic et al.,

Figure 7. Kinetics of the [Ca 21]i change in one typical Indo-1-loaded
neuron from the P8 rat substantia gelatinosa, after successive stimulation
with the NO donor SIN-1. The NK1 receptor antagonist sendide inhibited
the response otherwise observed after SIN-1 application. The same
neuron displayed a significant [Ca 21]i increase on substance P but not
NMDA stimulation. Sampling rate, 2 sec. Calibration: 100 sec.
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1990). Accordingly, it is proposed that substance P may directly
modulate the NMDA receptor, assuming that NK1 and
NMDARs are expressed in the same neuronal population (for
example, see Levine et al., 1993). In contrast, our results support
the view that substance P may modulate the NMDA receptor
response indirectly, for example, acting on neurons from deeper
laminae whose dendrites are postsynaptic targets of C fiber ter-
minals in laminae I-II. An alternative, plausible hypothesis is that
the ability of substance P to induce repetitive [Ca21]i transients
is independent on its effects on the NMDA receptor. It is note-
worthy that substance P is known to slowly depolarize dorsal horn
neurons because of its blocking action on potassium channels
(Takano et al., 1995). The [Ca21]i increase resulting from this
action of substance P could probably be rather slow occurring in
several minutes and might not have been detected under our
experimental conditions. This type of effect might be important
for the modulatory action of substance P on the NMDA receptor.

Our work also shows the existence of a relatively large popu-
lation of neurons (77.1% of cells analyzed) in laminae I-IIo which
respond to substance P stimulation with a significant increase in
[Ca21]i. This response is mediated by NK1 receptors, because the
NK1 receptor antagonist sendide (Sakurada et al., 1993) blocked
substance P-mediated [Ca21]i increase. Such an observation is in
accordance with observations on acutely dissociated young dorsal
horn neurons (Rusin et al., 1993) and the reported immunocyto-
chemical distribution of the NK1 receptor in the dorsal horn
(Nakaya et al., 1994; Littlewood et al., 1995), but partly contra-
dictory with the data suggesting that substance P does not have a

functional role on lamina II neurons (Bleazard et al., 1994) and
is not involved in the generation of slow excitatory postsynaptic
currents in vitro from the gelatinosa neurons (Yajiri et al., 1997).

In addition, our results do not completely match with the data
obtained by Rusin et al. (1993) who found 47% (8 of 17 cells) of
the dorsal horn neurons responsive to both substance P and
NMDA. It seems reasonable that the different type of prepara-
tion used by us (intact slices) and the above authors (dissociated
cells) accounts for such a discrepancy. Because substance P- and
NMDA-responsive neurons have a different laminar (and even
sublaminar) distribution (see above), and the adult rat lamina II
is ,100-mm-thick (Ribeiro da Silva and Coimbra, 1982), it cannot
be excluded that sampling in cell isolation dramatically affects the
type(s) of neurons that will be present in the final preparation.
Indeed, several studies have reported only a few (if any) NK1

receptor-immunoreactive neurons in lamina II (Bleazard et al.,
1994; Liu et al., 1994; Littlewood et al., 1995), which, on the other
hand, is densely populated by neurons expressing at least some of
the components of the NMDA receptor complex, namely the
NMDAR1 subunit (Tölle et al., 1993, 1995). Although of a
perhaps limited numerical consistence, neurons in the dorsal horn
that are responsive to both substance P and NMDA might rep-
resent preferential targets for those primary afferent fibers show-
ing colocalization of substance P and glutamate (De Biasi and
Rustioni, 1988; Merighi et al., 1991).

The neurons in the superficial dorsal horn that display a
[Ca21]i increase after stimulation with substance P display a
[Ca21]i increase also after slice perfusion with the NO donor

Figure 8. Hypothetical mechanism of action of NO on peptide-containing primary afferent C fibers. Stimulation of Ad afferents evokes a release of
glutamate from C 2 central endings in type II glomeruli within lamina IIi. In hyperalgesic conditions, such a stimulation would be effective in activating
the NMDA–NO cascade in the peripheral dendrites of glomeruli, which originate from NADPH-d-positive islet cells. NO released from the dendritic
tree of islet cells diffuses throughout lamina IIo and enhances the release of substance P (and CGRP) from C fiber varicosities and terminals, which are
enriched of peptide-containing LGVs. The simultaneous and prolonged release of sensory neuropeptides throughout the substantia gelatinosa represents
one of the mechanisms of central sensitization.
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SIN-1. The finding that the effect of SIN-1 is significantly inhib-
ited by the NK1 antagonist sendide together with the similar
kinetics of the [Ca21]i change observed after substance P and
SIN-1 provides compelling evidence that NO is capable to evoke
the release in vitro of substance P from endogenous spinal sources
(Garry et al., 1994). The inhibition was complete in 5 of 28
neurons and significantly reduced in the remaining 23. These data
suggest that other agents besides substance P, such as the peptide
CGRP, are probably released after SIN-1 stimulation and can,
thus, be involved in the [Ca21]i change observed.

NO-mediated release of sensory neuropeptides in the
dorsal horn
Numerous reports have shown that CGRP, substance P, gluta-
mate, and NO are all involved in nociceptive processing and
hyperalgesia in the dorsal horn (McMahon et al., 1993; Meller
and Gebhart, 1993, 1994; Morris et al., 1994; Traub et al., 1994a,b;
Wiertelak et al., 1994; Honoré et al., 1995; Minami et al., 1995;
Vizzard et al., 1995; Aley et al., 1998). Recent findings demon-
strate that sodium nitroprusside, an NO donor, evokes the release
of CGRP and substance P from dorsal horn slices (Garry et al.,
1994). It was also shown that NO contributes to persistent noci-
ception and hyperalgesia induced by glutamate and substance P
in the rat formalin pain model (Coderre and Yashpal, 1994) and
that the NO inhibitor Nv-nitro-L-arginine methyl ester (L-
NAME) blocks the thermal hyperalgesia induced by endogenous
and exogenous substance P (Radhakrishnan et al., 1995). Release
of NO is triggered by the NMDA glutamate receptor, which
raises [Ca21]i and activates NOS (Schuman and Madison, 1994).
In the spinal cord, NMDA–NO cascade is activated in parallel
with prolonged release of substance P and glutamate from pri-
mary afferent endings (McMahon et al., 1993).

Our findings provide a series of new information on the inter-
actions among NO-producing neurons and peptidergic and gluta-
matergic processes. On the basis of our observations we advance
the following hypothesis (Fig. 8). Glutamate released at central
endings (C2) of type II glomeruli induces a [Ca 21]i increase in
NADPH-d-positive islet cells after activation of the NMDA
receptor (some of these cells might correspond to wide dynamic
range neurons, which, in certain hyperalgesic conditions, exhibit
enhanced spontaneous firing; Menétrey and Besson, 1988). The
NMDA-mediated [Ca21]i rise results in the activation of NOS
with the consequent release of NO. Newly generated NO could
then evoke the release of substance P (and CGRP) from primary
afferent endings, as demonstrated by the substance P-mediated
[Ca21]i increase we observed after SIN-1 stimulation.

Type I glomeruli, which contain a C1 central ending that
originates from thin unmyelinated C fibers (Ribeiro-Da-Silva and
Coimbra, 1982; Ribeiro-Da-Silva, 1994), only exceptionally
showed NADPH-d-positive dendrites. This indicates that inter-
actions of NO-producing neurons and primary afferent fibers
preferentially occur at the level of Ad fibers that form the C2

central terminals of type II glomeruli (Ribeiro-Da-Silva and
Coimbra, 1982; Ribeiro-Da-Silva, 1994). This is in agreement
with the recent reported finding that C2 terminals, but not the two
other types of primary afferent terminals (C1 and nonglomerular
endings) that can be detected in the substantia gelatinosa, are
contacted by NOS-immunoreactive dendrites (Bernardi et al.,
1995).

The interactions between primary afferent fibers and NO-
producing neurons primarily occur in lamina IIi , which is not the
main site of noxious input to the gelatinosa (Willis and Cogge-

shall, 1991; Light, 1992). As a possible explanation, it was sug-
gested that Ad fibers could make axodendritic contacts in lamina
IIo before contacting NO-producing neurons at type II glomeruli
in lamina IIi (Bernardi et al., 1995). However, in our preparations
we were unable to observe any contact between peptide–
glutamate-containing terminals of presumable primary afferent
origin and NADPH-d-positive dendrites in lamina IIo. Alterna-
tively, and in keeping with the results we obtained, NO could
influence C fibers simply by diffusion. Indeed, from its half-life
and diffusion constant one can estimate NO to diffuse for .50
mm before decomposing (Kelm et al., 1988). The notion that NO
is a diffusible gas messenger and has important modulatory role
in neuronal function (Schuman and Madison, 1994) raises the
problem of how signaling specificity can be achieved. Two recent
reports indicate that specificity of action can be accomplished by
requiring that messenger production coincides with synaptic ac-
tivity (Peunova and Enikolopov, 1993; Zhuo et al., 1993). The
high density of NADPH-d-positive dendrites in the gelatinosa, as
demonstrated by our ultrastructural analysis, would allow for
simultaneous release of NO and sensory neuropeptides through-
out lamina IIo. This is consistent with the rapid increase of
[Ca21]i that we observed in a subpopulation of neurons in lamina
I-IIo after SIN-1 administration and with the idea that during the
course of hyperalgesia the entire dorsal horn might be flooded
with substance P and nonsynaptic volume transmission might
occur (Duggan et al., 1990).
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