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Abstract

The transient receptor potential (TRP) superfamily of cation channels, of which the TRP vanilloid 

type 1 (TRPV1) receptor plays a critical role in inflammatory and neuropathic pain, is expressed 

on nociceptors and spinal cord dorsal horn neurons. TRPV1 is also expressed on spinal astrocytes 

and dorsal root ganglia (DRG) satellite cells. Agonists of the cannabinoid type 2 receptor 

(CB2R) suppress allodynia, with some that can bind TRPV1. The neuroimmune C–C class 

chemokine-2 (CCL2) expressed on injured DRG nociceptor cell bodies, Schwann cells and spinal 

astrocytes, stimulates immune cell accumulation in DRG and spinal cord, a known critical element 

in chronic allodynia. The current report examined whether two CB2R agonists, AM1710 and 

AM1241, previously shown to reverse light touch mechanical allodynia in rodent models of sciatic 

neuropathy, require TRPV1 activation that leads to receptor insensitivity resulting in reversal 

of allodynia. Global TRPV1 knockout (KO) mice with sciatic neuropathy given intrathecal 

or intraperitoneal AM1710 were examined for anti-allodynia followed by immunofluorescent 

microscopy analysis of lumbar spinal cord and DRG of astrocyte and CCL2 markers. Additionally, 

immunofluorescent analysis following intrathecal AM1710 and AM1241 in rat was performed. 
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Data reveal that intrathecal AM1710 resulted in mouse anti-allodynia, reduced spinal astrocyte 

activation and CCL2 expression independent of TRPV1 gene deletion. Conversely, peripheral 

AM1710 in TRPV1-KO mice failed to reverse allodynia. In rat, intrathecal AM1710 and AM1241 

reduced spinal and DRG TRPV1 expression, with CCL2-astrocyte and -microglial co-expression. 

These data support that CB2R agonists can impact spinal and DRG TRPV1 expression critical for 

anti-allodynia.
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1. Introduction

The endocannabinoid system is widely accepted to include the cannabinoid 1 receptor 

(CB1R) and the cannabinoid 2 receptor (CB2R). CB1R is found on peripheral nociceptor 

cell bodies within the dorsal root ganglia (DRG) and on pre- and post-synaptic neurons in 

the superficial lamina of the dorsal horn spinal cord (Salio et al., 2002). CB2R is found on 

peripheral immune cells and on glial cells such as satellite cells in the DRG (Chiocchetti 

et al., 2021; Svíženská et al., 2013; Carayon et al., 1998; Galiegue et al., 1995), and in 

the central nervous system (CNS) on astrocytes and microglia (Fernandez-Trapero et al., 

2017; Núñez et al., 2008; Van Sickle et al., 2005; Galiegue et al., 1995). Activation of either 

the CB1R or CB2R has been extensively characterized to produce analgesia in numerous 

animal models of pathological pain (Donvito et al., 2018; Ahmed et al., 2010; Curto-Reyes 

et al., 2010; Romero-Sandoval et al., 2009). The CB2R agonists AM1710 (Khanolkar et 

al., 2007) and AM1241 (Curto-Reyes et al., 2010; Ibrahim et al., 2003) are established to 

prevent and reverse neuropathy manifested as pathological sensitivity to light touch referred 

to as allodynia (Rahn et al., 2011; Wilkerson et al., 2012a; 2012b; Wilkerson et al., 2020), 

which is frequently observed in clinical neuropathic pain patients. Our group previously 

demonstrated that in rodent models of sciatic nerve injury resulting in allodynia, intrathecal 

(i.t.) AM1710 and AM1241 are capable of reversing allodynia, with simultaneous induction 

of a robust anti-inflammatory profile in both the spinal cord dorsal horn and corresponding 

DRG (Wilkerson et al., 2012a; 2012b; Wilkerson et al., 2020). However, while AM1241 

and AM1710 have a ~36 fold and ~54-fold greater affinity for the CB2R over the CB1R, 

respectively (Khanolkar et al., 2007; Curto-Reyes et al., 2010; Ibrahim et al., 2003), non-

specific actions at other receptors cannot be dismissed as a major contributing factor to the 

anti-allodynic effects of either peripherally or centrally administered CB2R agonists.

In support of possible extra-CB2R actions of AM1710 and AM1241, it has been found that 

endocannabinoids and CB2R agonists can bind to the ligand-gated ion channel, transient 

receptor potential vanilloid type −1 (TRPV1) channel (Akopian et al., 2008). TRPV1 is 

widely characterized in the periphery on nociceptive (C and Aδ fiber) nerve terminals within 

the skin, and cell bodies within the DRG, and within the central nervous system (Akopian 

et al., 2008; Barbara et al., 2009). Further, there is accumulating evidence that within the 

CNS, TRPV1 is expressed on astrocytes (Roet et al., 2019; Mannari et al., 2013), and DRG 

satellite cells (Feldman-Goriachnik and Hanani, 2021; Gu et al., 2010; White et al., 2005). 
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When activated by noxious chemical stimulation, including capsaicin, the active ingredient 

in chili peppers, forskolin, or mustard seed oil (Bianchi et al., 2006), the TRPV1 channel is 

known to generate an inward flow of cations, such as Ca2+(Fenwick et al., 2017; Himi et al., 

2012; Caterina et al., 1997; Ma and Quirion, 2007). This influx of Ca2+ depolarizes neuronal 

signaling, leading to stimulus transduction ultimately producing the sensation of burning 

pain (Bianchi et al., 2006). Along similar lines, data show that when CB2R agonists act 

as partial agonists at TRPV1, small inward currents and Ca2+ accumulation are generated. 

Consequently, threshold levels to produce action potentials in nociceptors are not generated 

(Akopian et al., 2008, 2009), suggesting CB2R agonists act as weak TRPV1 agonists.

The existing data suggest the possibility that CB2R agonists, as weak TRPV1 agonists, are 

capable of pharmacologically desensitizing the receptor without producing pain (Akopian 

et al., 2008; 2009). Indeed, it has been demonstrated in vitro that TRPV1 bound by CB2R 

agonists results in reduced Ca2+ signaling events (Akopian et al., 2008). Additionally, a 

growing body of literature links the endocannabinoid system to TRPV1 activation, with 

cannabinoid agonists referred to as endovanilloids (De Petrocellis and Di Marzo, 2009; Van 

Der Stelt and Di Marzo, 2004; Starkus et al., 2019; Muller et al., 2018; Lowin and Straub, 

2015; Patwardhan et al., 2006, Jeske et al., 2006; Fioravanti et al., 2008).

While allodynia from damage to axons of nociceptors is mediated by activated TRPV1, 

the expression of the neuroimmune chemokine, C–C class chemokine-2 (CCL2) formerly 

referred to as monocyte chemoattractant protein-1 (MCP-1), is elevated in DRG neuron 

cell bodies and further induces TRPV1 expression in DRG neurons (Kao et al., 2012). The 

well-characterized function of CCL2 in stimulating immune cell extravasation into the DRG 

and lumbar spinal cord (He et al., 2016; Gosselin et al., 2005) further supports its key 

role in exacerbating ongoing nociceptive processes, with these CCL2-mediated actions a 

critical element in chronic allodynia (Biber and Boddeke, 2014). Distinct from basal healthy 

conditions, pathological conditions trigger an increase CCL2 expression in spinal astrocytes 

(Zhang et al., 2017), DRG Schwann cells (Huang et al., 2020), and possibly DRG satellite 

cells (Lin et al., 2019), while reduced CCL2 is associated with attenuated allodynia (Hu et 

al., 2012; Van Steenwinckel et al., 2011; Thacker et al., 2009; Zhang et al., 2007).

The goal of the current report is to examine whether two previously studied CB2R agonists, 

AM1710 and AM1241 characterized to reverse allodynia in vivo, require TRPV1 expression 

for anti-allodynic efficacy, and in parallel, impact spinal astrocyte activation, spinal and 

DRG CCL2 as well as TRPV1 expression. Additionally, we examined the spatial profile 

of TRPV1 on astrocytes and neurons under non-pathological and neuropathic conditions. 

Our prior reports demonstrate AM1710 reduces dorsal spinal and DRG proinflammatory 

interleukin-1β (IL-1β) expression and simultaneously elevates the potent anti-inflammatory 

cytokine interleukin-10 (IL-10) (Wilkerson et al., 2012a; 2012b; Wilkerson et al., 2020). The 

action of reducing proinflammatory cytokines while increasing anti-inflammatory cytokines 

acts as a powerful pain suppressant (Dengler et al., 2014; Vanderwall and Milligan, 2019; 

Milligan and Watkins, 2009). Therefore, in the current report using TRPV1 knockout (−/−) 

mice, we first sought to examine if TRPV1 is required for either peripheral or central in 
vivo efficacy of the CB2R selective agonist AM1710. Microscopy analyses of DRG and 

dorsal spinal cord following TRPV1 immunohistochemical procedures were performed. 
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Additionally, astrocyte activation and cytokine expression were evaluated in the absence of 

TRPV1 under neuropathic conditions and after CB2R agonist treatment. To complement 

work conducted in TRPV1 knockout (−/−) mice, the expression profile of TRPV1 was 

evaluated within rat spinal cord and DRG under neuropathic conditions and after intrathecal 

(i.t.) CB2R agonist treatment. Because we wanted to examine if the expression profile 

of TRPV1 would be consistent across CB2R agonists of different potency and receptor 

selectivity, we examined both AM1710 and AM1241, but continued characterizing AM1710 

with regard to TRPV1 expression. To characterize the TRPV1 spatial profile with CCL2 on 

astrocytes and neurons, and to characterize the CCL2 spatial profile with IL10 on astrocytes 

and microglia, additional immunofluorescent microscopy was conducted. Together, these 

studies are aimed at gaining greater insight into the action of AM1710 and similar CB2R 

compounds that may offer novel targets for future pain therapeutics.

2. Results

2.1. TRPV1(−/−) mice display similar allodynia profiles to (+/+), (+/−) littermates

The functional knockout of the TRPV1 (i.e., TRPV1(−/−)) produced no overt changes in 

the bilateral allodynia profiles obtained with CCI. Prior to surgical manipulation, all groups 

exhibited similar bilateral (ipsilateral and contralateral) baseline (BL) behavioral thresholds 

(ANOVA, F(5,20) = 3.418; p = 0.0215, ANOVA, F(5,20) = 3.845; p = 0.0178, respectively, 

for ipsilateral and contralateral paws). Unilateral CCI surgery produced significant, stable 

bilateral allodynia from Day 3 post CCI through Day 27 post CCI compared to sham-treated 

animals (ANOVA, F(80,464) = 7.353; p < 0.0001, ANOVA, F(80,464) = 11.94; p < 0.0001, 

respectively, for ipsilateral and contralateral paws) (Fig. 1 A,B). After Day 27 post-surgical 

manipulation, allodynia spontaneously resolved with hindpaw thresholds similar to sham 

levels. All groups of sham-operated mice exhibited thresholds similar to their baseline 

responses.

2.2. Intrathecal (i.t.) injection of AM1710 remains efficacious in reversing CCI-induced 
allodynia in TRPV1 (−/−) mice, with corresponding protein changes in lumbar spinal cord 
dorsal horn and DRG

The goal of this experiment is to determine whether the efficacy of i. t. AM1710 occurs 

independently from TRPV1. Before surgical manipulation, all experimental groups exhibited 

similar ipsilateral and contralateral BL hindpaw threshold responses (ANOVA, F(11,55) = 

1.243; p = 0.2824, ANOVA, F(11,55) = 2.045; p = 0.1404, respectively). Sciatic CCI surgery 

produced significant bilateral allodynia at days 5 and 12 following injury compared to 

sham mice (ANOVA, F(11,60) = 194.1; p < 0.0001, ANOVA, F(11,60) = 128.6; p < 0.0001, 

respectively, for ipsilateral and contralateral paws). Regardless of the TRPV1 genotype, 

AM1710 (5 μg) maximally reversed CCI-induced allodynia at ~2 h after i.t. administration 

(ANOVA, F(11,55) = 57.97; p < 0.0001, ANOVA, F(11,55) = 56.13; p < 0.0001, respectively, 

for ipsilateral and contralateral paws). TRPV1 (+/+) and TRPV1 (−/−) ipsilateral and 

contralateral allodynia data are shown (Fig. 2 A,B), as well as allodynia from heterozygous 

TRPV1 (+/−) mice, (Supplemental Fig. 2 A,B).
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Immunohistochemical analysis of ipsilateral spinal cord dorsal horn reveals GFAP 

immunoreactivity (IR) is dramatically increased regardless of TRPV1 genotype in CCI-

induced neuropathic mice compared to sham-treated mice (ANOVA, F(7,22) = 9.427; p = 

0.0002) (Fig. 2 C). Similar effects are observed in the contralateral spinal cord (ANOVA, 

F(7,22) = 12.80; p < 0.0001; Supplemental Fig. 2 C). Treatment with AM1710 decreased 

GFAP IR bilaterally to levels similar to non-neuropathic controls given either vehicle or 

AM1710. Representative immunofluorescent images represent ipsilateral dorsal horn of the 

spinal cord from TRPV1(+/+) mice with sham surgery and i.t. vehicle (Fig. 2 D), CCI 

surgery and i.t. vehicle (Fig. 2 E), or CCI surgery and i.t. AM1710 (Fig. 2 F) corresponding 

to the quantitative image analysis data.

Compared to non-neuropathic sham-operated mice, CCI induced a robust increase in CCL2 

IR within the ipsilateral dorsal horn of the spinal cord in vehicle injected animals (ANOVA, 

F(7,22) = 14.03; p < 0.0001, Fig. 2 G). Similar effects were observed in the contralateral 

spinal cord (ANOVA, F(7,22) = 31.84; p < 0.0001; Supplemental Fig. 2 D). Conversely, 

i.t. administration of AM1710 decreased spinal cord dorsal horn CCL2 IR within 2 h of 

administration in TRPV1(+/+) and TRPV1 (−/−). Representative immunofluorescent images 

represent TRPV1(+/+) sham mice with i.t. vehicle (Fig. 2 H), CCI mice with i.t. vehicle 

(Fig. 2 I), or CCI mice with i.t. AM1710 (Fig. 2 J) that correspond to data examined by 

microscopy analysis.

In corresponding ipsilateral lumbar DRG, CCL2 IR is increased in CCI-induced neuropathic 

mice compared to sham-treated mice (ANOVA, F(7,22) = 22.01; p < 0.0001; Fig. 4 K), with 

similar effects observed in the contralateral DRG (ANOVA, F(7,22) = 13.13; p < 0.0001; 

Supplemental Fig. 2 E). In DRGs taken from behaviorally reversed CCI mice, AM1710 

treatment suppressed CCL2 IR in DRGs from TRPV1 (+/+), but not from TRPV1(−/−) 

mice. Immunofluorescent images represent ipsilateral DRG from TRPV1(−/−) sham mice 

with i.t. vehicle (Fig. 2 L), CCI mice with i.t. vehicle (Fig. 2 M), or CCI mice with i.t. 

AM1710 (Fig. 2 N) that correspond to the quantitative image analysis data.

2.3. Reversal of allodynia from intrathecal (i.t.) AM1710 acts independently from CB1R 
and TRPV1

In the absence of discernable involvement of TRPV1 in the anti-allodynic effects of i.t. 

AM1710, the possible role of CB1R actions for AM1710 efficacy was examined. Before 

surgical manipulation, all experimental groups exhibited similar ipsilateral and contralateral 

BL hindpaw thresholds (ipsilateral: ANOVA, F(2,8) = 0.3391; p = 0.7311; contralateral: 

ANOVA, F(2,8) = 0.03499; p = 0.9658). In all groups of mice, CCI surgery produced similar 

bilateral allodynia at days 5 and 12 following injury (ipsilateral: ANOVA, F(2,17) = 0.6084; 

p = 0.5747; contralateral: ANOVA, F(2,17) = 1.215; p = 0.3605). Neuropathic TRPV1 (−/−) 

mice given an i.t. pretreatment of the selective CB2R antagonist AM630 30-minutes prior to 

i.t. AM1710 revealed a lack of reversal from allodynia, as hindpaw thresholds were similar 

to i.t. vehicle-injected mice with CCI (ipsilateral: p = 0.6939, and contralateral: p = 0.8998), 

(Fig. 3 A, B). However, neuropathic TRPV1(−/−) mice given an i.t. pretreatment with the 

selective CB1R antagonist AM251 thirty minutes prior to i.t. AM1710, fully reversed from 
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allodynia within ~2 hrs (ipsilateral: ANOVA, F(2,8) = 152.0; p = 0.0002; contralateral: 

ANOVA, F(2,8) = 1091; p < 0.0001).

2.4. Anti-allodynic efficacy of intraperitoneal (i.p.) AM1710 requires TRPV1

Given existing evidence demonstrates that CBRs are capable to desensitizing TRPV1 on 

nociceptors, an examination of intraperitoneal (i.p.) AM1710 was explored to determine 

whether its anti-allodynic effects were mediated by its actions on TRPV1. These 

studies utilized TRPV1(−/−) mice and applied CCI to induce allodynia. Before surgical 

manipulation, all experimental groups exhibited similar ipsilateral and contralateral BL 

thresholds (ipsilateral: ANOVA, F(2,17) = 1.772; p = 0.2195; contralateral: ANOVA, F(2,17) 

=2.908; p = 0.1010). In all groups of mice, CCI surgery produced similar bilateral allodynia 

at days 5 and 12 following injury (ipsilateral: ANOVA, F(2,35) = 2.768; p = 0.0948, 

contralateral ANOVA, F(2,35) = 1.927; p = 0.1799). AM1710 given on Day 12 after surgery 

produced reversal of bilateral allodynia in TRPV1 (+/+) mice (ipsilateral: ANOVA, F(2,17) = 

9.070; p = 0.0057; contralateral: ANOVA, F(2,17) = 4.999; p = 0.0313). While ipsilateral paw 

thresholds from TRPV1(+/−) mice displayed full reversal, contralateral hindpaw responses 

appeared to reflect partial reversal. However, hindpaw responses from TRPV1(−/−) mice 

given i.p. AM1710 revealed no change from allodynia; reversal from allodynia failed (Fig. 4 

A, B).

2.5. Immunofluorescent analysis reveals intrathecal CB2R agonist treatment decreases 
TRPV1 in neuropathic rat spinal cord and DRG

These studies additionally addressed the possible action of CB2Rs on TRPV1 spinal 

expression following agonist administration. Our prior published reports extensively 

characterized anti-allodynia and neuroinflammatory cytokines in rat spinal cord and DRG 

following i.t AM1710 and AM1241. Therefore, in the current report, spinal cord and DRG 

from behaviorally-verified rats were examined for TRPV1 IR. Spinal cords from rats that 

underwent sham surgery and given i.t. AM1241 or AM1710 did not reveal altered TRPV1 

immunoreactivity (IR) in the dorsal horn. However, in rats with CCI surgery, i.t. AM1241 

significantly decreased bilateral spinal cord dorsal horn TRPV1 IR (ipsilateral: ANOVA, 

F(3,11) = 6.085; p = 0.0184; contralateral: ANOVA, F(3,11) = 4.299; p = 0.0440, (Fig. 5 A, B). 

Likewise, in rats with CCI surgery, i.t. AM1710 decreased bilateral TRPV1 IR (ipsilateral: 

ANOVA, F(3,11) = 4.416; p = 0.0413; contralateral: ANOVA, F(3,11) = 3.354; p = 0.0760) 

(Fig. 5 C, D).

An examination of bilateral L4-L5 DRG from previously behaviorally-verified rats revealed 

that compared to sham-operated rats given i.t. vehicle or AM1241, DRG from rats with 

CCI and treated with i. t. vehicle revealed increased TRPV1 IR in L4-L5 DRG (ipsilateral: 

ANOVA, F(3,11) = 16.14; p = 0.0009; contralateral: ANOVA, F(3,11) = 4.390; p = 0.0419), 

which was decreased with either i.t. AM1241 treatment (ipsilateral: ANOVA, F(3,11) = 6.13; 

p = 0.0181; contralateral: ANOVA, F(3,11) = 6.971; p = 0.0127) (Fig. 5 E, F), or i.t. AM1710 

treatment (ipsilateral: ANOVA, F(3,11) = 10.85; p = 0.0034; contralateral: ANOVA, F(3,11) = 

10.90; p = 0.0033), (Fig. 5 G, H).

Wilkerson et al. Page 6

Brain Res. Author manuscript; available in PMC 2024 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.6. Qualitative confocal images of TRPV1 immunoreactivity (IR) with astrocytes in spinal 
cord

To investigate the cellular location of TRPV1 in the dorsal horn of the spinal cord 

under sham and CCI conditions, immunohistochemical staining procedures followed by 

examination of immunofluorescent detection under microscopy was performed. Under basal 

conditions in sham rats, TRPV1 is found to be co-labeled with the astrocyte activation cell 

marker, GFAP, within the superficial lamina of the spinal cord dorsal horn (Fig. 6 A-D). 

Of note, clear co-labeling of TRPV1 and GFAP is observed near the medial white matter. 

Likewise, under neuropathic conditions induced by CCI (Fig. 6 E-H), co-labeling of TRPV1 

and GFAP is also observed within the superficial lamina. Additionally, some co-labeling of 

TRPV1 with NF-H (neuron cell bodies and processes, cyan) is observed and is clustered 

around apparent neuronal cell bodies.

2.7. Qualitative confocal images of TRPV1 immunoreactivity (IR) with CCL2 in spinal cord 
and DRG

Given potential differences in peripheral vs. central involvement of TRPV1 with CB2R 

anti-allodynic efficacy, examination of immunofluorescent of CCL2 was performed because 

CCL2 is characterized to increase TRPV1 expression. Immunofluorescent staining of 

TRPV1 co-labeled with CCL2 in the superficial lamina of the dorsal horn of the spinal cord 

in CCI-treated rats (Fig. 7 A-D) is observed, with co-labeling occurring with the astrocytic 

cell marker GFAP (cyan). Within deeper lamina 5, very clear co-labeling of TRPV1 and 

CCL2 on GFAP+ cells is observed (Fig. 7 E-H). Within the superficial lamina, both TRPV1 

and CCL2 are expressed on neurons (cyan) in a punctate pattern (Fig. 7 I-L). Within L5 

DRG, very clear co-labeling of TRPV1 and CCL2 is observed on neuronal cell bodies, and 

smaller cell bodies surrounding larger cells (possibly satellite cells) (Fig. 7 M, N, O).

2.8. Qualitative confocal images of IL-10 with CCL2 or TRPV1 immunostaining in spinal 
cord

The spatial distribution of the anti-inflammatory cytokine, interleukin-10 (IL-10) with CCL2 

or TRPV1 on astrocytes or microglia was examined in dorsal horn of the spinal cord from 

rats with CCI. IL-10 expression is characterized to increase in the spinal cord following 

AM1710, while also reducing CCL2 expression and astrocyte and microglial activation. 

Immunohistochemical fluorescent staining shows CCL2 is not extensively co-labeled with 

IL-10 in the superficial lamina of the dorsal horn of the spinal cord in CCI rats (Fig. 8 

A-D). While speculative, CCL2 expression may be present on cells contained within the 

arachnoid/pia interface, as observed in the upper left corner of images A-D. However, clear 

co-labeling of CCL2 with GFAP (cyan) is present. A similar observation is found in deeper 

lamina. Within laminae V, co-labeling of IL-10 and CCL2 IR is observed on Iba-1 positive 

cells that identifies microglia and/or infiltrating peri-vascular myeloid cells (Fig. 8 E-H). 

Additionally, while IL-10 is expressed on cells with GFAP IR (astrocytes) under neuropathic 

conditions, no apparent co-labeling of IL10 with TRPV1 is observed. (Fig. 8. I-L).
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3. Discussion

Here we characterize the length and severity of CCI-induced neuropathy in TRPV1 (+/+), 

(+/−), and (−/−) mice on a C57Bl/6 genetic background. As with our prior report (Wilkerson 

et al., 2020), clear bilateral allodynia persisted for approximately 30 days in wild type 

mice and in mice with TRPV1 genetic deletion in the current report. These data are the 

first demonstration evaluating the severity and duration of allodynia due to CCI in mice 

with TRPV1 (+/−) and (−/−) genetic backgrounds. These data further demonstrate that 

there are different underlying mechanisms whereby AM1710, a CB2R agonist, reverses 

allodynia depending on the route of administration. Intrathecally, AM1710 is not reliant on 

actions of either CB1R or TRPV1 and is selective for CB2R. However, these anti-allodynic 

effects are reliant on the actions of TRPV1 when AM1710 is given by the systemic 

route, intraperitoneally. Of importance, systemically delivered compounds (i.e., i.p. route of 

administration) can undergo first pass metabolism, which can produce secondary bioactive 

metabolites (Kamble et al., 2018). First pass metabolism is avoided with i.t. administration 

and may account for some of the observed i.p. vs. i.t. differences including time course 

and TRPV1 involvement, described within this study. In both TRPV1 (+/+) and (−/−) 

neuropathic mice, i.t. administration of AM1710 markedly reduced GFAP and CCL2 IR 

within the dorsal horn of the spinal cord, further supporting that increased activation 

of spinal astrocytes following CCI play a role in allodynia and are activated by CCI 

independently from TRPV1 expression. Additionally, CCL2 is recognized as a critical spinal 

immune signaling chemokine driving the maintenance of allodynia and is likely derived 

from several cell types including from spinal nerve terminals of injured nociceptors and 

from infiltrating monocytes/macrophages. Interestingly, only neuropathic TRPV1(+/+) mice 

displayed a decrease in CCL2 within the DRG after AM1710 treatment, as CCL2 IR in 

TRPV1(−/−) tissues remained elevated after AM1710 treatment, suggesting that elevated 

CCL2 can persist despite allodynic reversal. The anti-allodynic action of the CB2R agonist 

AM1710 does not require an interaction of CCL2 and TRPV1.

Although spinal TRPV1 appear dispensable in neuropathic rats, we found that TRPV1 IR 

is decreased after i.t. administration of two structurally different CB2R agonists in both the 

dorsal horn of the spinal cord and DRG. We found co-labeling of TRPV1 on astrocytes, as 

identified by GFAP IR under both sham and neuropathic conditions. Further, in neuropathic 

rat spinal cord and DRG, co-labeling of TRPV1 and CCL2 in both astrocytes within the 

dorsal horn as well as satellite cells within the DRG was demonstrated. Conversely, although 

both TRPV1 and IL-10 are expressed by astrocytes within non-neuropathic rat dorsal horn 

spinal cord, their expression was not co-labeled on the same cell. It is possible that under 

pathological conditions such as that following peripheral neuropathy, the expression profile 

of TRPV1 and IL-10 on astrocytes changes.

The finding that the copy number of TRPV1 did not alter CCI-induced allodynia is likely 

specific to allodynia, and not to other experimental behavioral measures of pain. The 

observation that TRPV1 knockout mice display similar severity and duration of allodynia 

compared to their heterozygous and wild type littermates was predicted based on prior 

evidence (Bolcskei et al., 2005; Caterina et al., 2000). A notable exception to these findings 

appears to be found on day 7 after partial sciatic nerve ligation, where TRPV1 (−/−) mice 
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show a protective phenotype (Chen et al., 2009). TRPV1 (−/−) mice have also been reported 

to demonstrate lessened sensitivity to thermal hyperalgesia (Caterina et al., 2000).

Limited reports exist examining the spatial distribution of TRPV1 on astrocytes in the 

dorsal horn of the spinal cord in rodents (Doly et al., 2004). However, recent evidence from 

humans suggests that TRPV1 receptor expression on non-neuronal cells within the central 

nervous system is highest in astrocytes (Roet et al., 2019). Within the rodent central nervous 

system, it has also been demonstrated that perivascular astrocytes within the brain express 

TRPV1 (Mannari et al., 2013). Interestingly, CCL2 is expressed by vascular endothelial cells 

(Roblek et al., 2019; Khyzha et al., 2019), and CCL2 can augment TRPV1 expression in 

DRG neurons (Kao et al., 2012; Jung et al., 2008). Here, we show supporting evidence 

that under sham and neuropathic conditions, astrocytes and neurons within the superficial 

laminae of the dorsal horn of the spinal cord express TRPV1. In addition, results from the 

current report expand on our previous work which demonstrated that astrocytes in the deeper 

lamina express the anti-inflammatory cytokine IL-10 (Wilkerson et al., 2012a), as here, we 

show TRPV1 and IL-10 are co-expressed on astrocytes, but with a distinctly different spatial 

distribution.

The current report examined the anti-allodynia CB2R selectivity of spinally administered 

AM1710 in neuropathic TRPV1(−/−) mice. The data unexpectedly demonstrate that TRPV1 

is dispensable in order to achieve behavioral reversal of sciatic nerve injury-induced 

allodynia via i.t. AM1710. However, it is possible that underlying factors in the spinal 

cord driving neuropathy involve TRPV1 when it is present (e.g. in genetically intact 

mice), given our findings that TRPV1 IR was decreased after i.t. CB2R treatment, and 

expressed on spinal astrocytes. Importantly, the data demonstrate that potential off-target 

effects of AM1710 at CB1R or in a CB2R-independent action are unlikely, given i.t. 

pre-treatment with AM630, a CB2R antagonist blocked the effects of AM1710. Intrathecal 

pre-treatment with AM251, a CB1R antagonist, however, did not alter the effects of spinal 

AM1710, supporting the existing in vivo evidence that intrathecally-delivered AM1710 

acts in a CB2R-specific manner (Deng et al., 2015; Wilkerson et al., 2012a; Wilkerson 

et al., 2020). In support of this CB2R selectivity, the current report demonstrates that in 

behaviorally-verified TRPV1(−/−) mice, i.t. AM1710 resets spinal levels of elated GFAP 

and CCL2 IR to basal levels. In contrast, DRG examined from neuropathic TRPV1(−/−) 

mice demonstrated continued elevations in CCL2 IR following i.t. AM1710. Thus, it is 

possible that a bidirectional influence of CCL2 and TRPV1 within the DRG may occur in 

wild type mice, but that suppression of CCL2 in the DRG is not required for anti-allodynia.

One critical factor in controlling neuropathic pain may be increased levels of spinal CCL2. 

Importantly, CB2R agonists, when delivered spinally, may participate in regulating CCL2 

mediated pain. Indeed, these data support prior reports demonstrating increased CCL2 

expression in both spinal cord pain-projection neurons and interneurons, astrocytes and 

DRG nociceptive neuronal cell bodies with CCI-induced neuropathy (White et al., 2005; 

Bhangoo et al., 2007; Jung et al., 2008; Hu et al., 2012; Jeon et al., 2009; Dansereau 

et al., 2008; Echeverry et al., 2011; Morin et al., 2007; Zhang et al., 2006, 2007). Other 

studies show that systemic (i.p.) administration of either AM1710 (Deng et al., 2015) or 

an enzyme inhibitor that increases endogenous activity of both CB1R and CB2R (Curry 
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et al., 2018) decrease pathological CCL2 elevations within the spinal cord and DRG from 

chemotherapy induced peripheral neuropathy. Here, we have extended these findings and 

show that in a surgical model of neuropathy, i.t. AM1710 dynamically regulates pathological 

expression of CCL2 in both the spinal cord and DRG in wildtype mice. It should be noted 

that the mechanics (i.e., specifically regarding the needle withdrawal from the intrathecal 

space) involved with performing intrathecal injections may have introduced the possibility 

that AM1710 was able to enter the peri-neural space around relevant DRGs (Wilkerson 

et al., 2012). Additionally, as CCL2 and the powerful anti-inflammatory cytokine IL-10 

both involve microglia and infiltrating macrophages, further investigation into characterizing 

the role of these cell types that may underlie their importance, at least in part, on the 

anti-allodynic effects of AM1710 will provide important additional information in terms of 

potential druggable targets.

CB2R agonists including AM1710 have been found to lack a discernable drug dependence 

and abuse liability profile as well as other untoward side effects (Li et al., 2018; Rahn et al., 

2011; Kinsey et al., 2011). Indeed, AM1710 does not cross the blood brain barrier (Rahn et 

al., 2011). Combined, this profile of CB2R agonists such as AM1710 support its potential 

as a promising first-generation small molecule drug to control pain, particularly in light of 

the current opioid epidemic, where few opioid-independent pain therapeutics are available. 

Anecdotal evidence and retrospective studies support that prescription opioid misuse can 

be a gateway for opioid addiction (Conroy and Hill, 2014, Mars et al., 2014) leading to 

long-term opioid exposure. It has been postulated that hyperkatifeia, or the state of enhanced 

sensitivity to emotional distress, is linked to long-term opioid misuse (Shurman et al., 

2010). Opioid-related hyperkatifeia is further exacerbated by the current-day onslaught of 

unrelenting stress related to various facets of the COVID-19 pandemic, as recent evidence 

shows opioid misuse resulting in overdose has increased by ~38% in the United States 

during the first 12 months of the pandemic (Kuehn, 2021; Koob et al., 2020). Therefore, the 

need to develop opioid-independent pain therapeutics with diminished side effects as well as 

lessened abuse and dependence liability remains urgent. CB2R agonists formulated to act in 

the periphery, and without the requirement of crossing the blood brain barrier to act in the 

central nervous system, may be promising effective non-opioid pain therapeutics.

The data show that the anti-allodynic effects of peripherally administered AM1710 are 

mediated by TRPV1. We speculate that TRPV1(−/−) mice may have compensatory 

mechanisms allowing CCL2 up-regulation in DRG under neuropathy. AM1710 may 

modulate peripheral TRPV1 function with possible actions within DRG, as prior reports 

have demonstrated that within the DRG, TRPV1 is upregulated in satellite cells under 

neuropathic conditions and modulates CCL2 actions (White et al., 2005). While other 

reports demonstrate that peripherally administered cannabinoids are capable of reversing 

neuropathy in animal models by binding to TRPV1 as partial agonists (Akopian et al., 2008; 

2009), the current report demonstrates that TRPV1 is not a critical mediator of CCI-induced 

allodynia, and CB2R suppression of CCL2 is not required for anti-allodynic efficacy. 

Crosstalk also exists within the TRPV family, and evidence demonstrates that activation 

of TRPV1 not only leads to its desensitization, but can also desensitize neighboring TRPVs 

(Lee et al., 2015; Takayama et al., 2015; Gordon-Shaag et al., 2008). The likelihood also 

exists that cannabinoid ligands are able to bind other TRP channels, such as TRPV2, 
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TRPA1 (Muller et al., 2018). Cannabinoid and TRP channels can be co-expressed within 

cells along the neural axis, raising the possibility that cannabinoid and TRP channels may 

form heterodimers. Therefore, it cannot be ruled out that other TRP receptors may also 

be critically involved in the current findings. Taken together, our results strongly support 

that bidirectional regulation of the endovanilloid and endocannabinoid systems occurs in 

key peripheral pain-pathway anatomical regions providing insight into developing novel 

pharmacological targets may yield promising non-opioid therapeutics for the treatment of 

neuropathic pain.

4. Materials and methods

4.1. Animals

A total of 110 pathogen-free adult male mice on a C57Bl/6 genetic background (24–30 

g) were used in all experiments (Jackson Laboratories, Bar Harbor, ME). TRPV1(−/−), 

(+/−) and (+/+) mice were obtained from breeding TRPV1(−/−) mice on a C57Bl/6 genetic 

background (Jackson Laboratories, Bar Harbor, ME).

For rat spinal cord and DRG immunohistochemical studies tissues from previously 

published studies (Wilkerson et al., 2012a; 2012b) were used. Specifically, a total of 24 

pathogen-free adult male Sprague Dawley rats (300–400 g; Harlan Labs, Madison, WI) 

were used in these previously published studies. Rats were double housed in a temperature- 

and light-controlled (12 h light/dark; lights on at 6:00 AM) environment, with standard 

rodent chow and water available ad libitum. Previously used methods, behavioral and 

immunohistochemical data obtained from the study of these rats (n = 3/group, sham surgery 

+ vehicle injection, sham surgery + drug injection, CCI surgery + vehicle injection, CCI 

surgery + drug injection) are previously reported (Wilkerson et al., 2012a; 2012b).

All rodents were housed in a temperature and light-controlled (12 h light/dark; lights on 

at 6:00 AM) environment, with standard rodent chow and water available ad libitum. All 

procedures adhered to the guidelines of the Committee for Research and Ethical Issues 

of the International Association for the Study of Pain as well as ARRIVE Guidelines, 

(Kilkenny et al., 2010) and were approved by the Institutional Animal Care and Use 

Committee (IACUC) of the University of New Mexico Health Sciences Center.

4.2. Drugs

The CB2R agonist, 3–1(1′,1′-Dimethylheptyl)-1-hydroxy-9-methoxy-6H-benzo[c]-

chromene-6-one (AM1710) (Wilkerson et al., 2020; Wilkerson et al., 2012a; Rahn 

et al., 2011; Khanolkar et al., 2007) was used in these experiments and was 

synthesized by the Makriyannis laboratory. AM1710 was first dissolved in 100% 

ethanol and diluted in sterile water (Hospira Inc., Lake Forest, IL) for a final 

of concentration 1 mg/mL containing 5% ethanol. The selective CB2R antagonist, 

6-Iodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-1H-indol-3-yl](4-methoxyphenyl) methanone, 

(AM630) and the selective CB1R antagonist, N-(Piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-

dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide were purchased (cat # 1120, and 

1117, respectively, Tocris Bioscience, Minneapolis, MN). As described for AM1710, both 
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AM630 and AM251 were first dissolved in 100% ethanol and diluted in sterile water 

(Hospira Inc, Lake Forest, IL) for a final concentration of 1 mg/ mL containing 5% ethanol. 

The vehicles of AM1710, AM630, and AM251 consisted of sterile water containing 5% 

ethanol, as described previously (Wilkerson et al., 2012a).

4.3. Behavioral assessment of allodynia

Baseline (BL) responses to light mechanical touch were assessed using the von Frey test 

after animals were habituated to the testing environment, as described elsewhere (Wilkerson 

et al., 2016; Wilkerson et al., 2020). Briefly, mice were placed on 2 mm-thick parallel bars, 

covered with a wire mesh screen, with spaces 1 mm apart and habituated for approximately 

30 min for 4 days. Mice were unrestrained and were singly placed under an inverted 

wire mesh basket to allow for unrestricted air flow. All behavioral testing was performed 

during the first half of the light cycle in a sound, light, and temperature-controlled room. 

The von Frey test utilizes a series of calibrated monofilaments, (2.83 – 4.31 log stimulus 

intensity; North Coast Medical, Morgan Hills, CA) applied randomly to the left and right 

plantar surface of the hindpaw for 3 s. Lifting, licking or shaking the paw was considered 

a response. For all behavioral testing, threshold assessment was performed in a blinded 

fashion by J.L.W. All behavioral testing was conducted within the first four hours of the 

light cycle to decrease variance associated with circadian rhythm differences.

For absolute hindpaw-response threshold assessment, psychometric behavioral analysis was 

performed as previously described (Wilkerson et al., 2020; Treutwein and Strasburger, 1999) 

to compute the log stiffness that would have resulted in the 50% paw withdrawal rate. 

Briefly, thresholds were estimated by fitting a Gaussian integral psychometric function to the 

observed withdrawal rates for each of the tested von Frey hairs, using a maximum-likelihood 

fitting method. The total responses at each tested monofilament were used in the calculation 

of the absolute (50%) paw withdrawal threshold via the computer program PsychoFit (http://

psych.colorado.edu/~lharvey; RRID: SCR_015381), as previously described (Wilkerson et 

al., 2020). This software fits a Gaussian integral psychometric function to the withdrawal 

responses for each of the monofilaments tested via a maximum-likelihood fitting method 

(Milligan et al., 2000). The log threshold values obtained from the Psychofit program were 

then used for subsequent statistical analyses.

4.4. Chronic constriction injury (CCI) surgery

Following BL behavioral assessment, the surgical procedure for chronic constriction injury 

(CCI) of the sciatic nerve was completed as previously described (Wilkerson et al., 2016; 

Wilkerson et al., 2020). Briefly, in isoflurane-(induction 5% vol. followed by 2.0% in 

oxygen) anesthetized mice, the mid- to lower back and the dorsal left thigh shaved and 

cleaned with 75% ethanol. Using aseptic procedures, the sciatic nerve was carefully isolated, 

and loosely ligated with 3 segments of 5–0 chromic gut sutures (Ethicon, Somerville, 

NJ). Sham surgery was identical to CCI surgery but without the loose nerve ligation. The 

overlying muscle was sutured closed with (1) 4–0 sterile silk suture (Ethicon, Somerville, 

NJ), and animals recovered from anesthesia within approximately 5 min. Animal placement 

into either CCI or sham surgical groups was randomly assigned. As previously described, 

use of chromic gut suture in the CCI model leads to bilateral mechanical allodynia, 
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with similar response thresholds observed between the ipsilateral and contralateral paws 

(Wilkerson et al., 2012; 2016; 2020).

4.5. Acute intrathecal (i.t.) injection

In mice with intrathecal (i.t.) injections, all drugs were administered via acute i.t. catheter 

placement as previously detailed (Wilkerson et al., 2020). Injections were performed via a 

lumbar puncture in between L5-L6. Briefly, an ‘injection catheter’ made from a 27-gauge 

needle with the plastic hub removed was fitted into polyethylene (PE) 20 tubing, and the 

needle portion of another 27-gauge needle was inserted at the other end, with the hub 

of this needle connected to a 10 μl Hamilton syringe, closely resembling the ‘injection 

catheter’ previously described (Milligan et al., 2006; 2005a; 2005b; Beutler et al., 2005). 

From previous publications doses of 5 μg AM1710 (Wilkerson et al., 2012a), 3 μg AM630 

(Bilir et al., 2018; Gu et al., 2011), and 3 μg AM251 (Jiang et al., 2017; Curto-Reyes et al., 

2010; Sink et al., 2009) were selected. Of note, the selected doses of AM251 and AM630 

were previously found to be insufficient to alter pain-related or motor-related behaviors 

(Bilir et al., 2018; Ueda et al., 2014; Gu et al., 2011; Curto-Reyes et al., 2010; Sink et al., 

2009). Drug or equivolume vehicle was drawn into the injection catheter, and the tip of the 

27-gauge needle was gently inserted in between L5-L6. During this time, light leg twitching 

and a tail flick was typically observed indicating successful i.t. catheter placement. Drug or 

vehicle was injected during a 5 s interval, and intrathecal treatment was randomly assigned 

to animals. Upon completion of injection, the 27-gauge needle was removed. A 100% motor 

recovery rate was observed from this injection procedure.

4.6. Acute intraperitoneal injection

In CCI or sham mice an acute intraperitoneal (i.p.) injection of either AM1710 or 

equivolume vehicle was given. Prior reports (Rahn et al., 2011) indicate an effective dose of 

25 mg/kg/ml (5 mg/kg) AM1710, which was administered in these studies.

4.7. Immunohistochemical procedures from CCI-treated mice and rats

Following behavioral assessment, animals were overdosed with an intraperitoneal injection 

sodium phenobarbital (Sleepaway, Fort Dodge Animal Health, Fort Dodge, IA), and 

transcardial perfusion with isotonic saline followed by 4% paraformaldehyde was 

performed. Whole vertebral columns with intact spinal cords (cervical 2 through sacral 

1 spinal column segments) were removed, and underwent overnight fixation in 4% 

paraformaldehyde at 4 ◦C. This tissue collection approach ensured that all relevant 

anatomical components, including the cervical, thoracic, and lumbosacral spinal cord, DRG, 

and overlying meninges, were intact within the vertebral column, allowing important spatial 

relationships to remain for examining corresponding functional interactions at individual 

and specific spinal cord levels. All specimens underwent EDTA (Sigma Aldrich, St. Louis, 

MO) decalcification for approximately 2 weeks, and spinal cord sections were subsequently 

paraffin processed and embedded in Paraplast Plus Embedding Media (McCormick 

Scientific, St. Louis, MO) as previously described (Curry et al., 2018; Wilkerson et al., 

2012a; 2012b). Adjacent tissue sections (7 μm) were mounted on Superfrost Plus slides 

(VWR, Radnor, PA), and allowed to adhere to slides overnight at 40 ◦C, followed by 

deparaffinization, and rehydration via descending alcohols to PBS (1X, pH 7.4). Sections 
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were then processed with microwave antigen retrieval procedures (citrate buffer pH 6.0, or 

tris-based buffer, pH 9.0; BioCare Medical, Concord, CA).

Slides were incubated with 5% normal donkey serum (NDS), in PBS (pH 7.4) for 2 

h, followed by overnight primary antibody incubation in a humidity chamber at 3◦ C. 

Slides underwent secondary antibody incubation for 2 h in a humidity chamber at room 

temperature, rinsed in PBS, and then cover-slipped with Vectashield containing the nuclear 

stain 4′,6-diamidino-2-phenylindole (DAPI) (Vector Labs, Burlingame, CA). All antibody 

methods for glial fibrillary acidic protein (GFAP), ionized calcium binding adaptor molecule 

1 (IBA-1), neurofilament H (NF-H) and interleukin-10 (IL-10) were as previously described 

(Curry et al., 2018; Wilkerson et al., 2012a; 2012b). For the detection of MCP-1/CCL2, an 

Armenian hamster anti-rat monoclonal antibody was used (clone 2H5, cat. # NB100–78196, 

Novus Biologicals, Littleton, CO), with a primary antibody dilution of 1:100, and detected 

with a Donkey anti-hamster FITC-tagged secondary antibody (Jackson Immunoresearch, 

West Grove, PA), (Curry et al., 2018). For neuronal nuclei (NEUN) staining, a mouse 

anti-NEUN monoclonal antibody was used (clone A60, cat # MAB377, Millipore, Billerica, 

MA) with a primary antibody dilution of 1:100 and detected with a donkey anti-mouse 

cy5 tagged secondary antibody (Jackson Immunoresearch, West Grove, PA), (Sarnat et 

al., 1998). For TRPV1 staining, a guinea pig anti-rat polyclonal antibody was used 

(cat # AB5566, Millipore, Billerica, MA), (Yu and Wang, 2011). Supplemental Fig. 1 

shows qualitative images of TRPV1 staining achieved in spinal cord and DRG with this 

antibody. Rat tissues for immunohistochemical procedures (TRPV1 analysis and confocal 

microscopy) were paraffin embedded and from behaviorally verified animals that were 

previously published (Wilkerson et al., 2012a; 2012b).

4.8. Immunohistochemical spectral image analysis

All images of the spinal cord dorsal horn and DRGs were captured by a Nikon inverted 

fluorescent microscope (Melville, NY), at 20x magnification, with a Nuance Spectral 

Camera (Cambridge Research & Instrumentation, Woburn, MA), as previously described 

(Wilkerson et al., 2012a; 2012b). Briefly, utilizing the Nuance computer software, the 

fluorescent wavelength emission spectra range was initially determined for each fluorophore 

utilized in the detection of the primary antibody of interest (DAPI, 488 nm +/− 10 nm; FITC, 

575 nm +/− 5 nm; Rhodamine Red 600 nm+/− 5 nm) by using a control slide with only 

a drop of the pure fluorophore. The fluorescent intensity threshold for each protein marker 

was determined by the user finding the most appropriate threshold that captures the specific 

FITC or Rhodamine Red staining for each protein marker within a tissue (e.g., dorsal horn 

spinal cord or DRG). Once the optimal level of fluorescent threshold was determined for 

a particular protein marker, this level was held consistent throughout all of the treatment 

groups for the image analysis within each protein marker of interest. These steps were 

followed by software conversion, thus allowing fluorescent wavelength intensity for each 

fluorophore to be converted to a numerical value.

Primary antibody staining procedures remained consistent to minimize intensity variations 

of each fluorophore (FITC or Rhodamine Red) used to detect the different primary 

antibodies of interest. To ensure that fluorophore binding was not impeded through possible 
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steric hindrance of other proximal fluorophores, sections were labeled for only one cellular 

marker of interest on a slide.

The average count of fluorescent emission intensity per second exposure, per mm2 is the 

analyzed value that we report here. That is, fluorescent intensity average count/second/mm2, 

which factors in the density as well as the intensity of the fluorophore detected. A total 

of 4 sections per animal (N = 3) were randomly selected and analyzed in this manner. 

By applying this method of data acquisition and analysis, experimenter bias is eliminated, 

yielding greater consistency and objectivity to fluorescent quantification (Wilkerson et al., 

2012a; 2012b).

4.9. Confocal microscopy

All tissue processing, slicing, and procedures for immunohistochemistry were identical 

to that described above. However, in these studies, more than one primary antibody was 

used and examined under confocal microscopy. Therefore, after the first antibody staining 

procedure, the slides went through subsequent staining procedures. This took place over 

multiple days to account for the times needed for individual antibody incubation and 

staining. Confocal microscopy at 63 μm magnification was then performed on a Zeiss 

AxioObserver inverted LSM510 META confocal microscope utilizing Zen 2009 software 

(Carl Zeiss, AG, Oberkochen, Germany). Final images were generated from collapsed 

z-stacks comprising 17 images taken 0.393 μm apart on the z axis.

4.10. Data analysis

For behavioral statistical analysis in mice to assess the presence of allodynia, a 1-way 

ANOVA was used at BL, and a 2-way repeated measures ANOVA was used at timepoints 

following at indicated intervals from Day through day 40 after CCI/sham surgery. All IHC 

data analysis was performed using a one-way ANOVA. A p-value of <0.05 was considered 

statistically significant. The computer program GraphPad Prism version 4.03 (GraphPad 

Software Inc., San Diego, CA) was used in all statistical analyses. All data is expressed as 

mean +/− SEM. For post hoc analysis Tukey’s test was performed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CB1R cannabinoid 1 receptor

CB2R cannabinoid 2 receptor

CCL2 C–C class chemokine 2

CCI chronic constriction injury

CNS central nervous system

DRG dorsal root ganglia

GFAP glial fibrillary acidic protein

HET heterozygous

PE polyethylene

IACUC Institutional Animal Care and Use Committee

i.p. intraperitoneal

i.t. intrathecal

IF immunofluorescent

IR immunoreactivity

IBA-1 ionized calcium binding adaptor molecule 1

IL-10 interleukin-10

KO knockout

MAPK mitogen-activated kinases

MCP-1 monocyte chemoattractant protein-1

H (NF-H) neurofilament

TRP transient receptor potential

TRPV transient receptor potential cation channel subfamily vanilloid

WT wildtype
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Fig. 1. 
Characterization of magnitude and duration of bilateral allodynia in TRPV1(−/−) knockout 

(KO), (+/−) heterozygous (HET), and (+/+) wildtype (WT) mice. A, B, Mice develop 

and maintain CCI-induced ipsilateral and contralateral allodynia regardless of functional 

TRPV1 copy number. Before surgical manipulation, all experimental groups exhibited 

similar ipsilateral and contralateral hindpaw BL thresholds. Unilateral CCI surgery produced 

significant bilateral allodynia at Day 1 post CCI through Day 27 post CCI compared to sham 

mice. Data reflect mean ± SEM, n = 6 mice/group.
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Fig. 2. 
Intrathecal (i.t.) AM1710 reverses CCI-induced allodynia and modulates spinal GFAP, 

CCL2 in wild type and globally deleted TRPV1 knockout mice. A, B, AM1710 reverses 

CCI-induced allodynia independently of spinal TRPV1 actions. Unilateral CCI surgery 

produced significant bilateral allodynia in both TRPV1(+/+) wildtype (WT) and (−/−) 

knockout (KO) mice at Day 5 and 12 following unilateral injury. AM1710 (5 μg) maximally 

reversed CCI-induced allodynia in both TRPV1 (+/+) and (−/−) mice at ~2 h after i.t. 

administration. Sections of lumbar (L4-L6) dorsal horn spinal cord and corresponding 
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L4-L6 DRG taken from these behaviorally-verified mice were then analyzed. C, Semi-

quantitative microscopy analysis of immunofluorescent immunoreactivity (IR) revealed 

GFAP expression in ipsilateral dorsal horn spinal cord was increased in both TRPV1(+/+) 

(striped bars) and TRPV1(−/−) (blue bars) CCI mice receiving i.t. vehicle compared to 

control sham mice given either i.t. vehicle or AM1710, while GFAP IR was significantly 

reduced in CCI neuropathic mice given i.t. AM1710. D, E, F, Representative spectral 

images at 20x magnification of GFAP IR labeling (green) with DAPI nuclear stain (blue) 

in ipsilateral dorsal horn spinal cord. White dashed lines indicate the border between spinal 

cord and intrathecal space. G, Irrespective of TRPV1 genetic background, compared to sham 

controls, CCL2 expression was increased in the ipsilateral dorsal horn spinal cord of CCI 

mice given i.t. vehicle. However, i.t. AM1710 in CCI mice robustly suppressed CCL2 IR. 

H, I, J, Representative spectral images at 20x magnification of CCL2 IR labeling (red) 

with DAPI nuclear stain (blue) in ipsilateral dorsal horn spinal cord. White dashed lines 

indicate the border between spinal cord and intrathecal space. K, Ipsilateral lumbar DRG 

demonstrate increased CCL2 expression from CCI mice that received i.t. vehicle compared 

to control sham mice. While CCL2 IR was decreased to sham levels in TRPV1(+/+) 

(striped bars), CCI mice given i.t. AM1710, TRPV1 (−/−) mice (blue bars) displayed 

continued elevated CCL2 IR in ipsilateral DRG. L, M, N, Representative spectral images 

at 20x magnification of CCL2 fluorescent labeling (red) with DAPI nuclear stain (blue) 

in ipsilateral DRG. The border around the DRG is indicated by white dashed lines. In all 

images the scale bar is equal to 50 μm. **p < 0.01, *p < 0.05 vs. Sham Vehicle-injected 

control, ##p < 0.01, #p < 0.05 vs. CCI Vehicle-injected control (Tukey’s test), and results are 

mean ± S.E.M., n = 5–6 mice/group.
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Fig. 3. 
Intrathecal AM1710 reversal of allodynia requires CB2R actions A, B, Intrathecal pre-

treatment with the CB2R selective antagonist AM630, but not the CB1R antagonist AM251, 

blocks the bilateral reversal of allodynia by AM1710 in TRPV1(−/−) mice. ****p < 0.0001, 

vs. time matched CCI Vehicle-injected control (Tukey’s test), and results are mean ± S.E.M, 

n = 3 mice/group.
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Fig. 4. 
Intraperitoneal (i.p.) AM1710 reverses CCI-induced allodynia in TRPV1(+/+) and 

TRPV1(+/−), but not in TRPV(−/−) mice. A, B, In all groups of mice, unilateral CCI surgery 

produced similar bilateral allodynia at days 5 and 12 following injury. Thirty minutes 

following i.p. AM1710, full behavioral reversal of allodynia was observed in TRPV1 (+/+) 

and (+/−), but not (−/−) mice. Data reflect mean ± SEM, n = 6 mice/group.
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Fig. 5. 
Intrathecal CB2R agonist, AM1241 and AM1710 treatment decreases TRPV1 

immunofluorescence in neuropathic rat spinal cord and DRG. A, B, In the dorsal horn 

of the spinal cord taken from unilateral CCI rats treated with intrathecal (i.t.) CB2R agonist 

AM1241, TRPV1 IR is bilaterally decreased. C, D, TRPV1 IR is bilaterally decreased in 

the dorsal horn of the spinal cord taken from ipsilateral CCI rats given i.t. CB2R agonist 

AM1710. E, F, In DRG, TRPV1 IR is increased following CCI-induced neuropathy and 

decreased with i.t. AM1241 in both ipsilateral and contralateral DRG. H, I, TRPV1 IR is 
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increased under CCI-induced neuropathy and decreased with i.t. AM1710 in both ipsilateral 

and contralateral DRG. *p < 0.05 vs. Sham vehicle-injected control, #p < 0.05 vs. CCI 

Vehicle-injected control (Tukey’s test), and results are mean ± S.E.M., n = 3 rats/group.
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Fig. 6. 
Qualitative confocal images of cellular immunofluorescent staining showing the spatial 

distribution of TRPV1 relative to astrocytes in spinal cord taken from sham and CCI-

treated rats. (A-D) Spinal cord tissue from sham-treated rats. (E-H) Spinal cord tissue 

from CCI-treated rats. (A-D, E-H) Immunostaining of TRPV1 (green) in meninges and 

superficial laminae of the spinal cord and glial fibrillary acidic protein (GFAP) (red); co-

labeled TRPV1 and GFAP appears yellow. 40,6-Diamidino-2-phenylindole (DAPI) nuclear 

labeling is blue, and neurofilament-H (NF-H) is cyan. White dashed lines indicate the 

border between spinal cord and intrathecal space. Arrows indicate GFAP and TRPV1, and 

co-expression in the superficial laminae. In all images the scale bar is equal to 20 um.
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Fig. 7. 
Qualitative confocal images of cellular IF staining of TRPV1, CCL2, and GFAP in rat 

lumbar dorsal horn spinal cord and DRG. (A-L) Spinal cord tissue from neuropathic rats. 

(A-D) Immunostaining of CCL2 (red), TRPV1 (green) in superficial laminae of the spinal 

cord dorsal horn, with co-labeling of IR (yellow), often on GFAP positive astrocytes (cyan). 

White arrows indicate regions of overlap with CCL2, TRPV1 and GFAP. DAPI nuclear 

labeling is also shown (blue). White dashed lines indicate the border between spinal cord 

and intrathecal space. (E-H) Deeper laminae of the dorsal horn of the spinal cord revealing 
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IR of CCL2 (red) and TRPV1 (green) in with co-labeled (yellow) regions on GFAP positive 

astrocytes (cyan), as indicated with arrows. DAPI nuclear labeling is also shown (blue). 

(I-L) Deeper laminae of the dorsal horn of the spinal cord revealing IR of CCL2 (red) and 

TRPV1 (green) with neurons stained with Neun (cyan). DAPI nuclear labeling is shown 

(blue). Arrows indicate neurons that express both proteins. (M− O) DRG IR of CCL2 (red), 

and TRPV1 (green) in neuropathic rats revealing co-labeled staining (yellow) on neuronal 

cell bodies (white arrows) and small non-neuronal (possibly satellite cells; white arrows). 

DAPI nuclear labeling is shown (blue). In all images the scale bar is equal to 20 um.
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Fig. 8. 
Qualitative confocal images of cellular immunofluorescent staining of CCL2 and IL-10 in 

GFAP IR astrocytes. (A-L) Superficial spinal cord tissue from CCI-treated rats. (A-D), In 

meninges and superficial laminae of the spinal cord dorsal horn, IR of CCL2 (red) and 

IL-10 (green) are not co-labeled. GFAP+ (cyan) cells do not appear to express IL-10 IR. 

DAPI nuclear labeling is blue. Arrows indicate IL-10 and CCL2 IR. White dashed lines 

indicate the border between spinal cord and intrathecal space. (E-H) In deeper laminae of 

the spinal cord dorsal horn (LV), IR of CCL2 (red) and IL-10 (green) are co-labeled yellow, 
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that appear to be abundantly present on IBA-1+ (microglia/infiltrating macrophage; cyan) 

cells, as indicated with white arrows. DAPI nuclear labeling is shown (blue). (I-L) TRPV1 

(green) and IL-10 (red) are not readily co-labeled, although both are expressed by GFAP 

(cyan)-positive cells, with DAPI nuclear labeling (blue) in the spinal cord dorsal horn of a 

neuropathic rat. Arrows indicate astrocytes with separate IL-10 and TRPV1 labeling. In all 

images the scale bar is equal to 20 um.
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