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Abstract

Several lines of evidence indicate group |1l metabotropic glutamate receptors (mGIuRSs) have
systemic anti-hyperalgesic effects. We hypothesized this could occur through modulation of
TRPV1 receptors on nociceptors. To address this question we performed anatomical studies to
determine if group 111 mGIuRs were expressed on cutaneous axons and if they co-localized with
TRPV1. Immunostaining at the electron microscopic level demonstrated that 22% of
unmyelinated axons labeled for mGIuR8. Immunostaining at the light microscopic level in lumbar
dorsal root ganglia (DRG) demonstrated that 80% and 28% of neurons labeled for mGIuR8 or
TRPV1, respectively. Of those neurons labeled for mGIuR8, 25% labeled for TRPV1; of those
labeled for TRPV1, 71% labeled for mGIuR8. In behavior studies intraplantar injection of the
group 111 mGIuR agonist, L-AP-4 (0.1 1.0, 10.0 pM) had no effect on paw withdrawal latency
(PWL) to heat in naive rats but administration of 10 uM L-AP-4 prior to 0.05% capsaicin (CAP),
significantly attenuated CAP-induced lifting/licking and reduced flinching behavior. The L-AP-4
effect was specific since administration of a group I11 antagonist UBP1112 (100 uM) blocked the
L-AP-4 effect on CAP, resulting in behaviors similar to CAP alone. Intraplantar injection of
UBP1112 alone did not result in nociceptive behaviors, indicating group Il mGluRs are not
tonically active. Finally, the anti-hyperalgesic effect of group 111 in this paradigm was local and
not systemic since intraplantar administration of L-AP-4 in one hind paw did not attenuate
nociceptive behaviors following CAP injection in the contralateral hind paw. Adenyl cyclase/
cAMP/PKA may be the second messenger pathway linking these two receptor families because
intraplantar injection of forskolin (FSK, 10 pM) reduced PWL to heat and L-AP-4 reversed this
FSK effect. Taken together, these results suggest group 11l mGIuRs can negatively modulate
TRPV1 through inhibition of AC and downstream intracellular activity, blocking TRPV1-induced
activation of nociceptors.

Keywords
L-AP-4; mGIuRS; capsaicin; anti-hyperalgesia; primary afferents; sensory neurons

Glutamate, a major excitatory neurotransmitter in the nervous system, is important in
peripheral pain transmission and acts on both ionotropic and metabotropic receptors
(Carlton, 2001; Goudet et al., 2009). The eight cloned metabotropic glutamate receptors
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(mGluRs) are G-protein coupled receptors and are divided into three groups depending on
homology and pharmacological properties. Group I (mGluRs 1 and 5) are excitatory and
coupled to Gg, thus associated with the stimulation of phospholipase C (PLC) and
intracellular calcium signals. Group 1l (mGIuRs 2 and 3) and 11l (mGIuRs 4, 6, 7, and 8) are
inhibitory and coupled to Gj,, thus negatively coupled to adenyl cyclase (AC) (Goudet et
al., 2009). The inhibitory functions of group Il and 11l make these receptors attractive targets
for peripheral pain modulation. Several lines of evidence have implicated group Il receptor
agonists in the attenuation of peripheral pain (Anjaneyulu et al., 2008; Du et al., 2008). Data
indicating that systemic administration of group 111 mGIuR agonists are also effective in
treatment of pain are accumulating. For example, administration of the group 111 agonist, L-
(+)-2-Amino-4-phosphonobutyric acid (L-AP-4), in the primate dorsal horn, inhibits
capsaicin (CAP)-induced central sensitization (Neugebauer et al., 2000; Goudet et al., 2009).
Additionally, application of L-AP-4 to spinal lamina Il in nerve injured rats results in greater
inhibition of evoked excitatory postsynaptic currents (EPSCs) compared to control rats
(Zhang et al., 2009). Finally, systemic administration of (S)-3,4-dicarboxyphenylglycine
(DCPG), a selective mGIuR8 agonist, attenuates formalin and carrageenan-induced
hyperalgesia (Marabese et al., 2007). Currently, studies investigating the effects of group IlI
mGIuR activation in the periphery are limited (Walker et al., 2001; Jin et al., 2009). For
example, group 111 mGIuR activation has been shown to be anti-hyperalgesic on bee venom-
induced nociception in the rat hind paw (Chen et al., 2010). Furthermore, no studies have
examined the relationship between peripheral group 11l mGIuR agonists and the transient
receptor potential ion channels.

Transient receptor potential vanilloid 1 (TRPV1) is most widely known as the CAP receptor.
CAP is an ingredient found in hot chili peppers and activates the channel (Caterina et al.,
1997). In addition to CAP, TRPV1 can be activated by a variety of noxious stimuli: heat
(above 40°C) (Caterina et al., 1997), acidic pH (Tominaga et al., 1998; Jordt et al., 2000),
cannabinoid anandamide (Zygmunt et al., 1999; Smart et al., 2000), HETE (Hwang et al.,
2000), and spider toxins (Costa et al., 1997; Siemens et al., 2006). Thus, TRPV1 is a
polymodal receptor. Several studies have demonstrated that TRPV1 knockout mice maintain
responses to acute noxious stimuli while showing attenuated development of hyperalgesia in
the inflammatory state (Caterina et al., 2000; Davis et al., 2000; Bdlcskei et al., 2005). These
studies highlight the role TRPV1 plays in development of hyperalgesia and the importance
of targeting TRPV1 in the treatment of pain.

Pain modulation at its source is an attractive strategy, especially in aiming to reduce side-
effects common to most widely available analgesics (Patapoutian et al., 2009; McDougall,
2011). Since the TRP family makes up a large group of temperature sensing ion channels
(Patapoutian et al., 2009), it is of great interest to examine the modulation of TRP channels,
TRPV1 in particular, in the periphery. In the present study, we examined the effects of
group Il mGIuR activation by L-AP-4 on CAP-induced nociception in the periphery.

Experimental Procedures

All experiments were approved by the University Animal Care and Use committee and
followed the guidelines for the ethical care and use of laboratory animals (Zimmermann,
1983). Steps were taken to minimize both the number of animals used and their discomfort.

Immunostaining of the digital nerve at the electron microscopic level

Naive male Sprague-Dawley rats (n = 3, 250-300 g) were deeply anesthetized with
pentobarbital (100 mg/kg) and perfused transcardially with heparinized saline followed by a
mixture of 2.5 % glutaraldehyde, 1.0 % paraformaldehyde and 0.1 % picric acid in 0.1 M
phosphate buffer (PB) at 4° C. The digital nerves were dissected and cut into 2.0-2.5 mm
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segments. Prior to immunostaining, all tissue was placed for 1 hr in 1 % sodium borohydride
to remove excess glutaraldehydes and rinsed in graded alcohols to increase antibody
penetration. The tissue was placed in 10 % normal goat serum (NGS) for 1 hr and incubated
in antiserum made in guinea pig directed against mGIuR8 (1:2000, Chemicon, Temecula,
CA ) for 72 hr at 4° C. Following incubation, the tissues were rinsed in phosphate buffered
saline (PBS), followed by 3 % NGS for 30 min, incubated in biotinylated goat anti-guinea
pig 19G in 1 % NGS for 1 hr, rinsed in 1 % NGS followed by 3 % NGS for 30 min each and
incubated in the ABC reagent (Vector Laboratories, Burlingame, CA) for 2 hr. The tissue
was incubated in a solution of diaminobenzidine (0.05 %) containing 0.01 % hydrogen
peroxide for approximately 4-6 min. After immunostaining, blocks were placed in 1 %
phosphate buffered osmium tetroxide for 2 hr, dehydrated and embedded in plastic. For all
blocks, ultrathin sections of the digital nerves were cut at right angles to the long axis of the
fibers. The sections were mounted on formvar coated slot grids and viewed on a JEOL
100CX electron microscope. A digital nerve cut in cross section from each animal was
photographed and montaged, and all labeled and unlabeled axons counted in order to obtain
a percentage of mGIluR8-labeled axons. For some tissues, the primary antiserum was
omitted and the tissue was otherwise treated as described above. Absorption controls were
also run with the peptide obtained from Chemicon. Tissue was incubated in a solution
containing antibody (1:2000) that was preabsorbed with 100 pg/ml of peptide. Specific
immunoreaction product was absent in both of these controls.

Immunostaining the dorsal root ganglia at the light microscopic level

Tissue Collection—Naive male Sprague-Dawley rats (n = 3, 250-300 g) were deeply
anesthetized with pentobarbital (100 mg/kg) and perfused transcardially with 4 %
paraformaldehyde and 0.1 % picric acid in 0.1 M PB at 4° C. The L4 dorsal root ganglia
(DRG) were dissected out. The ganglia were fast frozen using liquid nitrogen in a
cryoembedding compound. The tissue was sectioned (8 um thick) on a cryostat (Microm
International, GmbH), along the short axis and placed on gelatin-dipped 3-well, Teflon-
printed slides (Electron Microscopy Sciences, Fort Washington, PA). Serial section sets (3 —
5 sets per ganglia) were collected with a defined section separation so that cell counts could
be determined by stereological analysis. Tissue sections were allowed to dry overnight at
room temperature (RT®).

Immunohistochemistry—Slides containing tissue were first incubated in PB + 0.2 %
TritonX for 10 min. Sections were blocked in 10 % normal donkey serum (NDS) for 1 hr.
Sections were incubated in guinea pig polyclonal anti-mGIuR8 (1:200,000, Chemicon) for
48 hr at RT® and rinsed with PBS. Next, sections were incubated in biotinylated goat anti-
guinea pig 1gG (1:200, Vector Laboratories) for 1 hr. After rinsing in PBS, sections were
incubated in Vectastain Elite ABC peroxidase reagent (avidin-biotin complex, Vector
Laboratories) for 1 hr and rinsed in PBS. Sections were incubated in Cyanine 3-labeled
tyramide (1:75, Perkin-Elmer Life Science, Waltham, MA) for 7 min, using the TSA
(Tyramide Signal Amplification) protocol, rinsed in PBS, and incubated in 0.03 % H,0, for
20 min to inactivate residual peroxidase, followed by a rinse in PBS. Next, sections were
incubated in goat anti-TRPV1 (1:500 Santa Cruz, Santa Cruz, CA) for 24 hr. Sections were
rinsed in PBS and incubated in a Cyanine 2-conjugated mouse anti-goat 1gG (1:300 Jackson
Laboratories, West Grove, PA) for 1 hr and were rinsed in PBS, then dH,0. Slides were
cover slipped using VectaShield mounting media (Vector Laboratories). In separate sets of
tissue used for controls, the primary antiserum was omitted and the tissue was otherwise
treated as described above. Absorption controls for TRPV1 (Carlton et al., 2009) and
mGIuR8 (Carlton and Hargett, 2007) have been reported previously from our lab.
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Cresyl Violet—To obtain total cell counts, one serial section set representing each DRG
was stained with cresyl violet for 2 min.

Analysis—~Pairs of serial sections (disector pairs) were photographed and analyzed using
the physical disector method (Coggeshall, 1992; Coggeshall and Lekan, 1996; West, 1999).
Total cell counts were determined for each DRG by multiplying the number of Tops (cells
only present in 1 of the 2 disector sections) by section separation, and dividing by 2 (the
number of disector sections). Tissue labeled with mGIuR8 and TRPV1 were used to
determine percentages of single- and double-labeled cells. Percentages were calculated by
dividing the number of single- and double-labeled Tops by the total cell count (obtained
from the cresyl violet stained sections) and multiplying by 100. Cell diameters were
determined by taking the sum of the length and width of neurons containing a visible
nucleus and dividing by 2.

Drug Preparations—A 10 % CAP stock solution was diluted with the CAP vehicle (7 %
Tween-80 in saline) in order to produce a working solution of 0.05 % CAP. The following
drugs were dissolved in 1IN NaOH and made up as a 100 mM stock solution: L-AP-4 (Tocris
Cookson Ltd., Ellisville, MO, USA), a selective group 11l mGIuR agonist and a.-methyl-3-
methyl-4-phosphonophenylglycine (UBP1112 [UBP], Tocris), a potent group 111 mGIuR
antagonist. Forskolin (FSK) was dissolved in distilled water to a 1 mM stock solution. L-
AP-4, UBP and FSK stock solutions were diluted to desired concentrations using PBS (pH
7.4) and the pH was adjusted to 7.4.

Drug Injections—Intraplantar drug injections were administered using a 28-gauge needle
attached to a 50 ul Hamilton syringe using PE20 tubing. Since spontaneous nociceptive
behaviors are most robust during the first 5-10 min following CAP injection, rats were not
anesthetized during these drug injections. In contrast, rats receiving injections for the FSK
paradigm were anesthetized with 3% isofluorane (anesthesia could be used since it would
not interfere with the evoked heat responses being measured). The needle punctured the
plantar skin and was guided through the subcutaneous space to a site just proximal to the
pads. All drugs were administered into the same place in the chosen hind paw and all
injected volumes were kept constant within an experimental paradigm. Each animal was
only used once and the investigator was unaware of the drug combinations injected.

Habituation for behavioral testing—After arrival at the Animal Care Facility, animals
were acclimated for at least 3 days before behavioral testing began. Animals were housed in
groups of 3 in plastic cages with soft bedding under a reversed light/dark cycle of 12 hr/12
hr. All behavioral testing was performed between 8AM and 5PM, during the animal’s dark
cycle. Care was taken to keep the animals in low lighting conditions during transport,
habituation and testing. Rats were habituated for thermal testing for 1 hr on each of 5 days
by placing them in plexiglass cages (8x8x18 cm) on a glass plate which was ¥ inch thick
and maintained at 23° C. During the habituation period, each hind paw was tested twice 10
min apart. A modified Hargreaves et al (1988) method was used, however, the radiant heat
source was replaced by a laser. The laser system was custom-made in house and consisted of
a 980 nm (near infrared) continuous wave, solid-state laser (4W) with a spot size of 2 mm.
Rats were habituated for CAP-induced behavioral testing by placing them on a wire screen
platform in plexiglass cages for 1 hr. Each rat was habituated twice before being placed into
an experimental group.

Testing for thermal and CAP-induced behaviors—Paw withdrawal latency (PWL)
was assessed by examining changes in the length of time the hind paw remained on the
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glass, when the laser heat stimulus was applied. For the L-AP-4 dose response relationship,
PWL was tested at 10 min intervals, for 60 min post-injection and plotted as the percent
change from baseline. For the FSK paradigm, PWL for each group was tested at 30 and 60
min post-injection. CAP-induced spontaneous behaviors were assessed by counting the
number of flinches and the number of seconds an animal spent lifting and/or licking (L/L)
the injected paw at 5 min intervals for 60 min. A flinch was defined as a spontaneous, rapid
jerk of the hind paw whether it was on the screen or in the air. The time course of the
nociceptive behaviors was plotted as the mean number of flinches and amount of time spent
L/L in 5-min intervals for 60 min.

Data Analysis—Data are presented a Mean = SE (unless noted otherwise). Differences
between groups were evaluated with a one way ANOVA. Differences between groups over
a time course were evaluated with a two way RM ANOVA (if a normality test was passed).
*P < 0.05 was considered significant.

mGluR8-labeled digital axons

Analysis of montages of hind paw digital nerves demonstrated mGIluR8-labeled axons. An
axon was considered labeled when dense reaction product was observed associated with the
axonal membrane or with microtubules in the axoplasm (Fig. 1). In naive rats 21.9 £ 6.2 %
of unmyelinated axons and 19.4 £ 6.9 % of myelinated axons were labeled for mGIuR8 in
the digital nerves (Table 1).

mGIuR8 and TRPV1 are co-localized on rat DRG cells

Initial observations indicated a large number of mGIuR8-labeled cells and a much smaller
number of TRPV1-labeled cells in the DRG. Cells labeled for mGIuR8 displayed numerous
(red) fluorescent puncta in the cytoplasm but the nuclei were unlabeled (Fig. 2A). Among
the DRG cells, the degree of mGIuRS8 fluorescent label varied from light to heavy. In some
cells the puncta were distributed throughout the cytoplasm while in others the puncta were
concentrated in one area of the cell. Cells were considered labeled when they contained
several fluorescently labeled puncta in the cytoplasm. Control sections contained no puncta.
mGIuR8 label was also found in satellite glial cells (SGC), the support cells surrounding
DRG cells.

Unlike mGIuR8, cells labeled for TRPV1 displayed a homogeneous (non-punctate green)
fluorescence that filled the cytoplasm but the nuclei were unlabeled (Fig. 2B). Cells were
considered labeled when the fluorescent cytoplasm was distinctly brighter than the
background level. Control sections did not contain any level of fluorescence. Cells were
considered double-labeled when they contained both the red fluorescent puncta for mGIuR8
and the green fluorescent cytoplasm for TRPV1 (merged image resulted in a yellow
fluorescence, Fig. 2C). Analysis demonstrated that 80.0 £ 23.3 % and 28.5 + 8.9 % of cells
in the L4 DRG were labeled for mGIuR8 and TRPV1, respectively. Results also
demonstrated that 25.1 + 7.1 % of cells labeled for mGluR8 were double-labeled for TRPV1
and 71.0 + 21.9 % of cells labeled for TRPV1 were double-labeled for mGIuR8 (Table 2).

When nuclei were present, cell diameters were measured by placing 2 lines perpendicular to
each other through the center of the cell. Line measurements were added together and
divided by 2. The average diameter of mGluR8-labeled cells was 30.9 um (range of 12.5 -
58.5 um) and for TPRV1-labeled cells was 23 pm (range 12.5 - 39.0 um). Double-labeled
cells had an average diameter of 23.3 pm (range 12.5 — 39.0 um).
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Group lll mGluR agonist L-AP-4 attenuates CAP-induced nociceptive behaviors

In the behavioral studies, we first examined the effects of L-AP-4 on naive rats. Separate
groups of rats were injected with one of the following: 0.1, 1.0 or 10.0 uM L-AP-4, or PBS
and tested for sensitivity to heat every 10 min. Compared to baseline, there was no
significant change in thermal PWL following these injections, (although L-AP-4 did tend to
increase PWL), demonstrating that administration of L-AP-4 in this dose range had little or
no effect in the naive state (Fig. 3).

Next, the effects of L-AP-4 on CAP-induced nociception were examined. Separate groups of
rats received consecutive intraplantar injections of one of the following drug combinations
with a 10 min interval between the 15t and 2" drug injection: 10 pM L-AP-4 (30 pl, n = 8) +
0.05 % CAP (30 ul); PBS (30 ul, n=9) + 0.05 % CAP (30 ul). Our lab has previously
determined that 2 consecutive injections of PBS do not result in L/L or flinching (data not
shown) thus double injections did not contribute to the nociceptive behaviors observed here.
The PBS + CAP group responded robustly with L/L and flinching behaviors during the first
5 min following CAP injection (Fig. 4C and D). Responses returned to baseline 40 to 50 min
post-injection. Rats that received L-AP-4 prior to CAP showed attenuated nociceptive
behaviors: L-AP-4 significantly reduced L/L during the first 5 min interval and significantly
reduced the total time engaged in this behavior (Fig. 4A and C); however, while there was a
downward trend, the L-AP-4-induced reduction in flinching did not reach significance (Fig.
4B and D).

In order to demonstrate receptor specificity of L-AP-4, this group 111 agonist was co-injected
with a selective group 11 antagonist, UBP. A separate group of rats received intraplantar
injections with the following drug combination with a 10 min interval between the 15t and
2" drug injections: cocktail of 100 pM UBP + 10 uM L-AP-4 (30 pl, n = 9), 0.05 % CAP
(30ul). UBP blocked the inhibitory effect of L-AP-4 such that this group showed behavior
that was not significantly different from the group receiving CAP alone (Fig. 4A). UBP
significantly reversed the L-AP-4 inhibitory effect on CAP during the 0 - 10 min interval
(Fig. 4C).

In order to show that L-AP-4 was acting locally, a separate group of rats received 10 pM L-
AP-4 (30 pl, n = 8) in one hind paw + PBS (30 pl) followed 10 min later by 0.05 % CAP (20
ul) in the contralateral hind paw. This group showed behavioral responses that were no
different from the PBS + CAP group, indicating L-AP-4 was not having a systemic effect
(data not shown).

If group 111 mGIuRs were tonically active, blocking activity with an antagonist would result
in nociceptive behaviors (Carlton et al., 2001). To determine if group Il mGIuRs were
tonically active, rats received an intraplantar injection of 200 uM UBP (30 ul, n =7) alone.
This injection did not result in the generation of nociceptive behaviors, demonstrating that
group Il mGIuRs are not tonically active (data not shown).

Group Il mGIuR activation modulates the cyclic AMP (cAMP)/Protein Kinase A (PKA)

pathway

In order to examine whether group 111 mGIuR activation inhibits the cAMP/PKA pathway,
the AC activator, FSK was used. Separate groups of rats received one of the following
drugs: PBS alone (20 pl, n = 6), 10 uM FSK alone (20 pl, n = 6), or 10 uM L-AP-4 + 10 uM
FSK (20 pl, n = 6). Compared to the PBS group, PWL to heat was significantly lowered in
the FSK group at both the 30 min (data not shown) and 60 min time points (Fig.5).
Administration of L-AP-4 reversed the effects of FSK such that the L-AP-4 + FSK group
was not significantly different from the PBS group (Fig. 5).
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Discussion

The present study examined the effects of group 11l mGIuR activation on CAP-induced
nociception in the periphery. Our results demonstrate that 1) mGIuR8 is localized on
unmyelinated axons in digital nerves, 2) mGIuR8 and TRPV1 are co-localized in rat DRGs,
3) intraplantar administration of L-AP-4, a selective group 111 mGIuR agonist, has an anti-
hyperalgesic effect on CAP-induced nociceptive behaviors, and 4) group 111 mGIuR
activation inhibits forskolin-induced heat sensitization.

Our data demonstrate for the first time, the localization of group Il mGIuR8 in peripheral
unmyelinated axons, presumably nociceptors, which would allow mGIuR8 agonists and/or
antagonists to have a direct effect on nerve terminals. We confirmed TRPV1 localization on
small diameter sensory neurons (Carlton and Coggeshall, 2001; Carlton et al., 2009),
suggesting that a direct interaction between group Il mGluRs and TRPV1 is possible.
Analysis indicated approximately 40 % of digital axons labeled for mGIuR8 in the
periphery, while 80 % of cells labeled for mGIuR8 in the DRG. There are several possible
explanations for this disparate finding. First, mGluR8-labeled cells in the DRG may have
been overestimated due to the fact that background staining was variable in each case.
Second, the cells contained within the DRG send axons to various regions of the body,
including viscera, joints, and muscles in addition to cutaneous tissue, many of which could
express mGIuR8. Therefore, those DRG cells involved in cutaneous innervations make up
only a subpopulation of the total mGIuR8 population. Third, in contrast to paraformaldehyde
(LM fixative for DRG), conformational changes caused by glutaraldehyde (EM fixative for
digital nerves) can cause tighter cross-linking of the proteins which could reduce antibody-
antigen recognition, resulting in fewer axons being labeled. Fourth, the receptor is not
continuously expressed along the length of the axon (Carlton and Coggeshall, 2002). Thus,
the location of the cut/section may or may not display label even though the axon is in fact
labeled. Finally, it is unknown if postganglionic sympathetic neurons express mGIuR8 so we
cannot exclude the possibility that some of the labeled unmyelinated axons represent
sympathetic fibers. Therefore, due to these caveats, the estimates of labeled axons in the
digital nerves are conservative compared to estimates in the DRG.

Our results provide the first anatomical evidence for the co-localization of mGIuR8 and
TRPV1 receptors in the rat DRG. The percentage of DRG cells that single-labeled for each
receptor is consistent with previous reports (Guo et al., 1999; Carlton et al., 2004; Carlton
and Hargett, 2007; Carlton et al., 2009; however, see Hoffman et al., 2010). These data
provide further support for a possible direct interaction between mGIuR8 and TRPV1
receptors. Additionally, mGIuR8 is only one of four group 11l mGIuRs; thus it is highly
possible that there is a higher percentage of co-localization of TRPV1 with at least two other
group Il mGluRs (mGIuR4 and 7). The results confirm that group 11 is also expressed in
SGCs (Carlton and Hargett, 2007), however their function in this glial population remains
unknown (however, see reviews Pocock and Kettenmann, 2007; D'Antoni et al., 2008).
While mGluR1a and mGIuR2/3 have been localized on keratinocytes (Genever et al., 1999),
expression of MGIUR8 by these cells has not been investigated. Since TRPV1 is expressed
by keratinocytes (Stander et al., 2004), we cannot completely rule out that the effect of L-
AP-4 on nociceptors could be indirect.

In the present study, L-AP-4 was chosen because it is a potent nonselective agonist for
group 11l mGluRs. Although nonselective, studies demonstrate greater affinity of this drug at
mGIuR8, mGIluR4 and mGIuR6 (localization appears to be limited to retina cells [Nakajima
et al., 1993; Nomura et al., 1994]) compared to mGIuR7. Receptor potency for L-AP-4
appears to be as follows: mGIuR8> mGIluR4>mGIluR6>>mGIuR7 (Conn and Pin, 1997;
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Saugstad et al., 1997; Wu et al., 1998; Cartmell and Schoepp, 2000; Yang, 2005; Selvam et
al., 2007; Niswender et al., 2008).

The lack of an L-AP-4 effect in naive is consistent with studies that demonstrated sub-
cutaneous injections of this drug, in the mM dose range, had no effect on PWL (Jin et al.,
2009) or paw withdrawal threshold (PWT) (Walker et al., 2001). The anti-hyperalgesic
effects of group 111 mGIuR activation have been demonstrated through central
administration of the agonists DCPG and L-AP-4 (Neugebauer et al., 2000; Marabese et al.,
2007; Zhang et al., 2009). In the isolated spinal cord preparation, L-AP-4 application on the
spinal cord dose-dependently inhibited CAP-induced ventral root potentials (Ault and
Hildebrand, 1993). However, the present study demonstrates a local anti-hyperalgesic effect
can also be evoked following peripheral administration. Our findings are consistent with a
previous report that peripheral group 11l mGIuR activation attenuates bee-venom induced
hyperalgesia (Chen et al., 2010). These findings suggest that a regimen that includes both a
central and peripheral administration of a group Il mGIuR agonist could be advantageous in
the treatment of pain.

The direct inhibition of TRPV1, through administration of TRPV1 antagonists, has been
shown to produce hyperthermia in rats (Swanson et al., 2005; Gavva et al., 2007b; Wong
and Gavva, 2009) and humans (Gavva et al., 2007a; Honore et al., 2009). In the human
studies, onset of hyperthermia occurred following one or more doses of a TRPV1 antagonist
but attenuated with repeated dosing. While there has been some progress in the development
of TRPV1 antagonists that do not induce hyperthermia (Watabiki et al., 2011), other issues
remain. For example, in a randomized healthy volunteer trial, the thermosensory profile of
the subjects was shifted, causing patients to perceive hotter temperatures as optimal
temperatures (Rowbotham et al., 2011). Thus targeting the TRPV1 receptor directly leads to
unwanted side effects. However, modulating downstream effectors of TRPV1 such as
cAMP/PKA, that are negatively coupled to group Il mGIuR activity, could possibly avoid
these adverse effects.

These two receptor families, TRPV1 and group 111 mGIuRs, most likely interact at the level
of intracellular downstream effectors and of particular interest is PKA. TRPV1 activity
(Bhave et al., 2002; Jeske et al., 2008) and its membrane insertion (Rathee et al., 2002)
appear to be modulated through phosphorylation by PKA and other kinases (Cesare et al.,
1999; Numazaki et al., 2002; Bhave et al., 2003; Zhang et al., 2005). In contrast, group 11
mGIuRs are negatively coupled to AC, thus inhibiting cAMP formation and cAMP-
dependent PKA activity (Neugebauer and Carlton, 2002). This group 11l mGluR-induced
inhibition may decrease the phosphorylation of TRPV1 thereby inhibiting the enhancement
of TRPV1 activity and/or its insertion into the plasma membrane.

Alternatively, group 111 mGIuR activation may modulate TRPV1 through other mechanisms.
First, basal vesicular cycling (Chavis et al., 1998) and glutamate release (Kumar et al., 2010)
have been shown to decrease following activation of group 111 mGIluRs. This could
counteract the membrane depolarization caused by TRPV1-induced glutamate release (Ueda
et al., 1993; Jin et al., 2009). Second, in a related fashion, this reduced extracellular
glutamate may curtail activation of group | mGIluRs (Bhave et al., 2001) and ionotropic
glutamate receptors (iGIuRs) A-Methyl-D-aspartate (NMDA) (Du et al., 2003), alpha-
amino-3-hydroxy-5-methylisoxazolone-4-propionic acid (AMPA) (Carlton et al., 1995;
Coggeshall and Carlton, 1998) and kainate receptors (Du et al., 2006) known to be present
on peripheral nociceptors. Third, group 11l mGIuR activation may inhibit voltage-gated Ca2*
channels, reducing neuronal excitability (Takahashi et al., 1996; Perroy et al., 2000;
Capogna, 2004; Guo and Ikeda, 2005). Fourth, activation of group 111 mGluRs may lead to
opening of K* channels, both background K* channels and G-protein coupled inwardly
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rectifying K* (GIRK) channels (Saugstad et al., 1997; Cain et al., 2008; Niswender et al.,
2008). Potassium efflux from the cell results in a more negative membrane potential, thus
the opening of K* channels could decrease excitability enough to prevent depolarization.
However, based on our results in the present study, the interaction between TRPV1 and
group 11 mGIluRs most likely includes down regulation of the cAMP/PKA pathway.

It is now apparent that TRPV1 activity can be modulated indirectly through a variety of cell
surface receptors expressed on nociceptors, resulting in inhibition (via mGluRs as shown
here), or in sensitization. For example, activation of the bradykinin B2 receptor or nerve
growth factor (NGF) TrkA receptor will sensitize TRPV1 channels, enhancing heat
hyperalgesia and heat-evoked currents (Chuang et al., 2001; Ferreira et al., 2004).
Furthermore, activation of prostaglandin E2 (PGE2) and PGI2 receptors (EP1 and IP,
respectively), will indirectly enhance/sensitize TRPV1 responses (Moriyama et al., 2005).
These actions occur through stimulation of PLC and protein kinase C (PKC) signaling
pathways (Chuang et al., 2001; Julius and Basbaum, 2001). It is attractive to pursue Group
11 mGIuRs for drug development because TRPV1 is the ultimate target for so many
algogenic substances and second messenger pathways.

Conclusion

In conclusion, the present study identifies several important characteristics of the group 111
mGIuRs. Their activation has an anti-hyperalgesic effect; this effect can be evoked locally at
cutaneous nociceptors, and most likely involves down regulation of the AC/CAMP/PKA
pathway. An ideal candidate for pain therapy is one that has few side effects, which might
be attainable with a peripherally applied group 11l mGIuR agonist. Additionally, the use of
anti-hyperalgesics is favorable over analgesics since administration of the former inhibits
enhanced nociceptive responses while allowing for normal responses to potentially noxious
stimuli. Due to the fact that mGIuR8 is highly co-localized with TRPV1 and significantly
attenuates TRPV1-induced nociceptive behaviors, Group Il mGIuRs are attractive targets
for novel therapies in peripheral pain treatment.
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AC adenyl cyclase

AMPA alpha-amino-3-hydroxy-5-methylisoxazolone-4-propionic acid
cAMP cyclic AMP

DCPG (5)-3,4-Dicarboxyphenylglycine

DRG dorsal root ganglia

EPSC excitatory postsynaptic current

FSK forskolin

iGIuR ionotropic glutamate receptor

L-AP-4 L-(+)-2-Amino-4-phosphonobutyric acid

MGIuR metabotropic glutamate receptor
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NDS normal donkey serum
NGF nerve growth factor
NGS normal goat serum
NMDA N-Methyl-D-aspartate
PB phosphate buffer
PBS phosphate buffered saline
PGE2 prostaglandin E2
PGI2 prostaglandin 12
PKA protein kinase A
PKC protein kinase C
PLC phospholipase C
PWL paw withdrawal latency
PWT paw withdrawal threshold
RT room temperature
SCG satellite glial cells
TRPV1 transient receptor potential vanilloid 1
TSA tyramide signal amplification
TrkA tyrosine kinase A
UBP a-methyl-3-methyl-4-phosphonophenylglycine (UBP1112)
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Figurel.
Localization of mGIuR8 on axons in the digital nerves. Electron microscopic plate of

labeled (arrows) and unlabeled (asterisks) axons. The top panel (A) contains unmyelinated
axons while lower panel (B) demonstrates myelinated axons. Scale bar = 10 um.
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Figure 2.

Co-localization of mGIuR8 and TRPV1 in rat DRG. Immunostaining for mGIuR8 (A) and
TRPV1 (B) and merged (C) in the same section. Examples of single- (arrowhead) and
double-labeled (arrows) DRG neurons are indicated. Scale bar = 50 um.
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Figure 3.

L-AP-4, a group Il agonist, has no effect in the naive state. Intraplantar administration of L-
AP-4 (0.1, 1.0, and 10.0 uM) in the naive rat does not produce any significant change in paw
withdrawal latency (PWL) to heat when compared to intraplantar PBS.
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Figure 4.

L-AP-4 produces an anti-hyperalgesic effect on CAP-induced nociception. Intraplantar
administration of CAP (0.05 %) produces lifting/licking (A, total time spent lifting/licking in
1 hr; C, time course of lifting/licking) and flinches (B, total flinches in 1 hr; D, time course
of flinching). L-AP-4 (10 uM) significantly reduces the time spent lifting/licking (A, *p <
0.05, significantly different from all other groups, one way ANOVA, Holm-Sidak post hoc
test) and there is a tendency for a reduction in the number of flinches (B). L-AP-4 (10 uM) +
UBP (100 uM), a group Il antagonist, demonstrates selective group Il activation by L-
AP-4 since UBP inhibits the anti-hyperalgesic effects of L-AP-4 (C, *p<0.05, significantly
different from L-AP-4 + CAP, two way RM ANOVA, Holm-Sidak post hoc test).
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Figureb5.

L-AP-4 inhibits FSK-induced heat sensitization. Intraplantar administration of FSK (10 uM)
significantly lowers PWL, compared to PBS at both the 30 min (data not shown) and 60 min
time points (shown above). Administration of L-AP-4 (10 uM) + FSK (10 uM) reverses the
effects of FSK, bringing PWL back to baseline. *p < 0.05, significantly different from all
other groups, one way ANOVA, Holm-Sidak post hoc test.
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Table 1

Percent of mGIuR8-labeled axons in hindpaw digital nerves

Rat # Unmyelinated axon Percent Myelinated axons | Percent
Labeled/total Labeled /total

#195 53/195 27.2 20/136 14.7

#196 38/251 15.1 21/129 16.2

#197 57/245 233 29/106 274

Mean + S.D. 219+6.2 19.4+6.9
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Percent mGIuR8- and TRPV1-labeled cells in the DRG

Table 2

Rat # % mGIluR8 % mGIluR8 % TRPV1 % TRPV1
single-labeled | double-labeled | single-labeled | double-labeled
with TRPV1 with mGIuR8
#2 60.6 253 28.3 54.2
#3 73.6 321 375 63.0
#4 105.9 17.9 19.8 95.7
Mean + S.D. 80.0 £23.3 251+71 285+8.9 71.0+21.9
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