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Neurobiology of Disease

Glycine Inhibitory Dysfunction Induces a Selectively
Dynamic, Morphine-Resistant, and Neurokinin 1 Receptor-
Independent Mechanical Allodynia

Lois S. Miraucourt, Xavier Moisset, Radhouane Dallel, and Daniel L. Voisin
INSERM, U929, F-63000 Clermont-Ferrand, France, Université Auvergne-Clermont1, F-63000 Clermont-Ferrand, France, and Centre Hospitalier
Universitaire Clermont-Ferrand, F-63000 Clermont-Ferrand, France

Dynamic mechanical allodynia is a widespread and intractable symptom of neuropathic pain for which there is alack of effective therapy.
We recently provided a novel perspective on the mechanisms of this symptom by showing that a simple switch in trigeminal glycine
synaptic inhibition can turn touch into pain by unmasking innocuous input to superficial dorsal horn nociceptive specific neurons
through a local excitatory, NMDA-dependent neural circuit involving neurons expressing the gamma isoform of protein kinase C. Here,
we further investigated the clinical relevance and processing of glycine disinhibition. First, we showed that glycine disinhibition with
strychnine selectively induced dynamic but not static mechanical allodynia. The induced allodynia was resistant to morphine. Second,
morphine did not prevent the activation of the neural circuit underlying allodynia as shown by study of Fos expression and extracellular-
signal regulated kinase phosphorylation in dorsal horn neurons. Third, in contrast to intradermal capsaicin injections, light, dynamic
mechanical stimuli applied under disinhibition did not produce neurokinin 1 (NK1) receptor internalization in dorsal horn neurons.
Finally, light, dynamic mechanical stimuli applied under disinhibition induced Fos expression only in neurons that did not express NK1
receptor. To summarize, the selectivity and morphine resistance of the glycine-disinhibition paradigm adequately reflect the clinical
characteristics of dynamic mechanical allodynia. The present findings thus reveal the involvement of a selective dorsal horn circuit in
dynamic mechanical allodynia, which operates through superficial lamina nociceptive-specific neurons that do not bear NK1 receptor

and provide an explanation for the differences in the pharmacological sensitivity of neuropathic pain symptoms.
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Introduction

Increased knowledge of pain-generating mechanisms and their
translation into symptoms have provided the hope that a dissec-
tion of the mechanisms that are at play in each patient could be a
reachable goal (Woolf, 2004; Campbell and Meyer, 2006). This,
combined with a selection of drugs that act on those mechanisms
should make it possible to design optimal treatments for individ-
ual patients (Baron, 2006; Knabl et al., 2008). However, difficul-
ties arise considering that in some patients a single mechanism
may produce their pain, but in others, multiple mechanisms may
contribute (Scholz and Woolf, 2002). Moreover, the same symp-
tom may be generated by a number of mechanisms and a single
mechanism may potentially produce different symptoms. To bet-
ter understand such complex relations, it is crucial to determine
how much animal pain models reflect the clinical characteristics
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of pain conditions and to adequately relate mechanisms with
individual symptoms in these models.

The mechanisms by which simply brushing the skin can evoke
pain in pathological conditions still remain unknown (Campbell
and Meyer, 2006). Clinical studies have established that the
symptom, called dynamic mechanical allodynia, is mediated by
sensory A fibers normally responsible for the detection of in-
nocuous mechanical stimuli only (Campbell et al., 1988). It also
involves alterations in central processing of sensory information
by dorsal horn neurons (Woolf and Salter, 2006), including dis-
inhibition through reduced inhibitory transmitter synthesis
and/or release (Castro-Lopes et al., 1993; Wiesenfeld-Hallin et
al., 1997), loss of inhibitory interneurons (Moore et al., 2002),
block of inhibitory receptors (Ahmadi et al., 2002; Harvey et al,,
2004), shift in anion gradient (Coull et al., 2005) or altered de-
scending inhibitory modulation from the brain (Vanegas and
Schaible, 2004). Glycine inhibitory dysfunction has successfully
been used as a model of allodynia (Beyer et al., 1985; Yaksh, 1989;
Sherman and Loomis, 1994). We recently found that glycine in-
hibitory dysfunction gates tactile input to superficial dorsal horn
nociceptive specific neurons through protein kinase C gamma
(PKCy)-dependent activation of a local, excitatory, NMDA
receptor-dependent, dorsal horn circuit (Miraucourt et al.,
2007).
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Preclinical and clinical studies have shown that dynamic and
static allodynia have different mechanisms (Ochoa and
Yarnitsky, 1993; Field et al., 1999a,b; Gonzalez et al., 2000) and
respond differently to opiates (Dickenson and Kieffer, 2006). To
assess the clinical relevance of glycine disinhibition for dynamic
mechanical allodynia, we tested the hypothesis that glycine
disinhibition-induced allodynia is selective for one single me-
chanical modality and compared it to GABA, receptor-
dependent disinhibition induced by bicuculline. We also investi-
gated the morphine sensitivity of glycine disinhibition-induced
allodynia. Since superficial dorsal horn neurons expressing the
neurokinin 1 (NK1) receptor are essential for the development of
abnormal pain sensitivity, we also asked whether glycine
disinhibition-induced allodynia relies on activation of this neu-
ronal population.

Material and Methods

Animals. Adult male Sprague Dawley rats (240-280 g) were obtained
from Charles River and maintained in a controlled environment (lights
on 8:00 A.M.—8:00 P.M., 22°C) with food and water available ad libitum.
All efforts were made to minimize the number of animals used. The
experiments followed the ethical guidelines of the International Associ-
ation for the Study of Pain and the European Community Council direc-
tive of 24 November 1986 (86/609/EEC).

Chemicals. Unless specifically stated, all chemicals were obtained from
Sigma.

Intracisternal injections and behavioral testing. For investigating the
effects of morphine upon dynamic mechanical allodynia, animals were
briefly (< 3 min) anesthetized using a mask with 2% halothane and
received an intracisternal injection of either morphine (15 ug in 5 ul
aCSF) or aCSF alone (5 ul) using a 10 ul Hamilton syringe (Miraucourt
etal.,2007). aCSF consisted of 150 mmNa ¥, 3mmK *, 0.8 mmMg?*, 1.4
mm Ca’",155mm Cl pH 7.4,295 mosmol - kg~ ! After recovery (< 2
min), rats were placed in an observation field (0.6 X 0.6 m square) under
red light for a 30-min habituation session. During this period, rats were
adapted to the observation field and red light. The experimenter also
reached into the cage to apply gentle air puffing on the face of the animal,
to which animals responded with only a simple detection, showing a
nonaversive response. Immediately after the 30 min habituation period,
animals were again briefly (< 3 min) anesthetized using a mask with 2%
halothane and received an intracisternal injection of strychnine (10 pgin
5 wl aCSF). After recovery (< 2 min), rats were placed in the observation
field under red light for a 30-min period test. Gentle air puffing (1-s
duration) was applied every 3 min onto the orofacial region using a
calibrated pump by a first experimenter. Stimulation was performed
when the rat was in a sniffing/no locomotion state: with four paws placed
on the ground, neither moving nor freezing. The distance to the target
from which the stimulus was applied varied from 2 to 5 cm. The tip of the
pump was moved toward the target from behind so that the animal could
not see. Each series of stimulation consisted of 5 air puffs applied every
10 s.

For investigating static allodynia, rats were habituated to stand on
their hindpaws on the experimenter sleeve and lean against the experi-
menter chest in a quiet room under red light, according to a method
adapted from Ren (1999). The habituation required half an hour during
which the animals were tested with von Frey filaments onto a region
between the right vibrissa pad and the upper right lip, with carefully
avoiding touching any of the vibrissa. Ascending and descending series of
von Frey filaments (1.0-12 g; Bioseb) were used. Each filament was tested
five times at intervals of at least 5 s. The habituation session was repeated
for 2 d. At the end of the second habituation session, all rats responded to
6.0 g von Frey filament with only a simple detection, showing a nonav-
ersive response. At this time, one rat was excluded from the study because
of excessive stress behavior. On the third day, the actual testing session
took place. Animals were briefly (< 3 min) anesthetized using a mask
with 2% halothane and received an intracisternal injection of either
strychnine (10 ug in 5 pl aCSF) or aCSF alone (5 pl) using a 10 ul
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Hamilton syringe. After recovery (< 2 min), rats were gently placed on
the experimenter’s sleeve in a quiet room under red light. Static mechan-
ical stimuli were applied using a 6.0 g von Frey filament onto a region
between the right vibrissa pad and the upper right lip. Stimuli were
administered when the rat was immobile on the experimenter’s sleeve,
with its head directed toward the experimenter’s elbow. Series of stimuli
were applied every 3 min for 30 min. Each series of stimuli consisted of 5
stimuli, each tested at an interval of at least 10 s.

In all cases, the behavioral responses were observed and quantified by
a second experimenter, according to the method developed by Vos et al.
(1994). The evaluating experimenter was blind to the experimental
group. A rat’s response to mechanical stimulation consisted of one or
more of the following elements: (1) detection: rats turn head toward
stimulus; (2) withdrawal reaction: rats turn head away or pulls it briskly
backward when stimulation is applied (a withdrawal reaction is assumed
to include a detection element preceding the head withdrawal and there-
fore consists of two responses elements); (3) escape/attack: rats avoid
further contact with the stimulus, either passively by moving their body
away from the stimulus, or actively by attacking the tip of the pump or the
hair; (4) asymmetric grooming: rats display an uninterrupted series of at
least three wash strokes directed to the stimulated area. The following
rank-ordered descriptive responses categories were formulated accord-
ing to the study by Vos et al. (1994): no response, nonaversive response,
mild aversive response, strong aversive response, prolonged aversive be-
havior. Each category was given a score (0—4) based on the number of
observed response elements. According to Vos et al. (1994), the score was
assumed to reflect the magnitude of the aversiveness evoked by the me-
chanical stimulation. Score was equal to zero in case of absence of re-
sponse. A mean score value was then calculated for each stimulation
series.

Medullary dorsal horn microinfusion and arterial blood pressure record-
ings. We were unable to investigate orofacial dynamic and static allodynia
after intracisternal injections of the GABA , receptor antagonist bicucul-
line in freely moving rats, due to the deleterious cardiovascular and re-
spiratory effects (including apnea) intracisternally injected bicuculline
induced. We thus studied the effects of brushing and von Frey hair ap-
plication on the lip of anesthetized rats on arterial blood pressure record-
ings after bicuculline microinfusion within the medullary dorsal horn
(MDH). With such a method, cardiovascular responses evoked by non-
noxious stimuli can be compared with those evoked by nociceptive stim-
uli (Yamamura et al., 1999; Miraucourt et al., 2007).

Rats were anesthetized deeply with urethane (1.5 g/kg, i.p.) as previ-
ously described (Miraucourt et al., 2007), and the carotid artery was
cannulated. The arterial catheter was attached to a calibrated pressure
transducer (UFI) connected to an amplifier (Stoelting) for continuous
monitoring of the mean arterial blood pressure (MAP). The analog out-
put from the blood pressure amplifier was connected to a computer data
sampling system (Cambridge Electronics Design 1401 computer inter-
face). Cutaneous vascularization was periodically checked by observing
the color of the paw extremities and the rapidity by which they regained
normal color after pressure application. Core temperature was main-
tained at 37 = 0.5°C with a homeothermic blanket system.

Animals were then placed in a stereotaxic frame with the head fixed in
a ventroflexed position (incisor bar dropped 5 mm under the standard
position) by means of an adapted metallic bar. For microinjection into
the MDH, the skin and muscles overlying the occipital bone were re-
moved. A cervical laminectomy and suboccipital craniotomy were per-
formed to expose the medulla. The dura mater was then opened and the
medulla was stabilized by a stainless-steel frame held in position with a
micromanipulator and a 2% Ringer-agar gel.

Drugs were delivered in the MDH by two-barrel glass micropipettes
(3GC120F-15; Clark Electromedical Instruments) fixed on the microma-
nipulator and connected to two Hamilton syringes (1 ul) by means of
polyethylene tubing (Dallel et al., 1998). The micropipette was broken
back maximally to a diameter of 70-100 wm. The micropipettes and
tubing were filled with GABA, antagonist bicuculline methiodide (50
pmol in 0.5 ul aCSF) or aCSF with pontamine sky blue, respectively (for
location of the injection site). Injections of drugs were performed with a
manual injector over a period of 2 min and monitored by observing the
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movement of an air bubble in the tubing. The slow rate of injection was
chosen to minimize the chance of tissue damage. The micropipettes re-
mained in place throughout the experimental session. The dose of bicu-
culline was selected based on published reports (Roberts et al., 1986;
Malan et al., 2002). Fresh bicuculline solution was prepared every testing
day.

Responses to mechanical stimulation of the skin were determined by
applying brief (10 s) innocuous stimulation to the animal upper lip using
either a soft paintbrush or a 6 g von Frey hair.

Immunocytochemistry. In a first group of rats, the effects of morphine
upon Fos expression and extracellular-signal regulated kinase (ERK)
phosphorylation after brushing of the upper lip under strychnine were
investigated. ERK activation within the MDH in response to innocuous
orofacial tactile stimuli after intracisternal injection of aCSF only was also
investigated. Rats were anesthetized deeply with urethane (1.5 g/kg, i.p.)
as previously described (Voisin et al., 2005). Twenty minutes after the
injection, the depth of the anesthesia was tested, and rats received a
subcutaneous injection of either morphine (4 mg - kg, in 200 ul iso-
tonic saline) or saline alone (200 ul). Twenty-five minutes later, rats
received an intracisternal injection of strychnine (40 ugin 5 ul aCSF) or
aCSF only (5 wl). This was followed 5 min later by innocuous stimulation
of the right upper lip using a soft paintbrush at 0.5 stroke/s for 10 (Fos
expression) or 2 min (ERK phosphorylation). For Fos and ERK experi-
ments, rats were killed 2 h and 2 min later, respectively, their brain fixed
and cut. Free-floating brainstem sections were placed in 2% normal goat
serum for 1 h before incubation in a rabbit antibody directed against Fos
(1:1000, 48 h, 4°C, Oncogene Science) or phospho p44/42 MAP kinase
(1:2000, 24 h, room temperature, Cell Signaling Technology), and a sec-
ondary goat anti-rabbit antibody (1:400, 2 h, Jackson Immunoresearch).
Immunoreactivity for Fos and phospho-ERK was visualized using
nickel-DAB.

In a second group or rats, we investigated whether light, dynamic
mechanical stimuli applied under strychnine evokes substance P release,
which was measured by NKI receptor internalization (Honore et al,,
1999). This was compared with the well known substance P release
evoked by intradermal capsaicin injection. In the strychnine subgroup,
animals were stimulated in the same conditions as in the first group after
intracisternal strychnine injection, but did not receive morphine or aCSF
previously. In the capsaicin subgroup, animals were anesthetized as in the
first group and received a right upper lip subcutaneous injection of cap-
saicin (25 ugin 25 pl endolipid) using a 30G gauge needle. The injection
was made a few millimeters inside the tissue to ensure the diffusion into
the superficial layers of the epidermis, where nociceptor terminations are
found. In both subgroups rats were killed and perfused 10 min after the
end of the stimulus. Free-floating brainstem sections were placed in 2%
normal goat serum for 1 h before incubation in a rabbit antibody directed
against the NK1 receptor (1:2500, 24 h, room temperature, Biochemi-
cals) and a secondary Cy2 conjugated goat anti-rabbit (1:200, 30 min,
room temperature, Jackson Immunoresearch).

In a third group of rats, Fos expression in NK1 receptor-expressing
dorsal horn neurons was studied. Animals were stimulated and killed in
the same conditions as in the first group after intracisternal strychnine
injection but did not receive morphine or aCSF previously. Animals of
the control subgroup did not receive intracisternal strychnine but aCSF
only. Brainstem sections underwent free-floating sequential immuno-
staining for Fos and the NK1 receptor. Primary rabbit antibodies specific
for the NK1 receptor (1:2500, 48 h, Biochemicals) and a secondary goat
anti-rabbit antibody (1:400, 2 h, Jackson Immunoresearch) were used.
Immunoreactivity for the NK1 receptor was visualized using DAB only.

In all cases, rats were killed at appropriate time under deep anesthesia
and perfused transcardially with warm (37°C) heparinized saline (25 IU
heparin/ml) followed by cold (10°C) phosphate-buffered solution (0.1 M,
pH 7.6) containing 4% paraformaldehyde and 0.03% picric acid for 15
min. The brainstem was then removed and transferred into phosphate-
buffered solution containing 30% sucrose at 4°C and left overnight.
Coronal sections (30 wm) were cut on a freezing microtome and col-
lected in a 0.05 M Tris-buffered saline (TBS) before being processed. In all
cases, sections were rinsed in TBS several times, between and after each
incubation, and finally transferred onto gelatinized slides before being
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coverslipped using DPX. All immunolabels were diluted in TBS contain-
ing 0.25% bovine serum albumin and 0.3% Triton X-100. Specificity
controls consisted of the omission of the primary antibody and incuba-
tion of sections in inappropriate secondary antibodies. In all these con-
trol experiments, no specific staining was evident. A few selected sections
were mounted separately and slightly counterstained with cresyl violet to
help delineate the limits of the MDH.

For data analysis, computer-assisted bright-field images of represen-
tative labeling were obtained using a charge-coupled device color video
camera (Sony DXC-950P) connected to a Nikon Optiphot-2 micro-
scope. Images were exported to Adobe PhotoShop (CS2) to adjust
brightness and contrast before adjusting the image scale. NK1 receptor
immunofluorescence was analyzed using a motorized Zeiss Axioplan 2
Imaging microscope coupled with a Hamamatsu C4742-95 digital cam-
era, by switching between FITC and Texas Red filter sets. In cell bodies
that do not contain internalized NK1 receptors, the immunoreactivity
for NK1 receptor is uniformly distributed on the cell surface. In contrast,
in the neurons that have internalized the NK1 receptors, the cytoplasm
contains bright, immunofluorescent endosomes. In the present study,
neurons containing 10 or more endosomes were considered to be inter-
nalized (Honore et al., 1999). For illustrations, numerical images of im-
munofluorescence were deconvoluted using MetaMorph 5.4 software.
Fos immunoreactive nuclei, NK1 receptor-expressing neurons and dual-
labeled cells were counted in each rat according to their location in the
different laminae of the MDH from 7 different sections, each taken at a
given rostrocaudal plane within the MDH (from 0 to —2160 wm at 360
pm intervals). Cell bodies with internalized and not internalized NK1
receptors were counted in each rat according to their location in the
different laminae of the MDH from 5 different sections (from —360 to
—1800 wm at 360 wm intervals). Brainstem sections were categorized
according to their approximate rostrocaudal location from the MDH-
subnucleus interpolaris junction. Sections to be counted were chosen
according to their macroscopic matching to each given rostrocaudal
plane within the MDH. Intervals of 360 wm between planes ensured that
cells were counted only once. Counts were performed by an experi-
menter who was blind to the experimental group. The delineation of the
MDH was based upon the atlas of Paxinos and Watson (1997) and our
own myeloarchitectural atlas. The data are expressed as the sum of the
total number of labeled cells counted from all sections that were analyzed
in each animal.

Statistical analysis. For data analysis, ANOVA for repeated measures
followed by Dunnett’s or Newman—Keuls tests were used and the level of
significance was set at p < 0.05. Results are expressed as mean = SEM.

Results

Strychnine induces morphine-resistant dynamic, but not
static, mechanical allodynia

As previously reported (Miraucourt et al., 2007), intracisternal
injection of strychnine (10 ugin 5 ul aCSF) produced a dramatic
face dynamic mechanical allodynia with the highest mean score
reaching 3.2 = 0.1 (n = 5) on a scale ranging from 0 to 4 (Fig.
1A). Allodynia started immediately after the injection and lasted
for 15 min. Scores in animals that received a preemptive admin-
istration of morphine (15 pg in 5 ul aCSF; n = 4) were not
significantly different from scores in control rats that received
aCSF only (Fig. 1A).

To assess static allodynia, we used a 6.0 g von Frey filament,
since this was the highest stimulus intensity that evoked a nona-
versive response in habituated rats. Intensity-response relation-
ship for different intensities near the aversive threshold showed
that 6.0 g was the value that induced a mean response halfway
between detection (score = 1) level and mild aversive response
(score = 2) level (Fig. 1 B). Intracisternal injection of strychnine
(10 wgin 5 ul aCSF) did not change significantly response scores
to face stimulation with a 6 g von Frey hair, although a slight
increase to 1.7 £ 0.4 was found at 6 and 9 min postinjection,
respectively (Fig. 1 A). Scores in animals that received strychnine
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were similar to scores in control rats that A
received aCSF only (n = 5). Throughout
the testing session, response scores re-
mained at the nonaversive level found on
the second habituation session (data not
shown), indicating that no static mechan-
ical allodynia developed under strychnine.

Allodynic score
N

Bicuculline induces cardiovascular
responses to orofacial stimulation that
reflect static, but not dynamic, allodynia
As previously described (Miraucourt et al., 0

Air puff

von Frey
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2007), we used arterial blood pressure re- 0
cordings to evaluate the effects of brushing
and von Frey hair application on the lip of
anesthetized rats after bicuculline micro-
infusion within the superficial laminae of
the MDH. The blood pressure of the ani-
mal remained unchanged during MDH
bicuculline application and light brushing
of the lip as well, both before and after
bicuculline (Fig. 2) (n = 4). Since changes
in blood pressure provide a reliable index
of nociception in anesthetized animals
(Yamamura et al., 1999), innocuous dynamic mechanical stimuli
were not regarded as nociceptive under these circumstances.

In contrast, microinfusion of bicuculline within the MDH
(n = 4) significantly and reversibly increased blood pressure
in response to face stimulation with a 6 g von Frey hair (Fig. 2).
The effect of bicuculline lasted for 25 min. Thus, when GABA
receptor-mediated inhibition was blocked within the MDH,
innocuous static mechanical stimuli were regarded as
nociceptive.

Figure1.

Morphine does not prevent the activation of the neural circuit
underlying dynamic mechanical allodynia

As previously reported (Miraucourt et al., 2007), after intracis-
ternal injection of strychnine (40 g in 5 ul aCSF) in urethane
anesthetized rats, light sweeping of the upper lip with a soft paint-
brush (10 min, 0.5 Hz) resulted in strong, ipsilateral Fos expres-
sion in the superficial laminae of the MDH (Fig. 3A), but not in
the deep laminae, and not in the contralateral side. Fos expression
was predominant in lamina I, in the most superficial outer part of
lamina IT (laminae I-Io), in the inner part of lamina II (IIi) and
in the outer part of lamina III (Ilo) (Fig. 3B). Fos expression in
animals that received a preemptive subcutaneous administration
of morphine (4 mg - kg ~') was qualitatively (Fig. 3A4) and quan-
titatively similar (Fig. 3B) to Fos expression in control rats that
received aCSF (n = 4 in each group). Thus, brush induced Fos-
expression under pharmacological removal of glycine inhibition
was not altered by morphine.

ERK can rapidly and specifically be activated by peripheral
noxious stimuli within spinal dorsal horn neurons and mediate
pain hypersensitivity (Ji et al., 1999). ERK is also activated in a
somatotopic and lamina-specific way within the MDH in re-
sponse to noxious peripheral orofacial stimuli, strikingly remi-
niscent to that observed in the spinal cord (Noma et al., 2008).
After intracisternal injection of strychnine (40 g in 5 wl aCSF) in
urethane anesthetized rats, light sweeping of the upper lip with a
soft paintbrush (2 min, 0.5 Hz) resulted in strong, ipsilateral ERK
phosphorylation in the superficial laminae of the MDH (Fig. 3A),
but not in the deep laminae, and not in the contralateral side.
Immunostaining was localized within dendrites, soma cytoplasm

Time after strychnine injection (min)

10 15
von Frey hair intensity (g)

15 30 1

Glycine disinhibition induces morphine-resistant dynamic, but not static, mechanical allodynia. A, The time course of
changesin behavioral responses evoked by dynamic mechanical stimuli (air puff) applied on the face of intracisternally strychnine
injected rats is shown. Rats were preemptively injected into the cisterna magna with either morphine or aCSF 30 min before
strychnine. The time course of changes in behavioral responses evoked by static mechanical stimuli (6.0 g von Frey hair) applied on
the face of intracisternally aCSF or strychnine injected rats is also shown. Graphs represent the mean response (==SEM) of rats
(n = 4-5/group) to 5 stimuli applied at 10 s intervals. B, Intensity-response relationship for different von Frey hairs near the
aversive threshold. Graph represents the mean response (== SEM) of rats (n = 6) to 5 stimuli applied at 10 s intervals.
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Figure 2.  GABA, receptor-dependent disinhibition induces cardiovascular responses that
reflect static, but not dynamic, allodynia. The time course of changes in arterial blood pressure
responses (AMAP) evoked by dynamic (light brushing) or static (6.0 g von Frey hair) mechanical
stimuli applied on the face of anesthetized rats immediately after microinfusion of bicuculline
within the MDH is shown. Graphs represent the mean response (= SEM) of rats (n = 4/group)
to 10slong stimuli. Bicuculline significantly and reversibly increased blood pressure in response
to face stimulation with a 6 g von Frey for 25 min after application.

and nuclei. ERK phosphorylation was distributed like Fos expres-
sion and predominated in lamina I, in the most superficial outer
part of lamina II (laminae I-Ilo), in the inner part of lamina II
(IIi) and in the outer part of lamina III (IIlo) (Fig. 3B). The
distribution of ERK phosphorylation in animals that received a
preemptive subcutaneous administration of morphine (4 mg -
kg ~') was qualitatively (Fig. 3A4) and quantitatively similar (Fig.
3B) to the distribution of ERK phosphorylation in control rats
that received aCSF (n = 4 in each group). In contrast, ERK was
not activated within the MDH in response to innocuous orofacial
tactile stimuli after intracisternal injection of aCSF only (n = 3)
(Fig. 3B). Thus, after pharmacological removal of glycine inhibi-
tion, brush induced ERK activation that was not altered by
morphine.
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Figure3. Morphine does not prevent the activation of the neural circuit underlying dynamic mechanical allodynia. 4, Images of Fos-positive cell nuclei and phospho-ERK immunolabeling in the
MDH of control (Vehicle) and morphine injected rats. Fos expression and ERK phosphorylation were induced by light brushing of the ipsilateral lip after intracisternal strychnine; subcutaneous
morphine (4 mg - kg ~") or vehicle (isotonic saline) were preemptively administered 25 min before strychnine; scale bar, 50 wm. On the left, the approximate location at which images were taken
isindicated on the schematic diagram of a coronal section of the MDH. B, Bar histograms summarizing mean Fos expression and ERK phosphorylation in the different laminae of the ipsilateral MDH
after light brushing of the lip after intracisternal injection of strychnine or aCSF in vehicle and morphine injected animals (n = 3—4/group). A, B, I-Ilo, Laminae | and outer II; Ili-Illo, laminae inner

I1and outer Ill; llli-1V, laminae inner Il and IV. **p << 0.01.

D KRR
.70
g ipsilateral
g T Capsaicin uip
-~ O contralateral
Ec ]
A
5% 35
u e
58 ] =
#g
3 4
0
I-llo lli-lllo -1V
E
70
8
oM _ N ipsilateral
]
E‘E ] Strychnine O contralateral
]
-
T8 1
E-]
58 ]
®E
] J
E
\ U_
Capsaicin Strychnine - Brush I-llo lli-lllo Ii-1v

Figure4.  Unlike capsaicin, light, dynamic mechanical stimuli applied under glycine disinhibition do not produce NK1 receptor
internalization in dorsal horn neurons. 4, Image of NK1 receptor-expressing neurons in the MDH as revealed by immunofluores-
cence. B, Numerical image illustrating a lamina | MDH neuron internalizing NK1 receptors in response to injection of capsaicin in
the upper lip. ¢, Numerical image illustrating a lamina | NKT immunopositive neuron in the MDH of a rat in which light brushing
of the ipsilateral lip was applied after intracisternal strychnine. Scale bars: A, 200 wm; B, €, 10 m. D, Bar histograms summa-
rizing the percentage of neurons internalizing the NK1 receptor in the different laminae of the MDH after capsaicin injection into
the lip. E, Bar histograms summarizing the percentage of neurons internalizing the NK1 receptor in the different laminae of the
MDH after brushing of the lip under strychnine. D, E, I-llo, Laminae | and outer II; lliIllo, laminae inner Il and outer III; llli-IV,
laminae inner Il and IV; *p << 0.05, ***p < 0.001.

Light, dynamic mechanical stimuli applied under strychnine

III and a few immunoreactive neurons
were also found in the deeper lamina V
(Fig. 4A). To provide a positive control, in
4 animals, 25 ul 0f 0.1% capsaicin solution
were injected in the right upper lip 10 min
before they were perfused with fixative. As
previously reported (Mantyh et al., 1995),
the noxious stimulus produced strong in-
ternalization of the NK1 receptor in ipsi-
lateral lamina I cell bodies, as evidenced by
the increase in the proportion of cell bod-
ies exhibiting NK1 receptor endosomes
from 10 = 1% (contralateral side) to 59 *+
6% (ipsilateral side), and in dendrites lo-
cated in lamina I and II (Fig. 4 B,D). It in-
duced detectable internalization only in a
few cell bodies located ventral to the lam-
ina II-III border (Fig. 4 D). In contrast to
the results of capsaicin injections, light,
dynamic mechanical stimuli applied un-
der strychnine in 4 other rats did not pro-
duce significant changes in NK1 receptor
internalization in dorsal horn neurons
(proportion of lamina I cell bodies exhib-
iting NK1 receptor endosomes = 13 =
3%) compared with basal levels of inter-
nalization measured in the contralateral
side (Fig. 4C,E). Strychnine-induced dy-
namic mechanical allodynia thus, al-
though relying on the recruitment of su-
perficial lamina  nociceptive-specific

do not produce NK1 receptor internalization in dorsal horn neurons, does not operate through NK1 receptor activation.

neurons

As previously described (Brown et al., 1995; Coste et al., 2008),  NKI1 receptor-expressing dorsal horn neurons are not

the lamina I of the MDH contained many heavily labeled NK1  activated by brushing under strychnine

receptor immunoreactive neurons, while the inner part oflamina ~ In 4 animals which underwent light sweeping of the upper lip
1T was noticeably devoid of NK1 receptor immunoreactive cells. A with a soft paintbrush (10 min, 0.5 Hz) under strychnine, we
distinct band of labeling was located in the dorsal part of lamina ~ counted the number of NKI1 receptor-bearing neurons in the
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population of Fos-expressing cells. We found a very small num-
ber of double-labeled neurons (Fig. 5), similarly to the control
situation (n = 4). In contrast, capsaicin injection into the upper
lip (n = 3) resulted in a significantly higher expression of Fos in
NKI1 receptor-bearing neurons of the superficial laminae of the
MDH (Fig. 5). Altogether, these results suggest that light dynamic
mechanical stimuli applied under strychnine do not recruit NK1-
expressing neurons in the superficial dorsal horn.

Discussion

In this study, we sought to determine how much glycine inhibi-
tory dysfunction reflects the clinical characteristics of dynamic
mechanical allodynia, a prominent feature of neuropathic, in-
flammatory and postoperative pain. The present results show
that glycine disinhibition induces selectively a dynamic mechan-
ical allodynia that is resistant to morphine. These features are
clinically relevant, suggesting that glycine disinhibitory mecha-
nisms could be at work in patients too (Scholz and Woolf, 2002;
Zeilhofer and Zeilhofer, 2008). The data also shows that although
touch can activate pain by recruiting superficial dorsal horn no-
ciceptive neurons, this does not operate through NK1 receptor
activation and not through NKI1 receptor-bearing neurons (Fig.
6). Thus, involvement of distinct dorsal horn circuits could ex-
plain differences in the pharmacological sensitivity of dynamic
mechanical allodynia.

Two kinds of mechanical allodynia can be clearly discerned by
clinical criteria in patients with neuropathic syndromes or after
skin injurious stimuli (Ochoa and Yarnitsky, 1993). A dynamic
type can be elicited by lightly stroking the skin and a static type
can be elicited by applying gentle pressure on it. It is established in
patients as well as in experimental models of neuropathic pain
that dynamic mechanical allodynia is mediated by peripheral
large myelinated A fibers (Ochoa and Yarnitsky, 1993; Field et
al., 1999b). The sensory A fibers normally do not produce pain
and are responsible for the detection of innocuous mechanical
stimuli only (Torebjork et al., 1987). After nerve or tissue injury,
however, activation of these afferents elicits pain (Woolf and
Salter, 2006). In contrast, static allodynia, which manifests by
heightened pain associated with application of small, stiff or
sharp probes to the skin such as von Frey monofilaments, is pre-
dominantly mediated by A fibers (Ochoa and Yarnitsky, 1993;
Field et al., 1999a,b). Our results show that glycine disinhibition
selectively induced dynamic, but not static mechanical allodynia.
Accordingly, previous studies (Game and Lodge, 1975; Sorkin
and Puig, 1996) did not find evidence for strychnine modulation
of dorsal horn neuron activity elicited directly by stimulation
recruiting smaller diameter fibers. This suggests that under phys-
iological conditions, glycine inhibition in the dorsal horn is se-
lective for AB input. However, recent findings suggest that under
pathological conditions, additional pathways might be recruited
and reduced glycinergic inhibition might then also affect the relay
of nociceptive signals (Ahmadi et al., 2002; Harvey et al., 2004).

In the present work, we were able to replicate our previous
findings that light brushing of the lip under glycine-disinhibition
results in strong, ipsilateral Fos expression, in the superficial lam-
inae of the MDH (Miraucourt et al., 2007). In addition, we show
for the first time that ERK can be activated in the dorsal horn in
response to innocuous dynamic mechanical stimulation under
glycine-disinhibition. Interestingly, ERK phosphorylation was
distributed like Fos expression, adopting a pattern involving not
only the outer part of the superficial laminae, as previously found
in other models of neuropathic pain (Liu et al., 2004; Zhuang et
al., 2005; Matsumoto et al., 2008), but also the cellular region that
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overlaps the border between lamina IT and III. Both Fos and ERK
results strengthen the idea that a normally silent dorsal horn
circuit can be recruited to allow the transfer of AB input from the
border between lamina II-III, where low threshold AB mechano-
receptive afferents extend their arbors (Woolf, 1987; Todd and
Koerber, 2006), to nociceptive neurons in the superficial laminae
(Miraucourt et al., 2007; Neumann et al., 2008). Under patholog-
ical conditions or after removal of glycine inhibition, the circuit
could be activated to convert touch into pain (Keller et al., 2007).
In the dorsal horn, the neuroplastic changes associated with in-
creased pain sensitivity represent a highly complex orchestration
of signaling transduction cascades, receptors and gene expression
changes (Woolf and Salter, 2006). ERK is a strong candidate in
the establishing and maintaining nociceptive induced neuroplas-
ticity (Ji, 2004). Our findings suggest that ERK activation in dor-
sal horn neurons is involved in the expression of abnormal pain
after disinhibition.

The present results are also consistent with previous reports
on the failure of morphine given at the segmental level, at doses
close to the one we used, to block dynamic mechanical allodynia
induced by glycine disinhibition (Yaksh, 1989; Sherman and
Loomis, 1994; Lee et al., 1995), an observation that we now ex-
tend by showing that systemic morphine did not modify dorsal
horn touch-evoked Fos expression and ERK phosphorylation.
The subcutaneous dose of morphine we used (4 mg - kg ~') has
been shown to reduce noxious stimulus-induced Fos expression
in the spinal and medullary dorsal horns consistently (Presley et
al., 1990; Nozaki et al., 1992; Nojima et al., 2003). Our findings
are thus in coherence with the suggestion that glycine inhibition
in the dorsal horn is selective for AB input. Indeed, it has been
shown that opioid receptors are mainly located on thin primary
afferent fibers (Lamotte et al., 1976; Besse et al., 1990) and that
morphine can block C and A8 but not A3 fiber-evoked responses
into the dorsal horn (Le Bars et al., 1976; Dickenson and Sullivan,
1986; Sorkin and Puig, 1996, Dallel et al., 1998). Other studies
have shown that thermal hyperalgesia and static allodynia in-
duced by nerve injury are sensitive to systemic morphine, while
the accompanying dynamic allodynia is resistant to morphine
(Bian et al., 1995; Lee et al., 1995; Field et al., 1999a; Gonzalez et
al., 2000; Catheline et al., 2001). The inefficiency of morphine on
dynamic mechanical allodynia could be explained by the fact that
pain results from pathways where opioid receptors do not control
activity (Dickenson and Kieffer, 2006).

Our internalization study showed that glycine inhibitory dys-
function did not turn touch into pain through NK1 receptor
activation. Accordingly, several authors failed to detect internal-
ization of the NK1 receptor after stimulation of AS fibers (Allen
et al., 1999; Malcangio et al., 2000; Hughes et al., 2007). It has
been proposed that substance P is upregulated in low-threshold
myelinated primary afferents after certain types of nerve injury,
and that release of substance P from these afferents contributes to
the resulting allodynia (Noguchi et al., 1995; Devor, 2006; but see
Ruscheweyh et al., 2007). This clearly cannot be the case in the
present study. Furthermore, several groups also did not detect
any Ap-evoked NKI1 receptor internalization in neurons from the
dorsal horn in spinal nerve ligation and chronic constriction in-
jury models of neuropathic pain (Allen et al., 1999; Malcangio et
al., 2000; Hughes et al., 2007) (but see Malcangio et al., 2000 for
the spinal nerve lesion model). This suggests that any release of
substance P from A afferents is unlikely to activate dorsal horn
NKI1 receptors and contribute to dynamic mechanical allodynia.
Accordingly, in the sciatic chronic constrictive injury model of
neuropathic pain selective antagonism of the NKI receptor
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Figure 5.  Rare NK1 receptor-expressing dorsal horn neurons are activated by brushing under

glycine disinhibition compared with capsaicin injection. A, Images of Fos-positive cell nuclei (black
nuclear staining) and NKT1 receptor-expressing neurons (brown staining) in lamina I-Ill of the MDH.
Top, After brushing under glycine disinhibition; scale bar, 100 rum; bottom, after capsaicin injection,
where clear examples of double-labeled neurons (arrowheads) and Fos-positive cells that are NK1
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Figure6.  Schematic diagram illustrating the current understanding of the dorsal horn neu-
ral circuit involved in dynamic mechanical allodynia. PKC-y neurons that receive innocuous
input via myelinated afferent fibers are part of a local excitatory circuit that mediates dynamic
mechanical allodynia after loss of glycinergic inhibitory control (Miraucourt et al., 2007). The
exact location of the glycinergic interneurons (GLY) involved in the inhibitory control of the
circuit is not known. Although the target of the PKCy interneurons s still a matter of investiga-
tion (Neumann et al., 2008), the current results provide evidence that the dorsal horn output
neurons of the circuit are lamina | neurons that lack the NK1 receptor (NK1).

blocked spontaneous pain, thermal and mechanical hyperalgesia,
cold and static allodynia but not dynamic allodynia (Gonzalez et
al,, 2000). Thus NK1 receptor antagonists may not be effective
against A fiber-signaled responses, and this would contribute to
explain the lack of efficacy of NK1 receptor antagonists against
painful neuropathies (Urban and Fox, 2000).

Using patch clamp in a spinal cord slice preparation from
young rats, Torsney and MacDermott (2006) recently showed
that disinhibition revealed monosynaptic and/or polysynaptic A
fiber input onto lamina I and IITI NK1 receptor-expressing neu-
rons and lamina I neurons that did not express NK1 receptors.
Our work shows that, unlike noxious stimuli, light, dynamic me-
chanical stimuli applied under glycine-disinhibition induced Fos
expression in neurons lacking the NK1 receptor. Torsney and
MacDermott’s findings could be linked to the use of spinal cord
slices from young rats in which AB afferent terminals extend
more dorsally than in the adult (Baccei and Fitzgerald, 2006). As
such, the lack of a significant activation of NK1 receptor-bearing
neurons in lamina III is consistent with the anatomical demon-
stration that NK1 receptor-expressing cells in lamina IIT receive
only a limited innervation from A afferents (Todd, 2002).
Moreover, Torsney and MacDermott (2006) used a mixture of

<«

receptor negative (arrows) areillustrated; scale bar, 20 pum. B, Bar histograms summarizing the
percentages of NK1 receptor-expressing neurons and Fos-positive neurons that are double-
labeled in the different laminae of the MDH (n = 3—4/group). Fos expression was induced by
light brushing of the ipsilateral lip after intracisternal strychnine or by capsaicin injection into
the upperipsilateral lip. Control animals (aCSF) received intracisternal aCSF and brushing with-
out strychnine. [-llo, Laminae | and outer II; lli-lllo, laminae inner Il and outer III; i1V,
laminae inner Il and IV; *p < 0.05.
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bicuculline and strychnine to block both GABA, and glycine
receptors, which implies that activation of different populations
of dorsal horn neurons was revealed. In line with such idea, we
found that blockade of GABA or glycine receptors induced se-
lective static or dynamic mechanical allodynia, respectively. Ac-
cordingly, in vivo electrophysiological studies have consistently
demonstrated that bicuculline has no effect on low-threshold
responses of dorsal horn neurons, but increases Ad fiber-
mediated mechanical responses (Reeve et al., 1998; Kontinen et
al., 2001; Seagrove et al., 2004). Finally, our results are also con-
sistent with findings in a rat model of spinal nerve ligation in
which selective chemical ablation of superficial dorsal horn neu-
rons expressing the NK1 receptor did not alter electrophysiolog-
ical response of dorsal horn neurons to brushing of the skin (Su-
zuki et al., 2005).

In summary, glycine disinhibition provides a selective,
morphine-resistant and clinically relevant model for dynamic
mechanical allodynia. It revealed that PKCvy neurons which re-
ceive innocuous input via myelinated afferent fibers are part of a
local excitatory circuit that mediates allodynia (Miraucourt et al.,
2007). By showing that the circuit output goes through lamina I
neurons that lack the NK1 receptor, the current results give a
novel perspective on the mechanisms through which injury pro-
duces mechanical hypersensitivity.
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