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We evaluated the neuropil distribution of the enzymes NADPH diaphorase (NADPH-d) and cytochrome oxidase (CO) in the spinal cord
of the agouti, a medium-sized diurnal rodent, together with the distribution pattern and morphometrical characteristics of NADPH-d
reactive neurons across different spinal segments. Neuropil labeling pattern was remarkably similar for both enzymes in coronal
sections: reactivity was higher in regions involved with pain processing. We found two distinct types of NADPH-d reactive neurons
in the agouti’s spinal cord: type | neurons had large, heavily stained cell bodies while type Il neurons displayed relatively small and
poorly stained somata. We concentrated our analysis on type | neurons. These were found mainly in the dorsal horn and around the
central canal of every spinal segment, with a few scattered neurons located in the ventral horn of both cervical and lumbar regions.
Overall, type | neurons were more numerous in the cervical region. Type | neurons were also found in the white matter, particularly in the
ventral funiculum. Morphometrical analysis revealed that type | neurons located in the cervical region have dendritic trees that are more
complex than those located in both lumbar and thoracic regions. In addition, NADPH-d cells located in the ventral horn had a larger
cell body, especially in lumbar segments. The resulting pattern of cell body and neuropil distribution is in accordance with proposed
schemes of segregation of function in the mammalian spinal cord.
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INTRODUCTION

Since the early 1960s it has been shown that the enzyme nicotina-
mide adenine dinucleotide phosphate diaphorase (NADPH-d) reveals a
sub-population of inhibitory neurons in the mammalian central nervous
system (CNS) (Thomas and Pearse, 1964). Later, it was demonstrated
that NADPH-d corresponds to nitric oxide synthase enzyme (NOS),
which catalyzes production of nitric oxide (NO) (Dawson etal., 1991;
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Hope et al., 1991), a highly diffusible signaling molecule. NO is involved
with several physiological and pathological processes in the nerv-
ous system, including synaptic plasticity and local regulation of blood
flow (Contestabile, 2000; Estrada and DeFelipe, 1998; Holscher, 1997,
ladecola, 1993; Wallace et al., 1996; see Calabrese et al., 2007 for a
recent review). NADPH-d histochemistry has since been used as an indi-
rect method for revealing the distribution of NO in aldehyde-fixed brains
(Scherer-Singler et al., 1983).

Two distinct types of non-pyramidal, NADPH-d-containing cells have
been consistently identified in the mammalian CNS: a more reactive
group, with a Golgi-like appearance (type | cells), and a weakly stained
sub-population (type Il cells) (Luth et al., 1994). Both are co-localized with
GABA in cortical neurons, but type Il neurons also express calbindin (Yan
et al., 1996). Type | neurons have large, darkly stained cell bodies and
dendritic tress (Luth et al., 1994) and are present in the brain of all mam-
mals examined, from echidna to primates (Hassiotis et al., 2005; Yan and
Garey, 1997). Type Il neurons, conversely, are weakly stained, with small
cell bodies and few or no labeled processes (Luth et al., 1994), and are
reported to be especially numerous in the primate brain (Sandell, 1986;
Yan and Garey, 1997). In the present work, we will report data from type |
neurons, henceforth called NADPH-d neurons.

The distribution of NADPH-d/NOS neurons has been described in
the CNS of several mammalian orders (Barone and Kennedy, 2000;
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Cruz-Rizzolo et al., 2006; Freire et al., 2007; Gonchar et al., 2008; Luth
etal., 1994; Mizukawa et al., 1989; Ouda et al., 2003; Pereira et al.,
2000; Vincent and Kimura, 1992; Wiencken and Casagrande, 2000; Xiao
et al., 1996). In the rat brain, for instance, it was shown that NADPH-d
neurons are also GABAergic (Valtschanoff et al., 1993) and amount to
approximately 2% of the cortical cell population (Valtschanoff et al., 1993;
Vincent and Hope, 1992). NADPH-d/NOS neurons were also detected in
the spinal cord (Anderson, 1992; Dun et al., 1993; Kluchova et al., 2002;
Marsala et al., 1997; Saito et al., 1994; Valtschanoff et al., 1992a,b) and
were reported to be more intensely labelled at laminae I-IV and X of the
entire spinal cord and at the intermediolateral column (IML) of both the
thoracic and lumbar segments (Saito et al., 1994).

A considerable amount of evidence has implicated NO as a nociceptive
mediator in both peripheral tissues and the spinal cord. It has been pro-
posed, for instance, that hyperalgesia is mediated by activity-dependent
long-term potentiation (LTP) being induced in spino-peraqueductal gray
projections neurons located in the spinal dorsal horn lamina | (lkeda
etal., 2006) and that NO is essential for its induction (lkeda etal.,
2006). Recently, it was shown in rats that LTP in lamina | neurons could
be induced by NO secreted by interneurons located in laminae Il and llI
(Ruscheweyh et al., 2006).

Cytochrome oxidase (CO) is a key mitochondrial enzyme involved
with oxidative metabolism (see Wong-Riley, 1989 for review). The strict
coupling observed between neuronal activity and oxidative metabolism
(Kasischke et al., 2004) justifies the use of CO as an endogenous met-
abolic marker in the brain. Analysis of CO distribution in the CNS, for
instance, has helped to unveil key principles of compartmental organiza-
tion in the brain (Freire et al., 2004, 2005; Wong-Riley, 1979; Wong-Riley
and Welt, 1980), and the spinal cord of several mammalian species
(Wong-Riley and Kageyama, 1986).

Our animal model, the agouti (Dasyprocta ssp., Dasyproctidae:
Rodentia), is a medium-sized terrestrial and burrowing rodent (about ten
times as heavy as the rat) with a widespread distribution over Central and
South American Neotropical forests (Silvius and Fragoso, 2003). Agoutis
are diurnal animals that rely mostly on a frugivorous diet, usually manipu-
lating seeds with high dexterity with their forelimbs (Henry, 1999). Agoutis
play a critical role on dispersing tree and plant seeds due to their caching
behaviour (Silvius and Fragoso, 2003). This behaviour also underlies the
necessity of a well-developed spatial memory for successful seed retrieval.
The agouti is always on the lookout for predators, and possesses a well-
defined retinal visual streak that, together with its lateralized eyes (Silveira
et al., 1989), provides for good panoramic vision. The agouti has been suc-
cessfully used as a model for comparative studies of cortical organization
(Elston et al., 2006; Picanco-Diniz et al., 1989; Rocha et al., 2007).

In this work we evaluate the neuropil reactivity, distribution pattern
and morphometrical characteristics of NADPH-d neurons in different seg-
ments along the spinal cord of the agouti. Our results show that NADPH-d
neurons are more numerous in the dorsal horn, more specifically in lami-
nae | and Il, and around the central canal (lamina X). Morphometric analy-
sis shows that while NADPH-d neurons have cell bodies that are larger in
the ventral horn, their dendritic fields are larger and more complex in the
dorsal horn, especially in cervical segments. The spatial distribution of CO
and NADPH-d neuropil enzymatic activity is somewhat similar, appear-
ing more intense in the superficial laminae of the cervical and lumbar
enlargements, which are associated with innervation of the fore- and
hindlimb, respectively. The resulting pattern of cell body and neuropil dis-
tribution is in accordance with known schemes of segregation of function
in the mammalian spinal cord and further illuminates the role played by
NO in dorsal horn circuitry.

MATERIALS AND METHODS

Animals

We used five adult male agoutis (Dasyprocta spp) (2.7-3.2 kg) in the
present study. Animals were donated by The Emilio Goeldi Museum, under

license of the Brazilian Institute for Environmental Protection (IBAMA,
license 207419-0030/2003). The experimental protocols are in accordance
with NIH Guidelines for the Care and Use of Laboratory Animals. We made
all efforts to use as few animals as possible and to minimize unnecessary
animal discomfort, distress and pain.

Perfusion and histological procedures

Animals were deeply anesthetized with an intramuscular injection of a
mixture of ketamine hydrochloride (90 mg/kg) and xylazine hydrochloride
(10 mg/kg). After extinction of the corneal reflex, animals were perfused
transcardially with 500 ml of heparinized 0.9% saline solution followed by
2,000 ml of 4% paraformaldehyde (Sigma Company, USA) in 0.1 M phos-
phate buffer (PB). The spinal cord was dissected and stored in 0.1 M Tris
buffer pH 8.0. Before sectioning, segments of equal length from the cervi-
cal enlargement (C4-T1), thoracic region (T7-T10) and lumbar enlargement
(L4-S1) were separated. The spinal cord blocks were cut into 200 um-thick
coronal sections using a Vibratome (Pelco International, Series 1000).

Histochemical processing

We used adjacent sections to reveal the enzymatic activity of NADPH-d
and CO. NADPH-d was revealed with the indirect method (modified from
Scherer-Singler et al., 1983) as follows: free-floating sections were incu-
bated in @ medium containing 0.6% malic acid, 0.03% nitroblue tetrazo-
lium, 1% dimethylsulfoxide, 0.03% manganese chloride, 0.5% [3-NADP
and 1.5-3% Triton X-100 in 0.1 M Tris buffer, pH 8.0 and protected from
light. Sections were monitored every 60 min to avoid overstaining. The
incubation period lasted from 6 to 7 h and was interrupted by rinsing
sections in 0.1 M PB (pH 7.4). The criteria to stop the reaction were the
presence of strongly stained cell bodies and a less intense but heteroge-
neously labelled neuropil.

CO histochemistry was performed in adjacent, 200 pm-thick coronal
sections from the same spinal cord segments (Wong-Riley, 1979). Briefly,
sections were incubated in a solution containing 0.05% diaminobenzidine
(DAB), 0.03% cytochrome ¢ and 0.02% catalase. The reaction was moni-
tored every 30 min in order to avoid overstaining. Similar to NADPH-d,
sections were incubated for the same period of time and in the same
solution for all animals. The duration of incubation ranged from 7-8 h, and
was interrupted by rinsing the sections five times in 0.1 M PB (pH 7.4). All
reagents were purchased from Sigma Company (USA).

Additional alternate sections were Nissl-stained for cytoarchitectonic
analysis. Sections were mounted on gelatin-coated glass slides, left to
air-dry overnight, dehydrated and coverslipped with Entellan (Merck).

Qualitative and quantitative analyses

Both NADPH-d and CO stained sections were qualitatively surveyed under
light microscopy and images of representative fields were obtained with
a digital camera (Nikon Coolpix 950E) attached to an optical microscope
(Nikon AFX-DX Optiphot-2). A few selected NADPH-d neurons, from each
region of interest, were also photographed for the illustrations. Only
the global contrast, and/or brightness of pictures were adjusted using
Photoshop CS (Adobe Systems, Inc., USA).

We used the software Neurolucida (MicroBrightField Inc., USA) to
characterize the spatial distribution of NADPH-d neurons in ten sections
obtained from cervical, thoracic and lumbar regions from each animal.
Within each section, we counted the number of cells in the following
regions: dorsal horn (laminae I-IV), central canal (lamina X) and ventral
horn (laminae VII-IX). In order to obtain an unbiased estimate of cell num-
bers, we applied the Abrecrombie’s correction factor (Abercrombie, 1946;
see Williams and Rakic, 1988 for details), which compensates for the
overcounting of sectioned profiles, using the equation: P = A(M/M + L),
where P is the corrected value, A is the raw density measure, M is the
section’s thickness (in micrometers) and L is the average diameter of cell
bodies along the axis perpendicular to the plane of section. Descriptive
statistics was obtained for all groups and we evaluated differences
among groups by one-way analysis of variance (ANOVA) followed by the
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Newman-Keuls post hoc test. Statistical significance was set at 95%
confidence level (0. < 0.05). Table 1 depicts the average diameter of spi-
nal cord cells. In general, the largest neuronal cell bodies were located in
the ventral horn (p < 0.05).

We chose thirty cells of each region (dorsal horn, central canal and ven-
tral horn) for reconstruction using the Neurolucida software. The software
ran in a PC attached to a Nikon microscope (60x objective) equipped with
a motorized stage. The criterion to select cells for analysis was the pres-
ence of acomplete, uncut dendritic arborization. The following parameters
were measured using the Neuroexplorer software (MicroBrightField Inc.,
USA): dendritic field size (the area contained within a polygon joining the
outermost distal tips of the dendrites), cell body area (values expressed
in um?), number of branch points and number of dendrites. Mean values
were compared amongst groups by ANOVA followed by Newman—Keuls
post hoc test, as previously described.

RESULTS
General morphological considerations
The gross cytoarchitectonic arrangement of the agouti’s spinal cord,
stained with cresyl violet, was similar to that observed in other mamma-
lian species such as the cat (Rexed, 1952, 1954) and the rat (Molander
etal.,, 1984, 1989) (Figure 1). Based on this similarity, we used the
same cytoarchitectonic nomenclature employed for other mammals
(Rexed, 1952, 1954), defining three distinct regions across segments:
dorsal horn (laminae I-1V), ventral horn (laminae VII-IX) and central canal
(lamina X).

The overall neuropil reactivity revealed by the enzymes NADPH-d
and CO was also similar to that reported for other mammalian spe-
cies (Kluchova et al., 2001; Reuss and Reuss, 2001; Saito et al., 1994;

NADPH diaphorase in the spinal cord

Valtschanoff et al., 1992a; Wong-Riley and Kageyama, 1986) (Figure 1).
The most intense reactivity was observed in the substantia gelatinosa
(lamina ll) (Figure 1).

Distribution of NADPH-d neurons

Two types of reactive neurons can be readily identified in the spinal
cord of the agouti: type | and type Il cells (Luth et al., 1994). Both cor-
respond to aspiny, non-pyramidal neurons with distinct reactivity pro-
files (Figure 2). Type | neurons have the largest cell bodies and are more
intensely labeled, showing in high-contrast details of both the cell body
and the dendritic tree. Type Il neurons, on the other hand, have a ghost-
like appearance against the nonspecific background, with only their tiny
soma being barely visible (Figure 2).

The distribution of type | cells was examined in coronal sections of the
spinal cord (Figure 3A). In every segment, the number of NADPH-d cells
is greater in the dorsal horn and the central canal than in the ventral horn
(p < 0.05; Figure 3B). The exception is seen in the thoracic segment,
where the distribution of labeled cells is more homogeneous (p > 0.05;
Figure 3B). When comparing the distribution of cells in the dorsal horn
and the central canal, however, the number of NADPH-d neurons is
significantly greater in the former than in the later in both the lumbar
(p < 0.05) and cervical segments (p > 0.05).

Another comparison shows that NADPH-d neurons have a differ-
ent distribution along spinal segments. For instance, labeled neurons
are always found in greater number in the cervical segment (p < 0.05;
Figure 3B), with the exception of the dorsal horn, which has a simi-
lar number of neurons in both the cervical and lumbar enlargements
(p > 0.05). For the central canal, however, all segmental comparisons
show difference, and more neurons are labeled in the lumbar enlarge-
ment, followed by the cervical enlargement and thoracic segments

Table 1. Average diameters of NADPH-d type | neurons across spinal cord. Cell bodies of ventral horn neurons are larger than other regions.

Segments

Regions Cervical (1) Thoracic (2) Lumbar (3) ANOVA/Newman Keuls

Dorsal horn 20.53+0.62 17.42 +0.43 18.98 +0.44 1-2 (p > 0.05)

Central canal 22.88 + 0.50 19.81+1.14 23.28 +0.49 1-3 (p < 0.05)

Ventral horn 25.41 £ 0.51 23.74 £ 0.50 30.16 £ 0.56 2-3(p <0.05)
NADPH-d co Nissl
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Figure 1. NADPH diaphorase and cytochrome oxidase reactivity in coro-
nal sections of the agouti’s spinal cord. The enzymatic reaction pattern is
illustrated in alternate sections of three spinal cord segments. The spinal cord
cytoarchitectonic organization can be observed in alternate sections stained
with cresyl violet. Neuropil reactivity for both NADPH-d and CO is higher in the
dorsal horn, except in thoracic segments. Scale bar: 10 mm.

Figure 2. Comparative morphology of types | and Il neurons in the cen-
tral canal of the lumbar segment in agouti’s spinal cord. Note both the
small size of the cell body and the weakly stained dendritic arbor of type Il
neurons (arrowheads) when compared to the much-larger type | cell. Scale
bar: 30 um.
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Figure 3. Distribution of NADPH-d neurons in sub-regions of the cervical, thoracic and lumbar segments of the agouti’s spinal cord. Qualitative analy-
ses points to a heterogeneous distribution of NADPH-d neurons across spinal cord segments (A), confirmed by quantitative analysis depicted in the histogram
(B). For any given spinal segment, the number of NADPH-d cells is greater in both the dorsal horn and central canal than in the ventral horn (B). In addition,
these cells are found in greater number in both the cervical and lumbar segments (B). Asterisks in horizontal bars indicate statistically significant comparisons

(*p < 0.05; **p < 0.01; ANOVA/Newman—Keuls post hoc test). Scale bar in A: 10 mm.

Gray matter

Dorsal horn Central canal

B White matter

Ventral horn

Figure 4. Morphology of NADPH-d neurons located in the spinal cord. Gray matter neurons have a varied morphology, including poorly ramified bipolar
neurons from the central canal and extensively ramified multipolar cells from the dorsal horn of the cervical enlargement (A). The dendritic arborization of white
matter cells is exuberant, frequently projecting towards the gray matter (B). Scale bars: 100 um (lower magnification); 50 um (enlargements).

(Figure 3B; p < 0.05). In the ventral horn, the number of NADPH-d neu-
rons is greater in the lumbar segment than in either the cervical or the
thoracic segments (p < 0.05), both showing no statistical difference
between them (Figure 3B; p > 0.05).

Morphometric analysis of NADPH-d neurons

We evaluated the morphology of reactive NADPH-d neurons both quali-
tatively and quantitatively. NADPH-d neurons are present throughout
the rostrocaudal axis of the spinal cord (Figure 3A) and have a varied
morphology, including poorly ramified bipolar neurons in the central
canal and extensively ramified multipolar cells in the dorsal horn of the
cervical enlargement (see examples in Figure 4).

NADPH-d neurons are present in all laminae of both the cervical and
lumbar enlargements, but are mostly found in the superficial layers of the
dorsal horn (laminae I-V) and clustered around the central canal (lamina X)
(Figures 3A and 4). Cells in the cervical enlargement have the most com-
plex pattern of dendritic arborization of all segments, especially in the dorsal
horn (Figure 4). NADPH-d neurons in the ventral horn display the simplest
arborization pattern, regardless of segmental location (Figures 4 and 5).

The dendritic arborization of NADPH-d cells in the thoracic segment
is relatively poor when compared to cells in both the cervical and lumbar
enlargements (Figure 5). In the thoracic segment, NADPH-d neurons are
mostly located at Rexed’s laminae -V, VII, IX and X (Figure 4) and the
IML. Thoracic NADPH-d cells have in general a multipolar aspect and
exhibit a compact dendritic arbor (Figure 5), with cells located in the dor-
sal horn and central canal having the most prominent dendritic arboriza-
tion (Figure 5).

Similar to what is observed in the cervical segment, NADPH-d cells
located in the inferior portion of both the dorsal horn and the central canal
of the lumbar enlargement also have a relatively complex morphology
(Figure 5). Although neurons in the ventral horn display intense NADPH-
d reactivity, they tend to have stumpy dendritic arbors (Figure 5).

We also observed scattered NADPH-d neurons located in the white
matter of every spinal cord segment, mostly in the ventral and dorsal
funiculi (Figure 4B). The dendritic tree of these cells shows a complex
ramification pattern, especially in the ventral white matter. These cells
are commonly found in regions bordering gray matter, usually projecting
their dendrites toward it.

&,

Frontiers in Neuroanatomy | May 2008 | Volume 2 | Article 2



NADPH diaphorase in the spinal cord

Cervical

cb: 328.4 um?
df: 22.4 x 10° um?

~r

cb: 405.2 um?
df: 16.5 x 10° um?

Dorsal horn

Central canal

Thoracic

N

1

df: 5.6 x 10° um?

Lumbar
cb: 260.2 um? cb: 285.7 um?
df: 9.5 x 10° um? df: 19.5 x 10° um?
cb: 337.6 um? cb: 419.5 um?

df: 9.6 x 10° um?

)’{f\é

cb: 467.7 pm?

df: 16.2 x 10° um?
Ventral horn

cb: 441.3 um?
df: 3.2 x 10° um?

cb: 622.6 um?
df: 14.4 x 10° pm?

Figure 5. Computer-aided reconstruction of NADPH-d neurons across distinct regions of the spinal cord. Cells in the cervical enlargement, especially in
the dorsal horn and central canal, possess a more elaborated dendritic arborization than those located in other segments. Cells in thoracic segments are poorly
ramified. Legends: cb: cell body area in un¥’; df: dendritic field coverage area in ym?. Scale bar: 30 ym.

The quantitative analysis confirmed and expanded the qualitative
description of morphological characteristics of NADPH-d neurons across
spinal cord segments. Cells located in the ventral horn have the largest
cell body, especially in the lumbar segment (p < 0.01) (Figure 6A).
Conversely, cells in the dorsal horn (especially in cervical and lumbar
segments) have a larger dendritic field coverage (p < 0.01) (Figure 6B).
Overall, the dendritic tree of neurons in the thoracic segment covers a
volume smaller than that of cells located in other segments (p < 0.05;
p <0.01) (Figure 6B). Two other measured parameters, i.e., number
of ramification points and number of dendrites by order, follow the
same trend: the neurons in the dorsal horn of the cervical and lum-
bar enlargements have a greater number of branch points than cells
in the same location in the thoracic segment (Figure 6C). This is also
observed in the ventral horn, although cells in this region are notice-
ably less ramified than cells in the dorsal horn (Figure 6C) (p < 0.05).
Only in the central canal of the thoracic segment do neurons have more
branch points than those in the lumbar enlargement, but not the cervi-
cal enlargement (Figure 6C).

The neurons located in the dorsal horn of the cervical and lumbar
enlargements have the most exuberant dendritic arborization (Figure 7A,
p < 0.05), exhibiting up to fifth order dendrites, especially in the central

canal (Figure 7B). Conversely, neurons of the thoracic segment ramify
only to third order dendrites (Figure 7B). We found a greater density
of branches in the second order dendrites of cells located in both the
dorsal horn and central canal of the cervical enlargement (Figure 7B)
(p < 0.01). Although less noticeable, the same trend is observed in the
lumbar enlargement, except for the ventral horn, where the peak of
branching is observed in first order dendrites (Figure 7B, p < 0.01). In
the thoracic segment, in a way similar to the lumbar enlargement, cells
located in the ventral horn have the most exuberant ramification pattern
(Figure 7B, p < 0.01).

DISCUSSION

In the present work, we evaluated the enzymatic reactivity of NADPH-d
and CO in coronal sections of the spinal cord of the agouti. Our main
results are the following. First, the reactivity pattern for both enzymes is
very similar throughout the spinal cord. Second, NADPH-d neurons are
heterogeneously distributed across distinct spinal cord segments, with
more neurons located in the dorsal horn and around the central canal
in the cervical and lumbar enlargements. Third, the neurons found in
the cervical enlargement are always more numerous and more ramified
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Figure 6. Comparative morphometry of spinal cord’s NADPH-d neurons. Cells located in the ventral horn have the largest cell bodies, especially in lumbar
segments (A). Conversely, cells found in the dorsal horn (especially in both cervical and lumbar segments) possess a larger dendritic coverage (B). In addition,
neurons found in the dorsal horn of the cervical and lumbar segments have a greater number of branch points than cells found in the same region of the thoracic
segment (C) Asterisks in horizontal bars indicate statistically significant comparisons (*p < 0.05, **p < 0.01, ANOVA/Newman—Keuls post hoc test).

than those found in other segments. The significance of these findings
is discussed below.

Cytoarchitectonic organization of the agouti’s spinal cord:
similarities with other mammalian species

Our results show that the agouti’s spinal cord possesses a laminar organ-
ization that follows the classical pattern described by Rexed in the cat
(Rexed, 1952, 1954). It is also very similar to the organization described
for the rat (Molander et al., 1984, 1989), corroborating the claim that the
laminar scheme proposed by Rexed is valid for all mammals, including
man (Schoenen, 1973).

The histochemical reaction pattern for NADPH-d was spatially het-
erogeneous in coronal sections, as described in other species (Dun et al.,
1993; Wong-Riley and Kageyama, 1986). Neuropil was usually more
reactive in the dorsal horn of the cervical and lumbar enlargements, but
not the thoracic segment (see Figure 1). The superficial laminae | and Il
are the target of inputs from nociceptive receptors from the periphery.
Hyperalgesia is caused by inflammation and injury of peripheral tissues
and is thought to be mediated by the amplification of nociceptive informa-
tion in dorsal horn projection neurons (Woolf, 1983). It has been proposed
that NO in this region could be involved with LTP underlying hyperalgesia
(Ikeda et al., 2006). Additionally, there is ample, consistent evidence of the
involvement of NO in nociception provided, for instance, by the pharmaco-
logical blockade of NOS using the intravenous administration of N-omega-
nitro-L-arginine methyl ester (L-NAME) (Yonehara et al., 1997).

Morphology and distribution of NADPH-d neurons in the agouti’s
spinal cord: possible functional significance

Overall, the laminar distribution of NADPH-d neurons in the spinal cord
of the agouti is similar to that described for other mammalian species,
including the rat (Anderson, 1992; Saito et al., 1994; Spike et al., 1993),
the rabbit (Kluchova et al., 2002), the hamster (Reuss and Reuss, 2001),

the monkey (Dun et al., 1993) and humans (Foster and Phelps, 2000;
Smithson and Benarroch, 1996). We show that NADPH-d neurons tend
to concentrate in three main regions: the dorsal horn, the IML and cen-
tral canal (see Figure 3A). Other studies, however, show a qualitatively
distinct distribution pattern in other species (Blottner and Baumgarten,
1992; Mizukawa et al., 1989). Blottner and Baumgarten (1992), for
instance, report that NADPH-d neurons are found only in the IML of
the rat. Mizukawa et al. (1989), on the other hand, describe a relative
absence of NADPH-d neurons in the same region in the cat’s spinal cord.
Other studies also fail to show the presence of NADPH-d neurons in the
ventral horn of the rat (Kluchova et al., 2001; Spike et al., 1993) and the
rabbit’s spinal cord (Kluchova et al., 2001). Such differences are probably
related to methodological issues, instead of genuine differences among
species. For instance, the period of tissue incubation in Blottner and
Baumgarten’s study (about 30 min) is much shorter than ours (at least
6 h). In our experience, a longer incubation period is necessary to allow
the proper visualization of the population of NADPH-d neurons.

We were able to identify two distinct types of NADPH-d reactive neu-
rons in the spinal cord: a more reactive group, with a Golgi-like appear-
ance (type I) and a small, weakly reactive subpopulation (type Il) (Luth
et al., 1994). These results are similarly observed in other mammalian
species (Dun et al., 1993; Saito et al., 1994), suggesting that the pres-
ence of both types of NADPH-d neurons is universal in the mammalian
spinal cord. Yan et al. (1996) described a strict co-localization of type Il
neurons with both GABA and calbindin in the primate cortex. The same
authors also proposed that type Il neurons are typical of the brain of
higher mammals, such as primates (Yan et al., 1996). Our own results in
both the rat and the mouse show that this conclusion has to be reconsid-
ered: the brain of rodents also has a large population of type Il neurons
(Freire et al., 2004, 2005). Type Il neurons, however, are much harder to
discriminate than type | neurons in the mammalian brain and are very
sensitive to overfixation (Freire et al., 2005). Thus, it is easy to overlook
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Figure 7. Ramification pattern in the spinal cord. Cells in the cervical enlargement are more ramified (in terms of average number of dendrites) in the dorsal
horn and the central canal (A). Cells of the lumbar enlargement come in second and have the same ramification pattern in its three sub regions (dorsal horn,
central canal and ventral horn). Cells in the lumbar and cervical enlargement have more complex dendritic patterns (B). Asterisks in horizontal bars indicate

statistically significant comparisons (*p < 0.05; **p < 0.01).

the presence of type Il neurons in otherwise successful histochemical
reactions.

The presence of NADPH-d neurons in the dorsal horn superficial
laminae is in accordance with the role played by NO in hyperalgesia and
chronic pain in this region (Aley et al., 1998; Dolan et al., 2000; Ikeda
et al., 2006; Tang et al., 2007; Wu et al., 1998). NO would act on lamina |
spinothalamic projection neurons contributing to activity-dependent LTP
of synaptic responses evoked by peripheral inputs (Ruscheweyh et al.,
2006; Simone et al., 1991). In the rat, for instance, a sustained produc-
tion of NO and subsequent activation of soluble guanylate cyclase in the
spinal cord mediates thermal hyperalgesia (Veller et al., 1992). NADPH-d

neurons are also heavily concentrated in the central canal (lamina X),
which has been shown to receive convergent input from visceral affer-
ents and also from cutaneous, muscular, and noxious afferents (Ness and
Gebhart, 1987; Wall et al., 2002). It is hypothesized that lamina X could
mediate general arousal in the brain, in a way similar to the brainstem
reticular formation (Wall et al., 2002).

Reactive NADPH-d neurons were also found in the IML, as described
in other species (Kluchova et al., 2001; Marsala et al., 1999; Saito et al.,
1994, Valtschanoff et al., 1992a). The IML is the anatomical substrate,
or final common pathway, through which the control of the sympathetic
nervous system is mediated by several inputs from the periphery (Appel
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and Elde, 1988), including noxious information. NADPH-d cells in this
region are autonomic preganglionic neurons (Necker, 2004; Saito et al.,
1994; Valtschanoff et al., 1992a). These cells form a local circuit which
sends its projections, among their targets, to lamina X (Saito et al.,
1994). Thus, NO could act as a neuromodulator or neurotransmitter
within sensory and motor circuits related to the pelvic viscera (Vizzard
et al., 1993).

NO also plays a significant role in regulating cerebral blood flow in the
CNS (Estrada and DeFelipe, 1998; Ishikawa et al., 2005; Yoshida et al.,
1997). In the rabbit spinal cord, NADPH-d somata and fibers are closely
associated with longitudinally oriented blood vessels (Marsala etal.,
1999), suggesting that NO may also help to couple neural activity with
regional blood flow in the spinal cord (Valtschanoff et al., 1992a).

The agouti uses its forelimbs for locomotion and to manipulate food
while eating (see Santiago et al., 2007). Complex motor acts like these
require continuous sensory feedback aimed at various levels of the motor
hierarchy. It should be expected that in spinal cord segments involved
with controlling movement of the limbs, especially the forelimb, the
underlying circuitry should be more complex than in other segments.
This complexity could be expressed as a greater number of interneu-
rons, for instance, or a tendency for neurons to have larger and more
ramified dendritic trees. A larger dendritic field, for example, could serve
to sample a greater diversity of inputs to the spinal cord circuits. We
see this increase in morphological complexity happening, in terms of
NADPH-d cells, both in the dorsal horn and central canal of the cervical
enlargement. Conversely, and as a comparison, less morphological com-
plexity and a smaller number of interneurons and motorneurons should
be present in the thoracic segment, which controls axial muscles. The
results presented here reinforce this hypothesis, supporting the notion
that spinal cord regions that control axial muscles have fewer and mor-
phologically simpler neurons than regions involved with more complex
movements.

NADPH-d neurons in the white matter exhibited a well ramified den-
dritic arborization. The physiological role played by these cells is not
clear yet, but it has been suggested that they belong to local circuits
connecting different spinal segments (Marsala et al., 2003; Valtschanoff
et al., 1992a).

CONCLUSIONS

In conclusion, the neuropil distribution of NADPH-d and CO in the spinal
cord of the agouti is remarkably similar, both enzymes being more reac-
tive in superficial laminae. This pattern is in accordance with the role
played by NO in LTP of lamina | spinothalamic neurons. Two distinct
types of NADPH-d-reactive neurons were also found: type | and type |l
neurons. Type | neurons are heavily stained and are located preferen-
tially in superficial laminae, lamina X, IML, and the white matter. The
dendritic field of type | neurons is more exuberant in cervical segments,
which contain the final common pathways controlling skilled move-
ments of the forelimbs. The resulting pattern of cell body and neuropil
distribution is in accordance with segregation of function in the mam-
malian spinal cord and further illuminates the role played by NO in dorsal
horn circuitry.
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