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Abstract

Acute spinal cord injury (SCI) induces secondary hemorrhage and initial blood-spinal cord barrier (BSCB)
disruption. The transient receptor potential melastatin 4 (Trpm4) together with sulfonylurea receptor 1 (Surl)
forms the Surl-Trpm4 channel complex. The up-regulation of Surl-Trpm4 after injury plays a crucial role in
secondary hemorrhage, which is the most destructive mechanism in secondary injuries of the central nervous
system (CNS). The matrix metalloprotease (MMP)-mediated disruption of the BSCB leads to an inflammatory
response, neurotoxin production and neuronal cell apoptosis. Thus, preventing secondary hemorrhage and
BSCB disruption should be an important goal of therapeutic interventions in SCI.

Methods: Using a moderate contusion injury model at T10 of the spinal cord, flufenamic acid (FFA) was
injected intraperitoneally | h after SCI and then continuously once per day for one week.

Results: Trpm4 expression is highly up-regulated in capillaries 1 d after SCI. Treatment with flufenamic acid
(FFA) inhibited Trpm4 expression, secondary hemorrhage, and capillary fragmentation and promoted
angiogenesis. In addition, FFA significantly inhibited the expression of MMP-2 and MMP-9 at 1 d after SCI and
significantly attenuated BSCB disruption at 1 d and 3 d after injury. Furthermore, we found that FFA decreased
the hemorrhage- and BSCB disruption-induced activation of microglia/macrophages and was associated with
smaller lesions, decreased cavity formation, better myelin preservation and less reactive gliosis. Finally, FFA
protected motor neurons and improved locomotor functions after SCI.

Conclusion: This study indicates that FFA improves functional recovery, in part, due to the following reasons:
(1) it inhibits the expression of Trpm4 to reduce the secondary hemorrhage; and (2) it inhibits the expression
of MMP-2 and MMP-9 to block BSCB disruption. Thus, the results of our study suggest that FFA may represent
a potential therapeutic agent for promoting functional recovery.
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Introduction

Spinal cord injury (SCI) disrupts neurons and
axons, leading to sensory and motor impairment and
even paralysis. Functional deficits are caused by the
initial mechanical injury and subsequent secondary
injury over a period of weeks or even months [1]. The
secondary injury increases cell death and the sizes of
the damaged areas based on the primary injury. In

addition, the axons and neurons of adult mammals
regenerate poorly. Therefore, therapeutic strategies
have mainly focused on early therapeutic
interventions aimed at minimizing secondary injury
and improving functional recovery. All types of
secondary injury, which can include ischemia/
hypoxia, oxidative stress, free radical injury, lipid
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peroxidation, immune inflammatory reactions, and
excitotoxicity, are considered responsible for
progressive secondary hemorrhage [2-5], which is the
most destructive type of secondary injury in the
central nervous system (CNS) [6].

Recently, the use of glibenclamide has been
widely reported to inhibit bleeding in SCIL
Glibenclamide has since been confirmed as an
effective therapeutic agent in traumatic injuries [5, 7].
In fact, progressive hemorrhagic necrosis is always
accompanied by capillary fragmentation, and the
blood-brain barrier (BBB), including the blood-spinal
cord barrier (BSCB), is disrupted after CNS injury.
After SCI, BSCB permeability is increased, allowing
infiltration by immune cells and neurotoxic products
in addition to tissue edema, all of which contribute to
the subsequent death of neurons and glia, resulting in
permanent neurological disability [8, 9]. Thus,
preventing BSCB disruption is another potential
approach for therapeutic interventions for SCL
Excessive  proteolytic  activity = by  matrix
metalloproteases (MMPs), especially the activation of
MMP-9 and MMP-2, plays a critical role in BBB/BSCB
disruption in a variety of pathological conditions,
including SCI [10, 11].

The mammalian transient receptor potential
(Trp) superfamily includes 28 nonselective cation
channels. While most Trp channels are permeable to
both monovalent and divalent ions, Trpm4 is one of
two unique TrPs that can conduct monovalent cations
and is activated by internal Ca2+ [6, 12-14].
Sulfonylurea receptor 1 (Surl) is an important
member of the adenosine triphosphate (ATP)-binding
cassette (ABC) protein superfamily and is also a
nonselective cation channel. A recent study proved
that Surl and Trpm4 co-assembled to form a unique
Surl-Trpm4 protein channel [15]. Previous studies
have indicated that glibenclamide is highly effective
in reducing secondary hemorrhage and secondary
injury by blocking the Surl channel of the Surl-Trpm4
complex [5, 7]. Recently, studies have also confirmed
that the up-regulation and activation of the Trpm4
part of the Surl-Trpm4 protein complex are key
molecular events responsible for secondary
hemorrhage [6]. Flufenamic acid (FFA) has been
known to exert anti-inflammatory and analgesic
effects for more than 50 years [16, 17]. Recently, many
in vitro cell culture experiments have confirmed that
the Surl-Trpm4 channel is very sensitive and specific
to FFA and that its expression is highly reduced by
FFA [14, 18]. In addition, Gerzanich V et al.
demonstrated that FFA was associated with a strong
blockade of capillary fragmentation and secondary
hemorrhage in SCI [6]. Based on previous research,
we hypothesized that FFA might be a potential

therapeutic agent in SCI.

In this study, we first applied FFA to treat SCI.
We used a weight-drop contusion model to induce
injury at T10 of the spinal cord, and we then analyzed
the extent of demyelination, the sizes of the cavities
that formed, the size of the lesion area, the amount of
necrosis in axons and neurons, and functional
recovery to assess the effect of FFA as a therapy for
SCI. Then, we examined the extent of secondary
hemorrhage and Trpm4 expression, the permeability
of the BSCB, the activation of MMP-9 and MMP-2,
and the inflammatory immune response triggered by
secondary hemorrhage and BSCB disruption to
determine the mechanism underlying the role of FFA
as a treatment for SCIL.

Methods

Experimental animals

We used 10-week-old adult female C57BL/6
mice and 10-week-old adult female Thy1-GFP-M mice
(Jackson Laboratory, USA). All the animals were
divided randomly into the following three groups
(n=12 animals per group): 1) animals that received
injections of a vehicle solution (4% PEG-400, 2%
DMSO and 94% saline) beginning 1 h after injury and
continuing on a daily basis for 7 d (Vehicle control
group), 2) animals that received T10 laminectomy
without SCI and injections of a vehicle solution (4%
PEG-400, 2% DMSO and 94% saline) beginning 1 h
after injury and continuing on a daily basis for 7 d
(Sham-operated control group), and 3) animals that
received injections of FFA dissolved into the vehicle
solution as previously described (Treatment group).
All animal experiments were performed in strict
accordance with the Guide for the Care and Use of
Laboratory Animals (National Research Council,
1996), and all efforts were made to minimize
suffering. All animal procedures were approved by
the Hubei Provincial Animal Care and Use
Committee and complied with the experimental
guidelines of the Animal Experimentation Ethics
Committee of Huazhong University of Science and
Technology in China.

Spinal cord surgical procedures and care

Mice were kept anesthetized using 2% chloral
hydrate (0.18 mL/20 g). Body temperature was
maintained by keeping the mice on a heating pad (37
°C) throughout the entire procedure. The skin over
the upper thoracic area was shaved and cleaned. The
skin was incised, and the muscle tissue was then
bluntly dissected to expose laminae T9 to T11. A T10
laminectomy was completed, taking care not to
damage the spinal cord while the dorsal lamina was
removed. Contusive thoracic (T10) SCI was induced

http://lwww.thno.org



Theranostics 2018, Vol. 8, Issue 15

4183

using a blunt force impactor (modified NYU device
(0.5-mm impactor head on a 5 g weight dropped 12.5
mm)) [19]. After injury, the muscle layers and skin
were sutured with 5-0 silk. The mice were placed on
soft bedding on a warming blanket and maintained at
37 °C for approximately 16 h until fully awake.

After they recovered from the anesthetic, the
animals were housed four per cage on Alpha-Dri
bedding. For 3 d after surgery, the animals received
lactated Ringer’s solution (0.2 mL/20 g) for hydration,
the analgesic drug (4% (w/v) Tolfedine, 0.1 mL/20 g),
and penicillin (32000 U/20 g) a prophylactic treatment
against urinary tract infections. Manual bladder
emptying was performed 2 times daily until reflex
bladder emptying was established.

Drug administration

FFA was dissolved in sterile vehicle solution
made up of 4% PEG-400, 2% DMSO and 94% saline.
The mice in the treatment group were given FFA (12.5
mg/kg) via intraperitoneal (i.p.) injection 1 h after
SCI. Drugs were injected continuously once per day
for 1 week. In the vehicle and sham groups, the same
dose of vehicle solution (4% PEG-400, 2% DMSO and
94% saline) was given continuously for 7 d.

Evaluation of blood-spinal cord barrier
permeability

The permeability of the BSCB was investigated
with Evans blue dye extravasation according to
previous reports [20], with some modifications. To
clearly show the fluorescence intensity of the Evan’s
Blue dye extravasation, Thy1-GFP-M mice were used
in this study.

At 1 and 3 d after SCI, 0.15 mL of 2% Evans blue
dye (Sigma, St. Louis, MO) in saline was administered
in the Thyl-GFP-M mice via intravenous injection.
One hour later, the mice were anesthetized and killed
by intra-cardiac perfusion with PBS and 4%
paraformaldehyde (PFA). A 5-mm length of T10
spinal cord segment containing the lesion site was
dissected out and stored in 4% PFA. To qualitatively
examine Evan’s Blue extravasation, the PFA-fixed
spinal cords were cut into transverse sections at a
thickness of 20 um on a cryostat. The fluorescence of
Evan’s Blue was analyzed with confocal microscopy
(LSM 710, Carl Zeiss) in transverse sections beginning
1 mm caudal to the lesion epicenter. The relative
fluorescence intensity was quantitatively analyzed by
Image ] software.

Western blot analysis

At 1 d after injury, the mice were anesthetized
with 2% chloral hydrate (10 mg/mL). A 5-mm length
of the spinal cord containing the lesion site was
quickly dissected and frozen. The dissected cord

sample was washed with cold PBS 3 times and then
cut into small pieces. The tissue homogenates were
incubated at 4 °C for 30 min and then centrifuged at
12000 g for 15 min. The protein concentration was
determined using a BCA protein assay kit (Pierce).
Equal amounts of total protein were separated with
10% SDS-PAGE gels. Separated proteins were
transferred to polyvinylidene difluoride (PVDEF)
membranes (Millipore). The membranes were blocked
in 5% skim milk in 0.5% Tris-buffered saline solution
with Tween (TBST) for 1 h at room temperature. After
the proteins were transferred and the membranes
blocked, the blots were incubated overnight at 4 °C
with the following primary antibodies: rabbit
anti-Trpm4 (1:200; Omnilabs), rabbit anti-MMP-2
(1:500; Abcam), and rabbit anti-MMP-9 (1:1000; Bioss).
For an internal control, the blots were probed with
rabbit anti-B-actin antibodies (1:1000; Servicebio). The
primary antibodies were detected by rabbit secondary
antibodies conjugated to horseradish peroxidase
(HRP) (1:3000; Sigma Aldrich). All experiments were
repeated three times. The densities of specific bands
on the western blots were determined and analyzed
with Alphalmager software (Alpha Innotech).

Reverse-transcription polymerase chain
reaction (RT-PCR)

Total RNA was extracted using TRIzol Reagent
(Invitrogen Life Technologies) according to the
manufacturer's protocol. Total RNA (3 pg) was
reverse-transcribed to cDNA using a RevertAid First
Strand c¢DNA Synthesis Kit (Thermo). PCR
amplification was performed as follows: a
denaturation step at 95 °C for 10 min followed by 40
cycles of 95 °C for 15 s, 60 °C for 60 s, and 72 °C for 30
s. P-actin was used as the endogenous control. The
following primers (Invitrogen Biotechnology Co.,
Ltd.) were wused for PCR: for TRPM4:
CGCCTTCGGTTTGAGTCCTA (forward) and
GGCATCCTCTATCCG CTTTAAC (reverse), and for
B-actinn. GTGACGTTGACATCCGTAAAGA  (for-
ward) and GTAACAGTCCGCCTAGAAGCAC
(reverse). The amount of PCR product was quantified
with a gel document system (ABI).

Gelatin zymography

At 1 d after injury, the mice were anesthetized
with 2% chloral hydrate (10 mg/mL). A 5-mm length
of the spinal cord containing the lesion site was
quickly dissected and frozen. Then, the dissected
segments were rapidly homogenized in 1% NP40 lysis
(pH 7.5). A total of 300-500 pg of protein per lane was
loaded into the wells of precast gels (8%
polyacrylamide gels containing 0.1% gelatin). After
electrophoresis at 80 V in ice water for 2.5 h, each gel
was incubated with 50 ml of zymogram developing
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buffer for 40 h (37.5 °C) in a shaking bath. Then, the
gels were stained with Coomassie Brilliant Blue (1%,
with 10% acetic acid and 10% isopropyl alcohol,
diluted with ddH>O).

Preparation for histology and
immunohistochemistry

At specific time points after SCI, the mice were
anesthetized with 2% chloral hydrate and
transcardially perfused first with 0.01 M PBS and then
with 4% PFA in 0.01 M PBS. A 5-mm section of the
spinal cord centered at the lesion site was dissected
out and post-fixed by immersion in the same fixative
(4% PFA) overnight. The tissue was dehydrated
through a gradient of ethyl alcohol solutions (75%
alcohol for 4 h, 85% alcohol for 2 h, 95% alcohol for 1 h
and 100% alcohol for 1 h) and then xylene (6 min
twice). After they were dehydrated, the spinal cords
were embedded in paraffin and cut into serial
longitudinal sections with a thickness of 5 pm. After
the slices were dried, all the sections were immersed
in antigen repair buffer (pH=8) and filled with EDTA
for antigen retrieval. Then, the spinal cord sections
were blocked in 3% bovine serum albumin (BSA;
Sigma) in PBS for 30 min at room temperature. The
sections were then incubated overnight at 4 °C with
rabbit anti-GFAP (1:1000; Abcam), mouse anti-GFAP
(1:100; Abcam), mouse anti-NF-200 (1:100; Abcam),
rabbit anti-Trpm4 (1:100; Omnimabs), rabbit
anti-Iba-1 (1:100; Abcam), rabbit anti-NeuN (1:100;
Servicebio), rabbit anti-ki67 (1:200; Servicebio), and
mouse anti-vWF (1:100; Santa Cruz Biotechnology)
antibodies. For double-labeling, the sections were
incubated with secondary antibodies, including
cy3-conjugated goat anti-rabbit (1:300), Alexa Flour
488-conjugated goat anti-mouse (1:400),
cy3-conjugated goat anti-mouse (1:300), Alexa Flour
488-conjugated goat anti-rabbit (1:400) and
cy3-conjugated goat anti-mouse (1:300) antibodies, at
room temperature for 50 min. Counterstaining was
performed  with  46-diamidino-2-phenylindole
(DAPI), and images were obtained by confocal
microscopy (LSM 710, Carl Zeiss). For the
immunofluorescence labeling of capillaries, Wang &
Kubes demonstrated good results in CD31-labeled
capillaries [21]; therefore, according to their protocol,
10 pL of CD31 conjugated with Alexa Flour-647
(dissolved in 200 pL saline) was injected
intravenously. At 1 h after CD31 injection, the animals
were sacrificed and perfused with 4% PFA.

At 1 d and 3 d after SCI, the
immunohistochemical labeling of capillaries was
performed with vimentin and CD105 antibodies in 5
pm-thick longitudinal sections. The sections were
incubated overnight at 4 °C with rabbit anti-vimentin

(1:1000; Servicebio) and rabbit anti-CD-105 (1:100;
Abcam). The primary antibodies were detected at
room temperature with goat anti-rabbit secondary
antibodies conjugated to horseradish peroxidase
(HRP) (1:200; Servicebo).

At1, 3,7 and 35 d after SCI, a 5-mm section of the
spinal cord that included the lesion site was dissected
out, embedded in paraffin, and cut into 5 pm-thick
longitudinal or transverse sections. The selected
sections were separated by 30-um intervals. These
sections of the spinal cord were mounted on
gelatinized slides and stained with hematoxylin and
eosin (H&E) for histopathological and morphological
analysis.

We used Luxol fast blue (LFB) staining which
labels myelin, to analyze the demyelination of the
spinal cord. In this experiment, a 4-mm length of
spinal cord that included the lesion site was cut into 3
transverse sections (at 1.0 mm rostral to the epicenter,
a section centered on the lesion site, and at 1.0 mm
caudal to the epicenter), all of which were 5 pm in
thickness. The spinal cord sections were incubated
with 1% LFB solution at 60 °C for 3-4 h. Then, we
successively rinsed the sections with 95% alcohol and
distilled water. The sections were then dipped in 0.5%
lithium carbonate solution for 5 s and washed with
70% alcohol and distilled water. These steps were
repeated until there was a sharp contrast between the
white matter and the gray matter. Dehydration was
performed using 95% and 100% alcohol. The sections
were cleared in xylene for 1 min and then
coverslipped.

Cholera toxin beta-subunit (CTB) labeling of
motor neurons and 3D imaging

Cholera toxin beta-subunit (CTB) was used to
label the motor neurons in the lumbar cord in tissues
obtained at 30 d after contusion injury (n=4 per
group). After the animals were anesthetized, CTB
conjugated with Alexa Flour-647 (1%, Invitrogen) was
bilaterally injected into the sciatic nerves. For each
injection, 3.5 pL of CTB conjugate was slowly
pressure-injected using a 5-pL Hamilton syringe over
approximately 5 min. After the injections were
completed, the skin and muscle overlying the sciatic
nerve was sutured with 5-0 silk. At 5 d after CTB
injection, the animals were sacrificed and perfused
with 4% PFA. A 5 mm-long length of lumbar cord
containing the L4-L6 segment was dissected out and
post-fixed by immersion in 4% PFA overnight.

It is noted that various optical clearing methods
provide a way to quantify the number of motor
neurons [22, 23]. In this work, we used a modified
optical clearing protocol (FDISCO) we developed
(unpublished) based on 3DISCO [24] to clear the
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entire L1-L6 segment of the lumbar cord. The optically
cleared cords were then imaged with confocal
microscopy (LSM710, Carl Zeiss) to obtain a 3D
image.

Morphological quantification

To analyze bleeding areas and cavities,,
continuous 5 pm longitudinal sections were cut, and
sections were selected at 30 pm intervals. The selected
sections were stained with H&E, and a total of 8
sections per mouse were analyzed (n=3 per group).
The bleeding areas and cavity areas in each section
were analyzed with Image ] software. The values
obtained for the bleeding areas and cavity areas in all
the 8 sections were averaged to obtain an average
bleeding area and an average cavity area for each
mouse.

To analyze the viable neurons, 5-pm
longitudinal sections through the middle of the
ventral horn were immunofluorescently labeled with
NeuN. To quantify the surviving neurons, we
analyzed 5 regions of interest (ROIs, 320 pm x 320
pm), including 1.5 mm rostral to the epicenter, 1.0 mm
rostral to the epicenter, the center of the lesion site, 1.0
mm caudal to the epicenter, and 1.5 mm caudal to the
epicenter in the ventral horns. The number of viable
neurons from the 5 ROIs was estimated as the product
of the mean number of surviving neurons per square
millimeter.

To accurately assess the extent of broken
fragments of capillaries between the vehicle control
group and the FFA-treated group, the counts of
different capillary lengths were quantified. For each
mouse, 5-pm  longitudinal = sections  were
immunolabeled for vimentin as described above, and
4 ROIs (340 pm x 170 pm) in the penumbra adjacent to
the necrotic void were identified. The capillary
lengths were calculated according to a previously
described method [25]. Briefly, the identified
capillaries should meet certain requirement that the
maximum length of each object must be longer than 5
pm in size. The capillary length was evaluated using
the following formula: L = (P + (P2 - 16 x A)0%)/4,
where P and A are the perimeter and the area of the
object, respectively. Histograms of capillaries” lengths
(bin width 5 pm) were constructed by combining data
from three mice in the vehicle control and the FFA
-treated groups.

To quantify the amount of angiogenesis, 3 ROIs
(300 pm x 300 pm) were selected from the penumbra
caudal adjacent to the necrotic void, and the
vWE/ki-67 co-labeled vessels or the CD105-positve
vessels in the ROIs were identified and analyzed.

To quantify infiltration by macrophages/
microglia and the following astrocytic activation, 10

square ROIs (160 pm x 160 pm) were selected from
the same section for analysis. All the ROIs were
distributed at equal intervals along the rostral, lateral,
and caudal borders of the spinal cord. The number of
activated microglia (macrophages) and reactive
astrocytes present in the entire section was estimated
as the product of the mean number of
macrophages/microglia per square millimeter.

To accurately assess the demyelination of spinal
cord, 3 continuous transverse sections (beginning 1
mm caudal to the epicenter with each section
separated by 30 pm) were obtained per mouse,
stained with LFB, and analyzed (n=4 per group). The
LFB-positive area (blue) of the spared white matter
was also quantified in Image ] software, and the ratio
of the area of LFB-stained white matter to that of
normal white matter was calculated.

To quantify the number of motor neurons, the
spinal cord was analyzed with 3D imaging according
to an optical clearing protocol. Then, the bilateral
CTB-labeled motor neurons were analyzed with
Imaris 7.6.0 software.

Behavioral assessments

All animals were acclimated to the open field
used for the locomotor test once daily before surgery.
Motor function was assessed using the Basso mouse
scale (BMS) open-field test [26], which ranges from 0
(complete paralysis) to 9 (normal locomotion). All
animals were allowed to move freely in the open field
for 5 min, and two independent investigators
performed blinded assessments of their performance.
The animals in each group (n=12) were tested at 1, 3,
7,14, 21, 28 and 35 d following injury.

Statistical analyses

Behavioral scores were determined by two
independent observers who were blinded to the
surgery and treatment associated with each animal.
Comparisons between the vehicle- and FFA-treated
groups were performed with the unpaired Student's t
test. Multiple comparisons among groups (n=3) were
performed using one-way ANOVA followed by
Tukey's post hoc analysis. All data are presented as
the mean * SD. *p<<0.05, **p<<0.01, **p<<0.001. All
statistical analyses were performed using the
statistical software package SPSS 13.0.

Results

Flufenamic acid (FFA) reduces secondary
hemorrhage and protects the structural
integrity of capillaries

At 1 and 3 d after SCI, the cords of vehicle
control mice showed prominent surface bleeding.
Bleeding areas were notably lower on both the dorsal
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and ventral sides of FFA-treated spinal cords than on
the same sides in the vehicle-treated controls (Figure
1A-B). Except for hemorrhaging at the surface of the
injured cords, internal bleeding was mainly located at
the impact site. In our study, H&E was used to
evaluate and quantify internal bleeding. Briefly, a 5
mm-long longitudinal section of the spinal cord that
included the lesion site was cut into 5 pm-thick
sections, which were selected at 30 pm intervals to
produce a total of 8 sections for each spinal cord
(n=3/group). After injury, H&E staining revealed
several prominent spotty hemorrhagic areas in the
gray matter (Figure 1C-D). As shown in Figure 1E,
the hemorrhagic area was smaller in the FFA-treated
group than in the vehicle control group at both 1 d
(n=3/group; Veh, 0.386£0.047 versus FFA,
0.131+0.036; p<0.001) and 3 d (n=3/group; Veh,
0.034+0.007 versus FFA, 0.012+0.0032; p<0.01).

Additionally, H&E staining revealed that at 3 d after
injury, numerous round swollen neurons (abnormal
neurons) were observed in the vehicle controls
whereas a number of large polygonal neurons
(neurons with normal morphology) were observed in
the treatment group (Figure S2). To quantify the
number of viable neurons at 1 d and 3 d after injury,
we immunolabeled the neurons with NeulN, and the
surviving neurons were quantified as the number of
NeuN-positive and DAPI-labeled cells (Figure 1F). As
shown in Figure 1G-H, there were more surviving
neurons in the sham controls than in the vehicle
control and FFA-treated groups at both 1 d and 3 d
after SCI (n=3/group). In addition, there were
significantly more surviving neurons in the
FFA-treated group than in the vehicle control group at
both 1 d and 3 d after injury.
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Figure 1. FFA reduces secondary hemorrhage and protects the structural integrity of capillaries. (A-B) Spinal cords at | d and 3 d after injury. Cords were
obtained from vehicle control mice and FFA-treated mice, as indicated. There was a notable reduction in bleeding area at both the dorsal and ventral sides in the FFA-treated mice
than in the vehicle controls. Intravascular blood was removed via PBS perfusion. The bleeding area at the surface of the injured cords obtained from FFA-treated and vehicle
control mice was quantified, as shown. (C-D) Longitudinal sections of cords obtained at | d and 3 d, as indicated, after SCI. The cords were stained with hematoxylin and eosin
(H&E). Evidence of hemorrhage and edema was observed in the sections. Scale bar = 500 pm (left images show the whole spinal cords) and 50 um (right images, as marked in a
black box in the left spinal cords). (E) Quantification of the internal bleeding area in injured cords at | d and 3 d after injury. (F) Representative immunofluorescence labeling
images for NeuN (green) obtained from longitudinal sections | mm caudal to the lesion site at | d and 3 d after injury. The blue staining indicates the DAPI-stained nuclei. Scale
bar = 50 ym. (G-H) Quantitative analysis of NeuN-positive neurons at | d and 3 d after injury. (I) Imnmunohistochemical labeling of capillaries was performed with vimentin in
sections including the injury penumbra at | d and 3 d after injury. The results showed fragmentation in the capillaries (red arrow) of sham-operated, vehicle control and
FFA-treated mice, as indicated. Scale bar = 50 pm. (J-K) Quantitative analysis of the lengths of penumbral microvessels in vehicle control group and FFA-treated group at 1 d and
3 d after injury. Error bars represent the SD; *p<0.05, *¥p<0.01, and ***p<0.001 by one-way ANOVA followed by Tukey's post hoc analysis.
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The catastrophic failure of capillary integrity
induces petechial hemorrhaging. We examined the
structural integrity of capillaries in the region of the
lesion by applying immunolabeling for vimentin
(n=3/group), which is up-regulated in the
endothelium following injury. After 1 d, the number
of vimentin-positive capillaries was smaller and more
fragmenting was observed in the vehicle controls and
FFA-treated cords than in the sham group (Figure 1F).
There were many more such capillaries in the
FFA-treated group than in the vehicle control group,
and the capillaries appeared much longer in the
FFA-treated group than in the vehicle control group.
In the vehicle control mice, broken fragments of
capillaries and foreshortened vessels were prominent
around the lesion site. In contrast, in the mice treated
with FFA, the capillaries were elongated and had a
more normal appearance around the lesion site, and
this may have accounted for the significant reduction
in extravasated blood (Figure 1J-K).

FFA promotes angiogenesis in SCI

At 3 d after injury, an increase in
vimentin-positive capillaries was observed in all 3
groups (sham control, vehicle and FFA-treated),
which meant that newly born vessels might form after
SCI. To identify and quantify the newly formed
vessels, VWF (von Willebrand factor) and ki-67
co-labeled vessels in the tissue were identified and
analyzed. As shown in Figure 2A-B, an increase in
angiogenesis was observed at 3 d after injury in all 3
groups compared to that at 1 d after injury. In
addition, the density of angiogenesis was significantly
higher (n=3/group; Veh, 34.01£5.67 vWEF-ki67
co-labeled microvessels/ mm? versus FFA, 73.70+11.34
vWEF-ki67 co-labeled microvessels/mm? p<0.01) at 3
d after injury in the FFA-treated mice than in the
vehicle controls (Figure 2C). Furthermore, we also
used another angiogenesis marker, endoglin
(CD-105), to identify and quantify the newly formed
vessels at 1 d and 3 d after injury (Figure 2D). Our
results showed that the density of CD105-positve
microvessels was significantly higher (n=3/group;
Veh, 96.33+69.2 CD105-positve microvessels/mm?
versus FFA, 211.11+29.44 CD105-positve microvessels
/mm? p<0.01) in the FFA-treated mice at 3 d after
injury than in the vehicle controls (Figure 2E).

Up-regulation of Trpm4 in SCI

Contusion-type thoracic SCI is one of the most
common forms of SCI observed in patients. To ensure
clinical consistency, a thoracic 10 contusion injury
model was chosen for this study. We studied Trpm4
expression in spinal cords obtained from uninjured
mice (sham-operated group) and mice submitted to

severe SCI (a 5 g weight dropped from a height of 12.5
mm; n=3/group).

In the uninjured controls, Trpm4 expression
levels were very low. However, at 1 d after SCI,
Trpm4 was prominently up-regulated in the tissues
surrounding the injury and its expression domain
extended to tissues distant from the actual impact site
(Figure S3). An examination of tissues obtained
earlier (at 1 h after injury) showed that almost no
change in Trpm4 expression had occurred at that time
point (data not shown).

In the core of the lesion, Trpm4 was up-regulated
in various cells and structures, especially in
capillary-like elongated structures (Figure 3A). In the
penumbra (the tissue adjacent to the lesion core),
Trpm4 was prominently up-regulated in elongated
structures that were co-labeled with CD31, suggesting
that these structures were capillaries (Figure 3A).

The up-regulation of Trpm4 was also confirmed
by immunoblotting. Trpm4 levels were very low in
uninjured cords, whereas a prominent single band
was observed at approximately 193 kDa was observed
at 1 d post-SCI (Figure 3D). Western blot analysis
revealed the TRPM4 expression was 15-fold higher in
the penumbra region (Figure 3E) than in uninjured
cords.

FFA blocks Trpm4 expression in SCI

At 1 h after injury, the mice were injected with
FFA (i.p.). Immunohistochemical localization of
Trpm4 showed that its expression was much lower in
the FFA-treated group than in the vehicle control
group (Figure S2A).

We used reverse transcriptase PCR to examine
Trpm4 mRNA expression levels after injury
(n=3/group). As shown in Figure 3B-C, the level of
Trpm4 mRNA was higher at 1 d after injury than in
the sham controls. In addition, at 24 h after injury,
Trpm4 levels were significantly lower in the
FFA-treated mice than in the vehicle controls.

Immunoblotting (n=3/ group) of tissues obtained
1 d after SCI confirmed that FFA was highly effective
in reducing Trpm4 protein expression following SCI
(Figure 3D-E).

FFA inhibits BSCB disruption and blocks the
expression and activation of MMP-2 and
MMP-9 after SCI

Traumatic SCI results in changes in the
microvasculature and the disruption of the BSCB [27,
28]. Because our data confirm that FFA is highly
effective in protecting the structural integrity of
capillaries, we anticipated that FFA might also
attenuate BSCB disruption. Thus, we examined the
effect of FFA on BSCB permeability at 1 d and 3 d after
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Figure 2. FFA promotes angiogenesis in SCI. (A-B) Representative immunofluorescence labeling images obtained from longitudinal sections adjacent to the necrotic void.
The images show labeling for the blood vessel marker VWF (red), the proliferation marker ki-67 (green), and the nuclei marker (DAPI, blue) in tissues obtained at 1 d and 3 d
after injury. The vWF-positive vessel-like structures with nuclei indicate the microvessels (yellow arrows). The vWF/ki-67 co-labeled vessels indicate representative newly
formed microvessels (white arrows). Scale bar = 50 um (left images) and 15 pm (right, higher magnification images, as marked with the white arrows). (C) Quantitative analysis
of VWF/ki-67 microvessels at 1 d and 3 d after injury. (D) Representative immunohistochemical staining images for CD105 obtained from longitudinal sections adjacent to the
necrotic void. The red arrows indicate the CD105-positive microvessels. Scale bar = 100 pm. (E) Quantitative analysis of the CD105-positive microvessels at | d and 3 d after
injury. The error bars represent the SD. *p<0.05, *¥p<0.01, and ***p<0.001 by one-way ANOVA followed by Tukey's post hoc analysis.

injury in Evan’s Blue assays (n=3/group). As shown
in Figure 4A, the amount of Evan’s Blue dye
extravasation was substantially higher in the
SCl-treated mice than in the uninjured sham controls,
implying that BSCB leakage had occurred.

As shown in Figure 4B, the red fluorescent signal
representing the Evan’s Blue dye extravasation and
the green fluorescent signal representing the
background showed the shape of the transverse
section. To clearly show the fluorescence GFP signal,
20x objective high magnification images are also
shown (Figure S4). The results in Figure 4C showed
that FFA treatment resulted in a significantly lower

amount of Evan’s Blue dye extravasation at both at1d
and 3 d after injury than was observed in the vehicle
control. A qualitative analysis also showed that the
fluorescence intensity of Evan’s Blue was higher in the
injured spinal cord (at both 1 d and 3 d) than in the
sham controls and that FFA significantly reduced its
fluorescence intensity at 1 d (n=3/group; Veh,
146.80+5.24 versus FFA, 98.71+4.42; p<0.001) and 3 d
(n=3/group; Veh, 56.73+2.44 versus FFA, 13.35+2.88;
p<0.001) after injury (Figure 4C). These results
indicated that FFA inhibited BSCB permeability after
injury.
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d after injury. B-actin was used as the control. (C) Bar graph showing the quantitative analysis of the RT-PCR results. (D) Western blots performed for the Trpm4 protein in
tissues obtained at | d after SCI. B-actin was used as the control. (E) Bar graph showing a densitometry analysis of the results of the Western blotting experiments. The error
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Figure 4. FFA inhibits blood-spinal cord barrier (BSCB) disruption and the expression of MMP-2/MMP-9 after SCI. To evaluate BSCB permeability, 0.15 mL of
2% Evans blue dye was intravenously injected via the tail at | d and 3 d after SCI. (A) Representative whole spinal cords showing Evan’s Blue dye extravasation into the spinal cord
at | dand 3 d. (B) Representative confocal images showing Evan’s Blue extravasation at a position 1 mm caudal to the lesion epicenter at 1 d and 3 d after SCI. The green color
represents the neurons or fibers labeled with GFP, and the red color represents the Evan’s Blue dye extravasation. Scale bar = 500 ym. (C) Quantitative analyses of the
fluorescence intensity of Evan’s Blue. (D) Western blots showing MMP-2 and MMP-9 protein levels in tissues obtained at | d after SCI. B-actin was used as the control. (E)
Densitometric analysis of MMP-2 protein expression. (F) Densitometric analysis of MMP-9 protein expression. (G) Gelatin zymography showing the activity of MMP-2 and
MMP-9 at | d after SCI. (H) Densitometric analysis of the gelatin zymography. The error bars represent the SD. *p<0.05, **p<0.01, and ***p<0.001 by one-way ANOVA followed
by Tukey's post hoc analysis.
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Excessive proteolytic activity by MMPs, such as
MMP-2 and MMP-9, results in BSCB disruption after
SCI [20, 29, 30]. We then examined the expression of
MMP-2 and MMP-9 after injury (n=3/group). As
shown in Figure 4D, the protein levels of MMP-2 and
MMP-9 were higher at 1 d after injury than in the
sham controls. In addition, MMP2 and MMP9 protein
expression levels were significantly lower at 1 d after
injury in the FFA-treated mice than in the vehicle
controls (Figure 4E-F).

In addition, gelatin zymography was performed
to determine the activity of MMP-2 and MMP-9. As
shown in Figure 4G, prominent bands of the MMP9
active form and inactive zymogen (pro-MMP9) were
observed and analyzed, indicating that MMP9 activity
was significantly increased at 1 day after injury.
Additionally, the pro-MMP2 level was also higher at 1
d after injury compared than in the sham controls.
Furthermore, the levels of pro-MMP9, active MMP9
and pro-MMP2 were significantly lower (n=3/group;
pro-MMP9, Veh, 18.63+£5.74 versus FFA, 6.65+3.29;
active MMP9, Veh, 33.9745.47 versus FFA, 1820 +
3.37; pro-MMP2, Veh, 9.18+1.53 versus FFA, 2.47+0.12;
p<0.05) in the FFA-treated group at 1 d after injury
than in the vehicle group (Figure 4H).

FFA inhibits microglial activation following
SCI

During pathological processes, BSCB disruption
and hemorrhage occur following blood cell
infiltration after SCI triggers a secondary
degenerative cascade that includes inflammatory
immune responses [20, 27]. The microglia/
macrophages located within or proximal to the lesion
produce neurotoxic factors, such as tumor necrosis
factor alpha (TNF-a), suggesting that the
microglia/macrophages located within the epicenter
of the wound during the early period following an
injury are neurotoxic [31, 32]. As shown in Figure
5A-C, the microglia immunolabeled with Iba-1
appeared to be ‘resting’ (i.e, having 2 or more
processes and a ramified morphology) before injury.
However, the Iba-1-positive microglia observed in the
vehicle control and FFA-treated cords had become
amoeboid, suggesting microglial activation (indicated
by microglia with less than 2 processes and an
amoeboid morphology). Iba-1 staining demonstrated
that fewer microglia were activated and the number
of macrophage/microglia was significantly lower at 3
d (n=3/group; Veh, 478.3+34.2 activated
microglia/mm? versus FFA, 356.8+38.8 activated
microglia/mm? p<0.001) and 7 d (n=3/group; Veh,
602.3152.5 activated microglia/mm? versus FFA,
467.7+£57.6 activated microglia/mm?; p<0.001) after
injury in the FFA-treated mice than in the vehicle

controls (Figure 5D). Astrocytic activation always
followed and was promoted by the microglial
activation [33, 34]. We then sought to determine if
astrogliosis was reduced following inhibition of
microglial activation with FFA. In this study,
immunofluorescence for the astrocyte marker glial
fibrillary acidic protein (GFAP) was performed on
longitudinal sections, and the results shown that the
GFAP-expressing reactive astrocytes was significantly
lower (n=3/group; Veh, 1744.9£59.8 reactive
astrocytes/mm? versus FFA, 1250+39.1 reactive
astrocytes/mm?; p<0.001 ) in the FFA-treated group at
7 d after injury than in the vehicle group (Figure 5E).

FFA inhibits secondary injury

The primary injury induced the initial stages of
BSCB disruption and secondary hemorrhage. BSCB
disruption and hemorrhage led to infiltration by
immune cells and a variety of toxic molecules and was
followed by secondary tissue damage, such as
demyelination, neuronal loss, lesion expansion and
cavity formation [8, 35, 36]. Demyelination was
assessed with LFB staining, as shown in cross-sections
in Figure 6A at 7 d after injury. In the FFA-treated and
vehicle control groups, LFB staining was associated
with more prominent dissociation between the gray
matter and white matter than was observed in the
sham controls. However, the extent of dissociation
between gray matter and white matter was much
lower in the FFA-treated mice than in the vehicle
controls. At 35 d after injury, there was less white
matter, indicating an increase in the loss of myelin, in
the FFA-treated and vehicle control groups than in the
sham controls (Figure 6B). As shown in Figure 6C, in
tissues located 1 mm caudal to the epicenter at 35 d
after SCI, treatment with FFA resulted in less myelin
loss, and the ratio of spared LFB-positive myelin
sheaths was significantly higher in the FFA-treated
group (n=4/group, 37.6£1.76%) than in the vehicle
control group (n=4/group, 31.5+2.13%; p<0.01).

Hé&E-stained (n=3) the hemorrhagic area was
significantly smaller in longitudinal sections obtained
after 7 d than in those obtained at 1 d and 3 d after
injury and much lower in the FFA-treated group than
in the vehicle control group (Figure 6D). In addition,
as shown in Figure 6D, treatment with FFA was
associated with smaller lesions and less neuronal loss
at 7 d after SCI than was observed in the vehicle
controls. At 35 d after injury, the loss of tissue at the
lesion site was severe and showed areas of cavitation
(Figure 6E). The average cavity area was significantly
smaller in the FFA-treated group (n=3/group,
0.0297+0.0071 mm?) than in the vehicle control group
(n=3/group, 0.356+0.0855 mm?; p<0.01) (Figure 6E-F).
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Figure 5. FFA inhibits microglial activation following SCI. (A) Representative images of longitudinal sections obtained from spinal cords removed at 3 d and 7 d after
injury showing double immunofluorescence for GFAP (red) and Iba-1 (green). Immunofluorescence labeling for GFAP was mainly used to reveal the lesion border (yellow dotted
line). The white-boxed area represents a similar position 500 um caudal to the necrotic void border. Scale bar = 500 pm. (B) High magnification images of GFAP/Iba-1 in the area
marked by the white box in (A). Scale bar = 50 pm. (C) High-resolution images of representative ‘resting’ microglia (2 or more processes and a ramified morphology) and active
microglia (less than 2 processes and an amoeboid morphology) in the area marked by the white box in (B). The white arrow indicates the ramified part of the microglia. Scale
bar=15 pm. (D) Quantification of the Iba-1 labeling intensities obtained from 10 ROls at the rostral, lateral, and caudal borders of the injury. (E) Quantification of the
GFAP-expressing reactive astrocytes at 3 d and 7 d after injury. The error bars represent the SD. *p<0.05, **p<0.01, and ***p<0.001 by one-way ANOVA followed by Tukey's

post hoc analysis.

The formation of scar tissue is mediated in part
by reactive astrocytes, and the resulting tissue has
long been thought to represent a major barrier to axon
regeneration after injury [37, 38]. Astrocytic activation
follows and is promoted by microglial responses [33,
39]. Hence, we next sought to determine whether
astrogliosis is reduced by the FFA-mediated
inhibition of microglial activation. Immunofluores-
cence for the astrocyte marker glial fibrillary acidic

protein (GFAP) was performed on longitudinal
sections, and the results revealed that at both 7 and 35
d after injury, there were fewer GFAP-expressing
reactive astrocytes in the sham control group than in
the FFA-treated and vehicle control groups. In
addition, there were fewer GFAP-expressing reactive
astrocytes in the FFA-treated mice than in the vehicle
controls (areas marked by the yellow and green boxes
in Figure 6G).
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Figure 6. FFA inhibits secondary injury. (A-B) Luxol fast blue (LFB) staining of transverse sections at | mm caudal to the epicenter at 7 d and 35 d after injury. The dark
blue areas indicate white matter. The areas surrounded by the red dotted line indicate the myelin in the gray boxed area. There was less white matter in the vehicle control and
FFA-treated cords than in the sham-operated cords, indicating a more substantial loss of myelin. Scale bar = 300 um (left images show whole spinal cords) and 20 pm (right
high-power images are marked in a gray box in the left images of spinal cords). (C) Quantitative analyses of the extent of demyelination at 7 d and 35 d after injury. (D)
Representative images of longitudinal sections obtained at 7 d after SCl and stained with hematoxylin and eosin (H&E). The sections from the vehicle control and FFA-treated
groups showed significantly smaller bleeding areas than were observed at | d and 3 d after injury. Scale bar = 500 ym (left images show whole spinal cords) and 50 um (right
high-power images show areas marked by gray boxes in the left images of spinal cords). The red arrows point to the neutrophils, the green arrows point to the neurons, and the
yellow arrows point to the bleeding area. (E) Representative images of longitudinal sections stained with H&E at 35 d after SCI. The sections obtained from vehicle control and
FFA-treated mice showed a more severe loss of tissue at the lesion site and areas of cavitation. Scale bar = 500 pym (left images show whole spinal cords) and 150 pm (right
high-power images show area marked in a gray box in the left images of spinal cords). (F) Quantitative analysis of cavity area at 35 d after SCI. (G) Immunofluorescence labeling
of longitudinal sections through the thoracic cord. Shown are labeling for NF200 (green), GFAP (red), and nuclei (DAPI, blue) in tissues obtained at 7d and 35 d after injury. The
lesion (area surrounded by a dotted line) was defined as the area devoid of staining that was bordered by GFAP* immunoreactivity. The yellow and green boxed areas represent
similar positions caudal and rostral to the epicenter, respectively. The dashed line indicates the lesion border. Scale bar = 500 pm (left images show whole spinal cords) and 50
Um (right high-power images show areas marked by green and yellow boxes in the left images of spinal cords). (H) Quantitative analysis of the lesion area at 7d and 35 d after
SCI. The error bars represent the SD. *p<0.05, **p<0.01, and ***p<0.001 by one-way ANOVA followed by Tukey's post hoc analysis.

To analyze lesion size, GFAP
immunofluorescence was used to delineate the lesion

dotted line) was significantly smaller in the
FFA-treated group than in the vehicle control group at

borders, and the average sizes of the lesion areas were
calculated. The lesion area (area surrounded by a

7d (n=3/group, 31.3% decrease; p<0.05) and 35 d
(n=3/group, 57.7% decrease; p<0.001) after injury
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(Figure 6H).

FFA protects motor neurons and improves
functional recovery after SCI

We next asked whether FFA promotes axonal
growth by diminishing glial scarring. We evaluated
neurofilament 200 (NF200) expression to assess
axonal preservation at 7 d and 35 d after injury. The
high-power images show areas marked by yellow and
green boxes in Figure 6G, and these data indicate that
the number of NF200-positive axons beyond the glial
scars was much higher in the FFA-treated mice than
in the vehicle control mice at 7 d and 35 d after injury.
In addition, the average length of the NF200-positive
axons was much higher in the FFA-treated group than
in the vehicle control group at both 7 d and 35 d after
injury (Figure 6G).

To precisely assess whether FFA alters the
number of motor neurons, 3D imaging was used to
bilaterally evaluate CTB-labeled motor neurons in the
lumbar motoneuron pools that innervate the hindlimb
to mediate movement (Figure 7A-B and Video S1).
As shown in Figure 5C, after 35 d, the number of

A

motor neurons was significantly lower after injury
than in the sham control group (n=4/group, 27%
decrease; p<0.001). In addition, FFA reduced cell
death in motor neurons, and the number of motor
neurons was significantly higher in the FFA-treated
group (n=4/group, 3800+121%) than in the vehicle
control group (n=4/group, 3338+56.9; p<0.01) (Figure
7C).

Neurobehavioral function was assessed using
the BMS, which ranges from 0 (complete paralysis) to
9 (normal locomotion). Animals were monitored
weekly to assess hindlimb locomotor activity on the
BMS in an open-field test. The results showed that
hindlimb locomotor function was significantly better
in the FFA-treated group from 7 to 35 d after injury
than was observed in the vehicle control group
(n=12/group, 35 d, BMS score; FFA, 4.04+0.5 versus
Veh, 2.21+0.62; p<0.0001) (Figure 7D and Video S2).
The open-field test also showed that FFA significantly
improved functional recovery after SCI compared
with that in the controls (Figure S5A-B).
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Figure 7. FFA protects motor neurons and improves functional recovery after SCI. (A) Three-dimensional imaging of the L1-L6 lumbar cord, including the motor
neuron pool. The motor neuron pool was specifically labeled with cholera toxin $ (CT)-Alexa fluor 647 via retrograde tracing from the sciatic nerve. Scale bar = 500 pm. (B)
High-magnification images of motor neurons in the area marked by the green box in (A). Scale bar = 150 pm. (C) Quantitative analysis of the number of motor neurons. (D)
Functional recovery was assessed according to the BMS open-field test. The error bars represent the SD. *p<0.05, **p<0.01, and ***p<0.001 by one-way ANOVA followed by

Tukey's post hoc analysis.
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Discussion

The results of this study suggest that Trpm4 is
prominently up-regulated in capillaries, and we
further confirm that FFA is highly effective in
reducing Trpm4 expression. Because Trpm4
expression is blocked around the lesion site, our data
show that FFA reduces secondary hemorrhage,
protects the structural integrity of capillaries, and
promotes angiogenesis. In addition, we show that
FFA inhibits BSCB disruption and the expression of
both MMP-2 and MMP-9, which affect the disruption
of the BSCB. Furthermore, FFA decreases the
secondary hemorrhage- and BSCB disruption-
induced activation of microglia/macrophages.
Finally, we show that FFA treatment is associated
with smaller lesions, decreased cavity formation,
better myelin preservation and less reactive gliosis
and it promotes axonal preservation and improves
functional recovery after SCI. Taken together, our
results indicate that the neuroprotective effect of FFA
is mediated in part by the following two mechanisms:
(1) the inhibition of the expression of Trpm4 reduces
secondary hemorrhage, and (2) the inhibition of the
expression of MMP-2 and MMP-9 blocks BSCB
disruption, thereby reducing the amount of blood cell
infiltration that usually follows SCI.

Individual petechial hemorrhages form around
the lesion site during the early stage (10-15 min) after
injury. At 3-24 h later, petechial hemorrhages (small
spots of bleeding from capillaries) continue to enlarge
and coalesce in more distant tissues to form a
characteristic region of hemorrhage that eventually
“caps” the advancing front of the lesion [33, 40]. Over
time, an increasing number of petechial hemorrhages
eventually coalesces into a hemorrhagic lesion that
encompasses a volume far greater than the site of
primary injury [4, 41]. Recent reports have suggested
that hemorrhaging results from the progressive
catastrophic failure of the structural integrity of
capillaries [5, 42]. In this study, FFA decreased both
external and internal bleeding in injured cords.
Furthermore, our results show that significantly less
fragmentation of capillaries was observed in the
FFA-treated group than in the vehicle control group.
Thus, these results suggest that FFA is highly effective
in reducing secondary hemorrhage after SCI. The
mammalian Trp superfamily includes 28 nonselective
cation channels. Most TRPs are permeable to Ca2+ as
well as monovalent cations [43-45]. TRPM4 and
TRPMS5 are unique among TRPs because they are the
only two calcium-activated nonselective cation
channels that conduct monovalent but not divalent
ions [12-14, 46]. Normally, in the uninjured brain and
spinal cord, Trpm4 expression is maintained at very
low levels. However, Trpm4 is prominently

up-regulated after injury [5 6, 47]. Trpm4
up-regulation occurs in large, ballooned neuron-like
cells and capillary-like elongated structures and is
especially prominent in capillaries [5, 6]. Sulfonylurea
receptor 1 (Surl) is a member of adenosine
triphosphate (ATP)-binding cassette (ABC) protein
family, and is also prominently up-regulated after
injury associated with the up-regulation of
nonselective cation (NC) channels. Woo SK et al.
firstly confirmed that Trpm4, together with Surl,
forms a novel Surl-Trpm4 channel complex and that
the Surl-Trpm4 complex exhibits both the
pharmacological properties of Surl and the
biophysical properties of Trpm4 [15]. Recent studies
have shown that the blockade of the Surl-Trpm4
channel reduces edema and improves functional
outcomes after ischemic injury [48, 49]. Several
reports have also demonstrated that blocking the
Surl-Trpm4 channel after injury contributes to
protecting the structural integrity of capillaries and
promotes angiogenesis [6, 50]. In addition, some
reports have confirmed that the molecular
mechanisms underlying progressive hemorrhagic
necrosis involve Surl-Trpm4 expression in the
capillary endothelium [5, 42, 51]. The Trpm4 subunit
regulates the opening of the Surl-Trpm4 channel and
is blocked by the Trpm4 antagonist FFA. In this study,
the Trpm4 subunit was up-regulated in capillaries at 1
d after injury, and FFA was highly effective in
reducing the expression of Trpm4. Taken together, all
of these results indicate that FFA effectively inhibits
secondary hemorrhage, in part by blocking the
Surl-Trpm4 channel after SCI.

Ischemia and injury also induce angiogenesis,
which can supply oxygen and nutrition to the
ischemia or lesion site, thus improving tissue repair
and remodeling [50, 52, 53]. vWF is a blood vessel
marker, and ki-67 is a proliferation marker; therefore,
we identified and quantified the newly formed
vessels via VWF and ki-67 co-labeling. Endoglin
(CD105) is a prominent feature of newly formed
vessels and has been widely used as an angiogenesis
marker [54, 55]. To ensure the accuracy of the
quantitative analyses, we also quantified the number
of CD105-positive microvessels. In this study, the
density of the vWEF/ki-67 co-labeled vessels was
significantly lower than that of the CD105-postive
vessels. This difference may be because the
vWE/ki-67 co-labeled vessels reflect the vessels
containing proliferating endothelial cells, whereas the
CD105-positve vessels contain both proliferating and
activated endothelial cells. Furthermore, CD 105 also
minimally expressed in preexisting vessels.

The BBB includes the BSCB is a highly
specialized brain endothelial structure. The BBB
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represents a tight barrier between the circulating
blood and CNS and is formed by dense tight junction
proteins. In addition, the BBB is a natural barrier that
protects the CNS by limiting the entry of plasma
components and blood cells into the brain and spinal
cord [11, 56]. After traumatic SCI, the disruption of
the BSCB and the accompanying increase in
microvascular ~ permeability  triggers  several
secondary  degenerative  cascades  involving
inflammatory responses, neurotoxic products and
subsequent tissue edema [8, 35, 57]. MMPs are a
family of zinc endopeptidases that degrade and
remodel the extracellular matrix and other
extracellular proteins [58, 59]. Many recent papers
have shown that MMPs play a critical role in
BBB/BSCB disruption in pathological conditions,
including SCI [10, 11, 60, 61]. MMP-9 and MMP-2 are
two important members of the MMP superfamily [10].
MMP9 induces the proteolytic degradation of the
BBB, and blocking MMP9 activity inhibits vascular
permeability [11]. MMP-9 activity is increased by 12 to
24 h post-injury, which corresponds to the maximal
period of BSCB disruption [47]. Several reports have
demonstrated that up-regulating MMP2 causes the
initial opening of the BBB/BSCB [62, 63]. Some
reports have demonstrated that MMP-2 activity is
increased at a delayed time point (i.e., 5-7 d) after SCI
[64, 65], while another report showed that MMP-2 was
up-regulated at just 1 h after injury [29]. The
differences in these time points of MMP-2
up-regulation are probably related to the degree of
SCI. In our study, MMP-9 and MMP-2 were both
up-regulated at 1 d after injury, and FFA significantly
reduced the expression of both MMP-9 and MMP-2.
Furthermore, FFA inhibited BSCB disruption at both 1
d and 3 d after injury. Based on these results, we
propose that FFA effectively prevents BSCB
disruption and that its mechanism relies, in part, on
the inhibition of the expression of MMP-9 and MMP-2
after SCI.

BSCB disruption and hemorrhage are followed
by blood cell infiltration after SCI, triggering
inflammatory immune responses [20, 27, 66]. After
injury, many activated macrophages/microglia
migrate into the lesion site. The microglia then secrete
neurotoxic factors that damage the tissue and destroy
the surrounding environment [67, 68]. Moreover, they
also induce the expression of neurotrophic factors that
protect the tissue. However, shortly after the initial
insult, the microglial neurotoxic effect can outweigh
the neuroprotective effect [31, 32]. Therefore, it is
crucial to inhibit microglial activation and the
expression of these neurotoxic factors. Astrocytic
activation follows and is promoted by the microglial
response after injury [39]. After a CNS injury, reactive

astrocytes form a glial scar to minimize secondary
tissue damage and restore post-injury tissue
homeostasis [37, 69]. However, the resulting glial
scarring is widely regarded as a major barrier to axon
regeneration [38]. Reactive astrocytes also produce
growth inhibitory extracellular matrix molecules,
such as chondroitin sulfate proteoglycans (CSPGs)
[70], which act as major inhibitors of axon
regeneration in glial scars [71]. In our study,
immunoreactivity for markers of both microglia and
astrocytes was increased around the lesion border at 3
d and 7 d after injury, and these increases were
attenuated by treatment with FFA. One reason for this
decrease in astrogliosis may be that microglia secrete
many cytokines and growth factors that can, in turn,
trigger and modulate astrogliosis [34]. Some reports
have shown that the expression of astrocytes reaches a
peak at 7 d after injury before gradually decreasing
and trending toward a steady state [69, 72]. The
reactive astrocytes eventually migrate centripetally to
the lesion epicenter, where they gradually compact at
the lesion area until 14 d after SCI [69]. The results of
our study suggest that the cord located in the lesion
area is much smaller at 35 d after injury than at 7 d
after injury and that the lesion area was significantly
smaller at both time points in the FFA-treated group
than in the vehicle control group.

BSCB disruption and hemorrhaging lead to the
infiltration of immune cells and a variety of toxic
molecules. This is followed by secondary tissue
damage, such as neuronal loss, lesion expansion,
cavity formation and demyelination [8, 35, 36]. The
results of this study demonstrate that FFA reduces the
lesion area that does not express GFAP signal and
reduces average cavity size. Some recent reports have
calculated the area of cavitation in transverse sections
of the spinal cord [73, 74]. In this study, the area of
cavitation was calculated in a longitudinal section of
the cords. The longitudinal sections contained the
whole lesion site and cavitation, whereas the
transverse sections contained only part of the lesion
site, thus the area of cavitation in this study was larger
than that in the recent reports. Our results also show
that the demyelination observed in cross-sections is
reduced by FFA. Hindlimb movement is mainly
mediated by motor neurons in the lumbar
motoneuron pools. After sustaining a secondary
injury at the lesion epicenter, anterograde neurons,
including the ventral horn motor neurons caudal to
the impact site, might decrease in number. Previous
studies have estimated the total number of
anterograde neurons, including motor neurons, at the
lumbar cord after mid-thoracic injury. However, there
were no significant differences in the numbers of
labeled neurons or motor neurons at 5 weeks or more
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after SCI between sham control and injured animals
[75, 76]. Contrary to the results of previous reports,
our results show that the total number of labeled
motor neurons in the lumbar cord was significantly
lower at 5 weeks after injury than in the sham control
group. Moreover, the total number of ventral horn
motor neurons was significantly higher in the
FFA-treated group than in the vehicle control group.
To obtain these results, researchers cut the spinal cord
into sections and then estimated the number of
neurons in each slice. However, traditional
histological sectioning yields incomplete spatial
information that can result in an inaccurate
assessment of the original date. In our effort to acquire
complete spatial information for motor neurons, we
successfully obtained a full 3D image of the bilateral
motor neurons in the lumbar cord and then precisely
estimated the total number of motor neurons.

Many drugs have been used as therapeutic
interventions in SCI, but few have been shown to
decrease hemorrhage and BSCB disruption.
Methylprednisolone (MP), the only drug approved
for clinical treatment, is most widely used in SCI. MP
reduces MMP-9 expression but has no significant
effect on MMP-2 expression [77, 78]. It is highly
effective in decreasing inflammation and edema but
exerts almost no significant hemorrhage-reducing
effect [77, 79]. In addition, many side effects are also
correlated with MP, and its use in SCI is therefore
controversial. Glibenclamide is traditional drug used
to treat type 2 diabetes. Recently, researchers
confirmed that glibenclamide was also highly
effective in reducing secondary hemorrhage. Unlike
FFA, glibenclamide primarily blocks the Surl channel
of the Surl-Trpm4 complex and sometimes inhibits
microglial Surl-Kir6.2 (K ATP) channels to reduce
hemorrhage [5, 80]. Furthermore, glibenclamide does
not alter MMP-2 and MMP-9 expression [5], but its
inhibition of the Surl subunit was confirmed to result
in significant anti-inflammatory  effects in
subarachnoid hemorrhage [81]. In our study, we
found that FFA blocked Trpm4 expression in
capillaries to decrease capillary fragmentation and
inhibited the expression of MMP-2/9 to reduce
capillary permeability. These results imply a certain
correlation between Trpm4 and MMP-2/9. However,
the mechanism by which opening Trpm4 channels
might trigger the up-regulation of MMP-2/9 was not
examined in this study. Thus, future studies are
needed to identify this mechanism. Because it inhibits
both secondary hemorrhage and BSCB disruption,
FFA (including glibenclamide) appears to have a
potential advantage as a treatment for SCI. Although
early therapeutic intervention with FFA may
substantially decrease secondary injury, the axons

and neurons impaired after the initial injury
regenerate poorly, limiting the eventual functional
recovery of the patient. There is currently no effective
treatment that both prevents the death of surviving
axons and promotes the regeneration of impaired
axons. Thus, there is still a long way to before SCI can
be effectively treated. Fortunately, the development of
a combination treatment that includes early
therapeutic intervention and a subsequent approach
that promotes the regeneration of axons would be a
potentially effective method for treating SCI.

In summary, the results of this study show that
the neuroprotective effect of FFA is mediated in part
by blocking the Surl-Trpm4 channel to inhibit
capillary fragmentation and subsequent secondary
hemorrhage. Furthermore, its inhibition of MMP-9
and MMP-2 expression reduces BSCB disruption and
the subsequent inflammatory immune responses,
which may also reduce secondary damage. FFA is
currently used as an anti-inflammatory and analgesic
drug with no undesirable side effects. To our
knowledge, this is the first time that FFA has been
used as a therapeutic strategy in SCI. The safety of
FFA and the identification of its unique mechanism of
activity, which acts to reduce hemorrhage and BSCB
disruption, indicate that this drug may be potentially
useful as a therapeutic clinical agent for traumatic
injury.
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