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Purpose: Neuropathic pain (NP) is a challenging clinical problem due to its complex
pathogenesis. In our previous study using microarray, we found that the levels of IncRNA
Malatl were decreased in the spinal cord of NP rat after brachial plexus avulsion, but its
contribution to NP remain unclear. The purpose of this study was to investigate its role in the
pathogenesis of NP.

Methods: In the NP model of complete brachial plexus avulsion rat, spinal cords were
harvested, and fluorescence in situ hybridization (FISH) was used to test the spatial expres-
sion of Malatl and qRT-PCR was used to confirm the quantitative expression of Malatl. In
primary cultured neurons, Malatl expression interfered with adenovirus. Spontaneous elec-
tric activities of neurons were tested using multi-electrode arrays and apoptosis of neurons
was tested using TUNEL method. The change of intracellular calcium concentration was
analyzed using calcium imaging method.

Results: Decreased Malatl expression was confirmed using qRT-PCR, and Malatl was identi-
fied in the cytoplasm of neurons in spinal cord, but not in glia. In vitro, the decrease of Malatl
resulted in an increase in the frequency of spontaneous electric activity in neurons but had no
effect on neuronal apoptosis. Further analysis indicated during glutamate stimulation, the change
of intracellular calcium concentration in neurons with downregulated Malatl expression was
significantly greater than that in normal neurons.

Conclusion: Reduced Malat1 expression may induce NP by increasing neuronal excitability
in the spinal cord via regulation of calcium flux.

Keywords: neuropathic pain, IncRNA, Malatl, spinal cord, neuron, multielectrode array,
brachial plexus avulsion

Introduction

Neuropathic pain (NP), which is defined as “pain arising as a direct consequence of
a lesion or disease affecting the somatosensory system” by the NeuPSIG, presents as
a kind of refractory pain in the clinic.' Brachial plexus avulsion is a severe injury with
high incidence of refractory neuropathic pain, which were more than 60% and might
reach up to 96% in some serials.>* Limited clinical success has been achieved owing to
incomplete understanding of mechanisms underlying NP in brachial plexus injury
patients. Brachial plexus avulsion involved the transition area between the central
and peripheral nervous system, so did the mechanisms underlying the secondary NP.
It was thought that the apoptosis of inhibitory interneurons and the hyperexcitability of
sensory neurons in the spinal cord dorsal horn contributed the NP development.®*
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Long non-coding RNAs (IncRNAs) are non-coding
RNAs longer than 200 nucleotides.” Accumulating evi-
dence indicates that IncRNAs possess multiple functions
and participate in a wide variety of cellular processes.®
Zhao et al have reported that IncRNA kcna2-as is down-
regulated under the control of the transcription factor
MZF1 in dorsal root ganglion neurons of NP mice.” The
spinal cord is responsible for receiving input from noci-
ceptors and projecting these signals to brain after integrat-
ing them with signals from descending inhibitory and
facilitatory systems.® It thus plays an important role in
the process of central sensitization. However, whether
and how IncRNAs regulate NP in the spinal cord have
not yet been reported.

In our previous study using IncRNA microarrays, we
determined the IncRNA profile in the spinal cord of rat
model of NP after brachial plexus avulsion. We found that
IncRNA metastasis-associated lung adenocarcinoma tran-
script 1 (Malatl) was downregulated significantly in the
spinal cord of brachial plexus avulsion-induced NP rats.
Here we further investigated the role of Malatl in the
pathogenesis of NP. We found that Malatl may act as an
active regulator in the pathogenesis of brachial plexus avul-
sion-induced NP by inducing abnormal excitability of neu-
rons via regulation of calcium flux in the spinal cord.

Methods

Animals

Adult male Sprague-Dawley rats (200-250 g; SLAC
Laboratory Animals; Shanghai, China) were bred in
a room on a 12-h light/dark cycle and allowed free access
to food and water. All surgical and experimental proce-
dures were approved by the Animal Ethics Committee of
Fudan University and followed the Guideline for Ethical
Review of Animal Welfare (GB/T 35892-2018).

Surgery and behavioral tests

The rat model of NP was established using a previously
reported method.” Briefly, animals were anesthetized using
1% sodium pentobarbital solution (40 mg/kg body
weight). Rats were placed in the prone position, and the
right forepaw was abducted and extended. A 1.5-cm-long
horizontal incision was made in the skin 2 mm under the
clavicle. Using micro-dissecting scissors, the pectoralis
major muscle was exposed and cut parallel to the muscle
fibers to expose the brachial plexus, leaving the cephalic
vein intact. The subclavian vessels were located and

protected. The upper, middle, and lower trunk were dis-
sected, grasped with forceps, and extracted from the spinal
cord by traction. The tissue layers were then brought
together, and the skin was closed using 4-0 silk sutures.
The brachial plexus was just dissected, but not avulsed, in
the sham-operated group.

The mechanical withdrawal thresholds and cold allodynia
were tested at five time points: day 0, and 1, 4, 7, and 10 days
post-surgery. Mechanical allodynia was assessed using von
Frey filaments (Stoelting, USA; bending force: 2.0, 4.0, 6.0,
8.0, 10.0, 15.0, and 26.0 g). Rats were placed in individual
transparent plastic chambers (25%40x18 cm) with wire mesh
bottoms and allowed to acclimatize to the environment for 30
mins. The filaments were applied to the middle surface of the
left forepaw. The threshold was the lowest force that evoked
a consistent and brisk withdrawal response. The bending
force of the filament at which the rats responded in three
out of five tests was defined as the withdrawal threshold.”
Cold allodynia was measured using an acetone spray test. In
this test, 250 uL of acetone was squirted onto the middle
surface of the left forepaw. The withdrawal responses were
evaluated on a scale of 0-3 points: (a) no response, 0 points,
the paw was not moved; (b) mild response, 1 point, the paw
had little or no weight on it; (c) moderate response, 2 points,
the paw was elevated and was not in contact with any sur-
face; and (d) robust response, 3 points, a vigorous response in
which the rat licked, bit, or shook the paw.9

Animals exhibiting significant decreases in the pain thresh-
old (mechanical threshold decreases from 15 g pre-surgery to
8 g post-surgery and allodynia score increases from O pre-
surgery to 2-3 post-surgery) were placed in the NP group.
Animals exhibiting no significant change in the pain threshold
were assigned to the non-neuropathic pain (nNP) group. The
sham-operated animals which brachial plexus was just dis-
sected but not avulsed were assigned to the sham group.
Animals without surgery were assigned to the blank group.

Immuno-fish

Rats were anesthetized using 1% pentobarbital and per-
fused transcardially with phosphate-buffered saline (PBS)
The C5-Tl
the spinal cord was harvested. The specimens were hor-

and 4% paraformaldehyde. segment of
izontally sectioned (10 pm) and mounted onto poly-
l-lysine-coated slides. After desiccation for 20 mins at
room temperature, the slides were rinsed twice for 5
mins with 1x saline-sodium citrate (SSC). The slides
were then placed into a Coplin jar filled with antigen-
unmasking buffer (10 mM sodium citrate). The Coplin
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jar was placed into an autoclave, heated to 100°C for 5
mins, and then cooled to room temperature. The sections
were washed 3 times for 5 mins with 1x SSC. To dehy-
drate the tissue sections, we immersed them for 3
mins each in a graded ethanol series (50%, 70%, 90%,
and 100%). We then air-dried the sections for 10 mins.
The pre-hybridization buffer (3% bovine serum albumin in
4x SSC) was warmed to approximately 47°C. Then, 200
pL of the warmed pre-hybridization buffer was pipetted
onto each slide. The slides were pre-hybridized for 20
mins in a humid chamber. At the same time, the probes
were diluted in hybridization buffer (1 g of dextran sulfate
and 1 mL of deionized formamide in 9 mL of 4x SSC),
denatured at 65°C for 10 mins, and then kept on ice. The
pre-hybridization buffer was removed and 100 pL of the
probe was added to each slide and hybridized overnight
(4-16 hrs) at the same temperature used in the pre-
hybridization step. From this step on, the slides were
kept in the dark. After hybridization, the slides were rinsed
with the following solutions: 4x SSC (for 5 mins, twice),
2x SSC (for 5 mins), 1x SSC (for 5 mins), and 0.1x SSC
(for 5 mins) at the same temperature as that used in the
hybridization step. Finally, the slides were rinsed with 1x
PBS (for 5 mins) at room temperature. After in situ hybri-
dization, the sections were incubated in blocking buffer (1
g of bovine serum albumin and 0.1 mL of Tween-20 in
100 mL of 1x PBS) for 30 mins at 37°C. After removing
the blocking buffer, 200 uL of primary antibody diluted in
blocking buffer was added to the sections. The sections
were then incubated overnight at 4°C in a humid chamber
and rinsed three times for 5 mins with 1x PBS. We then
added the secondary antibody (200 pL diluted in blocking
buffer) to the sections and incubated them for 2 hrs at 37°
C. The slides were then rinsed three times for 5 mins with
1x PBS. Nuclear staining was performed using DAPI.
Finally, 200 puL of antifade were added to the slides and
the slides were coverslipped. We then sealed the coverslip
onto the slide using nail polish. The antibodies and probes
used in the test are listed in Tables S1 and S2.

Quantitative real-time PCR (qRT-PCR)

Rats were deeply anesthetized with pentobarbital and per-
fused transcardially with PBS. The C5-T1 section of the
spinal cord was then immediately removed. The tissues
were vertically separated, and hemisections of the spinal
cord dorsal horn were subjected to total RNA extraction
using mirVana™ miRNA Isolation Kit (cat. # AM1561;
Ambion; Austin, TX, USA) according to the manufacturer’s

protocol. Total RNA was then purified using the RNeasy Mini
Plus Kit (Qiagen, USA). The amount of total RNA was
quantified using a Nanodrop spectrophotometer (Nanodrop
ND2000, Thermo Fisher). Reverse transcription was per-
formed on 100 ng of total RNA using PrimeScript RT
Reagent Kit with gDNA Eraser (cat. # RR047A, Takara,
Japan). Quantitative PCR was performed using SYBR
Premix Ex Taq II (cat. # RR820A, Takara, Japan) and
a LightCycler 96 (Roche, Switzerland). Expression levels
were normalized to the values for GAPDH. The full sequence
of rat Malatl was obtained from NCBI (Figure S1). Three
pairs of primers were designed and synthesized for Malat1 to
ensure the reliability of outcomes.

Primary neuron culture

Primary cultures of cortical neurons were prepared from E16
Sprague-Dawley rats, as previously described.'® Pregnant
rats were anesthetized. After preparing the skin for surgery,
the fetuses were harvested into a sterile petri dish containing
cold HBSS. The skull, cerebral dura mater, and pia mater
were removed under a microscope (Zeiss, Germany). A piece
of cortex was harvested and placed into a sterile 35 mm petri
dish containing cold HG-DMEM. The tissue was cut into
small pieces approximately 1 mm in length. Then, 1 mL of
papain (2 mg/mL dissolved in HG-DMEM) was added to the
petri dish, and the tissue was digested for 30 mins in a 37°C
incubator. DNase I (200 pL, 2.5 mg/mL dissolved in HG-
DMEM) was then added to the tissue for 30 s. Finally, 1 mL
of HG-DMEM containing 10% FBS was added to the tissue
terminate the digestion. The contents of the petri dish were
transferred to a 15-mL sterile centrifuge tube and triturated
gently 20 times using a Pasteur pipette. After allowing the
tissue to settle for 2 mins, 1 mL of the supernatant was
collected into another 15-mL sterile centrifuge tube. One
milliliter of HG-DMEM containing 10% FBS was then
added to the former centrifuge tube. The triturating, settling,
and collecting steps were repeated 3 more times to yield
4 mL of the cell suspension. The cell suspension was filtered
twice through a sieve with a pore diameter of 70 pm. The
filtrate was centrifuged at 800 rpm for 5 mins, and the super-
natant was removed. HG-DMEM containing 10% FBS was
used to resuspend the cells. The density of the cell suspension
was adjusted to 100,000 cells per milliliter. The cells were
seeded onto PDL (molecular weight: 70,000—-150,000, cat. #
P6407, Sigma) and laminin (cat. # 23017-015, Gibco) dou-
ble-coated 6-well culture plates at a density of 50,000 cells
per cm? and cultured in a 37°C incubator in an atmosphere of
5% carbon dioxide. After 4 hrs of incubation, the media was
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changed to Neurobasal medium (cat. # 21103049, Gibco)
containing 2% B27 supplement, 1% penicillin-streptomycin,
and 1% Glutamax (cat. # 35050061, Gibco). The media was
refreshed by exchanging half of the volume with fresh media
every two days.

Synthesis of adenovirus vectors for

Malatl interference

Full-length Malatl cDNA and three full-length Malatl
antisense ¢cDNAs were synthesized and identified by
clone sequencing. Restriction enzyme (EcoRI/BamHI)
recognition sites were introduced at the 5" and 3’ ends of
the four fragments. The identified fragments were ligated
into the EcoRI/BamHI sites of the proviral plasmids
(pHBAJd-EF1-MCS-GFP, Hanbio Biotechnology, China).
Adenovirus vectors were generated by triple transfection
of HEK293 cells. Viral lysate was harvested 12 days post-
transfection using freeze-thaw cycles. The viral lysate was
purified using a combination of CsCl density gradient
centrifugation and dialysis. The vectors were stored in
aliquots at —80°C until use. The sequences of the primers
and transcripts are shown in Tables S3 and S4. The valida-
tion of RNA interference is shown in Figure S3.

Apoptosis test

Neuronal apoptosis after Malatl interference was assessed
using the In Situ Cell Death Detection Kit (cat. #
11684817910, Roche, Switzerland). We performed the
Malatl interference experiment in primary cortical neurons
on the fourth day of culture using virus vectors. The cells
were fixed and stained on the seventh day of culture. Staining
was performed according to the manufacturer’s instructions.
Positive control and negative control group were made fol-
lowing the manufacturer’s instruction. Neurons with upregu-
lated Malatl were labeled as up group. Neurons with
downregulated Malatl were labeled as down group.
Neurons without Malatl interference were labeled as blank
group. The positive cells were counted under a microscope.
The proportions of positive cells were statistically analyzed.

Calcium imaging and quantification

On the 14th day of primary neuron culture, media were
removed and neurons were immersed in HBSS for 3 times.
Then, the neurons were incubated with the calcium indicator
Fura-2 AM (5 pL/mL dissolved in HBSS, cat. # F1225,
Thermo Fisher) for 60 mins at 37°C. The neurons were then
immersed in HBSS (cat. # 14170112, Gibco) 3 times and

incubated in HBSS (containing 0.22 mg/mL CaCl,) for 30
mins at 37°C. A laser confocal fluorescence microscope
(Olympus FluoView FV1000) equipped with a drug perfusion
system was used for recording and analysis of the results.
Fluorescence images of a fixed frame were acquired
using a digital camera every 2 s. Fluorescence intensity
changes in response to 340 nm and 380 nm excitation
were recorded. Glutamic acid (1 mmol/L diluted in
HBSS) was used to stimulate the neurons for 1 min and
was then removed. The ratio of fluorescence intensity under
excitation at 340 nm to that under excitation at 380 nm was
defined as the R score. We obtained R score curves for each
series of fluorescence images. The amplitude of the curve
was used to quantify the increase in calcium in neurons
under stimulation from glutamic acid. Differences between
groups were analyzed using Mann—Whitney U tests.

MEA experiments

Primary cortical neurons of fetal rats were collected as part
2.5. Neurons were plated at a density of 5x10° cells/mL (high
density) in a volume of 500 pL on PDL/laminin-coated 60-
microelectrode dishes (60MEA200/30iR-Ti, Multi Channel
Systems MCS GmbH, Germany). The dishes had 60 micro-
electrodes at the bottom. Electrical activity of neurons could
be detected by these microelectrodes and recorded by an
external MEA system. Neurons were cultured in a 37°C
incubator in an atmosphere of 5% carbon dioxide. The cul-
ture media was same with part 2.5 and replenished in a 1:3
ratio every 2 days. On the 4th day, adenovirus vectors used to
regulate Malatl expression were transferred to the cultures at
an MOI of 100, as indicated in the manufacturer instructions.
The cell culture plates were categorized as upregulated,
downregulated, control, or blank group based on the vector
used. Recordings of neurons spontaneous spike from each
array were obtained every week using the MEA system
(MEA2100, Multi Channel Systems MCS GmbH). To obtain
extracellular recordings, the multi-electrode arrays were
placed into the recording chambers and maintained at 37°C.
Baseline recordings were performed for 2 mins prior to
acquiring 2-min recordings. We analyzed spontaneous spikes
using MC_RACK software (Multi Channel Systems) with
a filter threshold set to 120 mV. The frequency of sponta-
neous spikes of each group was statistically analyzed.

Statistics

Statistical significance was determined using paired Student’s
t-tests (Figures 1A and 2), Wilcoxon signed-rank tests
(Figure 1B), unpaired Student’s t-tests (Figures 4 and 5C) or
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Figure | Mechanical and cold pain thresholds measurement. (A) Change of mechanical threshold tested by von Frey (n=8, *p<0.05, paired Student’s t-test). (B) Change of
cold allodynia tested by squirting acetone onto the middle surface of the left forepaw (n=8, *p<0.05, Wilcoxon signed-rank test).
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Figure 2 Quantitative test of malat| expression. (A) Quantitative real-time PCR analysis of malat| expression in spinal cord dorsal horn after brachial plexus avulsion, with GAPDH
serving as reference gene (n=6; *p<0.01, paired Student’s t-test). (B) Quantitative analysis of IOD ratio of ipsilateral to contralateral spinal cord dorsal horn between rats in the NP and
nNP groups (n=6, **p<0.05, paired Student’s t-test). (C) Fluorescence in situ hybridization of ipsilateral and contralateral spinal cord dorsal horn from NP rat (scale bar=200 pm).
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Mann—Whitney U tests (Figure 6) in SPSS 20.0 software.
Differences with p values <0.05 were considered significant.

Results
Mechanical and cold pain thresholds were

decreased in NP rats

The mechanical and cold pain thresholds were determined
based on the withdrawal responses of the rat’s left forepaw
to mechanical and cold stimulation delivered using von-
Frey filaments and acetone, respectively. To compare
changes in the mechanical pain threshold, we used animals
that had a pre-operation mechanical pain threshold of 15 g.
After brachial plexus avulsion, the mechanical pain thresh-
old decreased to about 8 g on the first day post-operation
in the NP group. This decrease in the pain threshold lasted
for at least 10 days (Figure 1A). The cold pain score was 0
in all groups pre-operation, but increased to 2 or higher in
the NP group. This increase was also observed on the
first day post-operation and lasted for at least 10 days
(Figure 1B). These data indicate that both the mechanical
pain threshold and the cold pain threshold were decreased
in the NP group when compared to those in the control
group. This reflected a state of hyperalgesia and cold
allodynia in the animals in the NP group.

The levels of IncRNA Malat| were

decreased in the spinal cord in the NP rats
The gRT-PCR
decreased Malatl levels in the NP when compared to the

experiments revealed significantly
nNP group (»p<0.01, Figure 2A). There was no significant
difference in Malatl levels between the nNP and sham
groups. The qRT-PCR results were consistent with those of
our previous experiments using microarrays. We also
quantified Malatl expression based on the integrated opti-
cal density (IOD) in the spinal cord dorsal horn and
compared the ipsilateral to contralateral IOD ratio between
rats in the NP and nNP groups. Our data indicated that the
IOD ratio was significantly lower in the NP group than in
the nNP group. This further confirmed the decrease in
Malatl levels in the spinal cords of NP rats (Figure 2B
and C). Taken together, these data indicate that Malatl is
a potential regulator of NP.

LncRNA Malat| was expressed in neurons
To investigate the spatial distribution of Malatl expression
in the spinal cord, we performed immuno-FISH on frozen
spinal cord sections from rats. Three oligonucleotide

probes were designed. NeuN, GFAP, and Iba-1 were used
as markers of neurons, astrocytes, and microglia, respec-
tively. All Malatl-positive cells in the spinal cord were
also positive for NeuN, but not for GFAP or Iba-1. This
showed that Malatl was expressed in neurons, but not
astrocytes or microglia (Figure 3).

The downregulation of malatl did not

affect neuronal apoptosis

We cultured primary neurons from fetal rats. On the
7th day after plating, we performed Nissl staining and
immunofluorescence experiments to assess the purity of
the neuronal culture. Most of the cells were MAP-2-posi-
tive (Figure S2). We asked whether the dysregulation of
Malatl mediated by the adenovirus vectors affected neu-
ronal apoptosis. After transfecting the cells with the virus,
neuronal apoptosis was assessed using TUNEL. When
compared to the positive control (Figure 4A), cells with
upregulated Malatl expression (Figure 4C), those with
downregulated Malatl expression (Figure 4D), and
untreated cells (Figure 4E) had a very low ratio of
TUNEL-positive cells to total cells, similar to cells treated
with the negative control (Figure 4B). There was no sig-
nificant difference between cells with upregulated Malatl
expression and those with downregulated Malatl expres-
sion (Figure 4F). These results indicate that the dysregula-

tion of Malatl had no effect on neuronal apoptosis.

Decreased Malatl expression resulted in
increased spontaneous electrical activity

in neurons

Neurons grown on MEA dishes displayed good coverage
over all microelectrodes (Figure 5A). Typical neuronal
growth and electrical activity were observed in dishes
without virus transfer (Figure 5B). No spontaneous spikes
were observed in any of the plates on the 7th day after
plating. On the 14th day after plating, obvious spontaneous
spike trains were recorded in all plates. The spontaneous
spike trains were still present on the 21st day after plating.
Differences in spontancous spike frequency on the
14th day after plating between different groups were sta-
tistically analyzed using Student’s t-tests. The spontaneous
spike frequency was significantly higher in the Malatl
downregulated group than in the Malatl upregulated
group (p<0.0001). There was no significant difference
between the Malatl upregulated group and the control
group (p=0.9271, Figure 5C).
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Figure 3 The spatial distribution of malatl in rats’ spinal cord. The biomarker of neurons (NeuN, top panel), astrocytes (GFAP, middle panel) and microglia (Iba-1, bottom
panel) are labeled with green fluorescence. Malatl is labeled with red fluorescence. Nuclear is labeled with blue fluorescence. Only NeuN-positive cells are double labeled

(white arrow). Scale bars =50 pm.

Reactivity of Malatl downregulated

neurons to glutamic acid stimulation

The reactivity of neurons to glutamic acid stimulation was
assessed using calcium imaging. Glutamic acid binds recep-
tors on neurons and leads to an influx of calcium. This in turn
leads to an increase in the number of Fura-2-calcium com-
plexes in neurons, resulting in increased fluorescence inten-
sity under excitation at 340 nm. The R score, which is defined
as the ratio of fluorescence intensity under excitation at 340
nm to that under excitation at 380 nm, was used to quantify
the reactivity of neurons to glutamic acid stimulation.
Figure 6A shows the R score curve for normal neurons.
The amplitudes of the R score curves for neurons with altered
Malatl expression were statistically analyzed using Mann—
Whitney U tests. The amplitude of the R score curve for the

Malatl downregulated group was significantly higher than
that for the blank group (Figure 6B, p=0.05, n=3). There was
no significant difference between the Malatl downregulated
and Malatl upregulated groups (Figure 6B, p=0.20, n=3).

Discussion

The mammalian genome contains thousands of IncRNAs.®
LncRNAs have recently gained widespread attention due to
their potential roles in many biological processes and
disorders.'' Malat1 is a widely expressed and evolutionarily
conserved IncRNA, which was originally found in lung
cancer cells. Its expression is related to metastasis and
invasiveness of cancer.'? In this study, we investigated the
expression of Malatl in the spinal cord of brachial plexus
avulsion-induced NP rats and the potential mechanisms by
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Figure 4 Neurons apoptosis after malatl dysregulation tested by TUNEL. (A) Positive control. (B) Negative control. (C) Malatl upregulated group. (D) Malatl
downregulated group. (E) Blank group. (F) Comparison of the ratio of neurons apoptosis in each group. Neuron apoptosis is labeled as brown. The difference between
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Figure 5 MEA analysis of spontaneous electricity of neurons. (A) Neurons growth on MEA electrode. Scale bar =200 pm. (B) Spontaneous electricity of normal
neurons recording on the 7th, [4th, 21st day of culture with blank array as negative control. (C) Comparison of spontaneous spike frequency recording at the
14th day. Neurons with downregulated Malatl are labeled as down group. Neurons with upregulated Malatl are labeled as up group. Normal neurons are in

control group. Blank group has no neurons. The spike frequency is significantly different between malatl downregulated and upregulated group (*p<0.0001,
Students’ t test).
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Figure 6 Reactivity of neurons to the stimulation of glutamic acid analyzed via calcium imaging method. R score is the ratio of fluorescence intensity under excitation at 340
nm and 380 nm. (A) The curve of R score of normal neurons under the stimulation of glutamic acid. (B) Comparison of the amplitude of R score curve of each group. Malat|
is upregulated in up group and downregulated in down group. Blank group has normal neurons. Neurons in the Malat| downregulated group has significantly higher reactivity

than that in the blank group (*p=0.05, n=3, Mann—-Whitney U test).

which Malatl may regulate NP. We found that Malatl had
decreased expression in the spinal cord in NP rats after
brachial plexus avulsion. Further in vitro studies revealed
that the decreased expression of Malatl might result in NP
by increasing the excitability of neurons, potentially by
regulating the transmembrane flow of calcium ions.

In our study, we found that IncRNA Malatl was
expressed in neurons in the spinal cord dorsal horn, but
not in microglia or astrocytes. Malatl was downregulated
in the spinal cord in NP rats after brachial plexus avulsion.
We downregulated the expression of Malatl in vitro using
adenovirus vectors and found that Malatl downregulation
increased the frequency of spontaneous electrical activity
in neurons. Malatl upregulation had no significant effect
on neuronal electrical activity. These findings indicated
that reduced Malatl expression may lead to increased
excitability of neurons. Current understanding of the
pathogenesis of NP is mainly focused on peripheral and
central sensitization.'> Despite increasing evidence high-
lighting the importance of peripheral sensitization, many
investigators believe that changes in the spinal cord and
brain, such as increased excitability of neurons, and neu-
ron-glial cell interactions are the main internal processes
underlying NP.*'* Regardless of whether the cause of pain
is peripheral or central origin, development and mainte-
nance of NP is ultimately associated with increased elec-
trical activity in sensory conduction neurons or decreased
electrical activity in inhibitory interneurons. Primary sen-
sory neurons in the dorsal root ganglion (DRG) and sec-
ondary sensory neurons in the spinal cord dorsal horn are
important parts of the pain transmission pathway and have
important roles in the modulation of pain.'” It has been

reported that the expression of TNF-a and IL-1B and their
receptors is increased in the DRG in rats after peripheral
nerve injury.'®'” Exogenous injections of TNF-a and IL-
1B into the DRG in healthy rats can induce hyperalgesia.'®
TNF-0 may lead to NP by activating multiple signaling
pathways in neurons which can increase the expression of
ion channel and result in increased electrical activity. It has
been reported that TNF-a can act on its receptor on neu-
rons and activate the p38-MAPK signaling pathway. This
would lead to increased activation of tetrodotoxin-resistant
sodium ion channels, which in turn would sensitize DRG
neurons to mechanical stimulation.'® TNF-a can also pro-
mote the expression of transient receptor potential vanil-
loid-1 (TRPV1) on the surface of DRG neurons via the
ERK-MAPK signaling pathway.”’ TRPV1 is a sensor for
noxious heat and plays an important role in the pathogen-
esis of heat hyperalgesia.”' In the spinal cord of animal
models of NP, the electrical activity of sensory neurons is
altered after peripheral nerve injury. Researchers have
found that AP nerve fibers, which do not initially induce
pain stimulation, were phenotypically transformed and had
increased secretion of substance p and calcitonin gene-
related peptide (CGRP) in animal models of NP>
Substance p binds to its receptor, NK1, on the postsynap-
tic membrane and leads to sustained depolarization of
neurons. CGRP not only enhances the effects of substance
p but also binds to its receptors to activate protein kinases
PKA and PKC, which phosphorylate glutamate receptors
on neurons. This, in turn, leads to increased reactivity of
neurons to glutamate, which is the main excitatory
and CGRP can thus
increase the electrical activity of sensory neurons.

transmitter.”* Both substance p
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We explored potential mechanisms underlying the
increased electrical activity of neurons following Malatl
downregulation using calcium imaging. In the presence of
glutamate stimulation, there were greater changes in intracel-
lular calcium concentration in Malatl downregulated neurons
than in control-treated neurons. We, therefore, speculated that
Malatl downregulation led to increased electrical activity in
neurons by activating calcium-related channels. The specific
mechanism by which Malatl regulates calcium transmem-
brane flow has not yet been reported. However, some non-
selective cation channels also allow the passage of calcium
ions. The glutamate receptor NMDA is a non-selective cation
channel that, upon activation, allows calcium ions to flow
across the membrane. This, in turn, leads to an increase in
intracellular calcium concentration. There is a complex inter-
action between NMDA activation and the MAPK signaling
pathway.?® Normally, glutamate binding to NMDA can acti-
vate the MAPK signaling pathway.® It has been reported that
reduced Malatl expression in glioma cells and retinal
endothelial cells can also activate the MAPK signaling
pathway.?’*® These results suggest that Malatl-induced
changes in intracellular calcium concentration might result
from NMDA receptor activity and downstream activation of
the MAPK signaling pathway. However, further studies are
still necessary to explore the mechanisms.

The gate control theory of pain modulation suggests that
the inhibitory interneurons in the spinal cord dorsal horn are
excited by peripherally afferent fibers and can secrete inhi-
bitory neurotransmitters that reduce the electrical activity of
sensory neurons and inhibit the conduction of pain signals.?
It has been reported that these inhibitory interneurons
undergo apoptosis after peripheral nerve injury. This leads
to reduced inhibition of pain signal conduction, which is
a pathogenic mechanism underlying NP. A variety of animal
models of NP display neuronal apoptosis in the spinal cord,
especially in neurons in lamina II of the spinal cord dorsal
horn,*® which contains the inhibitory interneurons.®' A study
on liver cancer revealed that decreased Malat1 expression led
to increased cancer cell apoptosis.*> However, in our study,
we altered Malatl expression in cultured neurons in vitro.
TUNEL staining revealed no significant apoptosis of neurons
in both the Malatl upregulated and downregulated groups.
This indicates that reduced expression of Malatl does not
induce NP by affecting neuronal apoptosis. This is consistent
with previous studies reporting that Malatl was not indis-
pensable for cell survival and development.>*-**

In conclusion, we investigated the expression levels
and the role of IncRNA Malatl in the regulation of NP

in brachial plexus avulsion rats. Malatl was identified in
the cytoplasm in neurons, and its expression level
decreased in the spinal cord in NP rats after brachial
plexus avulsion. Reduced Malatl expression may contri-
bute to neuropathic pain by increasing neuronal excitabil-
ity via regulation of calcium flux without affecting
neuronal survival. This study thus provides new insight
into the pathogenesis of NP and may lead to a novel
therapeutic strategy for the treatment of this condition.
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5.
tgcgtcaggcattcaggeagegageacaggeacctggtgaggeaggagactcagectgaggeattcgeagataagtttctattt
aaaaagatttaaaaggaaactagaactctaaacttaatagagtagcttactgagataataatattttaatattaagattttaaaa
gaaaagtatggaggtttatttaaacaatttgaaaaaggaaaagagaaaaatttttgtaccaccagatggaggctgacctgagg
cgtttattcagagtagtttagaagattgtaaaagggagcaattgtggagtttcaaaggttctagcttgagggtcagecttgttagg
tgtacttttaaacgaaggttacctaaacagaatctaaatggctttitaaaattgtaaagttgtagataatagtttgaaaatgagat
gtagtttaaaaagattgaaaaaagtaagttgaagggegttataagagtcgactgtcgeatgtacgaaggcatgagttggaaac
ggggaatggaagtggtagggttagtattttgagaaagaagattagaaaatggaagtggaaaaatgaagacaagtticaggaag
gtgaagaaaagctgtagagaagataggaaaatagaagaccgaagaatcattagaagacagaaaaggtatttaaacacacag
gtaggaagaaaactagaagatagaaaaaaagcaagatagaaagacaaaaggaagttcagacaactttggatgccagceattce
aagataggcaaagaagataagatcaagaccaaaaggttggataaggttaaatctcagaaataaagtcagaaggaaattattt
ttaaagccataaattcaagtttctgatggagcccagceagtttagaagtgtctgtagacagcecattttacaagagtgaagetagea
gtcaaagctacaactgaagtaattaaaaaggcagaatgcgtttgaaaagttagaagaatattagaagecttaacttgtagctta
attttgttttgagaacaaaaggacttttgataacaatttcaagattgtcagcattttgcattggacttgagctgaggtgctttaaaa
gtgttaacgactagcattggcagcegaccaaggtctacacagaagtggattcagtgaacctaggaagacaggagtcccgaage
cagtttggtgaagctaggaaggactgagcagecagcageageaggtcatggtgaagatageccaggaaacagtgeggttegtt
ggaggaagctaggaagaaggagcecgaaatgatgtggtgaagctagaaaagaggattccgggaaggtggagecagttcgagt
tggtgatgaagctagetggegtcttggettgtcaacgcggaggaggcgageaggeattgegttgtggagagaatagatagegg
ctcctagaccagcatgtcaatgtgcaagaaaggcetgcagggaaageatgtggtgeggtaacateecgtgaggteggeaacgceg
gtggtggtttctgtaacttgaggatggtaacttgtttattttgecttggtatgggggagtttgtaggcttctgtetgtatccactggtg
ctgccaaggctgtggacaaggtcatcccagaagagagtcatctggggetgtaggecgetgegggtgtiggaggtttttctttttea
gggttgtgtectcttgeatcttgtctgaagettttgagggeagactgecaaggeccagaagaatggtagatggeaagttgtcttaa
cccgatctgagggaaaatgaatggtagagccaacagtctegecagtttigtaagacgttttagttctgtgaacagetaacctact
gcagtcttctgcaagtcttactactgtgtaggggaggtaattgggcaaagtgcttggggggtggggtgggacaaaatatattttg
agttcttttccecttaggtctgtctagaatcctaaaggcagatgactcaagggaaccaggaaaaaaagaaaatccagtatcagg
ataagcagaactcaacaggtttacagtttctagaaattagatgaatagctttcacgttgaatatggaggagctgtccattggega
aatggctggtagtttattcttttcccccteecttaacaagacttgtaaaattectaatcttttgaatatttttacttgaaatatttggga
atggtcttaacagggaggagtgggteggggaaaatgttttttctaagattttccacagatgctatagttctgttggcacactgggt
tagagaaggcgtgtactgctatgetgttggeacgacaccttcagggactggagcetgecctttatecttggaagagtttccccagtg
gccgetgaagtacagcacagtgeagetttggttcacagtcacctcaggagaacctcaggagcettgagtaggecagatgttaaag
ttaagttttcaagcaccatgacnnnnnnnnnnnnnnnnnnnnnnnnnNnnNnNnNnNNNNNRNNNNNNNNNNNNNN
nnnnnnnnnnnnnnnnnn-3’

Figure S| The full-length rat Malat] cDNA sequence. It covers 2.70 kb, from 208430190 to 208427488 (NCBI 4.1, Aug 2007), on the reverse strand of chromosome |
(http://www.ncbi.nlm.nih.gov/ieb/research/acembly/av.cgi?db=rat&c=Gene&I=stawflu).
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Figure S2 Nissles’ stain and immunofluorescence test of neurons in vitro. (A) Nissles’ stain of neurons. The typical neuron is shown as a brown triangle. (B) Immunofluorescence
stain of neurons. Neurons are labeled as green using biomarker microtubule-associated protein-2 (MAP-2). Nuclei are stained blue with DAPI. Scale bar=200 pm.
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Figure S3 Validation of RNA interference. (A) The adenovirus vectors were transfected into neurons and green fluorescent protein was expressed. Scale bar=200 pm. (B)
The same visual field observed using phase contrast microscope. Scale bar=200 pm. (C) Outcome of qRT-PCR for expression of Malatl after RNA interference. Malatl|
upregulated adenovirus was shown in up group. Three Malat| downregulated adenovirus were shown in down|, down2, and down3 group. The blank group was transferred
using adenovirus without interference sequence. The control group was normal neurons. Downregulated adenovirus can effectively decrease the expression of Malatl.
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Table S| The antibodies used in the test of immuno-FISH

Name Company Cat. # Conjugated Host Dilution
Anti-NeuN Abcam Ab177487 No Rabbit 1:500
Anti-lbal Abcam Ab5076 No Goat 1:500
Anti-GFAP Abcam Ab7260 No Rabbit 1:500
Anti-rabbit 1gG Abcam Abl150129 Alexa fluor 488 Donkey 1:400
Anti-goat IgG Abcam Ab150073 Alexa fluor 488 Donkey 1:400

Abbreviations: NeuN, neuronal nuclei; Iba-1, ionized calcium binding adaptor molecule |; GFAP, glial fibrillary acidic protein.

Table S2 The probes used in the test of immuno-FISH

Name Tm (°C) Sequence (5'-3') Length %GC
Malatl-a 66.1 gggccgttataagagtcgactgtegeatgtacgaaggeatgag 43 535
Malatl-b 66.1 geggttcgttggaggaagctaggaagaaggagecgaaatgatg 43 53.5
Malatl-c 62.4 ggctggtagtttattcttttcccccteccttaacaagacttg 42 45.2
GAPDH 64 cttgtgacaaagtggacattgttgccatcaacgacccctteattg 45 46.7

Abbreviations: GAPDH, glyceraldehyde phosphate dehydrogenase used as internal control.

Table S3 Target sequence of shRNA used in the synthesis of
virus vectors

NO. Target sequence

Malatl-a GGTAACATCCCGTGAGGTCGG
Malatl-b GGGAGTTTGTAGGCTTCTGTC
Malatl-c GGCGAGCAGGCATTGCGTTGT

Table S4 Sequence of primers used in the synthesis of ShRNA

Name Sequence (5'to 3')

Malatla-F(BamHI) g8atccGGTAACATCCCGTGAGGTCGGTTCAAGAGACCGACCTCACGGGATGTTACCTTTTTTg
Malatla -R(EcoRI) gaattcAAAAAAGGTAACATCCCGTGAGGTCGGTCTCTTGAACCGACCTCACGGGATGTTACCg
Malatlb -F(BamHI) ggatccGGGAGTTTGTAGGCTTCTGTCTTCAAGAGAGACAGAAGCCTACAAACTCCCTTTTTTg
Malatlb -R(EcoRI) gaattcAAAAAAGGGAGTTTGTAGGCTTCTGTCTCTCTTGAAGACAGAAGCCTACAAACTCCCg
Malatlc -F(BamHI) g8atccGGCGAGCAGGCATTGCGTTGTTTCAAGAGAACAACGCAATGCCTGCTCGCCTTTTTTg
Malat!c-R(EcoRI) gaattcAAAAAAGGCGAGCAGGCATTGCGTTGTTCTCTTGAAACAACGCAATGCCTGCTCGCCg
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