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Abstract

Glucocorticoids (GC) provide neuroprotection and early recovery after spinal cord injury (SCI). While several mechanisms were
proposed to account for these effects, limited information exists regarding GC actions in sensory areas of the spinal cord. Presently, we
studied the time course of Fos expression, and reduced nicotinamide adenine dinucleotide phosphate-diaphorase (NADPH-d)
histochemical staining to monitor neuronal responses to SCI with or without GC treatment. Rats with sham-operation or transection at the
thoracic level (T,—T,) received vehicle or 5 mg/kg of the GC dexamethasone (DEX) at 5 min post-lesion and were sacrificed 2 or 4 h
after surgery. Another group of SCI rats received vehicle or intensive DEX treatment (5 min, 6 h, 18 h and 46 h post-lesion) and were
sacrificed 48 h after surgery. The number of NADPH-d positive neurons or Fos immunoreactive nuclei was studied by computer-assisted
image analysis in superficial dorsal horn (Laminae I1-I11) and central canal area (Lamina X) below the lesion. While constitutive Fos
immunoreactive nuclei were sparse in controls, SCI increased Fos expression at 2 and 4 h after injury. DEX treatment significantly
enhanced the number of Fos positive nuclel in Laminae 1111 by 4 h after transection, although the response was not maintained by
intensive steroid treatment when tested at 48 h after SCI. NADPH-d positive neurons in Laminae |1l increased at 2 and 4 h after SCI
while a delayed increased was found in central canal area (Lamina X). DEX treatment decreased NADPH-d positive neurons to
sham-operated levels at al time points examined. Thus, while GC stimulation of Fos suggests activation of neurons involved in
sympathetic outflow and/or pain, down-regulation of NADPH-d indicates attenuation of nociceptive outflow, considering the role of
enzyme-derived nitric oxide in pain-related mechanisms. Differential hormonal effects on these molecules agree with their localization in
different cell populations. [ 2001 Elsevier Science BV. All rights reserved.
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1. Introduction

Glucocorticoids (GC) enhance functional recovery and
induce trophic and regenerative responses after spina cord
injury (SCI) in humans and experimental animals
[1,3,9,11,27,46]. Success of early hormona therapy was
partly attributed to GC antiinflammatory activity [1,68],
although treatment with GC in megadoses and with anti-
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oxidant 21-aminosteroids also provide neuroprotection by
antagonizing freeradical and lipid peroxide damage
caused by SCI [5,27,28].

GC receptors (GR) were described in different neuronal
populations of the spinal cord [10,13,15,18,37]. Interest-
ingly, SCI increased neurona GR, as demonstrated by
binding assays, immunocytochemistry and Western blot
[19,65]. In motoneurons from rats with SCI, acute GC
treatment increased the activity and biosynthesis of NaK-
ATPase subunit mRNA [5,22], restored choline-acetyl-
transferase expression [23], modulated immunoreactivity
for the low affinity neurotrophin receptor [4,23] and
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stimulated ornithine decarboxylase activity and polyamine
levels [21]. GC also decreased neurofilament degradation
and restored neuronal energy metabolism [28]. In the long
term, GC stimulated axonal regeneration, sprouting and
neuronal survival of rats with SCI [9,46]. In contrast, less
information is available about GC effects in sensory areas
of the spinal cord, athough GR were also described in
dorsal horn neurons [10]. In sensory areas, GC effects
include enhancement of glutamate binding to N-methyl-p-
aspartate (NMDA) receptors [21] and reduction of the
inhibitory benzodiazepine receptor system [20].

In the present study, we examined the effects of GC in
the superficial dorsal horn (Laminae I-I11) and central
canal region (Lamina X), areas involved in the transmis-
sion of nociceptive inputs and control of sympathetic
outflow [17,26]. The protein product of the proto-oncogene
c-fos, Fos, is considered a marker of neuronal activation
which increases after SCI in dorsal horn and central canal
[29,31,52]. A high percentage of Fos labeled nuclel of the
dorsal horn colocalizes with preproenkephalin and pre-
prodynorphin, suggesting Fos participation in nociception
[12]. However, Ruggiero et a. [52] considered that
neurons expressing Fos after SCI are interneurons regulat-
ing sympathetic outflow. Previous reports on GC inter-
action with Fos in the hypothalamus and spina cord
[6,7,36] as well as evidence for the colocalization of Fos
with GR in the dorsal horn [10] encouraged us to study
this parameter.

Another example of gene switching in response to
neuronal activation in the sensory spina cord areas is the
expression of nitric oxide synthase (NOS), an enzyme
exhibiting adenine dinucleotide phosphate-diaphorase
(NADPH-d) activity [44,66]. NO may be formed post-
synaptically in response to NMDA receptor activation [17],
and some reports revealed that NO-producing neurons
maintain and facilitate hyperalgesia [39,59]. NADPH-d
active cells are found in the superficial dorsal horn
(Laminae 1-I11) and pericentral region [38,51]. Although
the mgjority of Fos immunoreactive nuclei do not colocal-
ize with NOS/NADPH-d, a functiona relationship be-
tween these molecules has been demonstrated [34,50].
NADPH-d histochemical activity is up-regulated in the
Lamina I-IIl and central canal area following peripheral
inflammation, axotomy and spina cord lesion [8,51,59].
Although there is no information about GC effects on
NADPH-d in the spina cord, data collected in other
systems agree that GC down-regulate this enzyme
[35,49,56,62]. Thus, the possibility exists that NADPH-d
and Fos may constitute important targets of GC action
during acute SCI.

Therefore, the objectives of this investigation were: first,
to determine changes in Fos and NADPH-d staining at
several time points after SCI and, second, to asses the
response of these parameters to acute (2—4 h) or sustained
(up to 2 days) administration of the GC dexamethasone
(DEX). To the best of our knowledge, modulation of Fos

and NADPH-d by GC are till unexplored for the injured
spinal cord. Results from this study have appeared in part
in abstract form [24].

2. Materials and methods
2.1. Experimental animals

Male Sprague—Dawley rats (250-300 g) were deeply
anesthetized with ketamine (60 mg/kg, i.p.). In sham-
operated controls, soft tissues were cut and then sutured.
For SCI, a careful laminectomy exposed the spinal cord,
which was completely transected at the thoracic level
(T7-T8) [21-23]. A group of rats with SCI received saline
vehicle or 5 mg/Kg of DEX a 5 min post-lesion and
sacrificed 2 or 4 h after surgery (N=4-6 animals per each
time point). Another experimental group of SCI rats
received vehicle or intensive DEX treatment 5 min, 6 h, 18
h and 46 h post-lesion and were sacrificed 48 h after
surgery, i.e., 2 h after the last DEX injection (N=4-6 rats
per each time point). Corresponding sham-operated con-
trols for both experiments received either vehicle or DEX.
DEX dosage was based on full occupancy of GR and
maximal stimulation of spinal cord enzymes responding to
GC treatment after SCI [19,45]. Regions analysed included
the superficial dorsal horn (Laminae 1-111) and the area
around the central canal (Lamina X) at the L3-L5 level
below the lesion site. These areas are known to display
neuronal Fos immunoreactive nuclel and NADPH-d activi-
ty in response to SCI and sensory stimulation [31,59,60].
All protocols followed the Guide for the Use and Care of
Laboratory Animals (National Institute of Health Guide,
Instituto de Medicina y Biologia Experimental, Assurance
Certificate N A5072-01) and were approved by the Insti-
tute’'s Animal Care and Use Committee. Efforts were made
to minimize animal suffering” and to reduce the number of
lesioned animals to a minimum [21-23].

2.2. Fos immunoreactivity

Animals anesthetized with ketamine (60 mg/kg, i.p.)
were perfused intracardially with 0.9% NaCl followed by
freshly prepared 4% paraformaldehyde in 0.1 M phos
phate-buffered saline (PBS, pH 7.4). The spina cords were
carefully dissected out and stored in the same fixative for 3
h (4°C). After post-fixation, spinal cord segments were
cryoprotected in 20% sucrose with the same phosphate
buffer and stored overnight at 4°C. The L3-L5 enlarge-
ments below the lesion site or a comparable region in
sham-operated animals were embedded in Tissue-Tek
(OCT compound, Miles Inc., USA). Transverse sections
(15 wm) were cut on a cryostat maintained at —22°C.
Slices were placed on gelatine-coated slides and fixed by
immersion over 6 min in freshly prepared 2% paraformal-
dehyde at 4°C. For Fos immunostaining [67], tissue
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sections were sequentially exposed to 10% goat serum for
10 min a room temperature, and then to the primary
antibody raised against Fos protein (H-125 polyclonal
rabbit antiserum, Santa Cruz Biotechnology, Santa Cruz,
CA, USA) at 1:2000 dilution in 0.15% Triton X-100 at
room temperature overnight. Sections were then washed
twice with PBS and incubated in goat anti-rabbit serum
(1:200) and 0.15% Triton X-100 for 1 h. This step was
followed by three washes in PBS and processed using the
Vectastain ABC kit (Vector Labs., Burlingame, CA, USA).
Development was carried out using 1 mg/ml diaminoben-
zidine containing 0.01% H,0,. The chromogenic reaction
was monitored microscopically. Omission of the primary
antibody blunted the immunocytochemical signal.

2.3 NADPH-d histochemistry

Animal treatment was similar to that described for Fos
immunodetection. A slight modification of the method of
Vincent and Kimura [61] was used to determine NADPH-d
activity [25,33]. The latter is based on reduction of
nitroblue tetrazolium to its insoluble formazan reaction
product with purple—black staining of neuronal somata and
fibres. Cryostat sections (16 wm) obtained at the L3-L5
level below the lesion site were fixed by immersion in 2%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.2, over
6 min at 4°C. After fixation, the sections were rinsed twice
in PBS and incubated in a solution containing 0.2 mg/ml
of nitroblue tetrazolium (Sigma Chemicals, St. Louis,
USA, N-6876), 2.7 mg/ml ¢-malic acid (Sigma, M-9136),
1 mg/ml of B-NADPH (Sigma, N-1630) and 0.3% Triton
X-100 dissolved in 0.1 M Tris—HCI buffer (pH 7.4). After
keeping the reaction in the darkness over 60 min at 37°C, it
was stopped by two washes in PBS at room temperature.
Sections were then dehydrated briefly in ethanol, air dried
and coverslipped with Permount. In order to test for
possible non-specific reactions, some spina cord sections
were incubated in the same solution but without the
substrate B-NADPH or the electron acceptor nitroblue
tetrazolium. Omitting either B-NADPH or nitroblue tetra-
zolium in the incubation solution completely blocked
neuronal somata and fiber staining.

2.4. Quantitative analysis

A computer-assisted image analysis system (Bioscan
Optimas, Edmonton, WA, USA) [16,55] was used to
determine the number of neurons exhibiting NADPH-d
histochemical staining or Fos immunoreactive nuclei. Ten
random sections from each animal were observed at 200
and 400X magnification with an Olympus optic micro-
scope equipped with a VT-C330N videocamera. For the
dorsal horn, the area comprising Lamina I1-Il and outer
Lamina Ill of the lumbar spinal cord [40] at the L3-L5
level was analysed. For Lamina X, neurons were counted
within a 300-um radius of the center of the central canal

[41]. This areais rich in nociceptive and opioid-producing
neurons [41,42]. Neuronal-like profiles showing NADPH-d
activity or brown nuclear staining in the case of Fos
immunoreactivity were counted under bright field illumina
tion in a least ten randomn sections per animal. In
addition, the relative density of the histochemical reaction
product in the superficial dorsal horn was measured as
described by Traub et al. [59]. For this purpose, digitized
images of tissue sections from all experimental groups
were displayed upon the video screen under identical
lighting conditions and processed at the same time. Then
the program calculated the average optical density of the
pixels contained within the outlined area (comprising
Laminae 1-I11) by using a 256-unit gray-level scale. As
previously described, cell body labeling within the mea
sured areas did not affect the main density reading of that
area [59]. Results were expressed as the inverse logarithm
of gray intensity per area (ILIGV/area: LIGV), a parame-
ter proportional to the unweighted average optical density
[55].

2.5 Satigtical analysis

All data are presented as mean numerical density, i.e.,
number of NADPH-d histochemically stained neurons per
mm? or Fos immunoreactive nuclei per mm?. This method
is more precise than comparing the number of neurons per
section, which depends on the rostrocaudal level of
sampling. For each rat, data obtained from at least ten
random sections at the L3-L5 spinal cord level were
pooled for the individua anima (N=4-6 animals per
group per time point). Data were analyzed by analysis of
variance (ANOVA) to reveal any differences between
treatments and time conditions. When significant effects
arose from the variance analyses, Newman—Keuls post hoc
analyses were used to determine group differences for the
variable. Statistical significance was established at P<
0.05.

3. Results
3.1. Fos immunoreactivity

The effects of SCI and DEX treatment on Fos expres-
sion were determined in the superficial dorsal horn
Laminae I-IIl and central canal Lamina X of the lumbar
enlargement located below the lesioned site (Fig. 1A and
B). In agreement with previous reports [30,52,54], con-
stitutive Fos expression was weak to absent in sham-
control animals (Figs. 1A and B and 2A and B). Fos
expression in the superficia dorsal horn was atered by
SCI at al time periods studied. Thus, the number of Fos
positive nuclei/mm® was significantly increased over
controls at 2 h (P<0.01), 4 h (P<0.001) and 48 h
(P<0.01) after injury (Fig. 1A). This result agrees with
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Fig. 1. Fos immunoreactivity after spinal cord injury (SCI) and dexa-
methasone treatment (DEX). Upper graph (A): number of Fos positive
nuclei/mm? in Laminae |11l from sham-operated rats (open columns),
rats with SCI (hatched columns) and rats with SCI receiving DEX (dark
columns). Statistical analysis: SCI higher than sham-operated group at 2 h
(P<0.01), 4 h (P<0.001) and 48 h (P<0.01). At the 4-h time-point, the
SCI group receiving DEX were higher than the SCI group receiving
vehicle (P<<0.001). Lower graph (B): data from the pericentra area
(Lamina X) from the groups depicted in the upper graph. Statistical
analysis: SCI higher than sham-operated group a 2 h (P<0.01), 4 h
(P<0.01) and 48 h (P<0.05). However, SCI receiving DEX similar to
SCI group receiving vehicle at al time points.

previous data in spinal cord injured rats [52]. As shown in
Fig. 2B, strongly stained Fos positive nuclei were mainly
observed 4 h after SCI (Fig. 2B). Glucocorticoid treatment
of the lesioned group further enhanced the number of Fos
immunoreactive nuclei in Lamina l—Il1 by 4 h as compared
to sham-operated controls (P<<0.001) and to rats with SCI
receiving vehicle (P<<0.001) (Figs. 1A and 2C). However,
Fos induction caused by DEX treatment at 2 and 4 h
sharply declined after 2 days of injury, remaining at this
time point in the range of sham-operated rats (Fig. 1A). To
distinguish between the effects of the SCI aone and the
DEX treatment, the effects of DEX aone was studied in
uninjured control animals. However, no differences were
found in the number of Fos positive nuclei/mm® of
Lamina I-I1l between sham-operated controls (47.6+3.0),
and controls receiving DEX and killed at early time
periods (53.1+6.8) or at 48 h (52.1+4.3).

In a similar manner to the results of Laminae |-I11, SCI
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Fig. 2. Typical photomicrographs showing Fos immunoreactive cell
nuclei in the superficial dorsal horn (Laminae I-lIl). In sham-operated
rats only a few stained cells were observed (A), whereas many Fos
immunopositive nuclei appeared 4 h after spina cord injury (B). The
dexamethasone treated rats showed higher Fos induction and staining
intensity than sham-operated or untreated SCI rats (C). Magnification:
400X.

significantly enhanced Fos expression over controls in the
area around the central cana a 2 h (P<0.01), 4 h (P<
0.01) and 48 h (P<0.05) (Fig. 1B). In the 2 day group,
this effect appeared lower than in rats examined 2 and 4 h
after SCI. DEX treatment was inactive at al time points.
Thus, differences existed in steroid regulation of early gene
expression between the dorsal horn and the central canal,
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in that GC up-regulated Fos 4 h after SCI in Lamina I-I1I
but not in Lamina X.

3.2, NADPH-d histochemistry

NADPH-d histochemistry revealed that SCI also pro-
duced changes in the number of stained neurons/mm? of
the dorsal horn and central cana area located below the
lesion site (Fig. 3A and B). In rats with SCI receiving
vehicle, a significant increased number of dorsal horn
neurons exhibiting NADPH-d staining by 2, 4 and 48 h
after injury was obtained compared to sham-operated
controls (P<<0.01 in al cases; Fig. 3A). As opposed to its
stimulatory effect on Fos expression, DEX administration
significantly decreased the number of NADPH-d positive
neurons at al times points examined, i.e,, 2 h, 4 h and 2
days after SCI (P<<0.01 or less at al time points). After
DEX treatment, the number of NADPH-d positive neurons
returned to near sham-control levels (Fig. 3A). As in the
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Fig. 3. NADPH-diaphorase active neurons/mm? after SCI and DEX
treatment. Group labeling as in Fig. 1. Upper graph (A): NADPH-d in
Laminae I-11l. Statistical analysis: SCI (hatched columns) higher than
sham-operated group (open columns) at al time points (2 h: P<<0.01; 4 h:
P<0.01 and 48 h: P<0.01). SCI group receiving DEX (dark columns)
lower than SCI receiving vehicle at al time points (2 h: P<0.01; 4 h:
P<0.01land 48 h: P<0.01). Lower graph (B): data from the pericentral
area (Lamina X). Statistical analysis: a 48 h, SCI receiving vehicle was
higher than sham-operated group (P<0.05) and SCI group receiving DEX
(P<0.05).

Fos study, we also carried out experiments to elucidate the
effects of DEX alone in uninjured control animals. Where-
as the number of NADPH-d active cells/mm? of Laminae
-1l was 50+1.7 in the sham-group, the sham plus DEX
group killed 48 h afterwards showed a comparable number
of stained cells (55.9%5.5).

In addition to neurons, NADPH-d activity was aso
measured in cell processes (neuropil) extending as a
countinuous band across the dorsal horn (Fig. 4). In this
case, no changes were detected in neuropil histochemical
staining density at 2 and 4 h after injury, but a delayed
increase was obtained at 48 h (P<<0.01 vs. sham-operated
group) (Fig. 4). However, as in the case of positively
stained neurons, steroid administration to rats with SCI
returned the enhanced NADPH-d neuropil histochemical
staining to sham-control levels (Fig. 4). The photomicro-
graphs of Fig. 5 show the NADPH-d neuropil staining
from a sham-operated rat (A), the increment after 2 days of
SCI (B) and its reversal after GC treatment (C).

Fig. 3B also describes the effects of SCI on the number
of NADPH-d positive neurons/mm® in Lamina X. No
changes in this parameter were detected in the centra
canal area 2 or 4 h after injury, although a delayed increase
was observed by 2 days after SCI (Fig. 3B). Asin the case
of the dorsal horn Laminae 1111, DEX treatment decreased
the number of NADPH-d positive neurons to levels of
sham-operated rats examined at this time point (Fig. 3B).
Typica light-field photomicrographs of NADPH-d positive
neurons denote few neurons around the central cana in a
sham-control rat (Fig. 6A), an increased number of active
neurons 2 days after SCI (Fig. 6B) and its reduction
following glucocorticoid treatment (Fig. 6C).

Finaly, a study was carried out to determine if Fos
immunoreactivity colocalized with NADPH-d histochemis-

05- LIl

o
‘.‘

\

o
¢

histochemical

reaction density (LIGV)
o
N

=]
N
1

o
o

2h 4h 48h

Fig. 4. NADPH-diaphorase activity in the superficia dorsa horn of
sham-operated rats (open columns), rats with SCI (hatched columns) and
in SCI rats receiving DEX (dark columns). The histochemical reaction is
expressed as relative optical intensity per area (LIGV) [59]. Statistical
analysis: a 48 h, SCI receiving vehicle was higher than sham-operated
group (P<<0.01) and SCI group receiving DEX (P<0.01).
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Fig. 5. Typical photomicrographs representing NADPH-diaphorase stain-
ing of neuropil plus neurons in the dorsal horn. Two days after sham-
operation, a moderate basal staining intensity was obtained in sham-
operated rats (A), which was substantially increased after spina cord
lesion (B). In spinal cord injured rats receiving intensive dexamethasone
treatment over 2 days, staining intensity was attenuated (C) compared to
injured rats receiving vehicle. Magnification: 100X.

try in neurons of the dorsal horn and central canal.
However, no colocalization was found in Laminae I-I11 at
any time point after SCI with or without DEX treatment. In
Lamina X, colocalization at 2 h was only 12.3+2.3% of
the total number of counted neurons without and
13.8+3.3% with DEX treatment. At 4 h the corresponding
figures were 13.3+5.7 and 11.4+2.0%, respectively. At 48

Fig. 6. NADPH-diaphorase histochemical staining in the central canal
area (Lamina X). A low number of NADPH-diaphorase positive neurons
characterized the pericentral area in sham-operated rats (A). After spinal
cord injury, increased number of histochemically active neurons with long
cell processes appeared (B). Instead, in spina cord injured rats treated
with dexamethasone (C) the photomicrograph resembled the sham-oper-
ated animal. Magnification: 200X.

h colocalization analysis was not possible due to the scarce
number of Fos+nuclei. These data confirmed that Fos and
NADPH-d were predominantly expressed in different cell
populations [50].
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4. Discussion

In this study we describe differential effects of DEX on
Fos expression and NADPH-d histochemical staining in
spinal cord injured rats. In the doses given, DEX maximal-
ly occupy GC receptors and induce GC-sensitive enzymes
[19-21,45]. It should be noted that DEX and not
methylprednisolone was used in this work, in spite of the
fact that high doses of the later are currently in use for
spinal cord injury [3,27]. However, use of DEX allowed a
direct comparison of effects in sensory areas with those
already reported in ventral horn motoneurons [21-23].
Also, the methylprednisolone mechanism of action may be
related to its strong antioxidant effects [5,27,28], while
DEX effects on Fos and NADPH-d require gene transcrip-
tion [7,10,35,56]. In this case, the use of a potent GR
agonist such as DEX seemed desirable.

In agreement with previous data [52], low to undetect-
able levels of Fos immunoreactive nuclei were found in
spinal cord neurons within Laminae |-l and the
pericentral area of sham-operated animals. However, a
high number of Fos immunoreactive nuclei appeared in
these Laminae by 2 h after SCI, reaching maximal levels
of expression at 4 h after injury. This effect may be caused
by interruption of supraspinal inhibitory pathways origina
ting in the lower brain stem and upper spina cord or from
loss of a descending facilitatory effect on local inhibitory
mechanisms [17,48,52]. However, it has aso been consid-
ered that Fos predicts neuronal activation in Laminae 1111
and Lamina X in response to sensory and noxious stimula-
tion, because overexpression of this immediate early gene
is found in experimental models of hyperalgesia and
alodynia [17,30,31]

The molecular mechanism of Fos induction in the spinal
cord may be coupled to early changes arising after trauma,
such as stimulation of NMDA receptors [53,54,57,69]. In
this regard, previous work from our laboratory demon-
strated that glutamate binding to NMDA receptors was
enhanced after SCI in Laminae |-Ill and Lamina X, i.e.,
areas showing up-regulation in Fos expression [21]. Inter-
estingly, DEX treatment overstimulated NMDA receptor
binding up to 6 h after transection, without further effects
after 24 h [21]. A relationship between these factors
emerges from the observation that Fos colocalizes in
sensory neurons with NMDA receptors and also with GC
receptors [10,54,57,69]. However, the use of the NMDA
receptor antagonist ketamine for anesthesia, suggests that
additional pathways for Fos stimulation not involving
NMDA receptors may take place after SCI.

To account for the biological significance of Fos hy-
perexpression after GC therapy, it should be considered
that in general Fos is a signa presumably involved in the
cell body reaction to severa factors, such as stress,
axotomy or stimulation of neurotransmitter and peptide
receptors [17,29,30,32]. Therefore, besides an hypothetical
role in antinociception [17], neurons induced to express

Fos could participate in other functions, including the
regulation of sympathetic outflow [26,52]. In this way,
restoration of blood pressure and sympathetic activity
depressed by the state of spina shock could be a function
of GC therapy.

In our studies, SCI also produced a bilateral increase in
the density of NADPH-d neuropil histochemical staining in
the superficia layers of the dorsal horn and a significant
increase in the number of NADPH-d positive neurons
within Laminae I1-I11 and Lamina X. These areas contain a
moderate constitutive level of NADPH-d activity/NOS
immunoreactivity [8,38,59]. Strong nociceptive input de-
rived from spinal cord hemisection, root avulsion, hindpaw
inflammation and axotomy produce robust increases in
NADPH-d activity and/or NOS immunoreactivity as was
the case with SCI [8,51,58,59,64]. However, these stimuli
caused at the most a transient increase of a few hours in
the enzyme, followed by a decrease persisting over many
days [8]. The short latency of our reported increase in the
number of NADPH-d positive neurons observed after SCI
may be due to the activation of inactive enzyme in
response to injury. However, the increased density of
histochemical reaction in superficial neuropil 48 h after
injury may be the result of the novo synthesis of the
enzyme and its transport from the dorsal root gangliato the
spinal cord, athough up-regulation of the enzyme activity
in local interneurons is also possible [51]. A different
time-dependent pattern was obtained in neurons within
Lamina X, because a delayed increase of histochemically
stained neurons was found 48 h after SCI. Although
neurons around Lamina X present some similarities with
peripheral dorsal horn neurons, differences also exist
regarding their relationships to ascending/descending path-
ways and response to NO donors [41,47].

Our data also demonstrated that DEX exerted an inhib-
itory effect on the number of NADPH-d stained neurons in
Lamina I-I1l and central canal area, elevated as a conse-
guence of SCI. In this context, formation of nitric oxide
due to this enzyme has been implicated in nociceptive
transmission, because inhibition of its biosynthesis resulted
in diminished response to pain [17]. Both natura and
synthetic GC exert a negative regulation of this enzyme in
brain and spinal cord motoneurons [25,49,56,62]. Thus,
GC effects on NADPH-d activity after SCI may be
somehow related to anti-hyperalgesic, anti-inflammatory
effects of these hormones [1,14,43,68]. If sustained pro-
duction of NO after SCI may be required for maintenance
of experimentally-produced hyperalgesia [39], and if a
lesion-induced increase in NO is likely to cause sponta-
neous pain [8], a blockade of NADPH-d by GC treatment
would likely reduce pain excitatory neurotransmission at
the spinal cord level. In molecular terms, GC action upon
NADPH-d may bear arelation with steroid antiinflammat-
ory and immunosuppressive effects, mainly achieved by
transcriptional interference between GC receptors and NF-
kB [63]. It is known, for example, that traumatic spinal
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cord injury and DEX have opposite effects on NF-«B
activation [2,63,68]. The fact that NOS gene expression
follows in part NF-kB activation, and that both molecules
colocalize in neurons [2], suggests that GC effects on
NADPH-d/NOS may be secondary or closely related to
GC repression of NF-kB activity. Thus, GC inhibition of
NADPH-d activity, as shown in this work, and repression
of NF-«kB after traumatic spina cord injury [68] may have
important implications for the prevention of secondary
neuronal death consequent to spinal cord trauma. Recently,
DEX was aso shown to reduce apoptosis in contused
spinal cord [4]. Therefore, it is possible that inhibition of
NFkB and NADPH-d are consequences of GC blockade of
an apoptotic process.

Lastly, the differential effects of DEX on Fos and
NADPH-d may rely on the fact that these molecules are
present in different cell populations, as reported by others
and aso in the present work [34,50]. In this way, DEX
acting on different sets of sensory neurons could become a
positive (Fos) or negative (NADPH-d) modulator of
Laminae |-l and pericentral neurons. Therefore, while
DEX effects in ventral horn neurons could lead to a
recovery of motor function, inhibition of pain-related
mechanisms and restoration of sympathetic activity in
sensory areas may constitute additional mechanisms contri-
buting to recovery from the state of spina shock and
enhanced nociception which are undesirable effects of
spinal cord injury [1,9,11,27,28,46].
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