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Abstract

Aim: Despite animal evidence of a role of calcium in the pathogenesis of spinal cord
injury, several studies conducted in the past found calcium blockade ineffective.
However, those studies involved oral or parenteral administration of Ca++ antago-
nists. We hypothesized that Ca++ blockade might be effective with local/immediate
application (LIA) at the time of neural injury.

Methods: In this study, we assessed the effects of LIA of BAPTA (1,2-bis
(o-aminophenoxy) ethane-N, N, N’, N'-tetraacetic acid), a cell-permeable highly selec-
tive Ca++ chelator, after spinal cord transection (SCT) in mice over 4 weeks. Effects
of BAPTA were assessed behaviorally and with immunohistochemistry. Concurrently,
BAPTA was submitted for the first time to multimodality assessment in an in vitro
model of neural damage as a possible spinal neuroprotectant.

Results: We demonstrate that BAPTA alleviates neuronal apoptosis caused by physi-
cal damage by inhibition of neuronal apoptosis and reactive oxygen species (ROS)
generation. This translates to enhanced preservation of electrophysiological function
and superior behavioral recovery.

Conclusion: This study shows for the first time that local/immediate application of

Ca++ chelator BAPTA is strongly neuroprotective after severe spinal cord injury.

KEYWORDS
calcium, locomotor recovery, neuronal apoptosis, oxidative stress, spinal cord injury

Kyu-ree Kang and Jin Kim contributed equally to this work as first authors, respectively.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2021 The Authors. CNS Neuroscience & Therapeutics Published by John Wiley & Sons Ltd.

CNS Neurosci Ther. 2021;27:919-929.

wileyonlinelibrary.com/journal/cns 919


www.wileyonlinelibrary.com/journal/cns
mailto:﻿
https://orcid.org/0000-0003-1199-8024
mailto:﻿
http://creativecommons.org/licenses/by/4.0/
mailto:vivavets@gmail.com
mailto:hmchung@kku.ac.kr

KANG ET AL.

920
_I_Wl L EY_ CNSS Neuroscience & Therapeutics

1 | INTRODUCTION

Spinal cord injury (SCI) can be due to trauma (84%) or non-traumatic
causes (16%), with about 17 000 new SCI cases each year in the
United States alone. SCI usually induces irreversible dysfunction of
the motor, autonomic, and sensory systems,? for which no clinically
available treatment is available.

Traumatic spinal cord injury (SCI) is associated with immediate
mechanical disruption of neurons, fibers, glia, and vessels (primary
injury). Thereafter, an acute phase secondary injury cascade sets in
within minutes to hours. During this phase, injured glial and nerve
cells in the spinal cord undergo cell death, compounded by disruption
of blood vessels and ischemia. Vessel disruption is accompanied by
accumulation of inflammatory cells at the site of injury, with ensu-
ing spinal cord swelling, causing further spinal cord compression, and
worsening.g'5 In the subacute phase (2-14 days), an imbalance of cell
homeostasis, cell death, and inflammatory cellular responses set in.
The secondary injury cascade may prove more damaging than the
original trauma.® Calcium dysregulation is a key step in this patho-
physiological cascade.”*? In particular, traumatic white matter in-
jury appears to be mediated both by ryanodine-sensitive receptors
(RyRs) and through inositol (1,4,5)-triphosphate receptor (IP3Rs)
Ca++induced Ca++ release receptors (CICRs).®® However, calcium
channel blockade has not been proven neuroprotective in clinical SCI
trials.?*

We hypothesized that Ca++ blockade might be more effective
if applied locally and at the time of injury. Although this application
may be difficult in the clinic, still this could provide valuable data
for future drug development. BAPTA(1,2-bis (o-aminophenoxy)
ethane-N, N, N’, N'-tetraacetic acid), a cell-permeable selective cal-
cium chelator, buffers excessive calcium influx and mitigates neu-
ral injury, for example, in ALS models* or following cortical stab
injury.16

The aim of the present study was thus two fold:

1. Assessing for the first time whether locally administered BAPTA
can promote behavioral recovery after spinal cord transection in
mice and concurrently evaluate associated histological changes
at the site of injury;

2. Assessing in vitro possible mecshanisms of neuroprotection by
employing neuron-differentiated neural stem cells (NSC) as a sur-
rogate of locally injured gray matter spinal neurons.

2 | MATERIAL AND METHODS
2.1 | Invivo assessment
2.1.1 | Animal used and ethics

All experiments described adhered to the rules developed under
the United States Department of Agriculture's (USDA) Animal

Welfare Act and adopted ARRIVE instructions.’” Also, the study
was approved by the Konkuk University IACUC (approval number
KU15135). A total of 26 mice were used in the experiment. Spinal
cord transection was performed on 23 animals excluding the sham
group, and 3 of them were euthanized appropriately due to severe
weight loss after surgery, so they were excluded from the experi-
ment. The number of animals per group was determined consider-
ing previous studies.*®?2 Finally, twelve of the 23 mice were used
as the BAPTA group, 7 as the vehicle control group, and 3 as the
sham group.

2.1.2 | Spinal cord transection

Six-week-old BALB/c female mice were obtained from Orient Bio Inc.,
Republic of Korea. The mice were housed in groups of five in cages
under 12 hours light/dark cycle with water and standard rodent chow
provided ad libitum. Mice were anesthetized using Zoletil (1:1 com-
posite of tiletamine and zolazepam) and xylazine (3:1 ratio, 1 mL/kg).
Spinal laminectomy was performed at the T9 level. To expose the spi-
nal cord, the muscles overlying the vertebral column were cut and the
dura was incised with surgical scissors. The hook was passed ventrally
the spinal cord and carefully lifted to ensure the entire spinal cord was
present in hook's bent. Afterward, the full spinal cord was incised by
a surgical blade. The gauze was put on the incised spot for 5 seconds
to drain and removed with a hook. For treatment, 20 pL of 10 mM
BAPTA (Sigma, USA) diluted in DPBS (Welgene, Republic of Korea)
and DPBS were prepared. The concentration of BAPTA was deter-
mined considering previous studies.?>?> The BAPTA or DPBS were
treated in drops on the full-transection spot with pipette and were ar-
ranged into BAPTA group and vehicle control group, respectively. The
muscle and fascia were sutured, and the skin was closed. Following
the surgery, additional water and crushed food were provided for the
first 14 days after SCI. Mice had their bladders expressed manually
three times a day. Animals in a sham group were subjected to the
same surgical procedures except that spinal cords were not injured.

2.1.3 | Histology and Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay

For histological analysis, the sections were stained with TUNEL
assay. All 23 mice were sacrificed at day 28 post-injury. The spinal
cord was isolated and fixed with 4% paraformaldehyde (Biosesang,
Republic of Korea) for five days. Tissue samples were embedded in
paraffin, and transverse sections (10 pm thick) were mounted on
slides. The spinal cords from 10 mice in BAPTA group and 5 mice in
vehicle control group were used for histology. The spinal cords from
2 mice in sham group were also used. For quantification of apoptotic
cells, the double staining of TUNEL and NeuN (1:100, ab128886,
Rabbit) was conducted. The TUNEL assay (Thermo Fisher, USA) was
performed according to the manufacturer's instruction (Thermo
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Fisher) and described previously.?® Images from different slides
were captured by florescence microscope, Nikon TE2000-U (Nikon;
Japan). The percentage of TUNEL-positive neurons relative to the
total number of cells labeled with Hoechst was calculated with
ImageJ software (National Institutes of Health and the Laboratory).

2.1.4 | Modified Basso Beattie Bresnahan
(mBBB) score

The modified Basso Beattie Bresnahan locomotor rating scale was
used to evaluate behavioral recovery in an open field. mBBB score
was measured following original study.?” A total of 12 mice were
included in the BAPTA group, and another 7 mice were included in
vehicle control group. Sham group involved 3 mice. Two independ-
ent, blinded observers evaluated the spinal cord sensory and motor
function of the animals after spinal cord transection. Behavioral re-
covery was tested every three days for four weeks.

2.2 | Invitro assessment

2.21 | Isolation of neural stem cells

Neural stem cells (NSCs) were isolated from C57BL/6 mouse brains
at embryonic day 14. The forebrain was separated and dissected out
and digested in 0.25% trypsin-EDTA (Thermo Fisher) for 10 min-
utes at 37°C. Dissected tissues were resuspended briefly by pipet-
ting and filtering them through a 40-um strainer after inactivation
of trypsin-EDTA by FBS (Thermo Fisher). Cell suspensions were
plated on Matrigel (Thermo Fisher)-coated dishes in an NSC cul-
ture medium (DMEM/F12 [Thermo Fisher]) supplement with 1% N2
(Thermo Fisher), 2% B27 (Thermo Fisher), 1% penicillin/streptomy-
cin (Thermo Fisher), 1% GlutaMAX (Thermo Fisher), and 10 ng/mL of
bFGF and EGF (PeproTech, USA). Before using them in experiments,
NSCs were processed multiple times (>3).

2.2.2 | |Invitro differentiation of NSCs into neurons
For all of in vitro assessments, mouse neuron was differentiated
from NSCs. The NSCs were seeded at 2 X 10° cells on poly-L-lysine
(Sigma)/laminin (Thermo Fisher)-coated 6-well plates. The next day,
the cells were cultured in a differentiation medium 1: DMFM/F-12
supplemented with 1% N2, 2% B27, 1% penicillin/streptomycin, 1%
glutamine, and 10 ng/mL of bFGF. On day seven of differentiation,
the medium was changed to a differentiation medium 1 without
bFGF for 14 more days. The culture medium was refreshed every
day. Differentiated neurons showed typical neuron morphology
such as a center-located cell body with branching neurites having
long and thin tunnel structures (Figure S1A). Neurons also expressed
typical neuronal markers such as neurofilament1 (NF1) (Figure S1B).

Furthermore, an RT-PCR demonstrated fully differentiated

neurons not expressing astrocytes, oligodendrocytes, or NSC genes
(Figure S1C and Figure S3A).

2.2.3 | Impairment method by glass bead

To give physical damage on neuron, a 425-600 uM diameter glass
bead was used. Also, in order to prevent the cells from being
damaged due to the difference in ion concentration and osmotic
pressure, a buffer solution DPBS which have the same ion concen-
tration and osmotic pressure as in vivo was used. Considering that
calcium chloride and magnesium contained in DPBS may affect
BAPTA action, a DPBS from which calcium chloride and magnesium
chloride were removed was adopted. For physically damaging on
neuron, 100 mg of glass beads (Sigma) were mixed with differenti-
ated neurons sunk with DPBS. The plates were gently rocked three
times to let the beads roll over the cells following previous study.?®
DPBS and the glass beads were removed by suction. Before the
experiment, BAPTA was prepared by diluting in DMEM/F12 at final
concentrations of 10 pM, 20 pM, and 40 pM. Each of the prepared
BAPTA (BAPTA group) or DPBS (vehicle control group) was gen-
tly treated on the cell. Then, the plate was incubated in 37°C for
30 minutes so that BAPTA could protect the damaged cells. During
this process, the sham group was not damaged and no specific
substances were treated. Cells were detached by treatment with
TrypLE (Thermo Fisher) and incubating the plate at 37°C for 5 min-
utes. Finally, the cells were collected by DMEM/F12 and used for

in vitro experiments.

2.24 | Cell mortality using trypan blue

To evaluate the effect of BAPTA on cell death, the mortality of cells
was quantified by trypan blue staining. First of all, the differenti-
ated neurons were physically damaged by glass beads as described
in section 2.2.3. Then, the plates were incubated in BAPTA or
DPBS (vehicle control) for 30 minutes at 37°C. Right after finish-
ing BAPTA treatment, the culture supernatant was collected for
measurement of cell mortality. In case of sham group (no damage,
no treatment), they were incubated in a 37°C, 5% CO, incubator
until supernatant collection. Each of the collected culture superna-
tant was spun down at 300G for 5 minutes and reconstituted with
1 mL of empty media. 10 uL of the resuspended sample was mixed
with 10 pL of 0.4% trypan blue (Thermo Fisher) by gentle pipet-
ting. Then, 20 pL of the mixture was loaded onto each side of the
hemocytometer. The blue staining cells placed into the four corner
quadrants were counted, and an average taken by multiplying them
by 2 x 10*. Afterward, TrypLE™ was treated for 5 minutes and in-
cubated at 37°C to detach all cells, and those live cells which were
not stained by trypan blue were counted in the same way. The total
number of cells was calculated by plus the number of blue staining
cells (dead cells) and unstained cells (live cells). Finally, the percent-
age of dead cells was obtained by dividing the number of living cells
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by the total number of cells. Counts were done in triplicate under

40x magnification.

2.2.5 | Measurement of the reactive oxygen species
(ROS) level

To evaluate the effect of BAPTA on ROS production, the level of
ROS was measured by DCF-DA assay. Firstly, a different batch of
differentiated neurons was detached immediately with TrypLE™
(Thermo Fisher) and seeded onto a 96-well plate at 200 cells/ well.
Different concentrations (10 pM, 20 pM, and 40 pM) of BAPTA
were applied on the cells and incubated for 30 minutes at 37°C. To
measure the ROS level, a 2',7'-dichlorodihydrofluorescein diacetate
(DCF-DA) assay kit (Thermo Fisher) was loaded and incubated for
30 minutes. All fluorescence signals were measured in quantita-
tive values by using a fluorescence microplate reader (Gemini EM,
Molecular Devices, USA) with excitation and emission wavelengths
of 485 and 535 nm, respectively.

2.2.6 | Scanning Electron Microscopes
(SEM) imaging

To confirm the ability of BAPTA to mitigate physical damage of
neurons, images of each groups were taken using SEM. Samples
were fixed using 2% glutaraldehyde (Sigma), 2% paraformaldehyde
(Sigma) in 0.05 M sodium cacodylate buffer for 4 hours at room
temperature and washed three times for 5 minutes in 0.05 M of
sodium cacodylate buffer. For secondary fixation, we placed 2% os-
mium tetroxide in 0.1 M of sodium cacodylate buffer for 1 hour at
4°C. Then, samples were rinsed several times with distilled water
and dehydrated completely with 30%, 50%, 70%, 80%, 90%, and
100% ethanol. After treatment of hexamethyldisilazane (HMDS)
for 20 minutes at room temperature, the dry CO, at supercritical
point was used to remove any residual solvents. Finally, a thin layer
of Au covered the samples. SEM analyses and photographs were
taken with an AURIGA field-emission scanning electron microscope
(ZEISS, Germany).

TABLE 1 Primer list

Gene name Band size (bp) Sequence
Mouse caspase 3 254 Forward
Reverse
Mouse Caspase 9 111 Forward
Reverse
Mouse Bcl-2 254 Forward
Reverse
Mouse Bcl2 11 111 Forward

Reverse

2.2.7 | Quantitative Real-time PCR (qPCR)

To confirm the effect of BAPTA on apoptosis related gene expres-
sion, 40 uM of BAPTA were applied for 30 minutes after bead roll-
ing. After 12 hours, damaged neurons were collected for the gPCR.
GAPDH gene was used as an internal standard. To extract the RNA,
trizol reagent (Thermo Fisher) was used. Total RNA was reverse-
transcribed into complementary DNA (cDNA) using the cDNA syn-
thesis kit (Thermo Fisher) following the manufacture's protocol. PCR
reaction was carried out using the SYBR® Green Quantitative RT-
gPCR Kit (Roche, Switzerland) and a Roche real-time PCR system
(LightCycler® 96). ACt values were calculated by subtracting the
GAPDH Ct value from that of target genes. Relative expression lev-

AACt

els were calculated using the 2~ method. Primer sequences and

the size of amplicons are listed in Table 1.

2.2.8 | Immunocytochemistry

The cells were fixed with 4% paraformaldehyde (Biosesang, Republic
of Korea) for 30 minutes at room temperature and washed three times
with DPBS. After that, blocking solution containing 0.1% Triton X-
100 (Promega, USA) and 5% FBS (Thermo Fisher) diluted with DPBS
were treated for one hour at room temperature. The cells were incu-
bated with primary antibodies, NF1(Abcam, UK) at 4°C for 16 hours,
washed three times with DPBS, and finally incubated with appropriate
fluorescence-conjugated secondary antibodies, Alexa Fluor 594 goat
anti-Rabbit IgG (Thermo Fisher), for 2 hours at room temperature with-
out light. Nuclei were stained with Hoechst 33342 (Thermo Fisher).

2.2.9 | Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) assay

The TUNEL assay (Thermo Fisher) was performed to evaluate neu-
ronal apoptosis. NSCs were seeded on a coverslip and differentiated
into neurons as described above. After damaging by glass beads,
different concentrations of BAPTA were treated for 30 minutes at

37°C. After that, neurons were fixed with 4% paraformaldehyde in

Annealing
temperature (°C)

TCTGGTACGGATGTGGACGC 61.94
CGGCAGTAGTCGCCTCTGAA 61.93
ATGGAGATGGCACACCGGAA 61.56
TGTCCCATAGACAGCACCCG 61.61
CGTTGGCCCTTCGGAGTTTA 60.32
TATCCACCGGACCGCTTCA 60.68
AGGCAGGCGACGAGTTTGAA 62.38
AAGCTGCGATCCGACTCACC 62.56



-Wi LEYM

CN'S Neuroscience & Therapeutics

KANG ET AL.
(A) (B)
21 bk ——d——d——d——h——h——h——h——h——h—h—A 20+
18+
n —_
o £
o 154 ©
@ )
m 124 -
0 S 15+
9 [
B * *x * * * * =
= >
T 61 T
2 @
E ,
0+ T T T T T T T T 1

0 3 6 9 12 15 18 21 24 27
Day post injury

—e— Vehicle —=— BAPTA —&— Sham

C
i Vehicle BAPTA

FIGURE 1 BAPTA inhibits apoptosis of cells in primary stage of SCl and improve locomotor recovery. (A) Changes in modified BBB
scores after SCI. (B) Change in the body weight after SCI. (C) Representative TUNEL assay images of spinal cord injury model mice.
Low-magnification (upper panels) and high-magnification (lower panels) IHC images showed significantly different number of TUNEL/
DAPI double-positive cells; bar = 500 um. (D) Quantification of apoptotic cells by counting TUNEL/DAPI double-positive cells. Statistical
significance is shown as follows: *P < 0.05 (Mean + SEM, n = 5-7)

DPBS followed by permeabilization with 0.25% Triton X-100. Images
from three different fields, containing about 250 cells in three in-
dependent experiments, were captured. The percentage of TUNEL-
positive neurons relative to the total number of cells labeled with
Hoechst was calculated with ImageJ software (National Institutes of
Health and the Laboratory).

2.2.10 | Multiple-electrode array (MEA)
measurement

To confirm that BAPTA treatment can protect neuronal function

by relieving the electrophysiological damage of neurons, BAPTA
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(final 10 pM) was applied to neuron scratched by glass hook for
30 minutes.

Then, the mean firing rate (MFR) of neurons was measured by
MEA every 5 days to evaluate the electrophysiological properties.
The MEA plate was maintained in the incubation at 37°C and with
5% CO,. Every 5 days, the whole media were changed and the MEA
plate was placed in a 37°C, 5% CO, incubator for 1 hour to an ad-
aptation of cells to the new media. After then, the MEA plate was
put into axion maestro (Axion BioSystem Inc, USA) conditioned at
37°Cand 5% CO, conditions for measuring MFR. Because the spon-
taneous electrophysiology is very sensitive to CO, concentration,
the MEA plate placed in axion maestro for 15 minutes for stabili-
zation, and after that the MFR was measured. Data recording and
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(white arrows); bar = 1 pm
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acquisition were managed with Axion's Integrated Studio. The gain
of the amplifier was 1200, and the input voltage range of the data
acquisition board was set from -819 to +819 mV. Data were sampled

at a frequency of 25 kHz/channel with a 200 Hz band-pass filter.

2.2.11 | Analysis of MEA data

The saved data files were imported into MS Excel for the calcula-
tion of the mean firing rate (MFR). For MFR determinations, the final
10-minute recordings of the whole recording file were considered
as baseline. A channel is defined as active if it exhibits 10 or more
spikes/minute during the reference phase of activity. For MFR, only
the channels that were active (=/>10 spikes/min) during the refer-

ence phase of the recordings were selected for analysis.

2.2.12 | Statistical analysis

All of the data were analyzed by D’Agostino-Pearson omnibus
normality test to assess normal distribution. Mann-Whitney test
was used for two experimental groups (Figure 1A,B,D, Figure 2B,
Figure 3D, Figure 4B,C) in case the data do not exhibit normal distri-
bution. If there were 3 or more experimental groups and did not ex-
hibit normal distribution by D’Agostino-Pearson omnibus normality
test (Figure 3B, C), one-way ANOVA (Kruskal-wallies test) was used.
GraphPad Prism 7.00 was used for analyzing whole data. Also, all the
data were presented as a mean = SEM and the statistical significance
was determined at P < 0.05.

3 | RESULTS

3.1 | Invivo assessment

3.1.1 | Typical BAPTA improves locomotor
recovery in vivo and inhibits neuronal apoptosis in the
SCI model

The mBBB score increased significantly in both the BAPTA group
and the vehicle control group for the first five days following SCI.
However, the mBBB scores in the BAPTA group were significantly
higher than the scores of the vehicle control from the 3rd day fol-
lowing SCI (Figure 1A). Body weight in the sham, vehicle, and BAPTA
groups all increased sequentially over a month following SCI. The
bodyweight of the BAPTA group was significantly higher than that
of the vehicle control from the 23th day following SCI (Figure 1B).
Out of 23 mice, 15 mice were sacrificed for TUNEL staining.
Twenty-eight days following injury, TUNEL-positive cellular nuclei
appeared at the injured site. The majority of the TUNEL-positive cells
were scattered at the boundary and inside the spinal cord sections
in both groups (Figure 1C and Figure S1A). However, the number of
positive cells was significantly lower (1386.5 + 10.6 vs 646 + 120.2)

in the BAPTA-treatment group in comparison with the vehicle con-

trol group (Figure 1D).

3.2 | Invitro model
3.2.1 | BAPTA relieves traumatic neuronal death
in vitro

For evaluation the effect of BAPTA, differentiated neuron was dam-
aged by glass beads (Figure 2A). The sham group evinced no detached
cells. In the BAPTA-treated group, 5.3% of the cells had detached from
the plate, versus 14.5% in the vehicle control group (Figure 2B,C).
Under SEM (Figure 2D), neurons in the vehicle control group (but not
in sham controls) displayed apoptotic traits. Broken neurites were sur-
rounded by a number of blebs caused by disruption of the cytoskel-
eton, and terminal parts of disconnected neurites were atrophied and
shrunken. On the contrary, most of the neurites in the BAPTA-treated

group revealed a smooth surface without blebs or perforation.

3.2.2 | BAPTA inhibits ROS generation and
neuronal apoptosis

The concentration ranges were set serially from 10 uM according to
the previous study.?> The 10 pM, 20 pM, and 40 pM of BAPTA were
used in experiments. The number of TUNEL-positive cells was signifi-
cantly decreased in a dose-dependent manner, and at 40 pM, BAPTA
was maximally effective (Figure 3A,B). Consistent with Figure 3B,
the ROS level on the DCF-DA assay was significantly reduced and
showed its lowest level at 40 pM, depending upon the BAPTA con-
centration (Figure 3C). The representative apoptosis marker expres-
sion levels, such as Caspase 3 and Caspase 9, were increased over
time in the group not treated with BAPTA. However, the expression
level of Caspase 3 and Caspase 9 did not significantly change in the
BAPTA-treatment group. Eventually, following 12 hours of BAPTA
treatment, the Caspase 3 expression level was 2.7 times less as com-
pared to the Caspase 3 expression level in the vehicle control group.
The Caspase 9 expression level following 12 hours of BAPTA treat-
ment was also 1.5 times less than the vehicle control group. In the
case of antiapoptosis markers, such as Bcl-2 and Bcl2 I1, expression
levels were both decreased in the vehicle control group following 12
hours, whereas the expression levels in the BAPTA-treatment group
were not significantly different. Finally, following 12 hours of BAPTA
treatment, Bcl-2 and Bcl-xI were expressed 1.4 and 1.5 times higher

as compared to the vehicle control group (Figure 3D).
3.2.3 | BAPTA treatment relieves impairment of
neuronal electrophysiology after physical damaging

The scratches expanded rapidly for 5 days following the initial scratch-
ing and then slowly expanded until day 15 (Figure 4A). From day 5, the
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FIGURE 3 BAPTA inhibits ROS generation and neuronal apoptosis. (A) TUNEL assay images of different concentration of BAPTA-

treated group after bead damaging; bar = 50 pm. (B) Quantification of apoptotic neurons by counting TUNEL/DAPI double-positive cells.

(C) Accumulated ROS level detected by DCF-DA. (D) Changes in apoptosis-related gene expression level depend on time and condition. All

the values were normalized to the value of the sample collected immediately after 30 minutes of BAPTA (or DPBS) treatment. Statistical

CNS Neuroscience & Therapeutics

significance is shown as follows: *P < 0.05, **P < 0.01, ***P < 0.001 (Mean + SEM, n = 3)
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FIGURE 4 BAPTA relieves impairment of neuronal function after physical damaging. (A) Representative bright-field microscopy images
of neurons after scratch; bar = 50 pm. (B) Quantification of expanded damaged area for 15 days after scratching. (C) Quantification
of decreasing MFR normalized by the MFR of day O for 15 days after scratching. Statistical significance is shown as follows: *P < 0.05,

**P < 0.01, (Mean = SEM, n = 4-7)

expanded scratch area was significantly less extensive in the BAPTA-
treated group thanin the DPBS group (Figure 4B). Initially, glass scratch-
ing did not result in electrical dysfunction, but from the day 5 through
15, overall MFR was dramatically decreased: the MFR in the vehicle
control group decreased from 98.8% +18.6% to 32.3% +5.8%, versus
from 109.1%+19.5 to 64.0%+19.0% in the BAPTA-treated group. On
day 15, the MFR of the BAPTA-treated group was significantly lower
than the vehicle control group (Figure 4C).

4 | DISCUSSION

The present study is the first to confirm the effect of BAPTA as a
neuroprotective agent following SCT, the most severe form of in-
jury to the spinal cord. Unlike previous animal and clinical trials®® in
which Ca++ antagonists were deployed orally and parenterally, we
find that Ca++ antagonism can in fact protect the cells in the context
of SCI when the agent is locally and immediately applied to the site
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of injury. BAPTA can inhibit neuronal apoptosis (neuron, astrocyte
etc. in spinal cord) in the early stages of SCI, conserve electrophysi-
ological integrity and ultimately lead to locomotor recovery after
SCT in mice.

Local/immediate application (LIA) has been shown to be an ef-
fective strategy after SCT in other contexts. In particular, LIA of
polyethylene glycol (PEG) reversed motor paralysis following SCT in
rodents, canines, and primates.29 LIA has been theorized as a feasible
strategy in the context of human SCI and is currently being tested in
an ongoing clinical trial, with initial promising results.%® In particular,
it has been proposed that the only feasible therapeutic approach to
chronic SCl is removal of the most heavily damaged portion of the
cord and replacement with healthy tissue.3' PEG primarily acts by
reducing apoptosis of gray matter cells allowing them to resprout
and reestablish communication across the treatment interface be-
tween the primary cord and the grafted tissue. In such a scenario,
other chemicals with a similar profile to PEG can be explored, for
possible combination treatment.

BAPTA, a high affinity Ca++ chelator, has long been recognized
as neuroprotective in cell cultures. Wang et al®? described BAPTA’s
potent Ca++ buffering properties on mechanically elicited inter-
cellular Ca2+ waves in cell cultures, with other chelators such as
tetrakis (2-pyridylmethyl) ethylenediaminea (TPEN) less effective.
As a consequence, neurodegeneration caused over 24 hr by 60 min
of oxygen-glucose deprivation (OGD) in cultured hippocampal slices
and triggered largely by NMDA receptor activation was attenuated
temporarily by pretreatment with BAPTA; protection by Ca2+ buff-
ering originated presynaptically. In other words, enhancing neuronal
Ca2+ buffering unequivocally attenuates or delays the onset of an-
oxic neurodegeneration, by attenuating excitotoxicity.>3 BAPTA also
mitigated neural injury in ALS models®® and following cortical stab
injury.16

Our study shows for the first time that locally applied BAPTA
immediately after in vivo SCT curbed apoptotic cell death and sti-
fled ROS generation. Importantly, BAPTA-AM promoted recovery of
compound action potentials (CAP) after transection SCI in mice. No
other study assessed BAPTA after traumatic SCI, and only one study
examined the effects of BAPTA-AM following hypoxic/reperfusion
injury of spinal cord dorsal columns in rats.®*

If confirmed, these data position BAPTA-AM as a further chem-
ical that might be transitioned into a SCI trial of spinal cord recon-
struction, as currently enacted with other molecules.
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