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Nonsteroidal Anti-Inflammatory Drugs Promote Axon
Regeneration via RhoA Inhibition
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After a CNS injury in the adult mammals, axonal regeneration is very limited because of the reduced intrinsic growth capacity and
nonpermissive environment for axonal elongation. The growth inhibitions from CNS myelin and astroglial chondroitin sulfate proteo-
glycans partially account for the lack of CNS repair. Here, we show that the nonsteroidal antiinflammatory drugs (NSAIDs) ibuprofen and
indomethacin, the drugs widely used as pain relievers in the clinic, can surmount axon growth restrictions from myelin and proteoglycans
by potently inhibiting their downstream pathway RhoA signal. Similar to Rho and Rock inhibitors C3 transferase or Y27632 [(R)-(�)-
trans-N-(4-pyridyl)-4-(1-aminoethyl)-cyclohexanecarboxamide], both NSAID drugs stimulate a significant neurite growth in the cul-
tured dorsal root ganglion neurons exposed to the inhibitory substrates. Systemic administration of ibuprofen to spinal cord-lesioned
rodents reverses the active RhoA signal around injury area measured via Rho-GTP binding assay. Subcutaneous injections of ibuprofen
via minipumps to rats with a thoracic spinal cord transection or contusion injury result in substantial corticospinal and serotonergic axon
sprouting in the caudal spinal cord and promote locomotor functional recovery, even delaying the treatment 1 week after trauma. In
contrast, the non-RhoA-inhibiting NSAID naproxen does not have the axon growth-promoting effects on cultured or lesioned neurons.
These studies demonstrate the therapeutic potential of RhoA-inhibiting NSAIDs in treating CNS injuries characterized by axonal discon-
nection including spinal cord injury.
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Introduction
Axonal connections between neurons and their synaptic targets
are essential for maintaining nervous system function. Discon-
nection of axons usually leads to signal conduction failure and
persistent severe functional deficits in such patients as white mat-
ter stroke, progressive multiple sclerosis, traumatic brain injury,
as well as spinal cord injury (SCI). In the adult mammalian CNS,
the severed axons do not regenerate to any appreciable degree
after injury primarily because of the reduced intrinsic growth
capacity of adult CNS neurons as well as a poor environment for
axonal regeneration (David and Aguayo, 1981; McGee and Stritt-
matter, 2003). Several factors contribute to the nonpermissive
nature of the injured adult CNS for axonal growth. Chondroitin
sulfate proteoglycans (CSPGs) generated by astroglial scar tissue
around lesion suppress axonal extension (Bradbury et al., 2002;
Silver and Miller, 2004). CNS-myelin-forming oligodendrocytes
strongly inhibit axonal regeneration via a neuronal membrane
protein Nogo-66 receptor (NgR) (Chen et al., 2000; GrandPre et
al., 2000; Fournier et al., 2003). At least three particular proteins
expressed by oligodendrocytes have been shown to inhibit axonal

extension, including myelin-associated glycoprotein,
oligodendrocyte-myelin glycoprotein, and Nogo (Liu et al., 2002;
Wang et al., 2002a; McGee and Strittmatter, 2003). These mole-
cules inhibit axonal extension by binding to the GPI
(glycosylphosphatidylinositol)-linked membrane protein NgR.
NgR signal is then transduced via coreceptor complex, low-
affinity neurotrophin receptor p75/Lingo1, or TROY/Lingo1
(Wang et al., 2002b; Mi et al., 2004; Park et al., 2005; Shao et al.,
2005). Moreover, several axon-guidance molecules during devel-
opment, such as semaphorin 5A and Ephrin-3B/Eph-A4, may
limit the axonal elongation in the injured CNS (Goldberg et al.,
2004; Goldshmit et al., 2004; Benson et al., 2005).

Blocking one of the above inhibitory proteins has induced a
degree of axonal regeneration (Schnell and Schwab, 1990; Brad-
bury et al., 2002; GrandPre et al., 2002; Goldshmit et al., 2004).
Interestingly, most of these axon growth-suppressing proteins
are intracellularly mediated via activation of a small GTP-binding
protein RhoA, a signaling protein regulating neuronal morpho-
genesis via interaction with other molecules including serine/
threonine kinases, tyrosine kinases, lipid kinases, lipases, oxi-
dases, and scaffold proteins. Particularly, the activated form of
Rho (GTP-bound) can bind to Rho kinase (ROCK) and function
as the direct activator of ROCK. Activation of ROCK leads to the
phosphorylation of various target proteins including myosin
light chain, and then mediates the cytoskeletal rearrangements in
neurons. Thus, an alternative strategy to overcome the growth
inhibitions from multiple extracellular factors is to influence
their common downstream pathway including the convergent
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RhoA signal. Indeed, suppressing RhoA or ROCK with pharma-
cological inhibitors has stimulated axonal growth (Bertrand et
al., 2005) and improved behavioral recovery after spinal cord
lesion in rodents (Dergham et al., 2002; Fournier et al., 2003).
Regulating intracellular signals by enhancing intracellular cAMP
levels or inhibiting protein kinase C has also led to a significant
axonal sprouting in the lesioned CNS (Neumann et al., 2002; Qiu
et al., 2002; Pearse et al., 2004; Sivasankaran et al., 2004).

Nonsteroidal anti-inflammatory drugs (NSAIDs) are a group
of drugs widely used as cyclooxygenase (COX) selective and non-
selective inhibitors. Recently, NSAIDs ibuprofen, indomethacin,
and sulindac sulfide have been found to reduce the formation of
amyloid-�42 (Weggen et al., 2001), a critical peptide leading to
pathogenic cascade in Alzheimer’s disease, via RhoA inactivation
(Zhou et al., 2003). These studies suggest the Rho suppression
effect of a subset of NSAIDs independent of COX-inhibiting ac-
tion. Interestingly, treatments with indomethacin, alone or com-
bined with other agents, have been shown to have beneficial ef-
fects to animals with spinal cord lesions. Particularly,
administration of this agent could reduce the tissue edema and
histopathological damage of injured spinal cord and enhance the
signal conduction and locomotion recovery of SCI rodents
(Simpson et al., 1991; Winkler et al., 1993; Guth et al., 1994a,b).
So far, it remains unclear whether the Rho-inhibiting property of
indomethacin contributes to its beneficial effects on SCI rodents.
In this report, we focus on the Rho-inhibiting property of
NSAIDs independent of COX action and explore whether some
NSAIDs can overcome the axon growth-inhibiting nature of CNS
myelin and CSPGs and promote neuronal regeneration after a
CNS injury via suppressing RhoA signal. We found that ibupro-
fen and indomethacin completely reversed the RhoA activation
of neurons induced by CNS myelin, CSPGs, or spinal cord lesion,
and stimulated the significant neurite growth in vitro and axonal
regeneration in vivo.

Materials and Methods
Neuronal cultures and neurite outgrowth assay of dorsal root ganglia. Pheo-
chromocytoma (PC12) cells were grown on collagen-coated dishes in
DMEM supplemented with 5% fetal bovine serum and 10% horse serum,
100 �g/ml penicillin and 100 �g/ml streptomycin, and 2 mM glutamine.
These cells were differentiated for 24 h with nerve growth factor (NGF)
(100 ng/ml) in DMEM supplemented with 1% horse serum. Dorsal root
ganglia (DRGs) were dissected out from C57BL/6 mice aged 4 – 6 weeks
(Bonilla et al., 2002). After incubation with collagenase and 0.25% tryp-
sin/EDTA, the dissociated cells were preplated on tissue culture plastic
dishes for 1 h at 37°C to eliminate non-neuronal cells. Neurons were
plated into four-well chamber slide and grown in culture medium (F12
plus 10% fetal bovine serum, 1% glutamine, 1% penicillin–streptomycin
supplied by 100 ng/ml NGF) for 24 h at 37°C. In some cases, chamber
slides were coated with CNS myelin (50 �g/ml) purified from bovine
brain white matter or CSPG (1.5 �g/ml; Millipore, Temecula, CA). The
dissociated neurons were treated with vehicles, naproxen (400 �M), ibu-
profen (200 – 600 �M), and indomethacin (3 �M) started 4 h after cell
plating. For neurite outgrowth, DRG cells were fixed 24 h after plating
and stained with rhodamine phalloidin (Invitrogen, San Diego, CA).
Images of each culture were captured with a Nikon (Tokyo, Japan)
image-collecting system and neurite outgrowth was quantified with NIH
Image software (GrandPre et al., 2002). For outgrowth quantification,
the total neurite length for each neuron was determined from 30 –50
representative neurons in each experiment, and the mean values were
calculated from four to six separate experiments.

RhoA activity assay. The levels of GTP-bound RhoA in cultured PC12
neurons or injured spinal cord were measured by precipitation with
glutathione S-transferase (GST)-rhotekin binding domain (RBD) (Ren
et al., 1999; Dubreuil et al., 2003). After 24 h growth in NGF medium,

PC12 cells were incubated with NSAIDs or Rho inhibitors for 30 min,
and then stimulated with 15 min lysophosphatidic acid (LPA) (15 �M; 1 h
starvation in serum-free medium before drug treatments), purified CNS
myelin (50 �g/ml), or CSPG (1.5 �g/ml). After washing with ice-cold
PBS, cells were prepared in 1 ml of cold lysis buffer supplemented with
protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 2 mM or-
thovanadate, 10 �g/ml leupeptin, and 10 �g/ml aprotinin) and clarified
by centrifugation at 15,000 � g for 5 min at 4°C. After total protein
quantification in lysates with Bio-Rad (Hercules, CA) DC protein assay
reagents, samples containing the same amount of protein were incubated
with RBD-coupled beads (45 �g/sample; Cytoskeleton, Denver, CO) for
50 min at 4°C. GTP-bound RhoA and total RhoA in the cell lysates were
detected by Western blot using a mouse monoclonal antibody against
RhoA (sc-418; Santa Cruz Biotechnology, Santa Cruz, CA) (Ren et al.,
1999; Dubreuil et al., 2003). Proteins were transferred to nitrocellulose
membrane and bands were visualized with enhanced chemilumines-
cence reagents (Amersham Biosciences, Piscataway, NJ). For RhoA ac-
tivity in the lesioned spinal cord, a moderate contusion injury was per-
formed in adult female rats at T9 level. Three hours after injury, NSAID
naproxen (50 mg � kg �1 � d �1), ibuprofen (60 mg � kg �1 � d �1), or a
vehicle was administered with daily subcutaneous injections. Five days
after injury, rats were perfused through heart with cold PBS for 10 min
and fresh spinal cord tissue 5 mm rostral to and caudal to lesion center
(10 mm long) was collected and prepared in 1 ml of lysis buffer with
protease inhibitors for RhoA activity assay. For blot densitometry assay,
the images of active RhoA bands were captured with a Bio-Rad Gel Doc
XR documentation system, and the band density was determined using
Quantity One software.

To visualize active RhoA signal in individual cells, we conducted the
GST-RBD binding assay in fixed DRG neurons and rat spinal cord 7 d
after a contusion injury at T9 (5 mm rostral or caudal to SCI; 10 – 40 �m
thick) (Dergham et al., 2002; Madura et al., 2004). Cultured DRGs or
parasagittal tissue sections were incubated with clarified lysate prepared
from bacteria expressing GST-RBD overnight. After blocking in 3% BSA,
cells or sections were incubated with anti-GST antibody (Invitrogen) to
detect RBD-bound Rho-GTP. To localize Rho-GTP to the definite cells,
the cell type-specific antibodies [NeuN, neurons; neurofilament, axon
cylinders; GFAP, astrocytes; adenomatous polyposis coli (APC), oligo-
dendrocytes] were applied in some sections. The levels of active RhoA in
cultured DRGs were determined by measuring the RBD-bound signal in
neuronal bodies and neurites with MetaVue software. The active RhoA
signal in each neuron was calculated from 15 to 25 representative neu-
rons (five to six images) in each group.

Spinal cord lesions and axonal tracing. In SCI models, female Sprague
Dawley rats (weight, 180 –250 g) were deeply anesthetized with ketamine
(70 mg/kg) and xylazine (8 mg/kg). For dorsal over-transection, lami-
nectomy was conducted and spinal cord was exposed at spinal levels of
T6 –T7. The dorsal part of the cord was cut with a pair of microscissors to
sever the dorsal parts of corticospinal tracts. The depth of lesion (�1.9
mm) was assured by passing the sharp part of no. 11 blade across the
dorsal spinal cord. This model typically transects all of the dorsal, dorso-
lateral, and lateral corticospinal tract (CST) fibers, but spares some of
ventral CST (Li et al., 2004). A total of 46 rats underwent the transection
injury procedure, 15 receiving vehicle, 15 receiving naproxen, and 16
receiving ibuprofen. During the first 8 d after spinal cord injury, four rats
died in each of saline and naproxen groups and two rats died in inbupro-
fen group because of the poor general health. Two rats were killed in the
naproxen group 5 weeks after transection injury because of ongoing
mutilation of one foot. In addition, seven rats (three, two, and two rats in
three groups, respectively) were excluded from the anatomical and be-
havioral analysis because of an incomplete lesion documented by two to
four uninjured dorsal CST fibers in the distal transverse spinal cord
sections. One more rat in the saline group was excluded from the study
because of a low CST tracing efficacy verified from the transverse rostral
spinal cord sections at 6 weeks after injury. Thus, 7 vehicle-, 7 naproxen-,
and 12 ibuprofen-treated animals completed the study and were used for
axonal quantification and behavioral analysis in the over-
hemitransection injury model. For contusion SCI, the laminectomy was
performed at T8 –T9, and a moderate lesion was made with NYU Impac-
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tor. A total of 16 rats were used for contusion
injury procedure, 8 in each of the vehicle and
ibuprofen groups. One rat in the each group
was killed during the first week after SCI be-
cause of poor general health. One more rat was
excluded from the study in each group because
of a verified minipump crack during tissue dis-
section 6 weeks after SCI. Thus, six animals in
each group were used for anatomical and be-
havioral analysis in the contusion injury model.

An osmotic mini-pump (2ML4; Alzet, Cu-
pertino, CA; 2 ml volume for 28 d) was used to
infuse ibuprofen (60 mg � kg �1 � d �1),
naproxen (50 mg � kg �1 � d �1), or saline sub-
cutaneously. Treatments were initiated imme-
diately after a transection or 7 d after a contu-
sion SCI. Four weeks after lesion, burr holes
were made on each side of the skull overlying
sensorimotor cortex of lower limbs. Tracer bi-
otin dextran amine (BDA) (molecular weight,
10,000; 10% in PBS; 3.5 �l/cortex) was applied
at seven injection sites at a depth of 1.5 mm
from cortical surface on each side. Two weeks
after BDA injections, the animals were killed by
perfusion with cold PBS, followed by 4% para-
formaldehyde. The spinal cord was dissected
and postfixed overnight in the same fixative.
For Rho-GTP assay, some rats with a contusion injury were perfused 5–7
d after SCI.

Histology. The rat spinal cord tissue 7–10 mm rostral to and 7–10 mm
caudal to the lesion site (14 –20 mm long, containing lesion area) was cut
parasagittally on a vibratome. Transverse sections were collected from
the spinal cord 8 –16 mm rostral to and 8 –16 mm caudal to the injury
site. After 1 h preincubation with 0.5% BSA, 0.5% Triton in Tris-buffered
saline, sections were incubated with avidin– biotin–peroxidase complex
in Tris-buffered saline with 0.1% bovine serum albumin, 0.3% Triton for
3– 4 d at room temperature. The BDA tracer was visualized by nickel-
enhanced diaminobenzidine HRP reaction. To visualize serotonergic fi-
bers and lesion area, all of the sagittal sections and some transverse sec-
tions were double stained with antibody against 5-HT and astrocytic
marker GFAP. The microscopic slices were pasted on glass slides and
analyzed with a Nikon microscope. For CST fiber quantification in the
sagittal sections, the BDA-labeled fibers �200 �m in sprouting diameter
outside of ventral CST were counted at various distances caudal to the
injury from all of the sagittal sections of each rat. For CST fiber quanti-
fication from transverse sections in the rats with transection SCI, the
averaged number of BDA-labeled axons was obtained from four random
sections at 7–10 or 11–15 mm distal to the lesion site in each animal. To
determine serotonergic fibers at the spinal cord 11–15 mm distal to the
lesion site, the individual fibers stained by 5-HT antibody in the ventral
and dorsal halves of spinal cord were traced, and the mean density of
traced 5-HT fibers was calculated from two random transverse sections
in each rat using NIH software. Throughout the surgery, postoperative
care and histological analysis, researchers were blind to the identity of
compounds in the minipumps.

Behavioral tests. Basso, Beattie, and Bresnahan (BBB) locomotor scale,
grid walking, and footprint analysis were used to evaluate functional
recovery. For grid walking, the rats were trained to walk on a wire grid (90
cm long; 25 mm between grids) before surgery. Six weeks after injury, the
grid walk was videotaped and the number of instances in which the
hindpaw dropped below the grid plane was counted. For footprint anal-
ysis, the walking patterns of hindpaws were recorded with ink during a
continuous locomotion across a 90 cm runway. The stride length on each
side and stride width between two sides were calculated (Metz et al.,
2000b; Li et al., 2004).

In this study, the statistical analyses were performed using two-tailed
Student’s t test. The differences with p � 0.05 were considered significant
between the control and drug groups.

Results
Ibuprofen and indomethacin inactivate RhoA in cultured
neurons exposed to axon growth inhibitors
NSAIDs ibuprofen, indomethacin, and sulindac sulfide have
been shown to suppress isoprenoid-induced RhoA activity in cul-
tured neuroblastoma cells (Zhou et al., 2003). To test whether
such NSAIDs can silence neuronal RhoA activation induced by
Rho agonist or axon growth inhibitors, we examined levels of
active RhoA in cultured neuron-like PC12 cells or DRG neurons
using two approaches. We first measured amounts of active
RhoA in the lysates of PC12 cells by precipitation with RBD that
only binds GTP-bound form of RhoA (Ren et al., 1999; Dubreuil
et al., 2003). LPA, a RhoA agonist by binding to LPA receptor,
dramatically increased the active RhoA levels in P12 cells 15 min
after exposure. Incubations with ibuprofen (500 �M) or indo-
methacin (5 �M) mostly prevented the LPA-induced RhoA acti-
vation, but not treatment with NSAID naproxen (400 �M) (Fig.
1A,B). Notably, the same concentration of ibuprofen has been
shown effectively to suppress Rho activity in neuroblastoma cul-
tures (Zhou et al., 2003). More importantly, PC12 cells exposed
to purified CNS myelin (50 �g/ml) or CSPG (1.5 �g/ml), two
potent inhibitory substrates to CNS neuronal growth, display
higher endogenous Rho-GTP levels than those on PBS controls
(Fig. 1C–F). But activation of RhoA by these inhibitory substrates
was completely reversed by treatments with ibuprofen (500 �M),
indomethacin (5 �M), or Rho inhibitor C3 transferase (4 �g/ml),
not with naproxen (400 �M). To confirm the RhoA-inhibiting
effect of NSAIDs in neuronal cultures, we incubated fixed cul-
tured mouse DRG neurons with GST-RBD and examined the
RBD-bound neurons with anti-GST antibody 24 h after cell plat-
ing (Dubreuil et al., 2003). Staining signal for Rho-GTP is dra-
matically enhanced by 30 min incubation with CNS myelin or
CSPG substrates compared with PBS controls (Fig. 2). Treat-
ments with C3 transferase, ibuprofen, or indomethacin reversed
the increased Rho-GTP in the cell bodies and neurites of DRG
neurons. These results support that CNS myelin and CSPG sub-
strates activate intracellular RhoA signal of neurons, but ibupro-

Figure 1. Ibuprofen and indomethacin suppress RhoA activity in cultured PC12 neurons on inhibitory substrates. A, C, E, RhoA
activity (top bands) was determined in cell lysates of cultured PC12 neurons with GST-RBD and anti-RhoA antibody 24 h after cell
growth in nerve growth factor medium (100 ng/ml). Total RhoA levels (bottom bands) were determined from the same cell lysates
with blotting (20 �g protein/lane). Treatment with ibuprofen (Ibu) (500 �M), indomethacin (Ind) (5 �M), or C3 (4 �g/ml), but
not with naproxen (Nap) (400 �M), mostly reversed the RhoA activation of neurons induced by 15 min incubations with LPA (15
�M) (A), CNS myelin (Mye) (50 �g/ml) (C), or CSPG (CS) (1.5 �g/ml) (E). B, D, F, Bar graphs indicate the densitometric measure-
ments of RhoA activity from PC12 cells exposed to LPA, CNS myelin, and CSPGs, respectively. Means � SEM are reported (n � 3
from 3 separate experiments). The differences indicated are compared with LPA, myelin, or CSPG control, respectively (*p � 0.05,
**p � 0.01, Student’s t test).
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fen and indomethacin have the capacity to reverse the RhoA ac-
tivation induced by axon growth inhibitors in vitro.

RhoA-inhibiting NSAIDs enhance neurite growth of DRG
neurons on inhibitory substrates
RhoA activation has been shown to play a key role in limiting
axonal extension in the CNS neurons (Dergham et al., 2002;
Fournier et al., 2003). To determine whether RhoA inactivation
with NSAIDs can overcome axon growth restrictions from CNS
myelin or CSPGs, we assessed the effects of RhoA-inhibiting ibu-
profen and indomethacin on neurite outgrowth of mouse DRG
neurons exposed to these substrates (Fig. 3). Both CNS myelin
and CSPG dramatically reduce the neurite number and length in the
isolated DRG cultures. Application of ibuprofen or indomethacin
dramatically recovers the outgrowth of DRG neurons exposed to the
inhibitory substrates. Notably, non-RhoA-inhibiting NSAID
naproxen does not have a similar role in DRG growth, demonstrat-

ing that growth-promoting effect of ibupro-
fen and indomethacin is most likely de-
pendent on RhoA suppression. The
potency of ibuprofen in reversing myelin
inhibition is characterized below 600 �M

(Fig. 3C). The growth-promoting efficiency
of ibuprofen is similar to that of Rho inhib-
itor C3 transferase (4 �g/ml) or Rho kinase
inhibitor (R)-(�)-trans-N-(4-pyridyl)-4-
(1-aminoethyl)-cyclohexanecarboxamide
(Y27632) (10 �M). A lesser degree of re-
covery after RhoA inhibition with indo-
methacin is possibly attributable to the
toxic effect of methanol in which this drug
was dissolved. Myelin or CSPG inhibition
of axon growth is not completely blocked
by RhoA inactivation with NSAIDs, C3, or
Y27632. The unrecovered axon growth in-
hibition by CNS myelin or CSPG may be
attributable to the RhoA-independent sig-
naling pathway that regulates axonal ex-
tension (Fournier et al., 2003). Together,
these experiments suggest that some
NSAIDs are able to overcome the growth
restrictions of two types of major inhibi-
tors in the CNS.

Ibuprofen reverses RhoA activation in
the lesioned rat spinal cord in vivo
After a trauma in the CNS, injured neu-
rons are exposed to various axonal growth
inhibitors including CNS myelin and
CSPGs, which should activate intracellu-
lar RhoA signal around lesion. To deter-
mine whether NSAIDs can restrain active
RhoA in the lesioned CNS in vivo, we de-
livered naproxen (50 mg � kg�1 � d�1),
ibuprofen (60 mg � kg�1 � d�1) subcuta-
neously to rats with a moderate contusion
spinal cord lesion at T9. The doses of
NSAIDs used here are higher than those in
the clinics (�15 mg � kg�1 � d�1) when
administered as COX inhibitors. The high
doses of ibuprofen at 50 – 62.5
mg � kg�1 � d�1 have been shown effec-
tively to reduce amyloid-�42 formation

(Weggen et al., 2001; Eriksen et al., 2003; Yan et al., 2003; Zhou et
al., 2003), likely via RhoA-inhibiting action (Zhou et al., 2003).
No overt side effects were reported in rodents treated with the
indicated high doses (Weggen et al., 2001). Consistent with the
previous report (Dubreuil et al., 2003), active RhoA signal was
remarkably increased compared with non-SCI controls 5 d after
injury (Fig. 4A,B). Treatments with systemic ibuprofen (60
mg � kg�1 � d�1), but not with naproxen, completely prevent the
RhoA activation in the lesioned spinal cord, although total RhoA
levels are similar among different animals. This result is consis-
tent with our observations from the in vitro studies (Figs. 1, 2)
and the previous report in neuroblastoma cells (Zhou et al.,
2003). To confirm the RhoA-inhibiting effect of NSAID in indi-
vidual cells, we detected Rho-GTP signal in fixed spinal cord
sections via GST-RBD binding and immunostaining against GST
(Fig. 4C–E). The basic staining for active RhoA is low in nonin-
jured spinal cord. We observed many positive RBD-binding cells

Figure 2. Ibuprofen and indomethacin reduce Rho-GTP signal in DRG neurons on inhibitory substrates. A, The active RhoA
signal (green) in fixed mouse DRG cultures was detected by GST-RBD binding and immunostaining without any inhibitory sub-
strates and NSAID treatments. F-actin staining with rhodamine phalloidin (red) outlines the neuronal structure. B, C, The active
RhoA signal in DRG neurons was increased 30 min after exposure to CNS myelin (50 �g/ml) or CSPG substrates (1.5 �g/ml).
Pretreatments with C3 (right two panels), ibuprofen, or indomethacin dramatically reversed the increased active RhoA induced by
myelin or CSPG, but not pretreatment with naproxen (left two panels). Scale bar, 20 �m. D, Bar graph indicates the active RhoA
signal in DRG cultures by measuring levels of RBD-bound reactivity in neuronal bodies and neurites. The active RhoA in each neuron
was calculated from 15–25 representative neurons in each group. The means � SEM are reported (n � 5– 6 images/group). The
differences indicated are compared with myelin or CSPG control (*p � 0.05, Student’s t test). Nap, Naproxen; Ibu, ibuprofen; Ind,
indomethacin; Mye, myelin.
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a few millimeters from the lesion epicenter
7 d after SCI. Double staining with cellular
markers (neurofilament for axons and
APC for oligodendrocytes) indicates the
high Rho-GTP signal in axon cylinders
and glia in white matter (data not shown).
More importantly, administration of ibu-
profen almost completely reversed the ac-
tive RhoA signal in the lesioned spinal
cord, suggesting that systemic treatment
with ibuprofen suppresses RhoA activity
in the injured CNS in vivo.

Ibuprofen promotes corticospinal and
serotonergic axonal growth in rat spinal
cord with dorsal hemisection
To the extent that RhoA activation is re-
sponsible for restricting axonal regrowth
in vivo after a CNS injury, RhoA inhibition
with NSAIDs should stimulate regenera-
tion after a CNS axotomy. We tested this
hypothesis using two in vivo SCI models
for the following reasons. Dorsal spinal
cord transection interrupts a group of de-
fined pathways and spares ventral fiber
tracts, which provide a tissue bridge for
regenerating axons. Thus, this model is
widely used for studying the regeneration-
related behavioral alterations (Huang et
al., 1999; GrandPre et al., 2002; Rosenz-
weig and McDonald, 2004). Given that
transection lesion is different from the spi-
nal cord injuries in most SCI patients, we
also tested the Rho-inhibiting NSAIDs us-
ing the second SCI model of contusion in
this study. The contusion model produces
a lesion that resembles the complex lesions
of many SCI patients (Metz et al., 2000a),
including the dramatic central gray matter
necrosis with variable white matter dam-
age. First, we examine the effects of RhoA-
inhibiting ibuprofen on descending ax-
onal growth by delivering NSAIDs or
vehicle to rats with a midthoracic over-
transection injury in dorsal spinal cord
(Fig. 5A, inset). Ibuprofen (60 mg � kg
body weight�1 � d�1), naproxen (50
mg � kg�1 � d�1), and vehicle were initi-
ated immediately after transection injury via subcutaneous injec-
tion using osmotic minipumps for 4 weeks. These doses pro-
duced no evidence of overt toxicity to animals (Weggen et al.,
2001). The integrity of descending CSTs on both sides was traced
by injecting BDA into the motor cortex. After lesion in controls
(GrandPre et al., 2002; Li et al., 2004), the prominent dorsal,
dorsolateral, and lateral CST fibers are disrupted and only partial
ventral CST axons are detectable in caudal spinal cord by BDA
labeling (Fig. 5A). No obvious CST sprouts are seen in either
rostral or distal spinal cord. In contrast, in ibuprofen-treated rats,
camera lucida drawings of CST fibers from all sagittal sections of
each rat indicate numerous CST fiber sprouts rostral to lesion
and many BDA-labeled fibers outside of ventral CST in the dorsal
part of caudal spinal cord (Fig. 5C) (Li et al., 2004). Photomicro-
graphs of CST fibers a few millimeters distal to the transection site

reveal many tortuous branched CST sprouts in the ibuprofen rats
(Fig. 5D,E). Counts of CST fibers �200 �m in sprout diameter
from sagittal sections document a much greater number of CST
axons in ibuprofen rats than in controls or naproxen animals
(Fig. 5F). Moreover, more BDA-labeled CST axons are observed
in transverse sections of spinal cord 7–10 mm caudal to the lesion
(Fig. 5G), particularly in the dorsal part of spinal cord, in the
ibuprofen animals. We also observed the trend of augmented
CST axons at a lower level of transverse spinal cord sections
11–15 mm distal to SCI in the ibuprofen-treated rats, although
the difference between ibuprofen and control groups did not
reach statistical significance (data not shown). The difference
among three groups cannot be attributed to altered CST tracing
efficacy or lesion depth because the general labeling density for
predominant dorsal CST above lesion and the lesion depth visual-

Figure 3. Ibuprofen and indomethacin promote neurite outgrowth of cultured DRG neurons on CNS myelin or CSPG substrates.
A, Dissociated DRG neurons from 4 – 6 week mice were treated with naproxen (Nap) (400 �M), ibuprofen (Ibu) (400 �M), or
indomethacin (Ind) (3 �M), or with vehicles (Veh) (saline for Nap and Ibu, methanol for Ind) starting 4 h after cell plating on PBS,
myelin (Mye) (50 �g/ml), or CSPG (1.5 �g/ml) substrates. B–E, The neurite outgrowth per DRG neuron was quantified 24 h after
cell plating on myelin or CSPG substrates. Sal, Saline; Met, methanol; C3, C3 transferase (4 �g/ml); Y, Y27632 (10 �M). Scale bar,
50 �m. The numbers in bar graphs indicate means � SEM from four to six separate experiments (30 –50 representative neurons
were analyzed for each experiment). The differences indicated are compared with the vehicle-matched controls (*p � 0.05,
**p � 0.01, Student’s t test).
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ized by immunostaining astrocytic marker GFAP are similar in these
animals (data not shown). It is plausible that the caudal CST sprout-
ing fibers in ibuprofen-treated rats are derived from spared ventral
CST or the growth of axotomized CST fibers into distal spinal cord
via bridging tissue in the ventral part (Li et al., 2004, 2005).

The raphespinal system was also examined in some transverse
sections in these spinal-injured rats. Immunostaining for 5-HT
demonstrates a very high density of serotonergic fibers in the
spinal cord rostral to the lesion in vehicle- or NSAID-treated rats.
The number of serotonin fibers at the spinal cord 11–15 mm
caudal to injury is remarkably reduced in all the SCI rats, but is
significantly greater in the ibuprofen-treated rats than that in
control or naproxen groups (Fig. 5H–K). Thus, these data dem-
onstrate that RhoA inactivation with systemic ibuprofen induced
significant growth of descending CST and 5-HT fibers in the
distal spinal cord after a dorsal over-hemisection injury.

Delayed ibuprofen stimulates descending axonal growth after
a contusion SCI in rats
Drug delivery initiated at the time of SCI is logistically difficult for
the treatment of most SCI patients. Then, we determine whether
administration of ibuprofen at 7 d delayed time window can
stimulate axonal growth of descending fiber tracts after a moder-
ate rat contusion injury. In these rats, the treatment with vehicle
or ibuprofen was initiated 7 d after SCI and persisted for 4 weeks.
Six weeks after SCI, parasagittal sections across the lesion in both

groups display the scarring and a large
cavity in the lesion epicenter surrounded
by numerous small cavitations (Fig.
6A,C). Rostral to the lesion, the linear
projected CST axons from the vehicle-
treated rats terminated at a few hundred
micrometers to several millimeters above
the lesion (Fig. 6A). In contrast, the simi-
lar sections from ibuprofen animals dis-
play some of BDA-labeled CST fibers ex-
tending into the wall of central cavitation
(Fig. 6C). Caudal to the lesion site, very
few BDA-labeled CST fibers are present in
the control rats, but many BDA-labeled
fibers are detectable in the ibuprofen-
treated animals, particularly in the gray
matter area (Fig. 6C–G). Counts of BDA-
labeled fibers �200 �m in sprout diame-
ter from all of the sagittal sections per rat
1–10 mm caudal to the lesion indicate five
times more CST fibers in the ibuprofen-
treated rats than in the controls (190 vs 26
fibers per rat) (Fig. 6H). In particular, the
postponed treatment with ibuprofen in-
creased the BDA-labeled CST axons in the
gray matter area of distal spinal cord (Fig.
6F,H). The difference in white matter
area is not significant between the saline
and ibuprofen groups (Fig. 6G,H). The
majority of these fibers do not have the
linear trajectory of uninjured fibers but
follow the branching and tortuous courses
(Fig. 6D,E). These increased caudal CST
fibers may derive from the regenerating
CST fibers from lesioned axons and/or the
sprouting from spared CST axons induced
by RhoA inactivation with ibuprofen.

Moreover, serotonergic fibers were examined in rostral and cau-
dal spinal cord of contusion SCI rats. Similar to dorsal transec-
tion, the contusion injury lesioned most of serotonergic fibers at
injury site. Treatment with postponed ibuprofen dramatically
increased 5-HT axons in the lumbar spinal cord (Fig. 6 I–K),
although the lesion areas visualized by GFAP staining are similar
in vehicle- or ibuprofen-treated rats (data not shown).

Treatment with ibuprofen improves the locomotion recovery
of SCI rats
The anatomical analyses display the dramatic axonal growth of
motor tracts after RhoA inhibition with systematic ibuprofen. A
related key issue is whether ibuprofen treatments benefit func-
tional recovery. Thus, we evaluated the behavioral recovery in
these rats in a blind manner. A standardized rat locomotor scor-
ing system was used to assess the outcome (Basso et al., 1995;
GrandPre et al., 2002). Two days after an over-hemisection in-
jury, the rats typically show no observable movement or slight-
extensive movement of one joint (BBB, 0 –2) (Fig. 7A). Several
weeks after injury, the control rats exhibit partial recovery prob-
ably because of the reorganization of segmental circuitry and the
short-range sprouting from the spared fibers. The recovery
reaches a stable level by 3– 4 weeks after SCI. Generally, by 4 – 6
weeks after SCI, the control rats have consistent weight-
supported plantar steps, frequent or consistent forelimb– hind-
limb coordination, but rotate the predominant paw position

Figure 4. Systemic ibuprofen reverses RhoA activation 5–7 d after a moderate contusion spinal cord injury in rats. A, Active
RhoA in spinal cord 5 mm rostral to and 5 mm caudal to lesion was detected via GST-RBD binding and immunoblotting with
antibody specific to RhoA. Total RhoA from the same tissue samples was detected via immunoblotting (bottom bands; 20 �g of
protein per lane). Notably, systemic administration of NSAID ibuprofen completely reversed the RhoA activation in the lesioned
spinal cord 5 d after injury. B, Densitometric analysis of RhoA activity was indicated in bar graph from three separate experiments
(means � SEM; n � 3; *p � 0.05 compared with SCI controls, Student’s t test). C, A sagittal section of spinal cord at midthoracic
level from uninjured rat reveals the low staining signal for active RhoA via GST-RBD binding and immunostaining. D, E, Parasagittal
sections of rat spinal cord 7 d after a moderate contusion injury 3 mm rostral to the lesion center display the reactivity for active
RhoA in white matter from vehicle (D)- or ibuprofen (E)-treated rats. Notably, RhoA activity was dramatically attenuated in SCI rats
treated with 7 d systemic ibuprofen at 60 mg � kg �1 � d �1. Scale bar, 50 �m. Nap, Naproxen; Ibu, ibuprofen.
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when making the initial contact with a
testing surface. BBB score in naproxen rats
appeared to have a slightly better recovery
than controls 1 week post-SCI, but re-
turned to the SCI control level 4 – 6 weeks
after injury. This may relate to the anti-
inflammatory effect of naproxen. In con-
trast, the locomotor score in the rats with
ibuprofen treatment initiated at the time
of injury continues to increase 4 – 6 weeks
after lesion, and most of them have the
consistent forelimb– hindlimb coordina-
tion plus the parallel paw position at initial
contact with testing surface.

To further characterize the locomotion
recovery, two more tests were performed
in these rats. In the second test, rats walked
on a runway covered with a metal grid (25
mm between grids) and excursions of
hindlimbs below the grid plane were
counted from videotaping (Metz et al.,
2000b). Uninjured rats make no errors on
this test. Six weeks after injury, the control
rats made numerous errors by misplacing
their hindpaws and falling into grid holes
(65%), but the rats treated with ibuprofen
made fewer errors (45%) by correctly
placing hindpaws on the grid (Fig. 7B).
Analysis of hindpaw footprints displays
the decreased stride length and increased
stance width in the saline-treated rats 6
weeks after SCI. But treatment with ibu-
profen significantly recovered the stride
length and width (Fig. 7C,D). Notably, the
locomotor BBB score in the delayed
ibuprofen-treated rats continues to in-
crease 4 – 6 weeks after a contusion injury,
and these rats also performed better on the
grid walk task by making fewer errors 6
weeks post-SCI (Fig. 7E,F). Thus, these
data indicate that treatments with the
NSAID ibuprofen, whether initiated at the
time of SCI or with a 1 week delay, signif-
icantly improve the behavioral recovery in
the adult rodents with SCI.

Discussion
The treatments for patients suffering from
CNS axonal injury are currently very lim-
ited because of the complicated injury
mechanisms and the neuronal growth failure. The only approved
drug for SCI is methylprednisolone, an acute therapy adminis-
tered only shortly after trauma via neuroprotection (Bracken et
al., 1997). The major findings of this study are the identification
of NSAIDs ibuprofen and indomethacin overcoming neuronal
growth inhibitions from CNS myelin and CSPGs via repressing
the activity of intracellular RhoA signal. More importantly, the
ability of ibuprofen to attenuate CNS myelin and CSPG inhibi-
tions of axonal growth stimulates a significant axonal sprouting
of descending fiber tracts in the distal spinal cord after a transec-
tion or a contusion injury. Accordingly, ibuprofen promotes a
remarkable locomotor functional recovery, even when delivered
1 week after trauma. The axon growth-promoting effect and the

common use of ibuprofen in patients raise the high possibility
that a subset of NSAIDs may be an effective treatment in the
clinical conditions characterized by failure of axonal regenera-
tion, including SCI. These data not only demonstrate the essen-
tial role of RhoA in regulating axonal growth failure after a CNS
injury but also provide a therapeutic approach to the neurologi-
cal disorders characterized by white matter damage.

RhoA as a target to promote CNS axonal regeneration
Regulation of RhoA activity represents an important target for
overcoming axon growth inhibition and for developing potent
agents for CNS axonal injury treatment (Dergham et al., 2002;

Figure 5. Systemic ibuprofen promotes corticospinal and serotonergic axonal growth caudal to a midthoracic dorsal over-
hemisection in rats. A–C, Camera lucida drawings of CST fibers from all sagittal sections of each rat are shown from the control (A),
naproxen (B), and ibuprofen (C) animals. The inset in A indicates the transected dorsal spinal cord area (shadowed) in this model.
The animals from vehicle or naproxen groups show no regenerative growth in distal spinal cord except a few spared ventral CST
fibers after injury. In contrast, subcutaneous injection of ibuprofen started immediately after SCI (60 mg � kg �1 � d �1 for 4
weeks) induces a number of CST fiber sprouts in the dorsal part of distal spinal cord, particularly into the gray matter areas. The
dorsal is up in all of these sections. D, E, Higher-magnification images from ibuprofen-treated animal in C demonstrate the
meandering course of the regenerating CST fibers (arrows) several millimeters caudal to the lesion site. F, Quantification of CST
fibers �200 �m in sprouting diameter outside of ventral CST is illustrated at various distances caudal to the injury from three
groups. G, Counting of BDA-labeled CST fibers from transverse sections at 7–10 mm distal to the lesion indicates more BDA-labeled
fibers in the ibuprofen group, particularly in the dorsal half of spinal cord. H, The serotonin fiber length in the ventral or dorsal half
of spinal cord per transverse section 11–15 mm caudal to injury was measured from three groups. I–K, Representative transverse
spinal cord sections 11–15 mm distal to the lesion exhibit more 5-HT fibers in the ventral half (arrows) of the spinal cord in
ibuprofen rat (K ) than in saline (I ) or naproxen (J ) rats. Scale bars: A–C, 1 mm; D, E, 25 �m; I–K, 50 �m. Means � SEM are
reported. The differences indicated in bar graphs (F–H ) are compared with the ibuprofen group (n � 7, 7, 12 rats in the saline,
naproxen, and ibuprofen groups, respectively; *p � 0.05, **p � 0.01, Student’s t test). Nap, Naproxen; Ibu, ibuprofen.
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Mueller et al., 2005). After a CNS injury, activation of RhoA is the
convergent intracellular pathway for numerous extracellular
molecules that restrict axonal growth, including CNS myelin,
CSPGs, and possibly a few axonal guidance cues during develop-
ment (Huber et al., 2003; McGee and Strittmatter, 2003). Activa-
tion of RhoA signal leads to growth cone collapse and neurite
growth inhibition in cultured primary neurons (Kozma et al.,
1997; Kranenburg et al., 1999). Inactivation of Rho with C3 trans-

ferase, Rho downstream inhibitor Y27632
(Fournier et al., 2003), ibuprofen, or indo-
methacin (Fig. 3), promotes the neurite
outgrowth on myelin or CSPG inhibitory
substrates. Moreover, numerous in vivo
studies suggest that suppression of Rho
signaling pathway is a feasible approach to
promote axonal regeneration, to reduce
cell death, and to improve functional re-
covery after rodent CNS injuries including
transection and contusion spinal cord in-
juries, or optic nerve crush injury (Hara et
al., 2000; Dergham et al., 2002; Dubreuil et
al., 2003; Fournier et al., 2003; Sung et al.,
2003; Fischer et al., 2004; Bertrand et al.,
2005; Nishio et al., 2006). Notably, Rho
inactivation with several cell-permeable
versions of C3 (C3-05, C3-07, and BA-
210) or ROCK inhibition with Y27632 or
Fasudil benefits the locomotion recovery
of SCI rodents. Of these agents, BA-210
has been under the clinical trial for treat-
ing acute SCI patients (McKerracher and
Higuchi, 2006). In this report, we provide
the additional evidence that Rho silence
with ibuprofen remarkably enhances the
axonal growth of corticospinal and raphe-
spinal tracts as well as the locomotor func-
tional recovery in the adult rodents with
SCI. Thus, the previous reports, together
with the present study, support that Rho
signal and its downstream kinase are the
important therapeutic targets for promot-
ing functional recovery of adult mammals
with CNS injuries.

Basis for NSAID-induced axonal
growth in the CNS
The RhoA-inhibiting effect of ibuprofen is
most likely to be the basis for the enhanced
axonal growth and the improved behav-
ioral recovery in this report, although the
molecular mechanism of RhoA inactiva-
tion by some NSAIDs remains unclear.
First, using the Rho-GTP binding assay
with RBD, we directly demonstrate ibu-
profen and indomethacin could effec-
tively reverse the increased RhoA activity
because of exposure to CNS myelin or
CSPG, or after a traumatic CNS injury.
Second, only NSAIDs that suppress RhoA
activation, such as ibuprofen and indo-
methacin, are able to stimulate the neurite
elongation in cultured DRG neurons. Ibu-
profen stimulates a similar degree of neu-

rite outgrowth to RhoA signal inhibition with C3 or Y62732.
Moreover, our in vivo studies demonstrate that RhoA-inhibiting
ibuprofen significantly promotes the axonal growth of descend-
ing tracts and improves the behavioral recovery after the spinal
cord lesions in rodents. In contrast, naproxen, a non-RhoA-
repressing NSAID, failed to stimulate axonal extension under
either in vitro or in vivo conditions.

Figure 6. Delayed ibuprofen stimulates CST and serotonergic axon growth after a moderate contusion SCI in rats. A, B, Para-
sagittal sections containing contusion site (arrowhead) from a saline-treated rat demonstrates the large cavity in the lesion
epicenter and the termination of BDA-labeled dorsal CST fibers (arrows) above the injury (A). No fibers extend into the lesion area
or beyond it even at a high magnification (B). C–E, Sections from an animal receiving a 4 week ibuprofen treatment initiated 7 d
after lesion (60 mg � kg �1 � d �1) display the similar cavities at the injury site, but numerous CST axons (arrows) grew into the
walls of cavitation immediately rostral to the injury (C). Many branched sprouting fibers are observed in the areas caudal to the
lesion. Higher magnifications of these areas in D� and E� illustrate the meandering course of regenerating CST fibers in the
ibuprofen-treated rat. F, G, The number of CST fibers �200 �m in sprout diameter at various distances caudal to the injury from
ibuprofen (filled bar) and saline (open bar) rats is reported from gray (GM) (F ) and white matter (WM) (G) areas. H, Graph indicates
the total CST fibers 1�10 mm distal to the lesion reported in F and G. I, J, Transverse sections of lumbar spinal cord at 11–15 mm
distal to lesion indicate a higher density of 5-HT fibers (arrows) in the ventral horn of ibuprofen-treated rat (J ) than in the control
(I ). K, Serotonin fiber length in the ventral or dorsal half of the spinal cord per transverse section 11–15 mm caudal to the injury
was quantified. Scale bars: A, C, 500 �m; B, D, E, 25 �m; I, J, 50 �m. Means � SEM are reported (n � 6 rats in each of saline and
ibuprofen groups). The differences indicated in the bar graphs are statistically different between the two groups (*p � 0.05,
Student’s t test). Ibu, ibuprofen.
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Improved behavioral recovery in
SCI rodents
The reestablishment of descending con-
nections induced by RhoA-inhibiting ibu-
profen seems to contribute to the locomo-
tion recovery in SCI rats. The extent of
motor function recovery after SCI de-
pends on the reorganization of segmental
circuitry and the restoration of supraspi-
nal input. The segmental mechanism may
play a major role in the locomotor recov-
ery in the control SCI rats because of lack
of apparent axonal regeneration. How-
ever, in the ibuprofen-treated rats, the res-
toration of supraspinal input to the distal
spinal cord might participate in the func-
tional improvement in addition to the en-
hanced plasticity at segmental level. Treat-
ment with ibuprofen stimulates the axonal
growth in spinal cord below the lesion and
significantly increases the fiber number of
descending corticospinal and raphespinal
tracts, which play a role in locomotor re-
covery after SCI (Weidner et al., 2001;
Kim et al., 2004). Actually, it is likely that
sprouting and reorganization of other de-
scending fibers, such as rubrospinal ax-
ons, may also contribute to the enhanced
functional recovery because of the wide-
spread RhoA activation after a CNS
trauma (Madura et al., 2004). Blockade of
NgR, a receptor that mediates axon
growth inhibition upstream to RhoA
(Fournier et al., 2003), results in the ana-
tomical specializations consistent with
synaptic formation (GrandPre et al., 2002;
Li et al., 2004). It is conceivable that supra-
segmental input may contribute to neuro-
nal function observed here. Notably, we
cannot exclude the possibility that RhoA
inactivation with ibuprofen attenuates the
apoptotic cell death of oligodendrocytic
glia (Dubreuil et al., 2003) and benefits the
functional recovery via protecting spared
axons from demyelination around lesion.

We found that RhoA inhibition with
ibuprofen started 1 week after a contusion
SCI could stimulate the descending axonal
growth and enhance the locomotor recov-
ery in rats. Our study contrasts with a re-
cent report that did not show significant
CST axonal sprouting and behavioral re-
covery when inhibition of Rho kinase with local Fasudil was
started 4 weeks after a contusion injury (Nishio et al., 2006). The
different results between our report and the Fasudil study are
probably related to the time window of drug deliveries. The acti-
vation of RhoA starts a few hours after SCI and seems to reach to
peak levels approximately a few days after lesion (Dubreuil et al.,
2003). On 7 d after injury, the time when ibuprofen treatment
was initiated, the active RhoA signal was dramatically increased
in the lesioned spinal cord (Fig. 4) (Dubreuil et al., 2003). How-
ever, the RhoA activation appears to drop to a low level 4 weeks
after injury because the enhanced RhoA activity starts to attenu-

ate several days after SCI (Dubreuil et al., 2003). It is unlikely that the
inherent growth capacity of lesioned motor neurons was further
reduced 4 weeks after SCI, because neurotrophic factors combined
with fatal spinal cord transplants or with IN1 antibody could stim-
ulate remarkable axonal growth when applied several weeks after
rodent SCI (von Meyenburg et al., 1998; Coumans et al., 2001).

Frequent use of NSAIDs in humans as
cyclooxygenase inhibitors
COXs (COX-1 and COX-2) are essential for catalyzing the for-
mation of inflammatory prostaglandins from membrane-

Figure 7. Systemic ibuprofen improves the locomotion behavioral recovery after a transection or a contusion injury in rats. A,
B, Graphs indicate the locomotor BBB score (A) and the hindlimb errors during grid walking (B) in the vehicle, naproxen, or
ibuprofen rats with treatments initiated at the time of a transection injury (n � 7, 7, 12 in vehicle, naproxen, and ibuprofen
groups). C, The examples of representative footprints from control (top), naproxen (middle), or ibuprofen (bottom) animals after
a transection injury. D, Footprint analysis reveals a greater stride length and a shorter stride width in ibuprofen-treated animals
than in controls. E, F, Graphs indicates the BBB score (E) and grid walking errors (F ) in the contusion-injured rats with the
treatments (vehicle or ibuprofen) started 7 d after SCI (n � 6 rats/group). Means � SEM are reported. The differences indicated
are compared with the saline-treated group (*p � 0.05, **p � 0.01, Student’s t test). Nap, Naproxen; Ibu, ibuprofen.
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derived arachidonate. The reversible interaction of prostaglan-
dins with G-protein-coupled membrane receptors widely
involves the physiological and pathological processes of numer-
ous cell types including neurons (Fitzpatrick, 2004). COX en-
zymes are clinically important because inhibition of COX by
NSAIDs confers the relief from many pathological conditions
including inflammatory, thrombotic, neurodegenerative, and
oncological disorders. Thus, a great number of NSAIDs including
aspirin, ibuprofen, indomethacin, naproxen, and celecoxib are
widely used in humans as the pharmacological inhibitors of
COX. In the present study, we identified the axon growth-
promoting effects of ibuprofen and indomethacin via the Rho-
suppressing mechanism independent of COX action. Obviously,
the frequent administration of these drugs in humans will facili-
tate us to apply the Rho-inhibiting NSAIDs to SCI patients. No-
tably, NSAIDs are dose-dependently associated with several side
effects, particularly on the gastrointestine and kidney. Long-term
use of NSAIDs in therapy might increase the risk of gastrointes-
tinal ulceration and complications from ulceration including
bleeding and perforation. Thus, we also need consider the poten-
tial side effects of these agents before applying to SCI patients.

Conclusion and perspectives
In recent years, a number of researchers have reported the
progress in developing intervention strategies in animal SCI
models via limiting secondary injury and enhancing fiber sprout-
ing/regeneration and promoting functional recovery. However,
few basic science discoveries have been applied clinically to im-
prove behavioral outcomes of axonal injury patients. Thus, it is
critical that the promising approaches from basic studies are
translatable to effective clinical therapies. In this report, we found
that some NSAIDs, the extensively used drugs in the clinic, po-
tently suppressed the increased RhoA activity of neurons exposed
to axonal growth inhibitors or after a CNS trauma. Furthermore,
the Rho-inhibiting NSAIDs stimulated the remarkable neurite
growth in vitro and the descending axonal regeneration in the
injured spinal cord in vivo, and enhanced the locomotion recov-
ery. Thus, the novel findings in this report, which can be easily
translated to human treatments, will facilitate us to design more
rational therapies for CNS axonal injury patients. Together, our
studies provide the hope for developing an effective treatment to
white matter injury patients including SCI in the near future.
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