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Abstract
Several lines of evidence indicate that Group II metabotropic glutamate receptor (mGluR) activation
can depress sensory transmission. We have reported the expression of Group II mGluRs on
unmyelinated axons, many of which were presumed to be nociceptors, in the rat digital nerve (Carlton
et al., 2001b). The goals of the present study are to further our understanding of Group II modulation
of nociceptor processing in the periphery, documenting behavioral changes using inflammatory
models and documenting, for the first time, cutaneous single fiber activity following exposure to a
Group II agonist (2R,4R)-4-aminopyrrolidine-2,4-dicarboxylate (APDC) and antagonist LY341495
(LY). The data indicate that peripheral Group II mGluR activation does not depress nociceptive
behaviors or nociceptor fiber responses in the non-sensitized state (i.e. following brief nociceptive
mechanical or thermal stimulation) but can depress these responses when nociceptors are sensitized
by exposure to formalin or inflammatory soup. Group II mGluR agonist-induced inhibition can be
blocked by a selective Group II antagonist. Peripheral Group II mGluR-induced inhibition evoked
in these studies occurs through activation of local receptors and not through spinal or supraspinal
mechanisms. The data indicate that administration of selective Group II agonists may be potent
therapeutic agents for prevention of peripheral sensitization and for treatment of inflammatory pain.
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Glutamate and glutamate receptors play an important role in peripheral pain mechanisms in
animals (Carlton, 2001; Carlton et al., 2003) and humans (McNearney et al., 1999; McNearney
et al., 2000; Cairns et al., 2001; Alfredson et al., 2001; Alfredson and Lorentzon, 2002;
Svensson et al., 2003; Cairns et al., 2003). To date, ionotropic glutamate receptors (iGluRs)
including N-methyl-D-aspartate (NMDA) and non-NMDA receptors are implicated in
peripheral cutaneous pain mechanisms (Carlton et al., 2003; Bleakman et al., 2006).

More recent studies indicate that metabotropic glutamate receptors (mGluRs) can modulate
peripheral nociceptor function. In contrast to iGluRs, which are ligand-gated ion channel
receptors, mGluRs mediate their function via G-protein coupled receptors which trigger
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intracellular second-messenger systems (Pin and Duvoisin, 1995). According to sequence
similarity, transduction mechanisms and pharmacology, mGluRs have been classified into 3
groups: Group I receptors (mGluRs 1 and 5) are coupled to Gq/11 proteins and activate
phospholipase C, enhancing neuronal excitability; Group II (mGluRs 2 and 3) and III receptors
(mGluRs 4, 6, 7 and 8) are coupled to Gi/o proteins, lead to inhibition of adenylate cyclase,
inhibiting cyclic adenosine monophosphate (cAMP) formation and cAMP-dependent protein
kinase A, enhancing neuronal inhibition (Schoepp and Conn, 1993; Pin and Duvoisin, 1995;
Conn and Pin, 1997).

Our lab has been elucidating the role of Group II mGluRs expressed by dorsal root ganglion
(DRG) cells. Approximately 40–50% of lumbar DRG cells express Group II mGluRs and these
are mainly small to medium sized cells (mean diameter = 23μM) (Carlton et al., 2001b; Carlton
and Hargett, 2007). The majority of DRG cells expressing Group II mGluRs (76%) stain
positively for isolectin Griffonia Simplicifolia (I-B4) (Carlton et al., 2001b), suggesting that
these cells either express low levels of peptides or they are non-peptidergic (Silverman and
Kruger, 1990). Furthermore, 32% and 28% of unmyelinated and myelinated primary afferent
axons, respectively, label for Group II mGluRs in the rat digital nerve (Carlton et al., 2001b),
indicating that the receptors are transported out of the cell bodies to the peripheral terminals.
Consistent with this anatomical localization, intraplantar injection of a Group II agonist blocks
prostaglandin E2-induced thermal (Yang and Gereau, 2002) and mechanical (Yang and Gereau,
2003) sensitization in mice. The goals of the present study are to further our understanding of
Group II modulation of nociceptor processing in the periphery, documenting behavioral
changes and single fiber activity using 2 different inflammatory models and a Group II agonist
and antagonist. Some of these data have been previously presented in abstract form (Zhou and
Carlton, 2005; Du and Carlton, 2005).

EXPERIMENTAL PROCEDURES
All experiments were approved by the University Animal Care and Use Committee and
followed the IASP guidelines for the ethical care and use of laboratory animals (Zimmermann,
1983). Steps were taken to minimize both the number of animals and their discomfort. All rats
were male, Sprague Dawley (250–300g) obtained from Harlan, Indianapolis, IN.

Behavioral studies
Habituation—Rats were housed in groups of three in plastic cages with soft bedding under
a reversed light/dark cycle of 12h/12h. Following arrival at the animal care facility, they were
acclimated for at least 3 days before any behavioral testing was initiated. To determine whether
the Group II agonist (2R,4R)-4-aminopyrrolidine-2,4-dicarboxylate (APDC) altered
mechanical sensitivity, naïve rats were habituated to testing with a modified Randall Selitto
apparatus (Analgesy-Meter, Ugo Basile, Italy), by being placed in a plastic cone and held
upright so that the hind quarters extended from the cone and were supported in the palm of the
investigators’ hand. One hind paw was placed on a small plinth and a mechanical force on the
dorsal surface of the paw was slowly increased until the rat withdrew its paw. This habituation
was repeated 2 times on 2 consecutive days. To determine whether APDC altered formalin-
induced behaviors or inflammatory soup (IS)-induced mechanical sensitivity (von Fry testing),
rats were placed on a wire screen platform in Plexiglas cages (8 × 8 × 18 cm) for 1 hr. Each
rat was habituated two times before being placed in an experimental group. To determine
whether APDC altered thermal sensitivity in naïve or IS-injected rats, they were habituated by
being placed in a Plexiglas cage on a 1/4″ thick glass plate maintained at 23°C. One hind paw
of each rat was tested for heat sensitivity using a laser stimulus (see below) every 10 min for
40 min on each of 5 consecutive days.
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Drug Injections—Intraplantar drug injections were performed using a 28-gauge needle
attached to 50 μl Hamilton syringe with PE20 tubing. For formalin testing, awake rats received
a needle puncture in the plantar skin proximal to the footpads and the needle was guided into
the subcutaneous space to the center of the hind paw. For all other hind paw injections, rats
were briefly anesthetized (2–3 min) with 4% halothane. In experiments testing mechanical
sensitivity, the skin of the paw proximal to the footpads was penetrated and the needle tip
advanced about 1 cm to the base of the third toe. In experiments testing thermal sensitivity, the
needle punctured the plantar skin near the heel and was guided into the subcutaneous space to
the center of the hind paw. To ensure that anesthetic effects had worn off, rats were not tested
for mechanical or thermal sensitivity until at least 10 min following drug injection. For all
experiments, each rat was used only once and the experimenter was unaware of which drug
was being injected into each animal. All behavior data were assessed in real time and recorded
by direct observation by an investigator.

The Group II agonist APDC (Tocris Cookson Ltd., Ellisville, MO) was dissolved in 1N NaOH
(made in 100mM as a stock solution). The highly selective Group II antagonist, (2S)-2-
Amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl) propanoic acid (LY341495,
[LY], Tocris Cookson) (Thomas et al., 1996; Schoepp et al., 1999), was used to demonstrate
receptor specificity of the APDC effect. LY was dissolved in 1.2N NaOH (made as a 100 mM
stock solution). All stock solutions were diluted with PBS (GibcoTM) to different
concentrations as needed in the studies and adjusted to pH 7.4. A 2% formalin solution (FM)
was made by diluting the FM stock solution with PBS. An inflammatory soup (IS) cocktail
was made in synthetic interstitial fluid (SIF) that contained 10 nM bradykinin, 1 μM 5HT, 1
μM histamine, 1 μM PGE2, and 7mM potassium chloride (Bolyard et al., 2000).

Group II mGluR modulation of acute mechanical and thermal sensitivity—To
determine if activation of Group II mGluRs affected acute mechanical nociception, rats
received 20 μl intraplantar injections of 0.1 or 100 μM APDC or vehicle and mechanical
sensitivity was assessed using the modified Randall Selitto test. The paw withdrawal threshold
(PWT) was determined before and then at 10 min intervals for 40 min following drug injection
and is reported as percent change from baseline.

To determine if activation of Group II mGluRs affected acute thermal nociception, rats received
20 μl intraplantar injections of 0.1 or 100 μM APDC or vehicle and thermal sensitivity was
assessed by measuring paw withdrawal latency (PWL) (Hargreaves et al., 1988). The laser
system (assembled in-house) consisted of a microprocessor-controlled 980 nm (near infrared)
continuous wave, solid-state laser (4 watt) with a spot diameter of 2 mm. Parameters were set
to obtain ~8 sec PWLs (within 10 sec the laser reached a maximum of 51°C at a glass surface
maintained at 23°C, with a cutoff at 15 sec). A red (670 nm) sighting beam was coupled to the
invisible laser to allow positioning. The PWL was determined before and then at 10, 30 and
50 min following drug injection.

Group II mGluR modulation of FM-induced nociceptive behaviors—To
demonstrate the effect of Group II mGluR activation on acutely sensitized nociceptors, and to
establish a working dose of APDC, rats were injected with either 20 μl of 2% FM alone (n =
7), or a 20 μl cocktail containing 2% FM+APDC (0.001, 0.01, or 0.1 μM, n = 6/group). Possible
systemic effects produced by intraplantar APDC were evaluated by injection of 20μl of the
working dose of APDC (0.1 μM) in one paw, followed immediately by injection of 20 μl of
2% FM into contralateral paw (n = 6). To demonstrate that actions of APDC were receptor
specific, a 20 μl cocktail of 100 μM LY (LY341494, a Group II antagonist) + 0.1 μM APDC
+ 2% FM was injected in the hind paw (n = 6/group). To determine if LY alone produced any
effects on FM-induced nociception, a 20 μl cocktail containing 100 μM LY + 2% FM was
injected in the hind paw (n = 6). PBS was injected in some groups to keep volumes equivalent.
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Formalin-induced nociception was assessed by quantitating two behaviors: counting the
number of flinches and the number of sec an animal spent lifting and/or licking (L/L) the
injected hind paw in 5-min intervals. Flinching was defined as a rapid jerk of the whole paw
whether the paw was on the screen or held in the air. The data for the time course was recorded
as the number of flinches and number of sec of L/L per 5 min interval over 60 min.

There are two phases in FM-induced pain. The first phase is from 0–10 min after FM injection,
the second phase is from 10 to approximately 40 min. The data for each phase are reported as
the average number of flinches or number of sec spent L/L per 5 min interval in each phase
and the following formulas were used to calculate these averages: 1) first phase: [total number
of flinches or L/L time (sec)] /2 (two 5 min intervals in 10 min); 2) second phase: [total number
of flinches or L/L time (sec)] /6 (six 5 min intervals between 10–40 min).

Group II mGluR modulation of IS-induced behavioral sensitization—An
intraplantar injection of IS was used to induce sensitization of peripheral terminals. To
determine if activation of Group II mGluRs attenuated the thermal hyperalgesia, rats were
briefly anesthetized and given a 20 μl injection of vehicle (n = 7), IS alone (n = 7), 0.1 μM
APDC + IS (n = 7), or IS in one paw and 0.1 μM APDC in the contralateral paw (n = 6). All
volumes and concentrations were kept constant by adding PBS. Thermal sensitivity was
assessed by measuring paw withdrawal latency (PWL) at 10, 30 and 50 min using the solid
state laser system described above. To determine if activation of Group II mGluRs attenuated
the IS-induced mechanical allodynia, a cocktail of APDC + IS was given intraplantar but the
APDC did not effectively block the IS-induced mechanical sensitivity. Using in a different
approach where the drugs were injected separately, rats were briefly anesthetized and given 2
10μl injections, 10 min apart: PBS followed by PBS, PBS followed by IS, or 0.5 μM APDC
followed by IS (n = 6 in each group). In one group (n = 6), IS was injected in one paw and 0.5
μM APDC in the contralateral paw. Mechanical sensitivity was assessed by measuring paw
withdrawal threshold (PWT) using the Dixon up-down method (Chaplan et al., 1994) every
10 min for 60 min.

Electrophysiological studies
In vitro skin-nerve preparation—Rats were sacrificed with an overdose of CO2. The
glabrous skin from the ankle to the tips of the toes was dissected from the hind paw. The medial
and lateral plantar nerves were dissected free and kept intact with the glabrous skin. All muscle
and tendon tissues were removed from the preparation. The preparation was placed corium
side up in an organ bath and superfused (15 ml/min, 34°C) with an oxygen-saturated, modified
synthetic interstitial fluid solution (SIF, in mM: NaCl, 123; KCl, 3.5; MgSO4, 0.7; CaCl2, 2.0;
Na gluconate, 9.5; NaH2PO4, 1.7; Glucose, 5.5; Sucrose, 7.5; and HEPES, 10; pH 7.45 ± 0.05).
The plantar nerves were moved into a separate chamber containing a superficial layer of mineral
oil and a bottom layer of SIF. The nerves were desheathed and teased apart on a mirror stage.
Small filaments from either the medial or the lateral plantar nerve were repeatedly split with
sharpened forceps until single unit activity was obtained by recording with gold wire electrodes.
This preparation has been used successfully to record from peripheral primary afferents in our
laboratory (Carlton et al., 2001a; Du et al., 2003; Carlton et al., 2004; Du et al., 2006) and
others (Lang et al., 1990; Koltzenburg et al., 1992; Rueff and Mendell, 1996).

Neurophysiological Recordings—Neural activity was recorded using a DAM80
Differential Amplifier (World Precision Instruments, New Haven, CT). Action potentials were
acquired and later analyzed with the CED 1401 (Cambridge, UK) using Spike 2 (v5.08)
software. The conduction velocity of each unit was determined by monopolar electrical
stimulation (1 ms duration, 1Hz) at the most mechanosensitive site in the receptive field of
each unit using a Teflon-coated steel electrode (5 MΩ impedance, 250 μm shaft diameter with
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an uninsulated tip) that was gently lowered into the receptive field. The conduction velocity
of each unit was determined from the latency of the action potential and the distance from the
stimulating electrode to the recording site. Based on measurements using our in vitro chamber
with a 34°C bath temperature and isolated sciatic nerves (n=3), the average conduction velocity
for C-mechanoheat (CMH) fibers was ≤ 1.2 ± 0.1 m/s. This agrees with previous in vitro nerve
recordings in rat (Koltzenburg et al., 1992; Kress et al., 1992).

Thermal, mechanical and chemical testing procedures—Only units responding to
mechanical probing of the glabrous skin with a blunt glass rod with a clearly defined receptive
field were studied in detail. For thermal stimulation, radiant heat was applied to each receptive
field by a feedback-controlled lamp placed beneath the organ bath. The beam was focused
through the bottom of the bath onto the epidermal surface of the skin. A thermocouple was
placed into the corium above the light beam to measure intracutaneous temperature. A standard
heat ramp starting from an adapting temperature of 34°C and rising to 51°C in 10 sec was
applied to each unit from the epidermal side (51°C on the epidermal side resulted in a thermal
probe reading of 47°C on the corium side). The heating ramp was monitored by positioning a
thermal probe in the corium and displaying the temperature readout on an oscilloscope (inset
Fig. 1C).

A Dual Mode Lever System (Aurora Scientific Inc. Ontario, Canada) was used to determine
mechanical threshold. The system has a motor-driven stylus that delivered a force in the form
of a continuous ascending ramp (from 0–250 mN in 20 sec, inset Fig. 1D). The stylus (1.5 mm
tip diameter) was placed on the corium side in the most sensitive region of the receptive field
of the unit. This same instrument was used to determine magnitude of response of units to a
suprathreshold mechanical stimulus. The stylus was placed on the corium side in the most
sensitive region of the receptive field and a square wave pulse was used to deliver a 250 mN
constant stimulus for 20 sec (inset Fig. 1F).

To document unit responses to drugs, a small cylinder (5 mm diameter) was placed over the
receptive field of each unit. The SIF in the cylinder was replaced with the drug(s) made in SIF
and buffered to pH 7.40 ± 0.05.

Determination of threshold and discharge rate in response to a stimulus—As
previously described (Reeh, 1986), the majority of units from normal skin had little or no
spontaneous activity. However, units exposed to IS had considerable activity (> 0.1 imp/s),
that was driven by inflammatory mediators. We established criteria in order to determine heat
and mechanical thresholds. The mean background instantaneous frequency + 2SDs for units
from naïve rats was calculated over a 10 s period. Following initiation of a heat or mechanical
stimulus, when a unit exceeded this criteria (mean background instantaneous frequency +
2SDs), this was considered threshold for that unit and this latency was converted into the
corresponding temperature or mN (threshold to activation). To analyze discharge rate in
response to heat or a mechanical square wave stimulus, the mean background discharge rate
was determined over a period equivalent to the stimulation period and this was subtracted from
the discharge rate obtained during the stimulus period.

Group II mGluR modulation of thermal and mechanical thresholds of CMH fibers
—To document at the single fiber level whether Group II activation affected background
nociceptor activity or affected nociceptor responses to acute thermal or mechanical stimulation,
the receptive fields of CMH fibers were exposed to 0.5 μM APDC by replacing SIF in the
cylinder with drug and background discharge rates of each fiber recorded for 2 min and then
responses to a thermal stimulus (10 sec heat ramp) or a mechanical stimulus (in the form of a
ramping force or a suprathreshold square wave pulse) were recorded before (designated H1 or
M1) and after (designated H2 or M2) the 2 min drug exposure.
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Group II mGluR modulation of IS-induced excitation and sensitization—To
determine whether activation of Group II mGluRs attenuated sensitization of nociceptors, IS
was used to induce an acute heat sensitization of CMH fibers (Kessler et al., 1992; Bennett et
al., 1998). The CMH units were exposed to IS alone, IS + 0.5 μM APDC or IS + 0.5 μM APDC
+ 100 μM LY (a Group II antagonist) for 2 min and unit activity recorded as well as responses
to thermal or mechanical stimulation before (H1, M1, respectively) and after (H2, M2,
respectively) exposure to these agents. Parallel in vitro studies with formalin could not be done
because formalin is a strong fixative that cross-links membrane proteins, preventing normal
axonal responses.

Statistical analysis
Data are presented as mean ± standard error of the mean (SEM) or as medians and SigmaStat
v3.1 software was used for statistical analysis. The PWLs and PWTs were analyzed with a
one-way ANOVA. In the formalin test, the average number of flinches or L/L behavior in each
phase for each group of rats was plotted as bar graphs versus treatment. Differences in behavior
between groups or phases (formalin) were evaluated using a one-way ANOVA followed by a
student Newman-Keuls test. For the electrophysiological studies, differences between two
groups were determined using the Wilcoxon Rank test, and differences between multiple
groups were determined using a Kruskal-Wallis test followed by a Dunn’s post hoc analysis;
p < 0.05 was considered significant.

RESULTS
Behavioral studies

Group II mGluR modulation of mechanical and thermal sensitivity—Intraplantar
injection of 0.1 μM or 100 μM APDC in normal rats did not affect baseline thermal sensitivity,
inducing no change in PWL compared to vehicle over the subsequent 40 min testing period
(Fig. 1A). Similarly, intraplantar injection of either 0.1 μM or 100 μM APDC did not affect
mechanical sensitivity, inducing no change in PWT compared to vehicle (Fig. 1B). The results
suggest that APDC in this range does not modulate behavioral responses to acute thermal or
mechanical stimulation in normal rats.

Group II mGluR modulation of FM-induced nociceptive behaviors—Intraplantar
injection of 2% FM resulted in biphasic nocifensive behaviors, with the rats showing flinching
and L/L behaviors in both phase 1 and 2. Compared with 2% FM alone, injection of each of
three APDC concentrations (0.001, 0.01 and 0.1 μM) attenuated phase 1 and 2 behaviors.
Inhibition of L/L was dose dependent and only the highest dose (0.1 μM) significantly inhibited
both phase 1 and 2 flinching and L/L behaviors (Fig. 2A and B, p < 0.05, one-way ANOVA).
This concentration produced a 67% and 68% reduction in flinching and a 59% and 75%
reduction in L/L in phases 1 and 2, respectively. When plotted over time, flinching and L/L
behaviors were reduced at virtually all time points following injection of 0.1 μM APDC + FM
(Fig. 2C and D). Intraplantar injection of 2% FM in one paw and 0.1 μM APDC in the
contralateral hind paw resulted in behaviors similar to those seen in rats injected with 2% FM
alone, indicating that local peripheral injection of APDC was not exerting its effects through
a systemic action (Fig. 2A and B). Co-injection of the Group II antagonist LY (100 μM),
blocked the APDC-induced inhibition of FM pain behaviors, confirming that the APDC-
induced inhibition was most likely mediated by activation of Group II mGluRs (Fig. 3, p< 0.05,
one-way ANOVA). Animals injected with LY + FM showed behaviors similar to those
produced by FM alone.

Group II mGluR modulation of IS-induced behavioral sensitization—Intraplantar
injection of 20 μl IS did not result in nocifensive behaviors (flinching or L/L) but did result in
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enhanced thermal sensitivity. The IS-injected rats had a decreased PWL to heat compared
vehicle-injected animals, but activation of Group II mGluRs with APDC blocked this thermal
hyperalgesia (Fig. 4A and B, p < 0.05, one-way ANOVA). The injection of 0.1 μM APDC had
a local and not a systemic effect since injection of IS in the ipsilateral hind paw followed by
injection of APDC in the contralateral hind paw resulted in a decrease in PWL that was similar
to animals receiving IS alone. IS-injected rats also showed changes in mechanical sensitivity
with decreased PWTs to von Frey stimulation compared to vehicle-injected rats (Fig. 5A, p <
0.05, one-way ANOVA). The time course study demonstrated that activation of Group II
mGluRs with 0.5 μM APDC blocked this mechanical sensitivity for at least 60 min (Fig. 5B).
Injection of APDC in the paw contralateral to the IS had no effect on IS behaviors. These results
indicate that IS-induced thermal hyperalgesia and mechanical allodynia can be blocked by
local activation of Group II mGluRs.

Electrophysiological studies
In the in vitro single fiber recordings (from 44 rats), units that had mechanical thresholds ≥ 25
mN, thermal thresholds ≥ 42 °C and had conduction velocities ≤ 1.2m/s were classified as C-
mechanoheat (CMH) fibers. During 2 min background recordings in skin, the majority of units
were quiet in the absence of stimulation, with only an occasional action potential (mean
background activity was 0.05 ± 0.01 imp/s in 110 CMH units). Application of 0.5 μM APDC
(n = 7) or 100 μM LY (n = 10) to the receptive field of CMH units for 2 min had no effect on
mean background activity (0.04 ± 0.01 pre-drug compared to 0.04 ± 0.02 imp/s post-drug for
APDC group, and 0.04 ± 0.01 pre-drug compared to 0.04 ± 0.01 imp/s post-drug for LY group).

Group II mGluR modulation of thermal and mechanical sensitivity of CMH fibers
—Activation of Group II mGluRs had no effect on baseline nociceptive responses. Neither the
thermal or mechanical thresholds nor discharge rates changed significantly following exposure
of CMH receptive fields to 0.5 μM APDC for 2 min. The median value for the thermal threshold
was 41.1 °C pre-APDC compared to 41.3 °C post-APDC (Fig. 1C); the median value for
discharge rate was 2.0 imp/s pre-APDC compared to 2.1 imp/s post-APDC (Fig. 1E). The
median value for mechanical threshold was 146 mN pre-APDC and 130 mN post-APDC (Fig.
1D); the median value for discharge rate in response to a suprathreshold mechanical stimulus
(250 mN, 20 sec) was 0.3 imp/s pre-APDC compared to 0.4 imp/s post-APDC (Fig. 1F). The
data demonstrate that activation of Group II mGluRs did not modulate background activity or
peripheral responses of nociceptors to acute thermal or mechanical stimulation in naïve rats.

Group II mGluR modulation of IS-induced excitation and sensitization—To study
the effect of Group II activation on sensitized nociceptors, inflammatory soup (IS) was applied
to the receptive field of CMH units. In this population (n = 9), IS alone caused a significant
change in the median discharge rate from 0.08 to 0.32 imp/s (Fig. 6D, 7A, p < 0.05, Wilcoxon
test). In separate populations of CMH fibers, co-application of IS + APDC significantly
attenuated this increased activity (median value was 0.08 imp/s, Figs. 6E, 7B, p < 0.05, Kruskal-
Wallis test), and addition of the Group II antagonist LY (100 μM) with IS + APDC blocked
the APDC-induced inhibition such that these responses were not different from IS alone
(median value was 0.77 imp/s, Figs. 6F, 7B, p < 0.05, Kruskal-Wallis test). Using the paradigm
shown in Fig. 8A, IS alone enhanced thermal responses when comparing the pre-drug heat
response (H1) to the post-drug heat response (H2) (median value for H1 = 0.7, H2 = 2.4 imp/
s, Figs. 8B inset, p < 0.05, Wilcoxon test). Thermal threshold was also significantly decreased
following IS alone (median value for H1 = 43.0, H2 = 39.8 °C, Fig. 8C inset, p < 0.05, Wilcoxon
test). In a separate population of CMH fibers, co-application of IS + APDC blocked the IS-
induced increases in discharge rate (median value for H2 = 1.5 imp/s) and the decreases in
threshold (median value for H2 = 41.9 °C, Figs. 6, 8B and C, 9, p < 0.05, Kruskal-Wallis test).
In a third set of CMH fibers, co-application of IS + APDC with LY resulted in thermal discharge
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rates similar to that obtained following IS alone (median value for H2 = 2.4 imp/s) and thermal
thresholds were again decreased (median value for H2 = 40.4 °C) such that post-drug responses
were similar to those following IS alone (Figs. 6, 8B and C, 9, p < 0.05, Kruskal-Wallis test).
The data demonstrate that activation of Group II mGluRs on peripheral nociceptors prevents
thermal sensitization following acute inflammation.

Using the paradigm shown in Fig. 8D to test changes in mechanical sensitivity, IS alone did
not enhance discharge rates when comparing the pre-drug mechanical response (M1) to the
post-drug mechanical response (M2) (median value for M1 = 1.7, M2 = 0.8 imp/s, Figs. 8E
inset). Although there was a trend for the mechanical threshold to be lowered by IS, this did
not reach significance (median value for M1 = 68.9, M2 = 40.8 mN, Fig. 8F inset). In a separate
population of CMH fibers, co-application of IS + APDC did not significantly change the M2
discharge rate (median value for M2 = 1.0 imp/s) compared to the IS group but it significantly
increased the M2 threshold (median value = 141.0 mN) compared to IS threshold (Figs. 8F,
10, 11, p < 0.05, Kruskal-Wallis test). In a third set of CMH fibers, co-application of IS +
APDC with LY resulted in M2 discharge rates that were similar to IS alone, but were
significantly higher compared to the IS + APDC group discharge rates (median value for M2
= 3.0 imp/s, Figs. 8E, 10 and 11, p<0.05, Kruskal-Wallis test). The M2 mechanical threshold
for this group was decreased (median value = 11 mN), such that it was not different from IS
alone (Figs. 8F, 10 and 11, p < 0.05, Kruskal-Wallis test). The data demonstrate that activation
of Group II mGluRs on peripheral nociceptors can increase mechanical threshold in the absence
of mechanical sensitization and this action is blocked by a Group II antagonist.

DISCUSSION
These studies demonstrate several key aspects of peripheral Group II mGluR function.
Activation of peripheral Group II mGluRs 1) does not depress nociceptive behavioral responses
or nociceptor activity in the non-sensitized state (i.e. following brief nociceptive mechanical
or thermal stimulation), 2) can depress these responses when the nociceptors are sensitized by
inflammation, 3) can produce an inhibitory effect through local receptor activation that can be
blocked by a local Group II antagonist.

Differences in mechanisms underlying thermal vs mechanical sensitization
The data indicated that acute inflammation with IS resulted in a decrease in the PWL and PWT
in the behavioral studies and this is consistent with previous studies using acute inflammatory
mediators (Taiwo et al., 1987; Taiwo et al., 1989; Simone et al., 1989b; Gilchrist et al.,
1996). Sensitization to heat was confirmed at the single fiber level, with CMH units showing
a decrease in threshold and an increase in discharge rate in response to IS. However, IS did not
result in a decrease in mechanical threshold or an increase in discharge rate in the CMH fibers.
Thus, mechanical sensitization was not confirmed at the single fiber level. There are at least 2
explanations for this discrepancy: 1) the changes in mechanical sensitivity were due to central
and not peripheral sensitization and/or 2) a population other than CMH fibers wase sensitized
by IS to mechanical stimulation. In relation to the first possibility, central sensitization of dorsal
horn neurons to mechanical input has been reported and can occur very quickly after application
to the hind paw of chemicals such as capsaicin (Simone et al., 1989a; Dougherty and Willis,
1992) or mustard oil (Woolf and King, 1990). Thus, it is probable that central changes
contributed to the increased behavioral responses following mechanical stimulation. In relation
to the second possibility, Lang et al (1990) used a similar in vitro preparation and reported that
bradykinin did not change mechanical thresholds of CMH or Aδ fibers. Thus, the possibility
that Aδ but not CMH fibers were responsible for the mechanical sensitization in this study
seems remote. We analyzed mechanical thresholds as well as responses to suprathreshold
mechanical stimuli because it has been shown that mechanical thresholds are inadequate
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predictors of sensitization (Cooper et al., 1991; Andrew and Greenspan, 1999). In neither
paradigm did CMH fibers show a change in mechanical sensitivity. We (Du et al., 2006) and
others (Andrew and Greenspan, 1999) reported mechanical sensitization of cutaneous CMH
fibers 16–48 hrs following intraplantar CFA. It is highly likely that a 2 min exposure to IS
(current protocol) did not initiate the long term processes that led to the peripheral afferent
sensitization reported in these longer term CFA studies. Thus, we conclude that central
sensitization was the underlying mechanism for the acute mechanical sensitization observed
in the behavioral studies.

Action of Group II mGluRs in the sensitized versus non-sensitized state
Previous behavioral studies demonstrate that intraplantar (Yang and Gereau, 2002; Yang and
Gereau, 2003) or systemic injection (Sharpe et al., 2002) of Group II agonists does not alter
mechanical or thermal thresholds, suggesting that peripheral Group II mGluRs do not modulate
basal mechanical or thermal sensation. However, peripheral injection of Group II agonists can
prevent or delay carrageenan- (Sharpe et al., 2002; Yang and Gereau, 2003) and prostaglandin
E2-induced (Yang and Gereau, 2002) decreases in mechanical and thermal behavioral
thresholds. We confirm these findings using the FM and IS models. Importantly, we extend
these findings demonstrating at the single fiber level that activation of Group II mGluRs has
no effect on background activity or mechanical and thermal thresholds of nociceptors, but can
reduce IS-induced excitation and as well as thermal sensitization, demonstrating an anti-
hyperalgesic effect on nociceptor function that can be blocked by a selective Group II
antagonist. Furthermore, the concentrations of APDC (0.1 μM and 0.5 μM) needed to achieve
these effects are very close to the ED50 (0.4 μM, based on an assay analyzing inhibition of
forskolin-stimulated cAMP in non-neural cells, [Schoepp et al., 1999]) and these
concentrations are at least 100-fold less than that used in previous studies (Yang and Gereau,
2002; Yang and Gereau, 2003). Although Group I and III mGluRs are also expressed by
primary afferents (Ohishi et al., 1995; Zhou et al., 2001; Azkue et al., 2001; Carlton and Hargett,
2007), it is unlikely that they contribute to these actions since APDC, used at these low
concentrations, does not bind to Group I or Group III mGluRs (Schoepp et al., 1996, 1999).
The Group II antagonist LY does have some affinity for Group I and III mGluRs (Schoepp et
al., 1999); however, 100 μM LY has no significant inhibitory effect on forskolin-activated
cAMP in mGluR8-expressing cells and LY was shown to enhance forskolin-activated cAMP
in mGluR7- and mGluR4-expressing cells (Kingston et al., 1998). When used at 100 μM, LY
can inhibit basal phosphoinositide hydrolysis in mGluR1- and mGluR5-expressing cells
(Kingston et al., 1998). Thus, if Group I mGluRs were activated in our paradigms, we could
not rule out an action of LY on these two mGluR subtypes.

Peripheral site of action for the Group II agonist
Sharpe et al., 2002 previously reported in rats that pre-treatment with a Group II agonist delayed
carrageenan-induced thermal hyperalgesia. The agonist was injected systemically and can
cross the blood-brain barrier (Bond et al., 2000), so the site of action was unknown. The site
of action may have been spinal since application of Group II agonists to dorsal horn neurons
inhibits their responses to peripheral input (Stanfa and Dickenson, 1998; Neugebauer et al.,
2000). The site of action in the present study was most certainly in the periphery since
intraplantar APDC injection in the contralateral paw had no effect on ipsilateral pain behaviors.
Thus, the data indicate that peripheral activation of Group II mGluRs can have an anti-
hyperalgesic effect. If given systemically, the agonists could have a dual site of action (CNS
and PNS), increasing the therapeutic value of these drugs.
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Mechanisms by which Group II mGluRs reduce sensitization
There are at least 3 mechanisms by which Group II mGluRs may reduce inflammation-induced
hypersensitivity. They may reduce nociceptor activation through membrane stabilization. It is
clear from our peripheral nerve recordings that APDC can significantly reduce IS-induced
excitation. This may occur through Group II agonist-induced inhibition or activation of various
ion channels in the nociceptor axonal membrane such as voltage-sensitive Ca2+ and voltage-
dependent K+ channels (see Pin and Duvoisin, 1995 for review). If working by this mechanism,
Group II activation would be beneficial in controlling nociceptor activity in a variety of other
painful conditions including, but not limited to, neuropathic, migraine and burn pain. Group
II mGluRs may reduce inflammatory mediator-induced sensitization. We have shown using
peripheral nerve recordings that IS-induced heat sensitization of nociceptors is blocked by
APDC and this is reflected by reduced nociceptive behaviors (Yang and Gereau, 2002; Sharpe
et al., 2002; Yang and Gereau, 2003). This may occur through Group II mGluR interaction
with bradykinin, prostaglandin, serotonin and/or histamine receptors directly but most likely
occurs through indirect mechanisms, i.e. modulation of second messenger pathways. In this
regard, Group II mGluRs inhibit a forskolin-stimulated cAMP pathway (Tanabe et al, 1992),
a pathway activated by many inflammatory mediators leading to hyperalgesia (Taiwo et al.
1989, 1991; Yang and Gereau, 2002). Group II mGluRs may reduce peripheral glutamate
release. It has been demonstrated that Group II activation can inhibit glutamate release in
several supraspinal sites (Anwyl, 1999; Cartmell and Schoepp, 2000) and may do so in the
periphery as well. When nociceptors are activated, peripheral glutamate is released (Omote et
al., 1998; deGroot et al., 2000), thus, intraplantar APDC may attenuate this release, curtailing
the subsequent autocrine and/or paracrine activation of excitatory GluRs on nociceptors. This
would dampen nociceptor activity and peripheral sensitization (Carlton, 2001).

As discussed above, IS resulted in thermal but not mechanical sensitization of CMH fibers. In
this sensitized state, activation of Group II mGluRs resulted in significant elevation of both
thermal and mechanical thresholds. We and others have presented evidence that Group II
mGluRs are only effective in the sensitized state, that their action is anti-hyperalgesic. How
then could APDC produce a significant increase in mechanical threshold even though this
modality is not sensitized? As discussed above, a change in the over-all excitability level of
the terminal membrane may result from Group II activation, reducing nociceptor activity in
response to mechanical as well as thermal stimulation. Furthermore, if Group II mGluR
activation reduces glutamate release, this would reduce the probability of activation of nearby
mechanoreceptive terminals, raising mechanical threshold.

Localization of Group II mGluRs on peripheral primary afferents
Having shown that a Group II agonist, given systemically, could reduce thermal hyperalgesia,
a peripheral site of action was not seriously considered by Sharpe et al., (2000), who concluded
that Group II mGluRs played a role in the central sensitization process associated with
persistent pain. Group II mGluRs have been localized in dorsal root ganglion cells (Petralia et
al., 1996) and on central processes of presumed primary afferent fibers (Jia et al., 1999). Our
lab has localized Group II receptors on peripheral cutaneous processes and lumbar DRG cell
bodies (Carlton et al., 2001b; Carlton and Hargett, 2007). Thus, it is highly likely that Group
II mGluRs can modulate primary afferent mechanisms that lead to peripheral sensitization, as
well as spinal mechanisms that lead to central sensitization. Approximately 32% of
unmyelinated and 28% of myelinated axons in rat digital nerves are positively labeled with
antibodies directed against mGluR2/3. Since mRNA for mGluR3 has not been observed in
DRG (Ohishi et al., 1993), it is highly likely that the effects reported here represent activation
of mGluR2 exclusively.
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It is most likely that the inhibitory effect of APDC was due to activation of Group II mGluRs
constitutively expressed on nociceptors. In the in vitro studies, the mGluR-induced inhibition
was evoked quickly (within seconds), allowing too little time for transport and insertion of new
receptors into peripheral terminal endings. In the behavioral studies, immune cells expressing
Group II mGluRs could invade the inflamed hindpaw territory and contribute to the anti-
hyperalgesia via an indirect pathway; however, this could not be the case in the in vitro
paradigm, where there is no blood flow and few blood products.

CONCLUSIONS
The results presented here demonstrate that Group II activation has no effect on normal (non-
sensitized) nociceptor function. In contrast, when conditions arise where CMH nociceptors are
sensitized by inflammatory mediators, activation of peripheral Group II mGluRs can
dramatically reduce evoked nociceptive behaviors, and importantly, can effectively inhibit
inflammatory mediator-induced excitation and sensitization, indicating that Group II mGluR
activation is anti-hyperalgesic. Group II mGluRs can also significantly elevate mechanical
thresholds of CMH sensitized units, even though the units are not sensitized to mechanical
input.

Based on the current, as well as previous data (Sharpe et al., 2002), it is likely that activation
of peripheral Group II receptors plays a role in modulating the development of inflammatory
hyperalgesia by reducing excitatory transmission in nociceptors. Activation of Group II
receptors reduces both peripheral (current study) and central (Neugebauer et al., 2000) neuronal
sensitization; thus, systemic administration of selective Group II agonists may be potent
therapeutic agents for treatment of inflammatory pain and possibly other types of pain resulting
from sensitized states.
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List of Abbreviations
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(2R,4R)-4-aminopyrrolidine-2,4-dicarboxylate, Group II agonist

CMH  
C-mechanoheat

DRG  
dorsal root ganglia

FM  
formalin H1, pre-drug heat response

H2  
post-drug heat response

iGluR  
ionotropic glutamate receptor

IS  
inflammatory soup

L/L  
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lifting and licking

LY  
LY341495, (2S)-2-Amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl)
propanoic acid, a Group II antagonist

M1  
pre-drug mechanical response

M2  
post-drug mechanical response

mGluR  
metabotropic glutamate receptor

PWL  
paw withdrawal latency

PWT  
paw withdrawal threshold

PBS  
phosphate buffered saline

SIF  
synthetic interstitial fluid
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Fig. 1.
Intraplantar injection of 0.1 μM or 100 μM APDC alone did not change thermal (A) or
mechanical (B) thresholds compared to PBS groups (one-way ANOVA). A 2 min exposure of
CMH fibers in normal skin to 0.5 μM APDC had no effect on thermal threshold (C) or discharge
rate (E). There was no effect on mechanical threshold (D) or on discharge rate (F) in response
to a suprathreshold mechanical stimulus (Wilcoxon test). Insets in C, D, and F show stimulus
parameters. Median evoked responses are plotted in C–F. Box plot values: the thick horizontal
line within each box is the median value, the upper and lower edges of each box represent the
75th and 25th percentiles, respectively; the upper and lower whiskers represent the 90th and
10th percentiles, respectively.
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Fig. 2.
A and B) Intraplantar injection of 0.001, 0.01 or 0.1 μM APDC + 2% FM reduced flinching
and L/L compared to FM alone, but only 0.1 μM APDC significantly inhibited both behaviors
in both phases (*indicates significant difference comparing phase 1 from each group to phase
1 FM alone or comparing phase 2 from each group to phase 2 FM alone, p < 0.05, one-way
ANOVA followed by a student-Newman-Keuls test). Injection of 2% FM in one paw and 0.1
μM APDC in the contralateral paw did not reduce FM-induced behaviors (contralateral, 2A
and B). The inhibition of FM-induced flinching (C) and L/L (D) produced by 0.1 μM APDC
is shown over a 60 min period.
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Fig. 3.
Intraplantar injection of LY blocked the APDC-induced inhibition so that rats in this group
had flinching (A) and L/L (B) behaviors that were no different from those receiving PBS, FM.
The LY effects on flinching (C) and L/L (D) are shown over a 60 min period. (*indicates
significant difference comparing phase 1 from each group to phase 1 PBS, FM group or
comparing phase 2 from each group to phase 2 PBS, FM group, p < 0.05, one-way ANOVA
followed by a student-Newman-Keuls test ).
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Fig. 4.
A) At 10 min post-injection, intraplantar IS (20 μl) resulted in a significant change from
baseline with shorter paw withdrawal latency (PWL) compared to vehicle (PBS), indicating
the presence of thermal hyperalgesia. Addition of 0.1 μM APDC blocked the IS-induced
thermal hyperalgesia. Behavior resulting from injection of IS in the ipsilateral (ipsil) paw and
APDC in the contralateral (contra) paw confirmed that APDC was not having a systemic effect
(* indicates significant difference compared to PBS and APDC/IS, p < 0.05, one-way ANOVA
followed by a student-Newman-Keuls test). B) The time course for these drug effects is shown
for a 50 min period.
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Fig. 5.
A) At 20 min post-injection, intraplantar IS (20 μl) resulted in a significant change from
baseline with a decrease in threshold compared to vehicle (PBS), indicating the presence of
mechanical allodynia. Addition of 0.5 μM APDC blocked the IS-induced mechanical
sensitivity. IS in one paw (ipsil) and APDC in the contralateral (contra) paw resulted in behavior
no different from IS alone (* indicates significant difference compared to PBS and APDC/IS
group; p < 0.05, one-way ANOVA followed by a student-Newman-Keuls test). B) The APDC-
induced inhibition of mechanical sensitivity lasted for at least 60 min post-injection.
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Fig. 6.
Traces of raw, unfiltered data demonstrating responses of CMH units following activation by
heat and inflammatory soup (IS). Traces in panels A, B and C were expanded from panel D
and are all from the same unit. Panels D, E and F are recordings from 3 different units. H1 =
pre-drug heat response, H2 = post-drug heat response. A) The waveforms of the unit under
study in D. B) Response of unit to H1. C) Response of unit to H2; note enhanced activity to
heat following a 2 min exposure to IS. D) Application of IS to the receptive field of a CMH
fiber induced a robust excitation and heat sensitization (compare H1 to H2 in B and C).
Exposure to 0.5 μM APDC (IS+APDC) prevented IS-induced excitation and blocked heat
sensitization (E), 100 μM LY blocked the expected APDC-induced inhibition (F).
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Fig. 7.
A) Compared to pre-IS baseline, IS induced a robust increase in the discharge rate of CMH
fibers (*p<0.05, Wilcoxon test,). B) Co-application of 0.5 μM APDC + IS blocked this increase
and 100 μM LY (IS+APDC+LY) blocked the APDC-induced inhibition (B, p<0.05,
*significantly different from all other groups, Kruskal-Wallis test). Median evoked responses
are plotted. Box plot values same as in Fig. 1.
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Fig. 8.
A) Standard in vitro paradigm with unit responses to heat recorded before (H1) and after (H2)
drugs are applied for 2 min. IS increased the discharge rate of H2 compared to H1 (B inset)
and decreased heat threshold to firing for H2 compared to H1 (C inset, *p<0.05, Wilcoxon
test). Addition of 0.5 μM APDC blocked the IS-induced changes and 100 μM LY prevented
the APDC-induced inhibition (B and C, p<0.05, *significantly different from all other groups,
Kruskal-Wallis test). D) Standard paradigm with unit mechanical responses recorded before
(M1) and after (M2) drugs are applied for 2 min. IS did not change the discharge rate (E, inset)
or the threshold (F, inset) to mechanical stimulation. However, addition of APDC in the
presence of IS increased the threshold (F, p<0.05, *different from all other groups, Kruskal-
Wallis test) while addition of LY increased the discharge rate (E, p<0.05, * different from IS
+ APDC group only, Kruskal-Wallis test). Box plot values same as in Fig. 1.
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Fig. 9.
Unit responses to thermal stimulation (H2) are represented by mean instantaneous frequency
in 1 sec bins. A) H2 response of units in naïve skin. B) A 2 min application of IS enhanced
(sensitized) H2 compared to naïve H2. C) Addition of 0.5 μM APDC blocked the IS-induced
enhancement of H2. D) Addition of 100 μM LY blocked APDC-induced inhibition of H2. E)
The standard heat stimulus that ramps from 34 to 51°C in 10 sec.
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Fig. 10.
Instantaneous frequency was used to determine threshold to activation to a mechanical ramp
stimulus. Each panel represents a different CMH unit: A) naïve, B) exposed to IS for 2 min,
C) exposed to IS + APDC for 2 min, D) exposed to IS + APDC + LY for 2 min, E) standard
mechanical ramp stimulus. Dashed lines in each panel represent mean baseline instantaneous
frequency + 2SD (calculated from naïve rats in panel A). Following activation of the ramp,
when the instantaneous frequency of a unit exceeded the mean + 2SD, this was considered
threshold for that unit (marked by arrow in each panel).
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Fig. 11.
Unit responses to mechanical stimulation (M2) are represented by mean instantaneous
frequency in 1 sec bins. A) M2 response of units in naïve skin. B) A 2 min application of IS
did not change M2 threshold compared to naïve M2. C) Addition of 0.5 μM APDC reduced
the M2 threshold compared to naïve and IS M2 thresholds. D) Addition of 100 μM LY blocked
APDC-induced inhibition of M2. E) The standard mechanical stimulus that ramps from 0 to
250 mN in 20 sec.
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