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Abstract Dexras1, a brain-enriched member of the Ras subfamily of GTPases, as a novel
physiologic nitric oxide (NO) effector, anchor neuronal nitric oxide synthase (nNOS) that
increased after spinal cord injury (SCI), to specific targets to enhance NO signaling, and is
strongly and rapidly induced during treatment with dexamethasone. It is unknown how the
central nervous system (CNS) trauma affects the expression of Dexras1. Here we used spinal
cord transection (SCT) model to detect expression of Dexras1 at mRNA and protein level in
spinal cord homogenates by real-time PCR and Western blot analysis. The results showed that
Dexras1 mRNA upregulated at 3 day, 5 day, and 7 day significantly (P \ 0.05) that was
consistent with the protein level except at 7 day. Immunofluorescence revealed that both
neurons and glial cells showed Dexras1 immunoreactivivty (IR) around SCT site, but the
proportion is different. Importantly, injury-induced expression of Dexras1 was co-labeled by
caspase-3 (apoptotic marker) and Tau-1 (marker for pathological oligodendrocyte).
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Furthermore, colocalization of Dexras1, carboxy-terminal PSD95/DLG/ZO-1 (PDZ) ligand of
nNOS (CAPON) and nNOS was observed in neurons and glial cells, supporting the existence
of ternary complexes in this model. Thus, the results that the transient high expression of
Dexras1 which localized in apoptotic neurons and pathological oligodendrocytes might provide new insight into the secondary response after SCT.
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Introduction
Traumatic injury to the spinal cord is characteristically accompanied by a period of secondary
cellular degeneration that occurs in injured tissue over a course of hours and days after the
initial insult, and that affects both glia and neurons (Young 1993; Crowe et al. 1997; Liu et al.
1997). SCI produces a secondary protracted wave of oligodendrocyte death in degenerating
white-matter tracts distant from the injury site for weeks after the initial event (Crowe et al.
1997; Liu et al. 1997; Shuman et al. 1997; Abe et al. 1999; Li et al. 1999; Casha et al. 2001),
and neurons are selectively vulnerable (Grossman et al. 2001). The loss of these cells contributes to long-term neurological dysfunction involving voluntary motor control and sensory
deficits below the site of injury.
Some molecules may participate in the secondary injury such as NO, which is synthesized
from L-arginine by one of three isotypes of NOS (Griffith and Stuehr 1995), serving as an
important neurotransmitter in CNS (Matsuyama et al. 1998; Genovese et al. 2006). NO synthesized by nNOS functions as a synaptic signaling molecule in the nervous system (Bredt and
Snyder 1992) but leads to neuronal cell death when produced in excess (Beckman et al. 1990;
Dawson et al. 1991; Zhang et al. 1994; Bonfoco et al. 1995; Estevez et al. 1998; Heneka et al.
1998). nNOS, a calcium (Ca2+)/calmodulin-dependent enzyme, was reported to be induced in
many pathological processes including stroke and SCI (Miscusi 2002; Sharma et al. 2006;
Bizzoco et al. 2007). One of the regulators of nNOS is N-methyl-D-aspartate receptor
(NMDAR), an excitatory glutamate receptor consisting of NR1 and NR2 subunits which is
targeted to excitatory synapses where it functions in neural plasticity (Carroll and Zukin 2002).
It has been demonstrated that extracellular concentration of glutamate is markedly elevated at
the site of injury and glutamate-mediated excitotoxicity contributes to progression of SCI
(Yanase et al. 1995). Overstimulation of NMDAR by glutamate can lead to excessive Ca2+
entry, thereby activated nNOS in a Ca2+/calmodulin-dependent manner (Rameau et al. 2004).
Thus, the release of glutamate and the activation of nNOS clearly contribute to secondary
damage following SCI.
Murine Dexras1 was first reported in 1998 by Kemppainen and Behrend (1998) as a
dexamethasone-inducible gene in AtT-20 pituitary cells as well as in primary tissues including
the brain, heart, and liver. The deduced protein sequence of Dexras1 showed significant
homology to members of the Ras superfamily of small GTPases, with approximately 35%
identity with its nearest homologs, human Rap-2b and R-Ras, over a core-conserved region.
Similar to other members of the Ras superfamily, Dexras1 possesses four highly conserved
motifs for GTP-binding and hydrolysis (R1–R4), an effector loop that mediates protein–
protein interactions, and a membrane-targeting CAAX box which serves as a consensus site for
isoprenylation. Dexras1 is distinguished from other Ras-like proteins by the presence of an
extended C-terminal cationic domain (Cismowski et al. 1999).
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By a yeast 2-hybrid approach, Dexras1 was identified as a binding partner for CAPON, a
scaffolding protein that interacts with nNOS (Jaffrey et al. 1998). Physiological association
between CAPON and Dexras1, and the existence of ternary complexes of CAPON, Dexras1,
and nNOS, were confirmed in brain lysates using co-immunoprecipitation and affinity chromatography, respectively (Fang et al. 2000). Dexras1 protein was found predominantly in the
cytosol with a small fraction being membraneassociated. In vitro, Dexras1 was nitrosylated by
NO donors at a single putative residue, cysteine-11 (Fang et al. 2000; Jaffrey et al. 2002).
Moreover, nitrosylation enhanced the guanine nucleotide exchange activity of Dexras1. In
cortical neurons, NMDA stimulation resulted in a greater abundance of the GTP-loaded (and
activated) form of Dexras1, an effect which was blocked by nNOS antagonists. Similarly, in
nNOS-/- mouse brains, levels of activated Dexras1 were greatly reduced compared with wildtype controls. Our recently published article (Shen et al. 2007) demonstrated the changes in
mRNA for CAPON, Dexras1, and nNOS in the sciatic nerve, dorsal root ganglia, and lumbar
spinal cord of adult rat at certain time periods following sciatic axotomy. In total, the
observations indicated that Dexras1 is a downstream physiological target of NMDAR-nNOSmediated signaling. It will be important to determine which NO-dependent functions are
mediated by Dexras1.
In the present study, we sought to investigate the temporal and spatial patterns of Dexras1
expression, cellular localization, association among Dexras1, CAPON, and nNOS, and probable role in cell death in SCT model. The transient high expression of Dexras1 may provide
new insight into the secondary response after SCT.

Materials and Methods
Animals
A total of 72 adult Sprague Dawley rats (Department of Animal Center, Medical College of
Nantong University) were used. Male rats weighing 180–220 g were kept under standard
conditions and given food and water ad libitum. These included animals used for real timePCR (n = 24), western blot analysis (n = 24), and immunofluorescence (n = 24). A total of
63 rats were subjected to spinal cord transection and nine were subjected to sham operation.
Animals were killed at different times after injury. All surgical interventions and postoperative
animal care were carried out in accordance with the Guide for the Care and Use of Laboratory
Animals (National Research Council, 1996, USA), and were approved by the Chinese National
Committee for the Use of Experimental Animals for Medical Purposes, Jiangsu Branch.
Surgery
A total of 63 rats received complete spinal cord transections at the T8–T10 spinal levels using
procedures described previously (Bregman 1987; Bregman and McAtee 1993). Briefly, after
laminectomy, the dura was opened, and the spinal cord was transected using iridectomy
scissors. Vacuum suction was used to clean the most lateral recesses of the canal. The severed
ends of the cord typically retracted 3–5 mm and were inspected under a surgical microscope to
ensure complete transection. After the injury, the muscles and skin were closed in layers, and
rats were placed in a temperature- and humidity-controlled chamber overnight. Manual
bladder evacuation was performed at least thrice daily until reflex bladder emptying was
established. For the sham-operated controls, the animals underwent the laminectomy without
transection.
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Real-time PCR
Rats were killed at 2 h, 8 h, 1 day, 3 day, 5 day, 7 day, and 14 day after transection, and shamoperated controls were killed at 2 h after the laminectomy (n = 3 for each group). Then, the
spinal cords containing 8 mm rostral and dorsal segments were carefully removed and dipped
into 1 ml TRIzol (Life technologies), respectively, stored at -80°C. Total RNA was isolated
from the frozen specimens. The cDNA synthesis was carried out with RevertAidTM RT Kit
(Fermentas) in a 20 ll reaction volume according to the manufacturer’s protocol. The cDNA
was diluted 1:1 and 2 ll was used in each 20 ll PCR reaction. The procedure for real-time
PCR has been described previously (Gruner et al. 2002). The amplifications were carried out
in a 36-well plate in a 20 ll reaction volume containing 19 PCR buffer, 20 mM magnesium
chloride, 0.2 mM deoxyNTP, 10 nmol TaqMan probe, 10 nmol of each forward (F) and
reverse (R) primer, 1 U of Taq polymerase, and 2 ll of plasmids or cDNA samples. Oligonucleotide primer pairs and probe for Dexras1, and b2-microglobulin (b2-M) are shown in
Table 1 in detail. Real-time PCR was performed in a Rotor-gene 3000 Detector (Corbett
Research CA, USA). The thermal profiles consisted of 3 min at 94°C, followed by 40 cycles of
20 s at 94°C and 1 min at 60°C. All experiments were performed in triplicate. Copy numbers
of cDNA for Dexras1 were standardized to those of b2-M for the same sample.
Western Blot
For preparation of tissue extracts for immunoblots, spinal cords from sham, contusion at the
same time as total RNA isolation (n = 3 for each group) were homogenized in a lysate buffer
containing 1 M Tris–HCl pH 7.5, 1% Triton X-100, 1% NP-40 (nonidet p-40), 10% SDS, 0.5%
sodium deoxycholate, 0.5 M EDTA, 10 lg/ml leupeptin, 10 lg/ml aprotinin, and 1 mM PMSF,
and then centrifuged at 10,000g for 30 min to collect the supernatant. Protein concentrations
were determined with a Bio-Rad protein assay (BioRad, Hercules, CA, USA). The supernatant
was diluted in 29 SDS loading buffer and boiled. Proteins were separated with SDS-PAGE (5–
10% gradient gels) and transferred to polyvinylidine diflouride filter (PVDF) membranes
(Millipore). The membranes were blocked with 5% dried skim milk in TBST (20 mM Tris,
150 mM NaCl, and 0.05% Tween-20). After 2 h at room temperature, the filters were washed
by TBST for thrice and then incubated overnight with polyclonal antibody against Dexras1
(Santa, sc-16404, 1:300) at 4°C, respectively. Finally, Rabbit-anti-Goat IgG conjugated to
horseradish peroxidase (SouthernBiotech, 6020-05, 1:5,000) was added for additional 2 h and
the blots were developed using enhanced chemiluminescence detection system (Pierce). After
the chemiluminescence was exposed to X-ray films (Fuji Photo Film), the films were scanned
using a molecular dynamics densitometer (Scion, Frederick, MD). Relative amounts of Dexras1
were quantified by optical density analysis. The level was normalized to b-actin (Sigma,
A-5316, 1:1,000), a domestic loading control. In control experiments, anti-Dexras1 was blocked
by pre-incubation with peptide antigen (Santa, sc-16404 P).
Table 1 Sequences of TaqMan probes and primers
Gene

Accession number TaqMan probe (50 -30 )

Dexras1 NM_340809

tctggcaatc atccgtttcc cg

Predicted size (bp) Primers (50 -30 )
117

F-gcggcgaagt ctaccagttg
R-tgtctaagct gaacaccagaatga

b2-M

NM_012512

Cacccaccgagaccgatgtatatgcttgc 134

F-gtctttctacatcctggctcaca
R-gacggttttgggctccttca
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Immunofluorescence
Rats were killed 5 day after injury, and sham-operated controls were killed at 2 h after the
laminectomy. Animals were deeply anesthetized with pentobarbital (80 mg/kg, i.p.) and
perfused transcardially with 500 ml of 0.9% saline, followed by 500 ml of fresh 4% paraformaldehyde. After perfusion, the spinal cord was carefully dissected out, a segment
containing 8 mm rostral and caudal segments was blocked, respectively, post-fixed for an
additional 2 h in the 4% paraformaldehyde. The specimens were transferred to a solution
containing 30% sucrose in 0.1 M phosphate buffer (PB), pH 7.4, overnight. All sections were
cut at 12 lm on a cryostat and stored at -80°C.
The sections were blocked with 10% normal goat serum containing 3% (w/v) bovine serum
albumin (BSA), 0.1% Triton X-100, and 0.05% Tween-20 overnight at 4°C in order to avoid
unspecific staining. Then the sections were incubated with both polyclonal antibodies specific
for Dexras1 (Santa, sc-16404, 1:50), CAPON (Santa, sc-9138, 1:50), and nNOS (Sigma,
N7280, 1:200), different markers as follows: monoclonal antibody for NeuN (Chemicon,
MAB377, 1:600), CNP (Sigma, C5922, 1:100), GFAP (Sigma, G9269, 1:100), OX-42 (Serotec, MCA275G, 1:50), caspase-3 (Sigma, C8487, 1:200), and Tau-1 (Chemicon, MAB3420,
1:200), for 12–24 h at 4°C. After wash in PBS for thrice, each for 10 min, the secondary
antibodies (TRITC-Goat-anti-Rabbit, Jackson lab, 1:100; and FITC-Goat-anti-Mouse, SBA,
1:75; TRITC-Rabbit-anti-Goat, Jackson lab, 1:100; FITC-Mouse-anti-Rabbit, SBA, 1:100)
were added in dark room and incubated for 2–3 h at 4°C. To ascertain specific binding of the
antibodies for the proteins, anti-Dexras1 was blocked by pre-incubation with peptide antigen
(Santa, sc-16404 P) in control experiments. The images were captured by Leica fluorescence
microscope (Germany).
Counting Cells
Varietal positive signals were counted in 12 lm thick transverse sections. Six sections were
chosen from each animal (three animals from each group), and in each section, six specimens
were obtained. The 3 mm segments adjacent to the transverse site were excluded because of
nonuniformity in cord continuity and the presence of pan-necrosis. Three fields per specimen
were counted at 209 magnification. The numbers of positive signals in the 18 sections were
averaged.
Statistical Analysis
All values are expressed as means ± SEM. The statistical significance of differences between
groups was determined by a one-way analysis of variance (ANOVA) followed by the Tukey’s
post hoc multiple comparison tests. P \ 0.05 was considered significant. Each experiment
consisted of at least three replicates per condition.

Results
Changes in mRNA and Protein Expression for Dexras1 After SCT
Real-time PCR was performed to investigate the temporal pattern of Dexras1 mRNA
expression in SCT model. In the rostral side of the transected spinal cord, mRNA for Dexras1
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slightly increased at 1 day following SCT and reached the peak at 5 day (P \ 0.05), gradually
recovering to the baseline level at 14 day (Fig. 1A, a). In the caudal side, the tendency of
Dexras1 mRNA changing with time points after injury was similar to that of rostral side except
for a maximum present at 3 day (P \ 0.05) after SCT (Fig. 1A, b).

Fig. 1 Results show the change in Dexras1 at mRNA and protein level with real-time PCR and Western blot
analysis in rostral and caudal spinal cord homogenate after SCT. All experiments were done at least for thrice.
Statistical analyses were made with one-way ANOVA followed by Tukey’s post hoc analysis. (A), Real-time
PCR for Dexras1. The results were expressed as means ± SEM relative mRNA of the samples was normalized
to that of b2-M. In the rostral side (a) of 3, 5, and 7 day SCT groups, the levels are significantly different from
that of control; In the caudal side (b), the 3 and 5 day SCT groups show the significant changes compared with
control. *P \ 0.05. (B), Western blot analysis for Dexras1. Representative blots (a) were showed; data were
expressed (b) as means ± SEM of three samples per time point. Ratios of densities of Dexras1 to b-actin protein
were compared. At 3 and 5 day after SCT the protein level is significantly different from that of control in either
rostral or caudal side. *P \ 0.05. In (c) the results are shown with and without blocking of the antibody, and the
blocking peptide used as control refers to the synthetic peptide
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To confirm the change in mRNA level for Dexras1 after SCT, Western blot analysis was
performed to detect its protein expression. In contrast to real time-PCR analysis, Dexras1
protein expression was not detected in sham-operated controls. A band of light labeling with a
molecular weight of 31 kDa appeared at 1 day after SCT in the rostral side whereas preincubation with peptide antigens failed to do so (Fig. 1B, c). At 3 day after transection,
Dexras1 protein expression increased significantly (P \ 0.05), and reached the peak at 5 day
(P \ 0.05), and then gradually declined from 7 to 14 day. Whereas in the caudal side, the
change in Dexras1 protein was similar to the rostral side except for the highest expression
present at 3 day (P \ 0.05) that was almost identical to the mRNA level (Fig. 1B, a). Densitometric analysis revealed the change tendency of Dexras1 in both rostral and caudal side
after SCT (Fig. 1B, b). These data that Dexras1 upregulated at mRNA and protein level
following SCT, provided the evidence that Dexras1 might involve in pathological process
following CNS injury.
Spatial Distribution of Dexras1 Immunoreactivity After SCT
Based on SCT induced transient high expression of Dexras1, immunofluorescence was performed to observe its spatial distribution. In sham-operated controls, Dexras1-IR was observed
at low levels in both gray and white matters (Fig. 2A, a, c–f). At 5 day after transection, strong
Dexras1-IR is significant (P \ 0.05) compared with control based on quantitative study
(Fig. 2B), extending in both rostral (data not shown) and caudal cord segments (Fig. 2A, b)
and distributing in ventral horn (Fig. 2A, g), intermediate zone (Fig. 2A, h), dorsal horn
(Fig. 2A, i), and white matter (Fig. 2A, j), respectively. In fact, increased Dexras1-IR was
observed throughout the entire length of the cord specimen (10 mm in length). In control
sections pre-incubated with peptide antigens, there was no labeling (Fig. 2A, l).
Cellular Localization of Dexras1 Immunoreactivity After SCT
With the objective to investigate the cellular localization of Dexras1 after SCT, immunofluorescence was performed at light microscopic levels. At 5 day after SCT, Dexras1 overlapped
with NeuN-positive neurons in ventral horn (Fig. 3A, a–c) and other parts of gray matter (data
not show), while highly expressed in the oligodendrocytes which could be appreciated in the
merge of Dexras1 and CNP, the marker of oligodendrocyte in the white matter (Fig. 3A, d–f).
However, in the adjacent section around the transected site, OX-42-labeled microglias were
almost negative for Dexras1-IR in the white matter after SCT (Fig. 3A, g–i). Astrocytes, a
subtype of glial cell intimately associated with the synapse, express all three forms of NOS
(Murphy 2000). We wonder whether Dexras1 expressed in astrocytes after SCT, and the
results showed Dexras1-IR presented in some astrocytes which were located in ventral horn
(Fig. 3B, a–c), intermediate zone (Fig. 3B, d–f), and white matter (Fig. 3B, j–l) but not dorsal
horn (Fig. 3B, g–i). Quantitative analysis of the colocalization of Dexras1 with different
cellular markers summarized (Fig. 3C). These morphological observations suggested that
Dexras1 might affect several neuronal and glial cell populations that contribute to pathological
process after SCT.
The Colocalization of Dexras1 with Pathological Markers After SCT
Following a severe injury to the lower thoracic spinal cord in adult rats, neurons and oligodendrocytes underwent apoptosis, with a biphasic curve, probably from 3 to 7 day (Liu et al.
1997; Yong et al. 1998). Based on evidence that caspase-3 activity and expression have a
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Fig. 2 Immunofluorescence results show the change and the distribution of Dexras1-IR after SCT. (A), The
change and the distribution of Dexras1 were observed in representative photomicrographs in transverse sections
of the spinal cord from sham-operated group (a) and 5 day injured group (b). Magnifield of images (c–j) for (a)
and (b) showed Dexras1-IR in ventral horn (c, g), intermediate zone (d, h), dorsal horn (e, i), and white matter (f,
j), respectively, in sham-operated group (c–f) and 5 day injured group (g–j). In (k, l) the results are shown with
(l) and without (k) blocking of the antibody, and the blocking peptide used as control refers to the synthetic
peptide. Scale bar: (a, b), 200 lm; (c–j), 50 lm; (k, l); and 100 lm. (B), Quantitative results for numbers of
Dexras1-IR-positive cells. *P \ 0.05 compared to sham by ANOVA followed by Tukey’s post hoc analysis
(N = 18 slices from three animals for each group, six slices per animal)
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Fig. 3 Coimmunofluorescence analysis of localization of Dexras1 at 5 day after SCT. (A), Colocalization of
Dexras1 (a, d, g) with different cellular markers: NeuN (b), CNP (e), and OX-42 (h); Panel (c, f, i) shows the
merged graphs. (B), Colocalization of Dexras1 (a, d, g, j) with GFAP in ventral horn (b), intermediate zone (e),
dorsal horn (h), and white matter (k), respectively; Panel (c, f, i, l) shows the merged graphs. Scale bar: 50 lm.
(C), Quantitative results summarize the proportion of different cellular markers in ventral horn, intermediate
zone, dorsal horn, and white matter

positive correlation with cell apoptotsis after SCI (Springer et al. 1999; Citron et al. 2000),
caspase-3 is used here as an apoptotic marker to investigate whether apoptosis occurred in
Dexras1-IR positive cells. First, merged images to identify the types of the dying cells in spinal
cord sections demonstrated the colocalization of caspase-3 with NeuN (Fig. 4A, a–c) and CNP
(Fig. 4A, d–f), suggesting delayed neuronal and oligodendrocyte death at 5 day after SCT.
Second, observation of co-labeled Dexras1 with caspase-3 revealed that cell death mainly
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occurred in Dexras1-IR neurons (Fig. 4B, a–c) but scarcely in oligodendrocytes (Fig. 4B, d–f).
The probable explanation is that oligodendrocytes did not experience apoptosis at this time.
The results of the quantitative evaluation of the colocalization of Dexras1 with caspase-3 are
summarized (Fig. 4C). Extending previous studies that oligodendrocytes injury was associated
with the accumulation of microtubule-associated protein, Tau-1 (Gresle et al. 2006), the
immunofluorescence labeling with Dexras1 and Tau-1 was performed. Significant content of
Dexras1 was observed in many pathological oligodendrocytes, evaluated by the colocalization
of Dexras1 and Tau-1 (Fig. 4B, g–i). These morphological observations suggest that the
upregulation of Dexras1 in apoptotic neurons and pathological oligodendrocytes may participate in the secondary damage afer SCT.
Immunofluorescence Colocalization of Dexras1, CAPON, and nNOS After SCT
nNOS is a key enzyme for NO production that upregulated under stress such as SCI (Diaz-Ruiz
et al. 2002). CAPON was originally identified as an interactor and modulator of nNOS, which
is highly enriched in brain and has numerous colocalizations with nNOS (Jaffrey et al. 1998).
The existence of ternary complexes of Dexras1, CAPON, and nNOS was already confirmed in
brain lysates (Fang et al. 2000). To study whether Dexras1 was associated with CAPON and
nNOS during the pathological process of secondary response after SCI, we performed immunnofluorescence in animals killed at 5 day after transection. The labeling was examined using
Leica fluorescence microscope, and the cell type was determined by morphological and size
characteristics (David et al. 2004; Faulkner et al. 2004; Martin et al. 2005). In the injured rats,
expression of Dexras1 and CAPON could be localized to the same neurons in the ventral horn
(data not show) and intermediate zone (Fig. 5A, a–c), but not dorsal horn (data not show). In
the white matter, colocalization of Dexras1 and CAPON was observed in cells morphologically suggestive of oligodendrocytes and astrocytes (Fig. 5A, d–f). However, cells expressing
either Dexras1 or CAPON were also found (Fig. 5A, d–f). Whereas, expression of Dexras1 and
nNOS could be localized to the same neurons only in ventral horn (Fig. 5B, a–c) but not
anywhere else in gray matter (data not show), and colocalization of them also be found in glial
cells of white matter around the injured site (Fig. 5B, d–f). In sections incubated with normal
goat or rabbit IgG, Dexras1-IR, CAPON-IR or nNOS-IR were not observed (data not shown).
These data demonstrated that ternary complexes of Dexras1, CAPON and nNOS might have
the potential role after SCT.

Discussion
In this report, temporal and spatial patterns of Dexras1 expression were investigated after SCT
in adult rats. We demonstrated that CNS trauma induce Dexras1 upregulated significantly at
mRNA and protein level in spinal cord homogenates. Immunofluorescence revealed that both
neurons and glia showed Dexras1-IR and some pathological markers such as caspase-3 and
Tau-1 partly colocalized with Dexras1. Furthermore, colocalization of Dexras1, carboxyterminal PDZ ligand of nNOS (CAPON), and nNOS were observed in neurons and glial cells,
supporting the existence of ternary complexes (Fang et al. 2000).
In the rostral side of spinal cord, changes in Dexras1 mRNA and protein expression share
the same temporal pattern that is slightly increased at 1 day following SCT and reached the
peak at 5 day (P \ 0.05), gradually recovering to the baseline level at 14 day. The tendency
about the caudal side is similar to that of the rostral side except for the highest expression
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Fig. 4 The expression of Dexras1 in pathological cells at 5 day following SCT. (A), Identification of apoptotic c
cell types. Colocalization of caspase-3 (a, d) with NeuN (b), CNP (e). Panel (c, f) shows the merged graphs. (B),
Colocalization of Dexras1 (a, d, g) with caspase-3 (b, e) and Tau-1 (h). Scale bar: 50 lm. (C), The number of
Dexras1 and caspase-3 positive cells in different part of transverse sections at 5 day after SCT increased
significantly compared with sham-operated. Values are expressed as mean ± SEM *P \ 0.05 (n = 3)

present at 3 day (P \ 0.05) after SCT. The undetectable expression at Dexras1 protein level in
sham-operated control and early group (2 h, 8 h) after injury is probably because of the low
sensitivity of the antibody and the slight expression of Dexras1. The period from 3 to 5 day
when Dexras1 was expressed highly is just included in the second wave of neuronal and glial
death (Liu et al. 1997; Grossman et al. 2001) and prompt that Dexras1 might involved in cell
death after SCI.
Then, the spatial distribution and cellular localization of Dexras1 by immunofluorescence
showed that Dexras1-IR appeared widely in neurons located in ventral horn, intermediate
zone, dorsal horn, and major oligodendrocytes, some astrocytes in white matter expressed
Dexras1-IR. SCI is characteristically accompanied by a period of secondary cellular degeneration that occurs in injured tissue over a course of hours and days after the initial insult, and
that affects both neurons and glial cells (Young 1993; Crowe et al. 1997; Liu et al. 1997).
Recent studies examining human and rat spinal cord suggest activation of the cytochrome cdependent capsase-3 apoptotic cascade in neuronal and oligodendroglial cell death after injury
(Emery et al. 1998; Springer et al. 1999). Here, colocalization of Dexras1 and capsase-3 used
as an apoptotic marker was observed in neuronal and several oligodendroglial cell confirmed
by NeuN and CNP. Moreover, we observed the colocalization between Dexras1 and Tau-1,
which has been found to be a sensitive marker for oligodendroglial injury in several studies
(Rutter and Stephenson 2000; Gresle et al. 2006; Kim et al. 2006). These data further support
the hypothesis that Dexras1 may participate in the circumstance of cell loss after CNS trauma.
Constitutive NOS is thought to synthesize NO in CNS neurons, and is important for
intracellular signaling and neurotransmission (Bredt and snyder 1992; Saito et al. 1994). Adult
motor neurons in mice deficient in nNOS- and iNOS-resisted apoptosis that is mediated by
upstream NO and ONOO– genotoxicity, downstream p53, and Fas activation (Martin et al.
2005). In the current study, significantly increased expression of Dexras1 in caspase-3-IR
motor neurons of ventral horn indicated that it might involved in apoptosis of motor neurons in
NO-dependent manner during the process of secondary response after SCT.
In normal mice, Wallerian degeneration begins 1–2 day after axotomy (Perry et al. 1991)
and demyelination was greatly prevented in mice lacking nNOS, but when demyelinating less,
nNOS-/- mice exhibited a delay in remyelination (David et al. 2006). The morphological
results that Dexras1 locaolized in the CNP-IR and Tau-1-IR oligodendrocytes in white matter
provide the circumstantial evidence contributing to the demyelinatation and remyelination
after SCT.
Reactive astrocytes are a prominent feature of the cellular response to SCI. Astrocytes
exhibit a graded response to injury that includes changes in gene expression, hypertrophy, and
process extension, and, in some cases, cell division (Eddleston and Mucke 1993; Eng and
Ghirnikar 1994). Available evidence (Liuzzi and Lasek 1987; Rudge and Silver 1990; Larner
et al. 1995; Finkbeiner 1995; Faulkner et al. 2004) suggested that astrocyte roles after SCI are
likely to be dynamic and context-dependent, such that astrocytes may exert either pro- or antiinflammatory functions at different locations or at different times in the response to injury and
during repair. The nNOS isoform is also found in astrocytes (Kugler and Drenckhahn 1996;
Cha et al. 1998). Transmitters which induce Ca2+ signaling in cultured murine cortical
astrocytes lead to the Ca2+-dependent synthesis of NO, that in turn stimulates a Ca2+ influx
pathway that is, in part, responsible for the refilling of internal Ca2+ stores (Nianzhen et al.
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Fig. 5 Representative photomicrographs that illustrate the colocalization of Dexras1 with CAPON and nNOS in
at 5 day after SCT. (A), colocalization of Dexras1 (a, d) with CAPON (d, e) in ventral horn (a–c) and white
matter (d–f). (B), colocalization of Dexras1 (a, d) with nNOS (d, e) in ventral horn (a–c) and white matter (d–f).
Scale bar: 50 lm

2003). Interestingly, our findings showed that reactive astrocytes distributed in ventral horn,
intermediate zone, and white matter that is away from the central necrotic lesions or cavities
were main resource of Dexras1, which supported the previous study (Fitch et al. 1999;
Faulkner et al. 2004), providing circumstantial evidence that Dexras1 might be involved in
preserving reactive astrocytes or augmenting their protective functions, which lead to novel
approaches to reducing secondary tissue degeneration and improving functional outcome after
damage.
Expression of Dexras1 could be observed in dorsal horn which did not show CAPON-IR at
5 day after SCT. Meanwhile, nNOS colocalized with Dexras1 in neuron only in ventral horn
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but were not detected anywhere else in gray matter. The proper interpretation is that distribution of these molecule changed according to pathologic circumstances.
Glutamate is an essential mediator of excitotoxicity, which is a form of neuronal death that
can occur in a variety of brain regions subsequent to ischemic insult or other neurodegenerative conditions (Arundine and Tymianski 2003). Evidence from knockout mice and other
models demonstrated the contributions of NO and nNOS to glutamate-induced neuronal death
(Huang et al. 1994; Dawson et al. 1996). One of the regulators of nNOS is the NMDAR, an
excitatory glutamate receptor consisting of NR1 and NR2 subunits which is targeted to
excitatory synapses where it functions in neural plasticity (Carroll and Zukin 2002). Cheah
et al. have identified a signaling cascade in neurons whereby stimulation of NMDAR activates
nNOS, leading to S-nitrosylation and activation of Dexras1, which, via the peripheral benzodiazepine receptor-associated protein (PAP7) and the divalent metal transporter (DMT1),
physiologically induce iron uptake. As selective iron chelation prevents NMDA neurotoxicity
in cortical cultures, the NMDA-NO-Dexras1-PAP7-DMT1-iron uptake signaling cascade also
appears to mediate NMDA neurotoxicity (Cheah et al. 2006). Here, in SCT model, Dexras1
may participate in the secondary response, being accompanied with stimulation of NMDA
receptors, activating nNOS and selective iron chelation.
Furthermore, glucocorticoids transmit molecular information to neurons and glial cells in
the CNS and regulate cell function. Since Dexras1 appears to be rapidly induced by glucocorticoids in several body tissues (Kemppainen and Behrend 1998), it will be of interest to
determine whether this gene participates in CNS injury through glucocorticoid action.
A number of reports have followed that refine our understanding of the role of Dexras1 in
signal transduction. It has been proposed that Dexras1 might competes with G protein-coupled
receptors (GPCR) to disrupt receptor-G protein signaling (Graham et al. 2002, 2004;
Takesono et al. 2002), blocks activation of extracellular signal-regulated kinase (ERK 1/2)
(Graham et al. 2002; Nguyen and Watts 2005), and activates the p42/p44 MAPK pathway
(Cismowski et al. 2000). Dexras1 also inhibits Gbc-dependent heterologous sensitization of
adenylyl cyclase type 1 (AC1) (Nguyen and Watts 2005) and negatively modulates AC2
signaling by interfering with PKCd activity (Nguyen and Watts 2006). It was reported that a
direct interaction between Dexras1 and the Gb1 subunit (Hiskens et al. 2005) involves the
C-terminal domain of Dexras1 (the same region that interacts with CAPON). Vaidyanathan
et al. (2004) report that Dexras1 inhibit clonogenic growth of MCF-7 and A549 cells. Thus,
the antiproliferative effects of Dexras1 might be associated with its role in signal transduction.
In conclusion, we demonstrated that Dexras1 is dominantly expressed in apoptic neurons
and pathological oligodendrocytes after SCT. Further investigation is necessary to focus on
Dexras1 in signal transduction after CNS injury and confirm the role of this gene by anti-sense
oligonucleotide intrathecal injection after SCT.
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