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A B S T R A C T

Aims: Identifying drugs that inhibit edema and glial scar formation and increase neuronal survival is crucial to
improving outcomes after spinal cord injury (SCI). Here, we used 2-(nicotinamide)-1,3,4-thiadiazole (TGN-020),
a potent selective inhibitor of aquaporin 4 (AQP4), to investigate the effects of TGN-020 on SCI in Sprague-
Dawley rats.
Main methods: We compressed the spinal cord at T10 using a sterile impounder (35 g, 5min), to induce moderate
injury. TGN-020 (100mg/kg) or an equal volume of 10% dimethyl sulfoxide was then administered via in-
traperitoneal injection. Neurological function was evaluated using the Basso-Beattie-Bresnahan open-field lo-
comotor scale 1, 3, 7, 14, 21, and 28 days after SCI. The degree of edema was assessed via determination of the
precise spinal cord water content 3 days after SCI. Expression levels of AQP4, glial fibrillary acidic protein
(GFAP), proliferating cell nuclear antigen (PCNA), and growth-associated protein-43 (GAP-43) were determined
via western blotting and immunofluorescence staining 3 days after SCI and 4 weeks after SCI. Numbers of sur-
viving neurons and glial scar sizes were determined using Nissl and hematoxylin-eosin staining, respectively.
Key findings: Our results showed that TGN-020 promoted functional recovery at days 3, 7, 14, 21, and 28, as well
as reduced the degree of edema and inhibited the expression of AQP4, GFAP, PCNA at days 3 after SCI.
Furthermore, observations 4 weeks after SCI revealed that TGN-020 inhibited the glial scar formation and up-
regulated GAP-43 expression.
Significance: TGN-020 can alleviate spinal cord edema, inhibit glial scar formation, and promote axonal re-
generation, conferring beneficial effects on recovery in rats.

1. Introduction

Spinal cord injury (SCI) usually leads to permanent functional im-
pairment and imposes a heavy burden on families and society [1]. Ef-
fective methods and strategies to promote functional neurological re-
covery after SCI are becoming increasingly important. SCI mainly
involves two pathophysiological stages, primary and secondary. Unlike
primary damage, secondary injury is reversible, and involves a series of
pathological events including edema, glial scar formation, ischemia,

electrolyte imbalance, excitotoxicity, apoptosis, and inflammation [2,3].
In cases where spinal cord edema occurs after SCI it generally occurs

immediately thereafter, exacerbates secondary damage in neuronal
tissues, and has substantial effects on subsequent neurological recovery
[4]. Reducing edema has been shown to improve recovery from SCI
[5,6]. Aquaporin 4 (AQP4) is a major water-selective channel protein of
the aquaporin family that is found in laminae I and II at the boundaries
of the ventral horns, and in the regions around the central canal and
glia limitans, expressed predominantly in astroglial foot processes
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surrounding neurons and blood vessels [7]. It is directly involved in the
formation [8,9] and elimination [10,11] of edema, both of which differ
depending on edema type [12]. In numerous previous studies, AQP4
deletion or downregulation reduced the degree of edema and improved
neurological outcomes in models of cytotoxic edema induced by is-
chemic injury in brain and spinal cord [8,9,13].

The roles of SCI-induced reactive astrogliosis around the injured re-
gions change over time [14,15]. Initially, astrocytes release various
neurotrophins and restrict the pervasion of inflammation, thus promoting
axonal regeneration after SCI [16,17]. Later, reactive astrocytes become
hypertrophic and proliferative, and migrate toward the injured site where
they eventually form a dense network of glial scarring that acts as a
physical and chemical barrier and prevents repair and regeneration of
damaged neural tissues [18,19]. It has been reported that in murine
models of various types of brain injuries, AQP4 is also involved in pro-
cesses that are unrelated to edema, including astrocyte migration and
glial scar formation [20–22]. Previous studies in AQP4-deficient mice
have shown that astroglial proliferation was inhibited in a 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine-induced Parkinson's disease model
[23]. These findings suggest that modulation of AQP4 expression or
function may influence reactive astrogliosis in some CNS diseases.

It has been reported that 2-(nicotinamide)-1,3,4-thiadiazole (TGN-020)
selectively inhibits AQP4 [24–26]. TGN-020 can evidently significantly
reduce glutamate-induced increases in AQP4 and glial fibrillary acidic
protein (GFAP) expression in vitro [27], block the influx of subarachnoid
cerebrospinal fluid into the spinal parenchyma [28], and increase regional
cerebral blood flow in normal mice [29]. A single dose of TGN-020 can
also reportedly inhibit focal ischemic reperfusion-induced brain edema,
reduce infarct volumes [25,30,31] and prevent methamphetamine-in-
duced brain edema, blood-brain barrier disruption, and behavioral im-
pairment via the downregulation of AQP4 expression [32]. To date, few
studies have investigated the effects of TGN-020 on SCI in rats. In the
current study, we investigated the effects of TGN-020 on edema, astrocyte
proliferation, and glial scar formation in vivo after moderate spinal cord
compression injury in a rat model, to assess its potential as a new phar-
macological agent for the treatment of secondary injury after SCI.

2. Materials and methods

2.1. Animals and experimental groups

A total of 150 adult female Sprague-Dawley rats (180–220 g,
9–10weeks old) were purchased from the animal center of Jinzhou
Medical University (Jinzhou, China) and maintained under standard

temperature conditions (23 ± 0.5 °C) with a 12 h light/dark cycle, food
and water ad libitum were provided. All animal experiments were carried
out in accordance with the Institutional Animal Care and Use Committee
of guidelines of the Jinzhou Medical University. Great effort was made to
reduce animal suffering. Animals were then randomly assigned to the
following three groups: Sham group (n=35) which were only subject to
laminectomy without compression of spinal cord, SCI group (n=35)
which underwent 35 g impounder compression for 5min at T10, TGN-
020 group (n=35) which received TGN-020 (Sigma-Aldrich, 100mg/kg,
i.p.) immediately followed SCI. Each group was equally and randomly
assigned into four subgroups (n=5 or 6 and 8/group) for the following
experiments: (A) Spinal cord water content determination; (B) Western
blotting; (C) Immunofluorescent assay, Hematoxylin-Eosin staining and
Nissl staining; and (D) Locomotor function test. These rats in all groups
were sacrificed 3 day or 4weeks after injury.

2.2. Surgical procedures and TGN-020 administration

Basic surgical procedures and compression injury were performed as
described previously [33]. All surgeries were performed under sterile
conditions. Briefly, the rats were anesthetized with 10% chloral hydrate
(0.33mL/kg, i.p.). Once anesthesia took effect, surgical area was clean
shaved and sterilized with 75% ethanol, a 3 cm dorsal longitudinal inci-
sion was made over the midthoracic spinal cord at T9–T12 and then re-
moved peripheral paraspinal soft tissues to expose the spinal cord, leaving
the dura intact. The spinal cord was extradurally compressed with a metal
impounder (35 g, 5min) gently loaded onto T10 level of the spinal cord to
achieve a moderate injury (Fig. 1). Following surgery wounds were then
closed in layers using 4–0 silk. Postoperativaly, TGN-020 (100mg/kg,
i.p.) diluted in 10% dimethyl sulfoxide (DMSO, Sigma-Aldrich) was ad-
ministrated to TGN-020 group [30,31]. The concentration of DMSO was
adjusted at 0.1% before injection. The Sham group and SCI group re-
ceived the equal volume DMSO intraperitoneally at the same time. The
animals were returned to individual cages once them were waked. During
the postoperative recovery period, ceftriaxone sodium (50mg/kg, i.p.)
was administered on three consecutive days. The bladders were manually
pressed three times daily until natural voiding reflex recovery, food and
water were available ad libitum. Animals that behaved any abnormal
neurological signs would be excluded from experiments.

2.3. Spinal cord water content determination

Spinal cord water content was measured using wet-dry weighting
method to calculate the edema as previously described [34,35]. Briefly,

Fig. 1. Experimental paradigm: schematic of the spinal cord compression injury (a, b, c, d), which was established by a sterile impounder (35 g) to compress T10
spinal cord for 5min and then removed immediately in rats.
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animals were deeply anesthetized with 10% chloral hydrate 3 days after
surgery in each group. The spinal cord was exposed layer by layer
through the original surgical incision. A 1 cm spinal cord along the
injury epicenter was removed immediately before being placed on a
highly sensitive analytical balance (METFLERAE 26) for weighing (wet
weight). Subsequently, the spinal cord were dried at 80 °C baking box
for 48 h until a constant weight (dry weight), percentage water content
of spinal cord was calculated as the formula: (wet weight− dry
weight) / wet weight× 100%.

2.4. Western blotting analysis

Spinal cords (1 cm) centered on the injury site were removed at
3 days or 4 weeks and washed gently with deionized water to clear the
impurity. Tissue lysates were centrifuged (12,000 rpm, 25min) in a
microcentrifuge at 4 °C after being lysed and homogenized in RIPA
buffer (30min) containing phenylmethane sulfonyl fluoride (PMSF)
(Beyotime Biotechnology, Beijing, China) on frozen ice, protein quan-
tities were determined using the BCA method in a spectrophotometer.
Samples supernatants (40 μg/lane) was subjected to 10% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and elec-
trophoretically transferred onto a 0.45um polyvinylidene difluoride
(PVDF) membranes (Millipore, Germany). Subsequently, the mem-
branes were blocked with 5% non-fat milk diluted with TBST (25mM
Tris-HCl, 0.15M saline, and 0.1% Tween-20) for 2 h at room tem-
perature (RT). After being washed 3 times with TBST, the membranes
were incubated with the following primary antibodies overnight at 4 °C:
mouse anti-AQP4 (ab9512, 1:500), rabbit anti-GFAP (ab7260, 1:2000),
mouse anti-PCNA (ab29, 1:2000), rabbit anti-GAP-43 (ab16053,
1:1000) (all from Abcam, USA), and β-actin (sc-47778, 1:400, Santa
Cruz Biotechnology, USA). The day after, the membranes were in-
cubated with the appropriate HRP-conjugated secondary goat anti-
rabbit or anti-mouse IgG (7074P2/7074P6, 1:2000, Cell Signaling
Technology, CST) respectively at RT for 2 h after being washed three
times with TBST, the signals were visualized using enhanced chemilu-
minescent reagents (WKLS0l00, Millipore, USA). Image J software
(Media Cybernetics, Georgia, MD, USA) was used to semi-quantify the
protein level in every lane.

2.5. Sections preparation

At 3 days or 4 weeks after surgery, rats were deeply anesthetized
with 10% chloral hydrate and perfused through the heart with ice-cold
0.9% saline followed by 4% paraformaldehyde (PFA) in 0.1M phos-
phate-buffered saline (0.1% PBS, pH 7.4). The T9–T12 spinal cords
were excised and postfixed in the perfusate at 4 °C for 1 day and then
dehydrated with 30% sucrose in PBS over 2 nights. Upon arrival in our
need, spinal cord (1 cm) was removed and embedded in O.C.T. com-
pound (4583, SAKURA, USA) for cryosectioning. Either cross or long-
itudinal serial frozen sections were cut at 10 μm thick around the
boundary zone of the injury for the Immunofluorescence staining or
Hematoxylin-Eosin (HE) staining and Nissl staining study using a
cryostat microtome (CM3050S, Leica, Heidelberg, Germany). All tissue
sections were stored at −20 °C until they were conducted.

2.6. Immunofluorescent dual-labeling staining

Tissue sections were thawed and air-dried for 3–4 h in room tem-
perature before being washing with 0.1%PBS. The sections were
blocked with 5% normal goat serum (005-000-121, Jackson, USA) at
37 °C for 1 h to block the nonspecial sites and then was incubated with
the following antibodies diluted in 5% normal goat serum: mouse anti-
AQP4 (ab9512, 1:100), rabbit anti-GFAP (ab7260, 1:500) and mouse
anti-PCNA (ab29, 1:200) (all from Abcam, USA) overnight in a humi-
dified chamber at 4 °C. The following day, we washed sections with
0.1% PBS (3× 5min) prior to incubate with appropriate fluorescent

secondary antibodies conjugated with Alexa Fluor 488 goat anti-rabbit
IgG or Alexa Fluor 594 goat anti-mouse IgG (A-11034/A-11005, 1:250,
Thermo Fisher Scientific) for 2 h at RT. Afterward, sections were rinsed
with 0.1% PBS (3×5min) and the nuclei were stained with 4′, 6-
diamidino-2-phenylindole (DAPI) (D9542, 1:1000, Sigma-Aldrich,
USA) diluted in deionized water for 6–8min. All sections were observed
by a fluorescence microscope (DMI4000B, Leica, Wetzlar, Germany).
The optical density of fluorescence was analyzed using Image J soft-
ware.

2.7. HE staining

HE staining was performed as described previously [36]. Briefly,
longitudinal sections were stained sequentially with hematoxylin for
2min and eosin for 15 s after washing in deionized water for 5min, the
sections were then dehydrated and mounted. A center section among
the serial sections was used for data presentation. The stained images
were used to measure the lesion volume using the Image J program
(Media Cybernetics, Georgia, MD, USA).

2.8. Nissl staining

Transverse frozen sections were dried for about 2–3 h and soaked
directly into a 1:1 solution of 100% ethanol and chloroform overnight
in the dark. The following day, slides were then consecutively put in a
solution of 100% ethanol and 95% ethanol for 1min respectively.
Afterward, put in deionized water for 1min. Whereafter, slides were
then transferred to a crystal violet solution (Beyotime Biotechnology,
Beijing, China) whose temperature maintained in 37–50°Cfor 5min to
achieve optimal staining and washed quickly in deionized water.
Subsequently, slides were dipped in 95% ethanol for 30 s and 100%
ethanol and xylene soaked for 5min twice respectively and mounted
using neutral gum. The Nissl-positive cells were counted in four random
chosen fields (×200) at ventricornu on optical microscope (DMI4000B,
Leica, Wetzlar, Germany). Five rats were examined per group.
Quantification of normal motor neurons was analyzed with image-
processing software (Media Cybernetics, Georgia, MD, USA).

2.9. Behavioral analysis

We evaluated locomotor function at 1, 3, 7, 14, 21, and 28 day post-
surgery using the Basso-Beattie-and Bresnahan (BBB) open-field loco-
motor rating scale arranging from 0 to 21 rating scale [37]. Where 0
point denotes complete hind limb paralysis and 21 points denote
normal locomotion function, these scores were conducted by at least
three observers who were blind to the group assignment. Behavioral
testing was first done at 24 h after injury and then weekly throughout
the 28-day survival period in a noise-free environment.

2.10. Statistical analysis

All data were expressed as the mean ± SEM obtained from at least
three independent experiments, Comparisons between two groups were
analyzed by unpaired Student's t-test, more than two groups were
performed with a one-way analysis of variance (ANOVA) with the least
significant difference (LSD) post hoc test followed by using SPSS 17.0
for Windows (SPSS Inc., Chicago, IL, USA). A value of p < 0.05 was
regarded as statistically significant.

3. Results

3.1. TGN-020 and spinal cord edema alleviation at day 3 after SCI

We measured the water content of tissue to reflect the level of
edema at the site of SCI. At day 3 after SCI, a focal compression of the
spinal cord at T10 in the SCI and TGN-020 groups resulted in visible
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damage that was not evident in the sham group. Hemorrhaging and
necrosis were obvious in the centers of injured spinal cords, and injured
areas were substantially more affected in the SCI group than in the
TGN-020 group (Fig. 2A). Photographs of injured spinal cords were
reasonably consistent with calculations of spinal cord water content in
each group (Fig. 2B). The water content of tissue in the segments ad-
jacent to the injury site at day 3 was significantly higher in the SCI
group (76.09 ± 0.93) and the TGN-020 group (73.07 ± 0.87) than it
was in the sham group (69.02 ± 0.45) (p < 0.01). Spinal cord water
content was significantly lower in the TGN-020 group (73.07 ± 0.87)
than in the SCI group (76.09 ± 0.93) (p < 0.05), suggesting that TGN-
020 could significantly reduce increased water content caused by SCI.

3.2. TGN-020 and reduced AQP4 expression at day 3 after SCI

Compared with the sham group, AQP4 expression was significantly
increased in and around the centers of injured sites 3 days after com-
pression injury in the SCI group (p < 0.01) and in the TGN-020 group
(p < 0.05) (Fig. 3A, B). In the TGN-020 group, AQP4 expression was
significantly lower than it was in the SCI group (p < 0.05). The results
of immunofluorescence staining for AQP4 with GFAP were consistent
with the results of western blotting (Fig. 3C, D). At day 3, AQP4
fluorescence intensity was significantly higher in both the SCI group
and the TGN-020 group than it was in the sham group (p < 0.01), and
it was significantly lower in the TGN-020 group than it was in the SCI
group (p < 0.05). These data indicated that TGN-020 could down-
regulate AQP4 expression, resulting in alleviation of spinal cord edema
formation.

3.3. TGN-020 and inhibition of astrocyte proliferation at day 3 after SCI

GFAP, a cytoskeletal intermediate filament protein, is used as a
specific astrocyte marker [38]. Proliferating cell nuclear antigen
(PCNA) is a well-known marker of cell proliferation [39]. To investigate
whether AQP4 is relevant to astrocyte proliferation in SCI, we examined
PCNA and GFAP expression 3 days after SCI. Western blotting suggested
that GFAP levels were low and virtually no PCNA was expressed in the
sham group (Fig. 4A–C). Notably however, compared with the sham
group there were significant increases in the expression of GFAP and
PCNA around the centers of the injury sites at day 3 in the SCI group
and the TGN-020 group (p < 0.01). At day 3, GFAP and PCNA ex-
pression were significantly lower in the TGN-020 group than they were
in the SCI group (p < 0.05).

Double-staining to investigate coexpression of GFAP and PCNA in
SCI yielded results that were consistent with the results of western
blotting. As shown in Fig. 4D–F, GFAP-positive cells and PCNA-positive
cells were scarce in the sham group. At day 3, compared with the sham
group there were significantly more GFAP-positive cells and PCNA-
positive cells around the injured area in both the SCI group and the
TGN-020 group (p < 0.01). In the TGN-020 group, there were sig-
nificantly less GFAP-positive cells and PCNA-positive cells than there
were in the SCI group (p < 0.05). These results indicated that the
AQP4 inhibitor TGN-020 could significantly inhibit the proliferation of
astrocytes at day 3 after SCI.

3.4. TGN-020 and glial scar formation and axon regeneration at 4 weeks
after SCI

To investigate whether TGN-020 administration could protect spinal
cord tissues from being damaged at 4 weeks after SCI, we calculated the
size of the cavity area to assess astroglial scar formation [36]. At
4 weeks, spinal cords were normal in the sham group but in both the
SCI group and the TGN-020 group they exhibited destruction, including
very large and irregular cavities (Fig. 5A, B). Cavity area was sig-
nificantly smaller in the TGN-020 group than it was in the SCI group
(4.2 ± 0.6mm2 vs. 3.0 ± 0.4mm2, p < 0.01). These observations
suggested that TGN-020 significantly reduced secondary spinal cord
tissue degeneration after SCI.

To further explore the effects of TGN-020 on axonal regeneration, at
4 weeks after SCI we used western blotting to measure the expression of
growth-associated protein-43 (GAP-43) (Fig. 5C, D), which is reportedly
a marker of neurite growth in the CNS [40]. Compared with the sham
group in which GAP-43 expression was relatively low, it was sig-
nificantly upregulated in the SCI group at 4 weeks after SCI (p < 0.01),
indicating regeneration of injured spinal cord. In the TGN-020 group,
GAP-43 expression was greater than it was in the SCI group (p < 0.05).
These results suggested that TGN-020 could reduce astroglial scar for-
mation by reducing the size of the cavity, and promote axonal re-
generation after SCI.

3.5. TGN-020 and neuron survival at 4 weeks after SCI

SCI-induced neuronal necrosis and apoptosis lead to neuronal loss.
Nissl staining was performed on transverse sections at 4 weeks after SCI
to investigate potential neuroprotective effects of TGN-020. Large
numbers of Nissl-positive neurons with an extension cell body were

Fig. 2. Effects of TGN-020 on spinal cord edema at 3 days after SCI. (A) The gross photographs of the dissected spinal cord taken at 3 day after the rat SCI in each
group. (B) Quantitative analysis of spinal cord water content. Data are expressed as mean ± SEM, p < 0.05 was considered significant (n=8. ⁎p < 0.01 versus the
sham group; #p < 0.05 versus the SCI group).
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detected, mainly in the ventral horns of normal spinal cords (Fig. 6B).
Therefore, Motor neurons were detected at the anterior angle of injured
spinal cords. As showed in Fig. 6A, In the sham group, the neurons
exhibited an integrative and granular-like morphology, and large and
numerous Nissl bodies indicating substantial protein synthesis in neural
cells. In the SCI group, the neurons exhibited shrunken cell bodies,
pyknotic nuclei, and irregular morphology, and intracellular toluidine

blue staining was reduced around the lesions. In addition, the numbers
of surviving motor neurons were significantly lower than they were in
the sham group (Fig. 6C, p < 0.01). In the TGN-020 group, the num-
bers of surviving motor neurons were also significantly lower than they
were in the sham group (Fig. 6C, p < 0.01), but neuronal morphology
was better than it was in the SCI group, with deeper staining in the
cytoplasm and significantly less loss of Nissl granules (Fig. 6C,

Fig. 3. Effects of TGN-020 on the expression of AQP4
at 3 days after SCI. (A–B) Western blotting and
quantitative analysis of AQP4 (n=6). Data are ex-
pressed as mean ± SEM, p < 0.05 was considered
significant (⁎1p < 0.01 versus the sham group;
⁎2p < 0.05 versus the sham group; #p < 0.05
versus the SCI group). (C–D) AQP4 (red)/GFAP
(green)/DAPI (blue) triple labeling and quantitative
analysis of AQP4 (n=5). White arrows indicated co-
localization of AQP4 with GFAP. Data are expressed
as mean ± SEM, p < 0.05 was considered sig-
nificant (⁎p < 0.01 versus the sham group;
#p < 0.05 versus the SCI group. Scale bars: 100 μm
or 500 μm). (For interpretation of the references to
color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 4. Effects of TGN-020 on astrocyte proliferation at
3 days after SCI. (A–C) Western blotting and quantitative
analysis of GFAP (A, B) and PCNA (A, C) (n=6). (D–F)
PCNA (red)/GFAP (green)/DAPI (blue) triple labeling and
quantitative analysis of GFAP (D, E) and PCNA (D, F)
(n=5). The yellow color visualized in the merged images
represented coexpression of PCNA/GFAP, white arrows in-
dicated proliferative astrocytes. Data are expressed as
mean ± SEM, p < 0.05 was considered significant
(⁎p < 0.01 versus the sham group; #p < 0.05 versus the SCI
group. Scale bars: 100 μm or 500 μm). (For interpretation of
the references to color in this figure legend, the reader is
referred to the web version of this article.)
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p < 0.01). These results suggested that TGN-020 administration in-
hibited the loss of neurons.

3.6. TGN-020 and the promotion of functional locomotor recovery after SCI

To evaluate the effects of TGN-020 on functional locomotor re-
covery in rats after SCI, behavioral outcomes were assessed at days 1, 3,
7, 14, 21, and 28 via the Basso-Beattie-Bresnahan (BBB) scale, which
has been widely used to evaluate the recovery of hindlimb motor
function after SCI in rats. The sham group yielded a score of 21 at all
time-points, reflecting normal motor function, whereas in the SCI group
and the TGN-020 group BBB scores were reduced at 1 day after com-
pression injury, then gradually increased to varying extents over time
(Fig. 7). This indicated gradual recovery of locomotor function after
SCI. In the TGN-020 group, BBB scores were significantly higher than
they were in the SCI group at all time-points from day 3 to day 28 after
SCI (p < 0.01 for day 7; p < 0.05 for days 3, 14, 12, and 28). These
results suggest that TGN-020 administration can markedly promote the
recovery of locomotor function in rats after SCI.

4. Discussion

Experimental compression of the spinal cord is clinically relevant to
numerous human situations involving traumatic SCI, such as weight-
drop, impactor transection, distraction, clip, forceps compression, and
impounder compression [41]. In accordance with our experimental
aims, in the current study we used a previously described modified
compression device with a sterile impounder [33] instead of clip and
forceps compression, to reduce the complexity of the subsequent sur-
gery. TGN-020 at a dose of 5mg/kg administered via intraperitoneal
injection is known to exert anti-inflammatory [42] and anti-edema [27]
effects in response to various central and peripheral nervous system
injuries via the attenuation of AQP4 expression. In our preliminary
study, 5mg/kg TGN-020 administered intraperitoneally significantly
reduced edema and astrocyte proliferation at day 3 after SCI. Notably
however, that dosage was not associated with any substantial changes
in histopathology results and neuroprotective effects on the axonal re-
generation at 4 weeks, which may have been attributable to effects
pertaining to TGN-020 metabolism. Therefore, in the present study we

Fig. 5. Effects of TGN-020 on the glial scar formation and the expression of GAP-43 at 4 weeks after SCI. (A) Representative images of HE staining to measure cavity
area. The dot lines in the images indicated the border of the cavity area. Sham group exhibited the normal morphorphy of longitudinal spinal cord, SCI showed an
extensive lesion cavity and TGN-020 group shows reduced cavitation. Scale bars: 500 μm. (B) Quantitative analysis of lesion cavity area (mm2) at 4 weeks in SCI
group and TGN-020 group. Data are expressed as mean ± SEM, p < 0.05 was considered significant (n=5, #p < 0.01 versus the SCI group). (C, D) Western
blotting and quantitative analysis of GAP-43. Data are expressed as mean ± SEM, p < 0.05 was considered significant (n=5, ⁎p < 0.01 versus the sham group;
#p < 0.05 versus the SCI group).
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used 100mg/kg TGN-020 administered intraperitoneally [30,31,43] to
investigate changes in spinal cord edema and glial scar formation after
SCI in rats. Certainly, our deficiency in this experiment is that we failed
to afford the experiment results of dose-response to determine the op-
timal effective dosage of TGN-020 on SCI.

Secondary edema can result from increased intracellular or extra-
cellular spinal cord water content [44], which can reportedly emerge
within minutes of injury and peak 3 days thereafter [45]. AQP4 plays an
important role in maintaining the homeostasis of water and ions in the
CNS, and is involved in SCI-induced edema [5,46]. There is evidently a

parallel correlation between AQP4 and spinal cord edema [34,47], and
AQP4 expression is reportedly markedly rapidly upregulated at the
acute phase, and maintains at high levels until 7 days, which is in
conjunction with increased water content of tissues in spinal cord injury
in rats [48]. Recent studies suggest that a single intraperitoneal injec-
tion of TGN-020 after an ischemic event can reduce brain edema and
infarct volume in a rat model of cerebral ischemia [30,31]. In the
present study, we examined the water content of tissues as an indication
of the level of spinal cord edema 3 days after SCI. The results suggested
that spinal cord water content was substantially increased at 3 days
after SCI, which was significantly attenuated by the treatment with
TGN-020. Both western blotting and immunofluorescence staining
showed that AQP4 expression was substantially increased at day 3 after
SCI, and TGN-020 administration could significantly decrease its ex-
pression. Collectively, these results suggested that TGN-020 could ef-
fectively reduce early spinal cord edema caused by SCI, via the in-
hibition of AQP4 expression.

Following SCI, astrocytes are activated and initially confer neuro-
protective effects [16,17]. They subsequently become hypertrophic and
proliferative, and migrate toward the injured site where they form a
dense network of glial scarring, which acts as a physical and chemical
barrier and has a negative effect on SCI recovery [18,19,49]. Suppres-
sion of glial scar formation is believed to provide a favorable environ-
ment for axonal regeneration and recovery of locomotor function after
SCI [50–52]. The processes involved in astrocyte activation include
specific molecular and morphological changes that are considered
hallmarks of responses to CNS injuries [53]. GFAP is an intermediate
filament protein, and increased GFAP expression indicates astrocyte
proliferation and hypertrophy of the injured area [38]. Astrocyte acti-
vation is also evidenced by an increase in PCNA, which has been used as
a general marker of dividing cells after SCI [39]. In some previous
studies, astrocyte proliferation was markedly increased at day 3 after
SCI [54]. Ge et al. [60], Zu et al. [35], and Liu et al. [59] have all
reported that downregulation of AQP4 was accompanied by a reduction

Fig. 6. Effects of TGN-020 on the surviving neurons at 4 weeks after SCI. (A) Nissl staining exhibited the number of surviving neurons at each group. (B) Nissl-positive
neurons were mainly detected in the ventral horns of normal spinal cords. (C) Quantitative analysis of surviving neuronal number. Data are expressed as
mean ± SEM, p < 0.05 was considered significant (n=5, ⁎p < 0.01 versus the sham group; #p < 0.01 versus the SCI group. Scale bars: 100 μm or 500 μm).

Fig. 7. Effects of TGN-020 on locomotor recovery at 1, 3, 7, 14, 21, and 28 days
after SCI using BBB scores. As showed, sham group showed 21 scores at all time-
points, compared with the SCI group, rats in the TGN-020 group showed the
significantly higher scores from day 3 to day 28 after SCI. Data are expressed as
mean ± SEM, p < 0.05 was considered significant (n=5, ⁎⁎p < 0.01 versus
the SCI group for day 7; ⁎p < 0.05 versus the SCI group for days 3, 14, 21, and
28).
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in GFAP expression. It has also been reported that the AQP4 inhibitor
TGN-020 significantly reduced gliosis after ischemic brain injury in
vivo [30,43], and inhibited optic nerve astrocytes exposed to glutamate
induced an increase in the expression of GFAP in vitro [27]. Our current
data revealed that induction of spinal cord compression dramatically
increased the expression levels of both GFAP and PCNA around the
epicenters of the lesions at day 3 in rats, implying that astrocyte pro-
liferation was markedly increased, and TGN-020 administration was
observed to significantly combat the expression of GFAP and PCNA.
Interestingly, our immunofluorescence double-staining results sug-
gested that the coexpression of GFAP and PCNA was not totally coin-
cident, which may be explained for the other cells proliferation, such as
microglial or endothelial cells [55,56]. Our hematoxylin and eosin
staining results revealed large and irregular cavities in injured spinal
cords at 4 weeks. The cavities were significantly smaller in the TGN-020
group than they were in the SCI group. Collectively, the results showed
that SCI induced substantial astrocyte proliferation near the center of
the injury at day 3, and caused glial scar formation at 4 weeks, which is
concordant with the results of a previous study [54]. TGN-020 ad-
ministration effectively inhibited the activation of astrocytes after SCI,
reducing glial scar formation.

The cytoplasmic and membrane-associated protein GAP-43 is highly
enriched in neuronal growth cones, and its upregulation is considered
to indicate the growth of axonal endings during development, and re-
generation in the CNS [40]. In the current study, SCI induced GAP-43
expression around the lesion area, promoting neural regeneration at
4 weeks after spinal cord compression injury, which is concordant with
the results of a previous study [57,58]. Interestingly, administration of
TGN-020 significantly increased the levels of GAP-43, as well as neuron
survival in the vicinity of the lesion at 4 weeks after SCI, in conjunction
with remarkable functional improvement as determined by the BBB
scale over the 4-week period. These data constitute the first reported
indication that TGN-020 can promote axonal regeneration and increase
neuron survival at 4 weeks after SCI in rats—which is useful with regard
to facilitating functional recovery—and provide new insights into the
treatment of SCI.

Previous studies have shown that numerous drugs including epi-
gallocatechin-3-gallate, curcumin, and melatonin can inhibit SCI-in-
duced AQP4 upregulation, and that these effects can reduce spinal cord
edema and the expression of GFAP after SCI in rats [35,59,60]. Notably
however, none of these agents specifically inhibit only AQP4 expres-
sion. In the present study, we found that TGN-020 administration sig-
nificantly inhibited the expression of AQP4 and proteins associated
with astrocyte proliferation, and reduced edema and glial scar forma-
tion after SCI. Furthermore, observations 4 weeks after SCI revealed
that TGN-020 protected neural tissues and promoted axonal regenera-
tion after severe damage. These results suggest that TGN-020 has
therapeutic potential with regard to reducing secondary injury caused
by SCI. However, this experiment benefits far more than the antocular
conclusions. After various types of injuries, astrocyte activation is ac-
companied by significantly increased AQP4 throughout perivascular
astrocytic endfeet [61,62]. In the current study, inhibition of astrocyte
activation was associated with the downregulation of AQP4. This sug-
gests that there may be a close relationship between edema and glial
scar formation after SCI in rats, and AQP4 may be involved in the
regulation of astrocyte proliferation and glial scar formation. Notably
however, the intrinsic mechanisms involved remain unclear and further
studies should be performed in the future.
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