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Abstract

The role of P2X2/3, P2X3, P2X4 or P2X7 and P2Y2, P2Y6, and P2Y12 receptors in neuropathic 

pain has been widely studied. In contrast, the role of P2Y1 receptors is scarcely studied. In this 

study we assessed the role of P2Y1 receptors in several neuropathic pain models in the rat. 

Furthermore, we analyzed the expression of P2Y1 receptors in the ipsilateral dorsal root ganglia 

(DRG) and dorsal part of the spinal cord during the development and maintenance of neuropathic 

pain. We also determined the effect of the P2Y1 receptor antagonist on the expression of P2Y1 

receptors. Spinal nerve ligation (SNL), chronic constriction injury (CCI) or spared nerve injury 

(SNI) produced tactile allodynia from 1 to 14 days after nerve injury. SNL, CCI and SNI enhanced 

expression of P2Y1 receptors in DRG but not in the dorsal part of the spinal cord at 1-3 days after 

injury. Intrathecal injection of the selective P2Y1 receptor antagonist MRS2500, but not vehicle, 

reduced tactile allodynia in rats 1-3 days after SNL, CCI or SNI. Moreover, intrathecal injection of 

MRS2500 (at day 1 or 3) reduced neuropathy-induced up-regulation of P2Y1 receptors expression. 

Intrathecal injection of MRS2500 lost most of the antiallodynic effect when injected 14 days after 

injury. Our results suggest that P2Y1 receptors are localized in DRG, are up-regulated by nerve 

injury and play a pronociceptive role in development and, to a lesser extent, maintenance of 

neuropathic pain.
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 1. Introduction

ATP (adenosine 5′-triphosphate) is released from primary afferents following nerve damage 

(Chizh and Illes, 2001). After it is released, ATP can bind to P2X (P2X1–7) or P2Y 
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(P2Y1/2/4/6/11/12/13/14) receptors (Lazarowski et al., 2003). P2X receptors are ion channels 

whereas P2Y receptors are coupled to Gq/11 (P2Y1, 2, 4, 6, 11) or Gi/o (P2Y12, 13, 14) protein 

families (Burnstock et al., 2011). The latter receptors show affinity for different endogenous 

nucleotides including adenosine-5′-diphosphate (ADP) (P2Y1/2/13), ATP (P2Y1/11), 

uridine-5′-diphosphate (UDP) (P2Y6), uridine-5′-triphosphate (UTP) (P2Y4), UDP-glucose 

(P2Y14) or both ATP and UTP nucleotides (P2Y2) (Jacobson et al., 2009).

The participation of P2X2/3, P2X3 (Jarvis et al., 2002; Honore et al., 2002; Sharp et al., 

2006), P2X4 (Tsuda et al., 2003) and P2X7 (Chessell et al., 2005; Honore et al., 2006) 

receptors in neuropathic pain has been widely studied. These studies have revealed a 

pronociceptive role for these channels. Likewise, P2Y2 (Li et al., 2014; Magni et al., 2015), 

P2Y6 (Kobayashi et al., 2012; Barragán-Iglesias et al., 2014), P2Y11 (Barragán-Iglesias et 

al., 2014) and P2Y12/13/14 (Tozaki-Saitoh et al., 2008; Kobayashi et al., 2008, 2012; Horváth 

et al., 2014) receptors have been related to maintenance of neuropathic pain. The role of 

P2Y1 receptors in neuropathic pain is scarcely studied.

Previous studies have reported a pronociceptive role for the P2Y1 receptors in inflammatory 

pain. For instance, local peripheral administration of selective P2Y1 receptor antagonists 

into the rat hind paw reduces formalin-induced nociception and ATP-, carrageenan-, acidic 

saline/ischemia- or complete Freund's adjuvant (CFA)-induced hyperalgesia (Andó et al., 

2010; Seo et al., 2011; Jankowski et al., 2012; Kwon et al., 2014a, 2014b; Barragán-Iglesias 

et al., 2015). Also, intrathecal injection of a P2Y1 receptor antagonist diminishes bone 

cancer pain in rats (Chen et al., 2012). Conversely, the role of P2Y1 receptors in neuropathic 

pain is unclear. Intraperitoneal administration of a selective P2Y1 receptor agonist reduces 

tactile allodynia in rats with neuropathic pain (Andó et al., 2010) suggesting that P2Y1 

receptors play an antinociceptive role in neuropathic pain. These authors also found that 

activation of P2Y1 receptors reduces acute and inflammatory pain. Interestingly, P2Y1 

receptor mRNA is up-regulated in rat dorsal root ganglia (DRG) neurons after chronic 

constriction injury (CCI) or peripheral axotomy of the sciatic nerve (Xiao et al., 2002; 

Tsuchihara et al., 2009). In addition, it has been suggested that P2Y1 receptors are expressed 

in astrocytes and these cells contribute to neuropathic pain (Morán-Jiménez and Matute, 

2000; Kobayashi et al., 2013). Thus, these studies have suggested that P2Y1 receptors may 

have a pronociceptive rather than an antinociceptive role in neuropathic pain.

In this study, we assessed the role of P2Y1 receptors, by using a selective P2Y1 receptor 

antagonist, in neuropathic pain models in the rat to shed light on the role of spinal P2Y1 

receptors in neuropathic pain. Furthermore, we analyzed the expression of P2Y1 receptors in 

DRG and spinal cord during the development and maintenance of neuropathic pain. We also 

determined the effect of the P2Y1 receptor antagonist on the expression of P2Y1 receptors.

 2. Results

 2.1. Expression of P2Y1 receptors and effect of the P2Y1 receptor antagonist in rats with 
CCI, spared nerve injury (SNI) or spinal nerve ligation (SNL)

CCI, SNI or SNL dramatically decreased 50% paw withdrawal threshold response to values 

of about 4 g, as compared to the sham or naïve groups, which was interpreted as tactile 
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allodynia (Figs. 1A, 2A and 3A). Tactile allodynia was observed from 1 to 14 days after 

nerve injury. Using Western blotting, a band of about 45 kDa corresponding to P2Y1 

receptors was found in both ipsilateral DRG and dorsal part of the spinal cord (Figs. 1B, 2B 

and 3B). CCI (Figs. 1B/C/D) enhanced expression of P2Y1 receptors 3-days after injury 

whereas SNI (Figs. 2B/C/D) increased that expression at 1-day post- injury in the ipsilateral 

DRG but not in the dorsal part of the spinal cord. SNL (Figs. 3B/C/D) had a similar pattern 

than CCI. SNI produced the greatest enhancement of protein expression followed by CCI 

and SNL. Based on these results, we injected the selective P2Y1 (MRS2500) receptor 

antagonist in neuropathic rats at those times. Intrathecal injection of the drug (19-190 ng), 

but not vehicle, dose-dependently increased 50% paw withdrawal threshold response in rats 

after CCI (Fig. 1E), SNI (Fig. 2E) or SNL (Fig. 3E). In contrast, intrathecal MRS2500 did 

not modify pain threshold in naïve (data not shown) or sham-operated rats at 1, 3 or 14 days 

(Figs. 1E/G, 2E/G and 3E/G). Besides the antiallodynic effect, intrathecal injection of 

MRS2500 (at day 1 or 3) reduced neuropathy-induced up-regulation of P2Y1 receptors 

expression (Figs. 1F, 2F and 3F). In contrast with the antiallodynic effects observed at the 

first or third day after injury, intrathecal injection of MRS2500 (19-190 ng) only produced a 

modest enhancement of the 50% withdrawal threshold response when injected 14 days after 

spinal nerve ligation (Figs. 1G, 2G and 3G). Accordingly, MRS2500 did not modify P2Y1 

receptors expression in DRG nor spinal cord at 14 days in rats subjected to CCI and SNI 

(Figs. 1H and 2H). Based on these negative results, we did not carry out the same 

experiment in the SNL model.

 3. Discussion

We have observed that intrathecal administration of MRS2500 diminishes tactile allodynia 

in 3 models of neuropathic pain in the rat. The effects of this drug were mainly observed in 

the development (1-3 days) and, to a lesser extent, maintenance (14 days) of neuropathic 

pain. Since this drug is a selective P2Y1 receptor antagonist (Hechler et al., 2006), our data 

suggest that spinal P2Y1 receptors participate in the development of neuropathic pain 

induced by CCI, SNI and SNL. To our knowledge, this is the first study demonstrating that 

spinal P2Y1 receptors blockade reduces development of neuropathic pain in the rat. In 

support of our study, local peripheral administration of the selective P2Y1 receptor 

antagonists MRS2500 or MRS2179 reduces ischemia-, formalin- and carrageenan-induced 

nociception (Seo et al., 2011; Kwon et al., 2014a; Barragán-Iglesias et al., 2015). 

Conversely, our results disagree with one study showing that activation of P2Y1 receptors 

leads to antinociception as intraperitoneal administration of the selective P2Y1 receptor 

agonist MRS2365 produces antiallodynic effects in rats subjected to partial sciatic nerve 

ligation (Andó et al., 2010). This discrepancy could be due to the administration route 

(intrathecal versus intraperitoneal). After systemic administration, a drug reaches multiple 

sites of action (peripheral, intrathecal and supraspinal). Particularly, supraspinal sites of 

action could lead to opposite actions to what is observed in the spinal cord, peripheral 

terminals or immune cells. However, more research is needed in order to clarify this point.

We also have shown here that P2Y1 receptors are expressed in DRG and dorsal spinal cord 

of naïve rats. Our results concur with previous studies indicating that P2Y1 receptor mRNA 

or protein is found in rat DRG and spinal cord (Nakamura and Strittmatter, 1996; Xiao et al., 
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2002; Ruan and Burnstock, 2003; Kobayashi et al., 2006; Tsuchihara et al., 2009; Kwon et 

al., 2014a; Barragán-Iglesias et al., 2015). Particularly, P2Y1 receptors are expressed in 

peptidergic and non-peptidergic C-type sensory neurons (Ruan and Burnstock, 2003). 

Furthermore, these receptors have been found in laminae I–II and III–V of the dorsal horn 

(Kobayashi et al., 2006). Interestingly, CCI, SNI and SNL up-regulated P2Y1 receptors 

expression in the ipsilateral DRG, but not spinal cord, 1 or 3 days after nerve injury. As 

stated in results, SNI produced the greatest enhancement of protein expression compared to 

CCI and SNL. Differences could be due to the severity of the nerve injury induced in the 

SNI model as nerves are ligated and axotomized, whereas in the other models nerves are 

only ligated. Previous studies have reported that CCI or axotomy increases P2Y1 receptors 

mRNA expression in DRG 2 to 28 days after ligation (Xiao et al., 2002; Tsuchihara et al., 

2009) suggesting that P2Y1 receptors have a role in the development and maintenance of 

neuropathic pain. Our data disagree with these studies in the time course of the P2Y1 

receptors mRNA expression. Differences could be due to techniques used (western blot 

versus in situ hybridization). Notwithstanding, our data in 3 different models indicate that 

P2Y1 receptors protein expression in DRG has a peak during the development (1-3 days), 

but not maintenance, of neuropathic pain.

To further reinforce the participation of spinal P2Y1 receptors in the development of 

neuropathic pain in rats, we demonstrated that intrathecal administration of the P2Y1 

receptor antagonist diminishes nerve injury-induced tactile allodynia and P2Y1 receptor up-

regulation in DRG at 1-3 days. Reinforcing this, intrathecal injection of MRS2500 only 

produced a small antiallodynic effect while it did not modify expression of P2Y1 receptors 

in DRG or spinal cord at 14 days. These data strongly suggest that spinal P2Y1 receptors 

participate in the development of neuropathic pain. Interestingly, others have reported that 

intrathecal administration of the P2Y1 receptor antagonist MRS2179 decreased P2Y1 

receptor mRNA and phosphorylated extracellular signal-regulated kinases (p-ERK1/2) 

protein expression in the spinal dorsal horn and DRG of rats with bone cancer pain (Chen et 

al., 2012). Furthermore, local peripheral injection of the P2Y1 receptor antagonist MRS2500 

blocked carrageenan-induced up-regulated TRPV1 expression and phosphorylation of p38 

mitogen-activated protein kinase (p38 MAPK), while the P2Y1 receptor agonist MRS2365 

enhanced TRPV1 expression and p38 MAPK phosphorylation in DRG from naïve rats 

(Kwon et al., 2014a). Based on this, it is tempting to speculate that inhibition of P2Y1 

receptors may block the induction of p38 MAPK phosphorylation and reduce pro-

inflammatory cytokines leading to down-regulation of the purinergic receptors and 

antinociception.

 Conclusion

Our data indicate that intrathecal injection of a P2Y1 receptor antagonist blunts neuropathy-

induced tactile allodynia during development and, to a lesser extent, maintenance of 

neuropathic pain. Moreover, P2Y1 receptors are expressed in DRG and dorsal spinal cord 

while nerve injury up-regulates P2Y1 receptors in DRG but not in the spinal cord. Our data 

suggest that the spinal P2Y1 receptors participate in the development and, to a lesser extent, 

maintenance of neuropathic pain.
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 4. Experimental procedure

 4.1. Animals

Previous experiments in our conditions found no differences between male and female rats 

(Caram-Salas et al., 2007). Thus, all experiments in this study were performed on female 

Wistar rats (140–180 g). Animals were obtained from our own breeding facilities or from 

Taconic (Hudson, NY) and had free access to food and drinking water. All experiments 

followed the Guidelines on Ethical Standards for Investigation of Experimental Pain in 

Animals (Zimmerman, 1983) and the Mexican regulation (NOM-062-ZOO-1999). The 

Institutional Ethics Committee or Institutional Animal Care and Use Committee approved 

all experiments (Protocol #s 042-13, 14-04).

 4.2. SNL, CCI and SNI models of neuropathic pain

Animals used in the three models were anesthetized with a mixture of ketamine (50 mg/kg, 

i.p.) and xylazine (10 mg/kg, i.p.). In the SNL model, spinal L5-L6 nerves were exposed and 

tightly ligated with 6-0 silk suture distal to the dorsal root ganglion as previously reported 

(Kim and Chung, 1992). On the other hand, CCI model was performed according as in 

Bennett and Xie (1988). Briefly, the sciatic nerve was exposed and ligated with four loosely 

tied chromic gut ligatures around the sciatic nerve at 1 mm intervals. Finally, SNI model was 

performed according to the original report (Decosterd and Woolf, 2000). The procedure 

comprised a ligation and axotomy of the tibial and common peroneal nerves leaving the 

sural nerve intact.

For sham-operated rats, nerves were exposed but not ligated or axotomized. Tactile allodynia 

in all models was determined according to a reported method (Chaplan et al., 1994). For this 

purpose, rats were transferred to clear plastic, wire mesh-bottomed cages and allowed to 

acclimatize for 30–40 min. Von Frey filaments (Stoelting, Wood Dale, IL) were used to 

determine the 50% paw withdrawal threshold using the up-down method (Dixon, 1980). 

Allodynia was considered to be present when paw withdrawal thresholds were less than 4 g.

 4.3. Intrathecal administration

Intrathecal administration of vehicle or MRS2500 (10 μl) at days 1, 3 or 14 following SNL, 

CCI or SNI was conducted by direct lumbar puncture in the L5-L6 intervertebral space with 

a 30-gauge needle following the method of Mestre (Mestre et al., 1994). This procedure was 

performed under isoflurane anesthesia to permit rapid recovery of the animals.

 4.4. Drugs

(1R*,2S*)-4-[2-Iodo-6-(methylamino)-9H-purin-9-yl]-2-

(phosphonooxy)bicyclo[3.1.0]hexane-1-methanol dihydrogen phosphate ester 

tetraammonium salt (MRS2500) was purchased from Tocris Bioscience (Ellisville, MO). 

This purinergic drug was selected based on relevant receptor selectivity and efficacy 

(Hechler et al., 2006). The doses used in this study were chosen based in pilot experiments 

in our conditions. MRS2500 was dissolved in 0.9% saline.
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 4.5. Western blot analysis

Western blot analysis was used to determine the expression of P2Y1 receptors in the 

ipsilateral DRG and spinal cord. Naïve and ligated rats were sacrificed by decapitation. The 

L4-L6 DRGs and lumbar region of the dorsal spinal cord were dissected. Immediately, 

tissues were frozen and stored at −70°C. Tissues from individual animals were homogenized 

in ice-cold lysis buffer (in mM: 150 NaCl, 50 Tris–HCl, 5 EDTA), pH 7.4 for 30 min at 4°C. 

The protease inhibitors PMSF (1 mM), aprotinin (10 μg/mL), leupeptin (10 μg/mL), 

pepstatin A (10 μg/mL) and the surfactant 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, 

MO) were added to the lysis buffer immediately prior to use. The homogenate was then 

centrifuged (Eppendorf, Hamburg) at 14,000 rpm for 10 min to remove cellular debris. The 

resultant supernatant was used to measure protein concentration by the Bradford's method 

(Bio-Rad, Hercules, CA).

Fifty micrograms of total protein were resolved by denaturing in 10% SDS–polyacrylamide 

gel electrophoresis and transferred to PVDF membranes. Membranes were blocked in 5% 

non-fat milk in PBS at pH 7.4 (in mM: 137 NaCl, 2.7 KCl, 10 Na2HPO4 and 2 KH2PO4) 

with 0.05% Tween-20 for 1 h. After that, they were washed and incubated overnight at 4°C 

in 5% non-fat dry milk/PBS containing goat anti-P2Y1 antibody (1:500, Santa Cruz 

Biotechnology, Cat # SC-15204, Dallas, Texas). Membranes were incubated for 1 h at room 

temperature in 1% non-fat milk/PBS containing the horseradish peroxidase-conjugated 

secondary antibody (Donkey anti-goat, Cat # 705-035-003, 1:10000, Jackson 

immunoresearch, West Grove, PA). Protein signal detection was achieved with the ECL 

chemiluminescence system (ECL plus, Amersham, UK). The next day, blots were stripped 

and incubated with a monoclonal antibody directed against β-actin (1:10000, Cat # 

MAB1501R, Millipore, Billerica, MA) or GAPDH (1:10000, Cat # 14C10, Cell Signaling, 

Danvers, MA), which were used as internal controls to normalize P2Y1 protein expression 

level. Scanning of the immunoblots was performed and the bands were quantified by 

densitometry using an image analysis program (Image Lab Software Version 5.2.1, Bio-Rad, 

Hercules, CA).

 4.6. Experimental design

In order to assess the role of spinal P2Y1 receptors in the neuropathic pain induced by SNL, 

CCI or SNI, we determined the expression of this receptor at the ipsilateral DRG and dorsal 

spinal cord at 1, 3, 7 and 14 days after nerve injury. P2Y1 receptors expression reached a 

peak at 1 or 3 days after injury. Thus, administration of the P2Y1 receptor antagonist 

MRS2500 (19-190 ng) in neuropathic rats was carried out at the same times to determine the 

role of these receptors in the development of neuropathic pain. We also tested the effect of 

MRS2500 14 days after nerve injury in order to determine the role of these receptors in the 

maintenance of neuropathic pain. Moreover, to confirm the participation of the spinal P2Y1 

receptors in the development and maintenance of neuropathic pain in rats, we measured the 

expression of P2Y1 receptors in presence and absence of MRS2500 at 3 and 14 days, 

respectively, after nerve injury.
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 4.7. Data analysis and statistics

All behavioral results are given as the mean ± S.E.M. for six animals per group. Curves were 

constructed by plotting the threshold for paw withdrawal as a function of time. An increase 

of 50% withdrawal threshold was considered as antiallodynia. For protein expression, all 

results are given as the mean relative intensity ± S.E.M. for 3 animals per group.

One- or two-way analysis of variance, followed by the Dunnett test was used to compare 

differences in more than 2 experimental groups. Student t-test was used to compare 2 

experimental groups. Differences were considered to reach statistical significance when p < 

0.05.
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 Abbreviations

ADP Adenosine 5′- diphosphate.

ATP Adenosine 5′-triphosphate.

CCI Chronic constriction injury.

CFA Complete Freund's adjuvant.

DRG Dorsal root ganglia.

ERK1/2 Extracellular signal-regulated kinases.

MRS2500 (1R*,2S*)-4-[2-Iodo-6-(methylamino)-9H-purin-9-yl]-2-

(phosphonooxy)bicyclo[3.1.0]hexane-1-methanol dihydrogen phosphate 

ester tetraammonium salt.

p38 MAPK p38 mitogen-activated protein kinase.

SNI Spared nerve injury.

SNL Spinal nerve ligation.

UDP Uridine-5′-diphosphate.

UTP Uridine-5′-triphosphate.
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Figure 1. 
Expression of P2Y1 receptors in DRG and spinal cord and effect of the selective P2Y1 

receptor antagonist MRS2500 (MRS) in rats subjected to chronic constriction injury (CCI). 

Time course of the withdrawal threshold observed after CCI (panel A). Expression of P2Y1 

receptors in the ipsilateral (IL) dorsal root ganglia (DRG) and dorsal spinal cord (SC) in 

sham (S) and neuropathic rats at 1, 3, 7 and 14 days after injury (panels B, C and D). 

Antiallodynic effect of the selective P2Y1 receptor antagonist MRS2500 in rats previously (3 

days) subjected to CCI (panel E). Effect of MRS2500 on CCI-induced up-regulation of 

P2Y1 receptors in DRG of rats previously (3 days) subjected to CCI (panel F). Antiallodynic 

effect of MRS2500 in rats previously (14 days) subjected to CCI (panel G). Effect of 

MRS2500 on CCI-induced up-regulation of P2Y1 receptors in DRG of rats previously (14 

days) subjected to CCI (panel H). Behavioral and molecular data are expressed as mean ± 

S.E.M. for 6 and 3 animals, respectively. Data are expressed as the time course of the 

withdrawal threshold. * p < 0.05, ** p < 0.01 and *** p < 0.001, significantly different from 

the vehicle (Veh) or Sham (S) group, as determined by one (panels C and D) or two-way 

(panels E and G) analysis of variance followed by the Dunnett's test or Bonferroni test, 

respectively. Student t-test was used to compare 2 independent groups.
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Figure 2. 
Expression of P2Y1 receptors in DRG and spinal cord and effect of the selective P2Y1 

receptor antagonist MRS2500 (MRS) in rats subjected to spared nerve injury (SNI). Time 

course of the withdrawal threshold observed after SNI (panel A). Expression of P2Y1 

receptors in the ipsilateral (IL) dorsal root ganglia (DRG) and dorsal spinal cord (SC) in 

sham (S) and neuropathic rats at 1, 3, 7 and 14 days after injury (panels B, C and D). 

Antiallodynic effect of MRS2500 in rats previously (3 days) subjected to SNI (panel E). 

Effect of MRS2500 on SNI-induced up-regulation of P2Y1 receptors in DRG of rats 

previously (3 days) subjected to SNI (panel F). Antiallodynic effect of MRS2500 in rats 

previously (14 days) subjected to SNI (panel G). Effect of MRS2500 on SNI-induced up-

regulation of P2Y1 receptors in DRG of rats previously (14 days) subjected to SNI (panel 

H). Behavioral and molecular data are expressed as mean ± S.E.M. for 6 and 3 animals, 

respectively. Data are expressed as the time course of the withdrawal threshold and 50% 

threshold withdrawal against time curve (AUC). * p < 0.05, ** p < 0.01 and *** p < 0.001, 

significantly different from the vehicle (Veh) or Sham (S) group, as determined by one 

(panels C and D) or two-way (panels E and G) analysis of variance followed by the 

Dunnett's test or Bonferroni test, respectively. +p < 0.05, ++ p<0.01 and +++ p<0.001, 

significantly different form the SNI + Veh group. Student t-test was used to compare 2 

independent groups.
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Figure 3. 
Expression of P2Y1 receptors in DRG and spinal cord and effect of the selective P2Y1 

receptor antagonist MRS2500 (MRS) in rats subjected to spinal nerve ligation (SNL). Time 

course of the withdrawal threshold observed after SNL (panel A). Expression of P2Y1 

receptors in the ipsilateral (IL) dorsal root ganglia (DRG) and dorsal spinal cord (SC) in 

sham (S) and neuropathic rats at 1, 3, 7 and 14 days after injury (panels B, C and D). 

Antiallodynic effect of MRS2500 in rats previously (3 days) subjected to SNL (panel E). 

Effect of MRS2500 on SNL-induced up-regulation of P2Y1 receptors in DRG of rats 

previously (3 days) subjected to SNL (panel F). Antiallodynic effect of the selective P2Y1 

receptor antagonist MRS2500 in rats previously (14 days) subjected to SNL (panel G). 

Behavioral and molecular data are expressed as mean ± S.E.M. for 6 and 3 animals, 

respectively. Data are expressed as the time course of the withdrawal threshold and 50% 

threshold withdrawal against time curve (AUC). * p < 0.05, ** p < 0.01 and *** p < 0.001, 

significantly different from the vehicle (Veh) or Sham (S) group, as determined by one 

(panels C and D) or two-way (panels E and G) analysis of variance followed by the 

Dunnett's test or Bonferroni test, respectively. +p < 0.05, significantly different form the SNI 

+ Veh group. Student t-test was used to compare 2 independent groups.
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