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Abstract

The development of effective therapeutics for camduced bone pain (CIBP)
remains a tremendous challenge owing to its unclesthanisms.
Gamma-aminobutyric acid (GABA) is the major inhdvit neurotransmitter in the
central nervous system (CNS). Emerging studies Bage/n that disinhibition in the
spinal cord dorsal horn may account for the devalenqt of chronic pain. However,
the role of GABA in the development of CIBP remaghgsive. In addition,
accumulating evidence has shown that neurogli#éd cethe peripheral nervous
system, especially astrocytes and microglial cplsyed an important role in the
maintenance of CIBP. In this study, we investigatedexpression of GABA and
Gamma-aminobutyric acid transporter-1 (GAT-1),aagporter of GABA. Our results
demonstrate that GABA was decreased in CIBP ragxpscted. However, the
expression of glutamic acid decarboxylase (GAD&S up-regulated on day 21
after surgery, while the expression of GAD 67 ramediunchanged after surgery. We
also found that the expression of GAT-1 was up-agd mainly in the astrocytes of
the spinal cord. Moreover, we evaluated the analgdfect of exogenous GABA and
the GAT-1 inhibitor. Intrathecal administrationetogenous GABA and NO-711 (a
GAT-1 selective inhibitor) significantly reversedBP-induced mechanical allodynia
in a dose-dependent manner. These results filstiy shat neuron-glia interactions,
especially on the GABAergic pathway, contributette development of CIBP. In
conclusion, exogenous GABA and GAT-1 inhibitor ntigke alternative therapeutic

strategies for the treatment of CIBP.
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1. Introduction

Cancer-induced bone pain (CIBP) is chronic pairsedwby primary or distant
metastases of non-bone tumors, notably those ibréaest, prostate, and lung (Liu et
al., 2011; Liu et al., 2018; Zhou et al., 2016ndt only brings tremendous physical
injury, but also causes severe negative emotionshwdramatically affect the quality
of a patient’s life (Zhou et al., 2017). Currentlyug therapeutics of CIBP are
ineffective due to the escalating doses and unwlasitie effects (Edwards et al., 2018;
Lu et al., 2015). The development of effective #pautics for CIBP remains a target
of ongoing studies.

Gamma-aminobutyric acid (GABA), the major inhibitareurotransmitter in the
central nervous system (CNS), plays an importarttipaontrolling the transmission
of pain information (Kontinen et al., 2001; Polgdml., 2003). GABA is synthesized
from glutamate by the action of two glutamic acetarboxylases GAD65 and
GADG67 (Kami et al., 2016). GADG65, predominantlyatized in the nerve terminal in
the laminae |-l of the spinal cord, is preferelhtiaynthesize GABA for
neurotransmission. While GAD67, evenly spread tghaut the neurons in the deep
laminae of the spinal cord, is preferentially sysize cytoplasmic GABA (Pinal and
Tobin, 1998; Soghomonian and Martin, 1998; Wallalgt2010).

Gamma-aminobutyric acid transporters (GATs), whiansport GABA in the



synaptic cleft, play a critical role in regulatitice homeostasis of extracellular GABA
(Yadav et al., 2015). GATs are divided into foubtpes: gamma-aminobutyric acid
transporter-1 (GAT-1), gamma-aminobutyric acid s@orter-2 (GAT-2),
gamma-aminobutyric acid transporter-3 (GAT-3), Bataine/GABA transporter 1
(BGT-1). GAT-1 is the most predominant and makesloput 80% of all GATs (Li et
al., 2011; Smith et al., 2007). Up-regulation of BXtransporters may result in faster
removal of GABA from the synaptic cleft of GABAeogaxon terminals, which may
trigger certain CNS disorders (Ng and Ong, 2005Er&bov et al., 2014). Moreover,
GABA transporter inhibitors such as Tiagabine, Bif@t711 (a GAT-1 selective
inhibitor) provide analgesic effect in neuropatp@n (Kataoka et al., 2013; Masocha
and Parvathy, 2016). These results suggest thatl3Adly be involved in the
transmission of pain information.

Several studies have shown that there is apopabS#\BAergic neuron in the spinal
cord which could result in the reduction of GABAdaits synthesizing enzyme in
neuropathic pain model (Fu et al., 2016; Lorenzal.e2014; Moore et al., 2002).
However, other studies suggest that GABAergic nesiin the spinal cord do not
induce apoptosis (Polgar et al., 2004). The apaptadls were likely to be microglia,
rather than neurons (Polgar et al., 2005). Moreatber studies demonstrated that
disinhibition in the spinal cord could induced lprregulation of GAT-1, which
resulted in the reduction of GABA in the synaptiiefcof the spinal cord (Polgar and
Todd, 2008). In this study, we firstly demonstratieat the neuron-glia interactions,

especially on GABAergic pathway, contributed to dexelopment of CIBP.



Moreover, intrathecal administration of exogenodsB@ or GAT-1 inhibitor may be

alternative therapeutic strategies for the manageofeCIBP.

2. Material and methods

2.1. Animalsand ethical statement

Due to female adult rats being more susceptibWatker 256 mammary gland
carcinoma cells, all experiments were performedeomale adult Sprague-Dawley
rats (180-200 @), provided by Tongji Medical Code¢iuazhong University of
Science and Technology (HUST), Wuhan, People’s Blgpaf China and kept in a
temperature-controlled (21 £ environment under a standard 12-h light/12-h dark
cycle with abundant food and drinking water. Alpeximental protocols received
approval from the Animal Care and Used Committedluwdzhong University of
Science & Technology and were in accordance wighNthtional Institutes of Health
Guide for the Care (Zimmermann, 1983). All effastsre made to minimize the
number of animals used and their suffering. Animadse divided randomly into

different groups. The number in each group is showall the figure legends.

2.2. Intrathecal cathetersand drug administration

For intrathecal administration of drugs, intratHexzheter implantation was
completed as previously described (Gwak et al.82@riefly, under pentobarbital
sodium (50 mg/kg) anesthesia, a PE-10 polyethytigini@g (1.D. 0.25 mm and O.D.

0.5 mm) was inserted into the intrathecal spacedxmt L5 - L6 of the spinal cord.



Different doses of GABA (0.5g, 1.0ug, Sigma; Cat No. PARUI-QE) and
NO-711(10ug, 50ug, 100ug, Sigma) were dissolved in saline, and then iegatto
the intrathecal space in a volume ofd0followed by 10ul saline for flushing. The
control group received the same volume of salite doses of GABA and NO-711
drug administration protocols are shown in theegponding drug administration

schedules (Fig. 2A, Fig. 7A).

2.3. Preparation of tumor cells

Tumor cells were prepared as described previotlyet al., 2017a). Briefly, Walker
256 mammary gland carcinoma cell suspension (¥ml10 cells/mL) was injected

into the abdominal cavity of female rats. After G-days, cells were extracted from

the ascitic fluid of the rat and suspended in phagpbuffered saline (PBS). Cell

suspension was adjusted to 4 ¥ délls/mL for injection using a hemocytometer.

2.4. Cancer-induced bone pain model

The CIBP model was carried out by inoculating Walk&6 mammary gland
carcinoma cells into the right tibia based on prasistudies (Chen et al., 2018; Zhou
et al., 2018). After anesthesia with pentobarlstaium (50 mg/kg), a minimal
incision in the right leg was made to expose thiatiThen, prepared carcinoma cells
(4 x 10 cells/mL,10 pL) were injected into the intrameduylaf the right tibia using

a 10-pL Hamilton syringe. Rats in the sham groupeviigected 10 pL PBS solution



instead. The injection site was quickly sealed wibne wax while the syringe was

removed. Then, the wound was sutured using 3-Glsidad.

2.5. Evaluation of behavioral pain

All animals were habituated, and basal pain sefitsitivas performed before surgery.
Animals that showed obvious abnormal data wereadik. In order to observe the
development of mechanical allodynia after tumof icglculation (TCI), the pain
behavioral test was performed on day 5, 7,14, &t afirgery. After administration of
GABA, NO-711 or vehicle, the pain behavior testtpomls were as follows: for acute
treatment, the pain behavior test was performedayni4 after TCI; for chronic
treatment, the pain behavior test was continuopstjormed from day 14 to day 18
once daily after TCI. The mechanical allodynia waaluated using the hind paw
withdrawal threshold (PWT) according to Electrovmn-Frey methods as previously
described (Liu et al., 2017). Rats were first ptacePlexiglas boxes with a wire
mesh floor for about 30 min. Continuous and enhanfarce was applied on the hind
paw until the paw was withdrawn. The minimum foreevoke a positive response
was recorded as the PWT (grams). The maximum famppéed was 50 g in order to
prevent any tissue damage. The test was performed times with 5 min intervals
and the average of three measurements was corssi@etbe PWT (grams). All of the
behavioral tests were performed by an investigatay was blind to the experimental

design.



2.6. Immunofluorescence

Rats were deeply anesthetized with pentobarbitiliso (50 mg/kg) and
intracardially perfused with 0.1M PBS followed by 4araformaldehyde in 0.1M
PBS (Hu et al., 2017b). L3-L5 spinal segments tdf veere dissected and post-fixed
in 4% paraformaldehyde overnight, and subsequémathsferred to 30% sucrose
solution until the tissues sank to the bottom at 4 he spinal cord was sectioned 20
pum thick and processed in accordance with staridardinofluorescence protocols.
After washing in 0.1M PBS, the sections were blalckéth 5% goat serum for 1 h at
3771, and then incubated overnight at/4wvith the following primary antibodies:
mouse anti-GADG65 (1:100; Abcam; ab26113; Cat No3G3556-1), mouse
anti-GAD67 (1:100; Abcam; ab26116; Cat No. GR31&8TI4 rabbit anti-GABA
(1:100; Sigma; A2052; Cat No. 047M4852V), rabbiti-&NEUN (1:500; Abcam;
ab177487; Cat No. GR249899-54), rabbit anti-GAT-1Q0; Abcam; ab426; Cat No.
GR3202352-3), mouse anti-glial fibrillary acidicopein (GFAP) (1:500; Cell
Signaling Technology, CST; #34001S; Lot 6), godi-emmized calcium
bindingadaptor molecule-1 (lba-1) (1:200; Abcanb@l6; Cat No.GR256200-1).
After washing 30 min in PBS, the sections were batad for 2 h with the
corresponding Alexa Fluor 488-conjugated secondatiypodies (1:100; Protomer) or
Cy3-conjugated secondary antibodies (1:100; Protpthen washed in PBS three
times, followed by 4', 6-diamidino-2-phenylindo@API) (Beyotime Biotechnology)
and incubated for 15 min. Sections were cover slippith 50% glycerol. Fluorescent

images were captured using a fluorescence micres@@ld2500; Leica) and then



measured by image-pro plus software.

2.7. Western blot

Under deep anaesthesia with pentobarbital sodi@nm@kg), the L3-L5 spinal cord
was immediately removed and homogenized in ice-@dtb-immunoprecipitation
assay (RIPA) lysis buffer containing protease irtbibcocktail (Guo et al., 2017). The
proteins from each group were separated by 10%usododecyl sulfate
polyacrylamide gel and then transferred to polylrdgne fluoride membranes
(IPVHO0010; EMD Millipore). After incubation in adcking solution of 5%
skimmed milk in Tris-buffered saline and 0.1% Tweénfor 2 h at room temperature,
the membrane was incubated overnight atwith anti—glutamic acid
decarboxylase-GADG65 (1:1000; Abcam; ab26113; Cat®®3184556-1) or

-GADG67 antibody (1:1000; Abcam; ab26116; Cat No.3G83743-1), anti-GAT-1
(1:1000; Abcam; ab426; Cat No. GR3202352-3), afifB (1:5000; Cell Signaling
Technology, CST; #34001S; Lot 6), polyclone antiegiraldehyde-3-phosphate
dehydrogenase (GAPDH) antibody (1:2000; Promotat;N®. 60004-1-1g), followed
by corresponding incubation with horseradish petase linked to secondary
antibodies for 90 min at 37. For visualization, Super-Lumia ECL Plus HRP
Substrate Kit (K22030; Abbkine) was used and thetected using a computerized
image analysis system (ChemiDoc XRS1, Bio-Rad, tles;CA). Intensity of each

band was normalized to the internal control (GAPRH) measured using the image



lab software (Bio-Rad).

2.8. Statistical analysis

All statistical analyses are presented with me&EM. and performed using Prism
6 (GraphPad Software). The behavioral responsegthanical stimuli were tested
using two-way analysis of variance with repeate@snees followed by the
Bonferroni test. Western blot data was analyzedgusne-way analysis of variance
with repeated measures followed by the Bonferresii.P < 0.05 was considered as

significant.

3. Results

3.1. Mechanical allodyniainduced by tumor cell inoculation in femalerats.

PWTs were measured at baseline prior to surgeryaraay 5, 7, 14, 21 after surgery
in order to observe the development of mechanitaynia in each group. Prior to
TCI, the average mechanical threshold was 23.3%4 @ (ipsilateral) in the CIBP
group, which showed no significant differences cared with other groups at

16.44 £ 1.33 g) to the last observation day 21lilépesal 10.25 + 0.35 g) after TCI

compared with the naive or the sham group (Fig. 1A)

3.2. Changes of spinal GABA in CIBPrats.

In order to clarify the changes of GABA in the sgdinord, sections of the spinal cord



in each group were analyzed using immunofluoresestaining. GABA+
immunoreactivities were mainly presented in theesfigal dorsal horn of the spinal
cord. GABA+ immunoreactivities in the spinal corfd@BP rats were obviously
weaker than the naive and sham groups (Fig. 2AnEhe images that emerged, a
number of rounded GABA+ cells were co-expresseti WituN (a neuron marker)
and some were expressed in the neuropils surrogmMiaN which are consistent

with previous reports (Fig. 2K-T).

3.3. Expression of spinal GABA synthesizing enzymes GAD65 and GADG67 in
CIBPrats.

To further evaluate the signaling of GABA in thengb cord and to the occurrence of
CIBP, we performed western blot and immunofluoraseestaining to evaluate
GABA synthesis, including GABA synthesizing enzyn@@&D65 and GAD67. For
western blot, the protein levels of GAD65 on dayo21the CIBP group were
significantly increased compared to the naive gi@ug. 3A-B). While, no significant
difference was observed in the protein expressidbAD67 between the CIBP group
and the naive group (Fig. 4A-B). The immunofluossse data also showed that the
expression level of GAD65 was increased in the tanti of the ipsilateral spinal
dorsal horn of the CIBP group on day 21 compardti¢maive group (Fig. 3C-G).
And in the enlarged merged images, GAD65 immundnrates were presented as
punctate structures in neuropils mostly in the sipal dorsal horn of the spinal cord

(Fig. 3R-V). GAD67 immunoreactivities were detectesheuronal cell bodies and



co-expressed with NeuN (Fig. 4M-V). In conclusi@AD65 was elevated in the
ipsilateral spinal cord of the CIBP group, whilee expression level of GAD67

showed no significant difference in each group.

3.4. Attenuation of mechanical allodynia by intrathecal administration of GABA.
To determine whether GABA in the spinal cord wasgpomsible for the development
of CIBP, rats were intrathecally injected exogenG4BA. The results showed that
intrathecal administration of a single dose of GA@#rathecal injection (i.t.) 0.5
ug/10ul or 1.0pg/10ul) significantly reversed CIBP-induced mechanididdynia

on day 14 after TCI both on the ipsilateral andtiaateral hind limbs compared with
before the intrathecal drug administration andvibigicle group. The behavioral tests
were conducted at 0, 0.25, 0.5, 1.0, 2.0, 3.0dr &ABA injection. The analgesic
effect of GABA began at 0.25 h, peaked at 1.0 W, lasted for 2.0 h (Fig. 5B-C).
GABA (1.0 ng/10ul, once a day) or vehicle (10, once a day) was conducted from
day 14 to day 18 in order to observe chronic arsadgeffect and behavioral tests were
conducted 1.0 h after GABA injection from day 14ty 18. The results showed that
continuous administration of 5 days GABA (1.§/10ul) could significantly

alleviate CIBP-induced mechanical allodynia ratihen the vehicle (Fig. 5D).

3.5. Expression and cellular localization of spinal GABA transporter GAT-1in
CIBPrats.

We also evaluated the expression of spinal GABAgparter GAT-1 in order to show



the clearance of GABA in the synaptic cleft in egcbup. For western blot, the
expression levels of GAT-1 protein on day 14 angl2hof CIBP group were
significantly increased when compared with the eajsoup (Fig. 6A-B). Meanwhile,
as we expected the protein expression of GFAPgan@te marker) was consistent
with GAT-1 in each group (Fig. 6C-D). We also teistiee cellular localization of
GAT-1 (green) in the lumbar dorsal horn by doubienunofluorescence with NeuN
(red) for neurons, GFAP (red) for astrocytes, drad1 (red) for microglia to further
confirm the cellular localization of GABA transpertGAT-1. As shown in Fig. 6E-P,
GAT-1 was mostly co-expressed with GFAP, and a nitynavith NeuN in the
superficial spinal cord. These results showed @#af-1 was up-regulated on day 14

and day 21 after TCI and expressed mostly in agieecand a minority in neurons.

3.6. Effect of intrathecal injection of GAT-1 inhibitor NO-711 on the development
of CIBP-induced mechanical allodynia.

To explore the effect of GAT-1 inhibitor NO-711 @iBP-induced mechanical
allodynia, we intrathecally injected a single do§&O-711 into CIBP rats on day 14
after TCI. Results show that NO-711 administratiommatically attenuated
CIBP-induced mechanical allodynia on ipsilateraidhimb in a dose-dependent
manner compared with the vehicle group, and theieffity of NO-711 (10@g/10ul,
and 50ug/10ul, on day 14) began at 0.25 h, reached a pealsdt, @nd lasted for 3.0
h, except for the 1ig/10ul NO-711 (Fig. 7B). However, there was no significa

analgesic effect of NO-711 on the contralateratilwnb compared with the vehicle



group (Fig. 7C).

For chronic treatment, we intrathecally adminisdek-711 (10Qug/10ul, once a
day) or vehicle (1@l, once a day) from day 14 to day 18 and PWTs wezasured
0.5 h after injection. As shown in Fig. 7D, contims administration of NO-711 (100
ug/10ul, once a day) obviously attenuated CIBP-inducedtragical allodynia

compared with the vehicle group.

3.7. Chronic administration of GAT-1 inhibitor NO-711 suppressed the
up-regulation of GABA transporters GAT-1 and astrocytesin CIBPrats.

To confirm whether NO-711 exerts its analgesicafiyy suppressing the expression
of GABA transporters GAT-1 and GFAP, we intrathgcaljected NO-711 (10Qg/10
ul, once a day) into CIBP rats from day 14 to daySj@inal cords were collected to
examine the expression of GABA transporters GARd astrocytes using western
blot and immunofluorescence 0.5 h after injectiime expression of GAT-1 and
GFAP were significantly suppressed after NO-71attrent (Fig. 8A-B). As
illustrated in Fig. 8C-H, immunofluorescence stagalso showed that the
immunoreactivities of GAT-1 and GFAP in the supadi dorsal horn of the spinal
cord in the CIBP + NO-711 group were weaker thanGkBP + vehicle group. These
results confirm that chronic treatment with GATRhibitor NO-711 could suppress

the expression of GABA transporters GAT-1 and astes in CIBP rats.

4. Discussion



Our present study showed that: 1) The expressi@ABA was decreased in the
spinal cord in CIBP rats which is consistent witkypous reports and intrathecal
administration of exogenous GABA significantly aileted CIBP-induced mechanical
allodynia. 2) The increase of GAD65 might serva@smpensation mechanism to
expression of GAD67 did not change. 3) The expoessf GABA transporters GAT-1
was up-regulated on day 14 and day 21 in CIBP 4at€hronic treatment of GAT-1
inhibitor NO-711 significantly suppressed the ugtrdation of both GAT-1 and GFAP
in the ipsilateral spinal cord. In conclusion, #aessults firstly indicate that the
neuron-glia interactions, especially on the GABAemathway, contributed to
CIBP-induced mechanical allodynia.

Disinhibition in the spinal cord is an importantfar leading to mechanical allodynia
in rats with neuropathic pain. One mechanism preg@scounting for the
disinhibition was loss of GABA or its synthesiziagzyme (Moore et al., 2002). All
these changes have been considered to result fimapbptosis of GABAergic
neurons in the spinal cord, as indicated by a reoluof GABA-immunoreactive and
the presence of the apoptotic marker (Lorenzo.g2@l4; Scholz et al., 2005).
However, other studies using stereological coupbspd these findings by
suggesting that there was no significasslof GABAergic neurons in the spinal cord
of spared nerve injury (SNI) or chronic constriativerve injury (CCI) model rats
(Lee et al., 2010; Polgar et al., 2005; Polgal.e03). In contrast to these studies,

others provided evidence for an increase in GABMiumoreactive in the spinal cord



(Castro-Lopes et al., 1992; Ko et al., 2018). Tretadies demonstrate that the
increased GABAergic inhibitory tone measured byggtohysiology in the spinal
cord may serve as a compensation mechanism farased excitability in
neuropathic pain (Kontinen et al., 2001). Thusrahae explicit discrepancies in the
findings of these studies with regard to the compleatomic changes related to the
functional role of GABAergic neurons in neuropatpain (Polgar et al., 2003).
Therefore, it is important to investigate whether thanges of spinal GABAergic
elements are related to the genesis and develogsh@iBP by comparing the
guantities of GABA, its synthesizing enzymes GARBE GADG67 in the spinal cord.
In contrast to previous studies, our results shathiatithe expression of GAD65 was
elevated on day 21 after TCI. We used both wedilatnand immunofluorescence
staining to analyze its expression, which couldifieto the reliability of our results.

It is difficult to illustrate the discrepancy betareour results and those of previous
studies. One possible explanation might be thabtbehanism of CIBP is distinct
from neuropathic pain. Some studies have repohadGIBP rats showed remarkable
activation of glia cells but there was no changeanumber of neurons (Schwei et
al., 1999). Another possible reason for the charig@AD65 might be that it serves as
a compensation mechanism to control the balanGA®A and glutamate which is
consistent with the electrophysiologic results ohkinen study (Kontinen et al.,
2001).

Another possible mechanism of disinhibition waslepn of GABA in the synaptic

cleft. GABA transporters play a vital role in therheostasis of GABA in the synaptic



cleft of the spinal cord. In normal conditions, #gression of GABA is controlled
by GABAergic neurons and astrocytes GABA transpertierough the mechanism of
glutamate-GABA cycle (Gwak and Hulsebosch, 2011B@& transporters control the
homeostasis between excitatory and inhibitory imfation by clearing GABA
released from presynaptic terminals in the spioed ¢Yadav et al., 2015). In recent
years, accumulating evidence has shown that neatoglls in the peripheral nervous
system, especially astrocytes and microglial cplsyed an important role in the
genesis and maintenance of CIBP (Guo et al., 20#éng et al., 2005). It has also
been confirmed that the expression of GAT-1 wagadél in the paclitaxel or CCl
model (Daemen et al., 2008; Gosselin et al., 20H0)vever, the neuron-glia
interactions on the GABAergic pathway in CIBP natxe not exactly shown. In our
study, we found that the up-regulation of astrogted GABA transporters GAT-1 in
the ipsilateral spinal cord contributed to the geémand development of CIBP. In
addition, intrathecal administration of GAT-1 intidy NO-711 significantly

attenuated CIBP-induced mechanical allodynia.

5. Conclusion

In conclusion, the present study suggests thatabsghibition in the spinal dorsal
horn contribute to the development of CIBP. Ouaddtowed that intrathecal delivery
of GABA or pharmacologically inhibition of GAT-1 otd attenuate CIBP-induced
mechanical allodynia. Therefore, spinal GABA andl&Amight be a potential

therapeutic target for cancer pain.
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Figurelegends
Fig. 1.: Tumor cell inoculation induced mechanical allodyniain femalerats. (A)
CIBP ipsilateral PWTs were significantly decreafed day 5 after TCI to the last
observation on day 21 (**P < 0.001 compared with the naive group, ###0.001
compared with the sham grquyp= 10 in each group). While, the naive and sham

groups showed no obvious change during 21 days.

Fig. 2.: Changes of GABA in theipsilateral spinal cord after TCI. (A-J)
Immunoreactivities of GABA (green) and NeuN (redl}he ipsilateral spinal cord in
each group. The fluorescence intensity of GABA€gian the spinal cord of CIBP
rats was weaker than the naive and sham groups4(i 2ach group). (K-T) As we
detected in the merged images, some GABA (greemuinoreactivities were
co-expressed with NeuN (red) and some were expessbe neuropils surrounding

NeuN (red) (N = 4 in each group).

Fig. 3.: Expression of spinal GABA synthesizing enzymes GAD65 in CIBP rats.

(A-B) Western blot analysis showed that GAD65 proexpression in the dorsal horn



was significantly up-regulated on day 21 post TOC®BP group (*** P < 0.001
compared with the naive group, N = 6 in each gro{@®)G) Immunofluorescence
staining showed that the increased GADG65 (grees)mainly expressed in the
lamina 1l of lumbar dorsal horn of ipsilateral spicord (N = 4 in each group). (R-V)
The enlarged merge images showed that GAD65 (greeninoreactivities were

expressed as punctate structures in neuropils4{Nh=each group).

Fig. 4.: Expression of spinal GABA synthesizing enzymes GAD67 in CIBPrats.

(A-B) Western blot analysis showed that GAD67 progxpression in the spinal
dorsal horn had no difference in each graRp .05 compared with the naive group,
N = 6 in each group). (C-G) Immunofluorescencensitgi showed that GAD67 (green)
was spread evenly throughout GABAergic neuronsiendeep laminae of the spinal
cord (N =4 in each group). (R-V) The enlarged meergages showed that GAD67
(green) immunoreactivities were expressed in nalroegll bodies and co-expressed

with NeuN (a neuron marker) (N = 4 in each group).

Fig. 5.: Intrathecal administration of GABA alleviated CIBP-induced mechanical
allodynia. (A) Scheme of GABA administration and behaviosdessment in CIBP
rats. (BC) A single dose of GABA (i.t. 0.pg/10ul and 1.0ug/10yul on day 14)
significantly alleviated CIBP-induced mechanicabdynia both on the ipsilateral and
contralateral hindlimbs (P < 0.05, **P < 0.01, *** P < 0.001 compared with the

CIBP + vehicle group. £ < 0.05, ##° < 0.01, ### < 0.001 compared with before



intrathecal drug administration, N = 6 in each gnoD) The development of
CIBP-induced mechanical allodynia was attenuatethbyontinuous administration
of 5 days GABA (i.t. 1.qug/10ul, once a day) (***P < 0.001 compared with the
CIBP + vehicle group. # < 0.05, ##° < 0.01, ### < 0.001 compared with the

naive group, N = 6 in each group).

Fig. 6.: Expression and cellular localization of GAT-1in the dorsal horn of spinal
cord in CIBPrats. (A-B) Western blot analysis showed that the timerse of

GAT-1 protein expression in the dorsal horn on dagay 14 and day 21 post TCI (*
P < 0.05, *P < 0.01 compared with the naive group, N = 6 in egoup). (C-D) As
we respect that the expression of GFAP (an aseauogrker) is consistent with

GAT-1 (** P<0.01, *** P < 0.001 compared with the naive group, N = 6 irheac
group). (E-P) Representative photomicrographs of-GAgreen) double fluorescence
labeling with NeuN (red) for neurons, GFAP (red) &strocytes, and Iba-1 (red) for
microglia in the ipsilateral spinal cord on dayadifter TCI. The results showed that
GAT-1 was co-expressed mostly with GFAP (yellowgl amnority with NeuN

(yellow) (N =4 in each group).

Fig. 7.: Intrathecal administration of GAT-1 inhibitor
NO-711alleviatedCI BP-induced mechanical allodynia. (A) Scheme of NO-711
administration and behavioral assessment in CIBP (BC) A single dose of

NO-711 (i.t. 20Qug/10ul and 50ug/10yul, but not 10ug/10ul, on day 14)



significantly reversed the CIBP-induced mechanadiaidynia on ipsilateral hindlimb.
However, there was no significant analgesic efft¢®O-711 on the contralateral
hindlimb. The result showed that only a single dos€00ug NO-711 reversed the
CIBP-induced mechanical allodynia on contralatbnatllimb at 0.5 h after NO-711
administration (*P < 0.05, *** P < 0.001 compared with the CIBP + vehicle group, N
=4 in each group). (D) For chronic treatment, N{Q-{.t. 100ug/10yul, once a day)

or vehicle was injected for 5 days (from day 14l&y 18 after TCIl) and PWTs were
measured 0.5 h after injection. The ipsilateral ma@écal allodynia was obviously
reversed by NO-711 (1Q@/10ul) (* P< 0.05, *P < 0.01, *** P < 0.001 compared
with the CIBP + vehicle group. ##< 0.01, ### < 0.001 compared with the naive

group, N =4 in each group).

Fig. 8.: Repeated intrathecal administration of NO-711 (100 ng/10 pl) reversed
CIBP-induced up-regulation of GAT-1 and astrocytesin the spinal cord.

(A) Western blot data showed that the protein esgio; of GAT-1 was
down-regulated in the CIBP + NO-711 group P% 0.01 compared with the CIBP +
vehicle group, N = 4 in each group). (B) The expi@s of GFAP was also suppressed
in the CIBP + NO-711 group ® < 0.05 compared with the CIBP + vehicle group, N
=4 in each group). (C-H) Immunofluorescence stajralso demonstrated that
NO-711 (100ug/10pl) reversed the increase of GABA transporters GAfmd

astrocytes in the spinal cord in CIBP rats.
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