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Reversal of pathological pain through specific spinal

GABA , receptor subtypes
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Inflammatory diseases and neuropathic insults are frequently
accompanied by severe and debilitating pain, which can become
chronic and often unresponsive to conventional analgesic treat-
ment"?. A loss of synaptic inhibition in the spinal dorsal horn is
considered to contribute significantly to this pain pathology®~”.
Facilitation of spinal y-aminobutyric acid (GABA)ergic neuro-
transmission through modulation of GABA, receptors should
be able to compensate for this loss*®. With the use of GABA,-
receptor point-mutated knock-in mice in which specific GABA
receptor subtypes have been selectively rendered insensitive to
benzodiazepine-site ligands'*"?, we show here that pronounced
analgesia can be achieved by specifically targeting spinal GABA 4
receptors containing the a2 and/or a3 subunits. We show that
their selective activation by the non-sedative (‘al-sparing’)
benzodiazepine-site ligand L-838,417 (ref. 13) is highly effective
against inflammatory and neuropathic pain yet devoid of
unwanted sedation, motor impairment and tolerance develop-
ment. L-838,417 not only diminished the nociceptive input to
the brain but also reduced the activity of brain areas related to
the associative-emotional components of pain, as shown by func-
tional magnetic resonance imaging in rats. These results provide a
rational basis for the development of subtype-selective GABAergic
drugs for the treatment of chronic pain, which is often refractory
to classical analgesics.

More than 40 years ago, the gate control theory of pain'* proposed
that inhibitory neurons in the superficial dorsal horn of the spinal
cord control the relay of nociceptive signals (that is, those evoked by
painful stimuli) from the periphery to higher areas of the central
nervous system. The pivotal role of inhibitory GABAergic and glyci-
nergic neurons in this process has recently been demonstrated in
several reports indicating that a loss of inhibitory neurotransmission
underlies several forms of chronic pain®”. Despite this knowledge,
inhibitory neurotransmitter receptors have rarely been considered as
targets for analgesic treatment. In fact, classical benzodiazepines,
which are routinely used for their sedative, anxiolytic and anticon-
vulsant activity, largely lack clear analgesic efficacy in humans when
given systemically'®. To address this obvious discrepancy we investi-
gated the molecular basis of GABAergic pain control in the spinal
cord in an integrative approach based on an electrophysiological and
behavioural analysis of genetically modified mice and on functional
imaging in rats.

We first tested whether benzodiazepines exert antinociceptive
effects at the level of the spinal cord by employing the mouse formalin
assay, a model of tonic chemically induced pain. When the classical

benzodiazepine diazepam was injected intrathecally into the lumbar
spinal canal at doses 0of 0.01-0.09 mg per kg body weight, an apparent
dose-dependent and reversible antinociception was obtained that
could be antagonized by systemic treatment with the benzodiazepine
antagonist flumazenil (10 mgkg ™' intraperitoneally (i.p.)) (Supple-
mentary Fig. 1).

We next sought to identify the GABA, receptor isoforms respon-
sible for this antinociception. GABA , receptors are heteropentameric
ion channels composed from a repertoire of up to 19 subunits'.
Benzodiazepine-sensitive isoforms are characterized by the presence
of the y2 subunit and one of four o subunits (a1, 6.2, &3 or &5)"”. The
generation of four lines of GABA -receptor point-mutated knock-in
mice (a1(HI0IR), o2(H101R), o3(H126R) and &5(H105R)), in
which a conserved histidine residue had been mutated to arginine,
rendering the respective subunit insensitive to diazepam, has enabled
the attribution of the different actions of diazepam to the individual
GABA, receptor isoforms'®"*. It also became possible to attribute
the sedative effects of diazepam to GABA, receptors containing an
al subunit' and the anxiolytic effect to those containing an o2 sub-
unit'' or—at high receptor occupancy—an o3 subunit'®. We then
compared the antinociceptive efficacy of intrathecal diazepam
(0.09 mgkg ") in wild-type mice with that obtained in the four types
of GABA -receptor point-mutated mice in models of inflammatory
hyperalgesia induced by subcutaneous injection of zymosan A into
one hindpaw and of neuropathic pain evoked by chronic constriction
of the left sciatic nerve (chronic constriction injury (CCI) model).

Wild-type mice and all four types of mutant mice developed nearly
identical pain sensitization after induction of inflammation or
peripheral nerve injury (Fig. la, ¢). In wild-type mice, intrathecal
diazepam (0.09mgkg ") reversibly reduced inflammatory heat
hyperalgesia (Fig. 1b), as well as CCI-induced heat hyperalgesia
(Fig. 1d), cold allodynia (Fig. le) and mechanical sensitization
(Fig. 1f) by 82*13%, 92+ 6% and 79 =9% (means * s.e.m.),
respectively. Responses of the non-inflamed or uninjured side were
not significantly changed (Fig. 1a, ¢), indicating that spinal diazepam
acted as an anti-hyperalgesic agent rather than as a general analgesic.
Almost identical anti-hyperalgesic effects to those in wild-type
mice were seen in mice carrying diazepam-insensitive ol subunits.
By contrast, ®2(HI0IR) mice showed a pronounced reduction
in diazepam-induced anti-hyperalgesia, which was consistently
observed in all pain models tested. ®3(H126R) and a5(H105R) mice
showed smaller reductions, which occurred only in a subset of
models. Importantly, intrathecal diazepam did not change spontan-
eous motor activity (Fig. 1g), indicating that the action of diazepam
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remained restricted to the spinal level and did not reach supraspinal
sites, where sedation would have been induced.

Anti-hyperalgesic effects of spinal diazepam can in principle ori-
ginate from the facilitation of GABA, receptors at different sites.
Diazepam might act either on postsynaptic GABA, receptors
located on intrinsic dorsal horn neurons, thereby increasing post-
synaptic inhibition, or on GABA, receptors located on the central
terminals of primary afferent nerve fibres to increase primary afferent
depolarization and presynaptic inhibition". To identify the
benzodiazepine-sensitive GABA, receptor isoforms expressed at
these sites we first employed electrophysiological measurements.
GABAergic membrane currents were recorded from superficial dor-
sal horn neurons in transverse slices of spinal cords and from acutely
isolated primary afferent (dorsal root ganglion (DRG)) nociceptive
neurons characterized by their sensitivity to capsaicin. In nociceptive
DRG neurons obtained from o2(H101R) mice, the facilitation of
GABAergic membrane currents by diazepam was completely abo-
lished, whereas no significant alteration was found in neurons from
a1(HI101R), «3(H126R) and a5(H105R) mice (Fig. 2a). Facilitation
of GABAergic membrane currents by diazepam in intrinsic super-
ficial dorsal horn (lamina I/IT) neurons was significantly decreased in
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02(H101R) and o3(H126R) mice but not in al(H101R) or
a5(H105R) mice (Fig. 2b). We next employed confocal immuno-
fluorescence microscopy of dorsal horn GABA 4 receptor o subunits
and studied their colocalization with substance P (a marker for pri-
mary peptidergic nociceptors) and for neurokinin 1 (NK1) receptors
(a marker for intrinsic nociceptive dorsal horn neurons in lamina I).
Consistent with our electrophysiological experiments and with pre-
vious morphological results in the rat®® was our observation that o2
and o3 were the most abundant diazepam-sensitive GABA  receptor
o subunits in the mouse spinal dorsal horn (Supplementary Fig. 2).
Co-staining experiments with antibodies against substance P or NK1
receptors (Fig. 2c—j and Supplementary Table 1) revealed that o2,
but not a1, a3 or a5, were extensively colocalized with substance-P-
positive primary afferent terminals in lamina II, whereas colocaliza-
tion with NK1-receptor-positive lamina I neurons was greatest for
the o3 subunit. Staining for 1 and o5 subunits was much less abun-
dant and only occasionally colocalized with either substance P or
NKI1 receptors. Both sets of experiments indicate that intrinsic dorsal
horn neurons express mainly GABA4 receptor isoforms containing
o2 and o3 subunits, whereas o2 is the dominant diazepam-sensitive
GABA, receptor o subunit in adult DRG neurons (see also ref. 21).
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Figure 1| Antinociceptive effects of spinal diazepam in different mouse
pain models. a, b, Inflammatory pain induced by subcutaneous injection of
zymosan A into the left hindpaw in wild-type (WT) mice and GABA,
receptor point-mutated mice (o«1(H101R), o2(H101R), a3(H126R),
a5(H105R)). a, Paw withdrawal latencies (mean * s.e.m.) in response to a
defined radiant heat stimulus versus time after administration of intrathecal
diazepam (D; 0.09 mg kgfl; arrowed) 48 h after injection of zymosan A. V,
vehicle. b, Percentage diazepam-induced analgesia in the different
genotypes. ¢, d, As in a and b, but for the CCI model of neuropathic pain.

e, f, Effects of intrathecal diazepam (0.09 mgkg ™ Y on cold allodynia (e) and
mechanical sensitivity (f) seven days after CCI surgery. Asterisk, P = 0.05;
two asterisks, P = 0.01; three asterisks, P = 0.001 (statistically significant
against wild type; ANOVA followed by Bonferroni post-hoc test, n =6 or 7
mice per group). g, Effects of diazepam (0.09 mgkg ™" intrathecally, or
10mgkg ™" orally) on motor activity in the Actiframe test (mean = s.e.m.,
n =5 or 6), 10-30 min after intrathecal drug application or 40-80 min after
oral drug application. Three asterisks, P < 0.001 against vehicle (unpaired
t-test).
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The decrease in diazepam-induced anti-hyperalgesia in «2(H101R)
and a3(H126R) mice corresponds well to the presence of these sub-
units on primary afferent nerve terminals and/or on intrinsic dorsal
horn neurons.

So far, our results indicated that the spinal antinociceptive effect of
diazepam is mainly mediated by GABA , receptor isoforms containing
the o2 and o3 subunits, whereas the activation of ol-containing
GABA, receptors is not involved. We therefore tested whether a sim-
ilar analgesic effect would also be achieved after systemic treatment
with subtype-selective benzodiazepine-site agonists, which spare the
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Figure 2 | GABA, receptor a subunits in capsaicin-sensitive primary
afferent DRG neurons and in intrinsic dorsal horn neurons.

a, b, Potentiation of GABAergic membrane currents by diazepam in wild-
type (WT) and GABA, receptor mutant mice. a, DRG neurons. Averaged
membrane currents evoked by puffer-applied exogenous GABA (1 mM) and
percentage potentiation (mean =* s.e.m.) by diazepam (1 pM, n = 5-9).
Asterisk, P = 0.05 (significant against all other genotypes; ANOVA followed
by Fisher’s post-hoc test). b, Intrinsic superficial dorsal horn neurons
(mean * s.e.m., n = 5-10) Asterisk, P < 0.05 (significant against wild-type
and o1(H101R); ANOVA followed by Fisher’s post-hoc test). c—j, Double
immunofluorescence staining showing differential distribution of GABA,
receptor o subunits (red) relative to substance P (SP)-positive axons and
terminals (green) (c—f) or NK1 receptor-positive neurons (g-j) in laminae I
and IL ¢, g, o1; d, h, 02; e, i, a3; f, j, a5. Arrows, double-labelled structures.
Arrowheads, single-labelled structures devoid of GABA receptor labelling.
Scale bar, 5 um (c—j).

o1 subunit, by employing the non-sedative benzodiazepine-site ligand
L-838,417, which is an antagonist at the o1 subunit and a partial
agonist at receptors containing o2, a3 and o5 subunits'"’.

Because L-838,417 possesses poor bioavailability and an extremely
short half-life in mice?, it was tested in rats. After systemic treatment,
L-838,417 produced dose-dependent and reversible anti-hyperalgesia
in both the inflammatory and neuropathic pain models (Fig. 3). As
expected, its maximum anti-hyperalgesic effect (Fig. 3a) was less than
that of intrathecal diazepam, probably because 1-838,417 exerts only
partial agonistic activity. Anti-hyperalgesia was again completely
reversed by flumazenil (10mgkg ' i.p.; Fig. 3b), indicating that it
was mediated through the benzodiazepine-binding site of GABA,
receptors. It was, however, insensitive to the opioid receptor antago-
nist naloxone (10 mgkg ™' i.p.), demonstrating that opioidergic path-
ways were not involved (Fig. 3b). L-838,417 did not impair motor
coordination (Fig. 3¢). We next investigated the effects of L-838,417
against neuropathic pain and compared its analgesic efficacy and its
liability to tolerance development (that is, its loss of analgesic activity)
with that of morphine. L-838,417 had a maximum analgesic effect
comparable to that of morphine (20 mgkg ™" i.p.) (Fig. 3d), but unlike
morphine it did not lose its efficacy during a chronic (nine-day)
treatment period (Fig. 3 d, e).

Finally, functional magnetic resonance imaging (fMRI) was used
to assess whether L-838,417 would reduce not only nociceptive
behaviour but also the representation of pain in the central nervous
system. Changes in blood-oxygenation-level-dependent (BOLD) sig-
nals were quantified to measure brain activation evoked by noxious

Figure 3 | Anti-hyperalgesic effects of the non-
sedative benzodiazepine site ligand L-838,417 in
rats. a, b, Inflammatory hyperalgesia induced by
subcutaneous injection of zymosan A (1 mg) into
one hindpaw. a, Effects of administration of
L-838,417 (arrowed) on thermal hyperalgesia 6 h
after injection of zymosan A (n = 4-6 rats). b, Effects
of the benzodlazepme site antagonist flumazenil (F;
10mgkg ' i.p.) and the 0p101d receptor antagonist
naloxone (N; 10 mgkg ™' i.p.) on antinociception
induced by administration of L-838,417 (L;

1 mgkg ™" orally). n = 3 rats per group. ¢, Effects of
1-838,417 (1 mgkg " orally) on motor control,
shown as percentages of pre-drug rotarod
performance (n = 8 rats per group).

d, e, Neuropathic pain induced by CCI surgery.

d, Anti-hyperalgesia by L-838,417 and morphine
after chronic treatment (once-daily i.p. injections)
for 9 days with either drug (right) or vehicle (left), 16
days after CCI surgery. Dashed lines, thresholds
before CCI surgery. e, Analgesic efficacy of L-838,417
(L, 1 mgkg ") and morphine (M, 20 mgkg ')
versus treatment duration. n = 6 rats per group. For

a b c
=20 |-
22| , @ 207 oF| 1204
5 Non-inflamed paw - oN [0
c O Vehicle 0 L 81004
£1s m1Omokg LERAIT | 5 ! lN/F e
© Inflamed paw - E 80+
= o Vehicle g 2 604
o 10 A01mgkg'L-838417 | @
2 ®1.0mgkg' L-838,417 | © 107 2
z e10mgkg' L-838,417 | S g 40
s IS
2 = 20
i i e 2%
0 1 _2 3 4 01 2 3 L Vv
Time (h) Time (h)
d ) e
5 Vehicle Drug
k= oL N
[]
S 20+ 20 AM 20+
[0}
£
= ) 10
g 10: 10 :
T ] ]
he] j
£ 51 5 5] -
R 1o
B | 1AM
0 1 2 3 4 5 0 1 2 3 4 5 0 4 6 8 10
Time (h) Time (h) Time (d)
332

a comparison with the anti-hyperalgesic activity of
intrathecal diazepam in rats see Supplementary Fig.
3. All data are means * s.e.m.
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Figure 4 | Effects of L-838,417 (1mg kg " i.p.) on the supraspinal
representation of pain. a, Anatomical slice indicating the position of the
functional images. b, False-colour images of changes in BOLD signals evoked
by stimulation of the left (inflamed) or right (non-inflamed) hindpaw with
noxious heat. Images represent group maps across 12 rats averaged from 8
(pre-drug) and 16 (post-drug) stimulations. Experiments started 6 h after
subcutaneous zymosan A injection into the left hindpaw. MTh, medial
thalamus; S1, primary somatosensory cortex; Cg, cingulate cortex; I, insular
cortex; LS, limbic system (including amygdala, entorhinal cortex and
hippocampus); HT, hypothalamus; HL, representation of hindlimb in S1.
Left, left hemisphere.

heat. Stimulation of the inflamed left or the non-inflamed right
hindpaw led to reliable, often bilateral, activation of several brain
regions involved in pain processing (Fig. 4). Significantly more brain
volume was activated and stronger activation was seen on stimu-
lation of the inflamed paw. L-838,417 (1mgkg™ ' ip.) decreased
brain activation induced by noxious heat after stimulation of the
inflamed paw. For a quantitative assessment of its analgesic effects,
we integrated the stimulus-correlated change in the BOLD signal (F)
over all significantly activated voxels of each region of interest and
calculated AF/F as (F,ost — Fore)/ Fores the relative decrease in F after
injection of L-838,417 (Table 1) or vehicle (Supplementary Table 2).
Here we focused on brain areas that reflected either the sensory and
discriminative component of pain (the medial thalamus and contra-
lateral primary sensory cortex) or its emotional dimension (limbic
system and frontal association cortex)****. After stimulation of
the inflamed paw, a pronounced and statistically significant reduc-
tion in BOLD signal changes was observed in most brain regions
analysed. Smaller changes in brain activation were found when the
non-inflamed paw was stimulated, and only negligible effects were
seen after innocuous thermal stimulation (Table 1). These results
indicate that systemically administered L-838,417 does indeed act
as an anti-hyperalgesic agent and reduces BOLD signals in brain areas
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related to both the sensory and the emotional associative compo-
nents of pain.

Considerable evidence indicates that a facilitation of GABAergic
inhibition can be pro-nociceptive at supraspinal sites, for example
the rostral agranular insular cortex™ or in the periaqueductal grey®,
by reducing the activity of descending antinociceptive neurons. At
these sites most GABA, receptors apparently contain the ol sub-
unit”. Therefore, not only would sparing the a1 subunit avoid
unwanted sedation, it would also increase analgesic efficacy. Aside
from sedation and tolerance development, addictive properties are of
major concern in the development of analgesics. Available evidence
indicates that subtype-selective benzodiazepine-site ligands should
exhibit at most only modest addictive properties® and should not
lead to tolerance development®’. Finally, previous studies have shown
that in neuropathic pain after injury to peripheral nerves, GABAergic
inhibition can not only be diminished but it can even turn into
excitation®”. Our results suggest that sufficient inhibition remains
to permit a spinal analgesic effect of drugs that increase GABAergic
neurotransmission. Because glycine and GABA are released together
at many inhibitory synapses in the dorsal horn®, a facilitation of
GABAergic transmission should also be able to compensate for a
selective decrease in glycinergic inhibition®. Thus, we have not only
identified the GABA 4 receptors containing the o2 and a3 subunits as
critical components of spinal pain control, but also demonstrated
that al-sparing benzodiazepine-site ligands, which are already in
development as anxioselective (non-sedative) agents, might consti-
tute a class of analgesics suitable for the treatment of chronic pain
syndromes.

METHODS SUMMARY

Wild-type mice and GABA, receptor mutant mice (o1(H101R), a2(H101R),
a3(H126R) and a5(H105R))'*""* were maintained on a 129X1/Sv] background.
Behavioural experiments were performed on adult mice and Wistar rats.
Chemically induced pain was assessed in the formalin test, in which flinches of
the injected paw were counted for 60 min after subcutaneous injection of 5%
formalin into one hindpaw. Inflammatory pain was induced by subcutaneous
injection of zymosan A (0.06 mg in mice; 1 mg in rats) into one hindpaw.
Neuropathic pain was studied after chronic constriction of the left sciatic nerve.
Heat hyperalgesia was assessed by measuring paw withdrawal latencies on expo-
sure to defined radiant heat. Cold allodynia was measured as the time spent
lifting, shaking or licking the paw (seconds per minute) after the application
of acetone onto the affected paw. Mechanical sensitivity was assessed with
electronic von Frey filaments. Locomotor activity was measured by using
microprocessor-controlled activity cages, and motor function was assessed in
the rotarod test. In all behavioural tests, the observer was blinded to the genotype
or to the drug treatment.

GABAergic membrane currents were recorded from acutely dissociated
capsaicin-sensitive DRG neurons (segments L4-L6) and from superficial dorsal
horn neurons (layers I and II) in transverse slices of lumbar spinal cord, both
obtained from 14-24-day-old mice.

fMRI experiments were performed on adult male Wistar rats slightly anaes-
thetized with 1-2% isoflurane, using a Bruker 4.7-T Biospec scanner. Heat
stimulation was performed by applying temperature ramps to 52 °C and to
42°C (noxious and innocuous stimulation, respectively) through Peltier ele-
ments tightly attached to the hindpaws.

The localization of GABA, receptor o subunits on primary afferent nerve
terminals and on intrinsic dorsal horn neurons was determined by double

Table 1| Changes in heat-induced brain activation by L-838,417 measured by rat fMRI

Area Stimulation of inflamed paw with noxious heat Stimulation of non-inflamed paw with noxious heat  Stimulation of non-inflamed paw with innocuous temperature
AF/F; incidence* Pt AF/F; incidence* Py AF/F; incidence* Py

MTh —0.35+0.07; 10/12 0.014 —0.29 £0.09; 10/12 0.069 —0.10+0.07; 6/12 0.302

Slc —0.29+0.07; 12/12 0.028 —0.07 £0.09; 12/12 0.383 —0.18 £0.25; 11/12 0.228

Cg —-0.37+0.07; 11/12 0.034 —0.26 £0.08; 12/12 0.078 —0.07 £0.08; 10/12 0.152

FAC —0.55+0.05; 12/12 0.007 —0.30+£0.08; 12/12 0.179 —0.09 +0.08; 6/12 0.253

LS —0.36 £0.05; 11/12 0.012 —0.06 £0.07; 12/12 0.580 —0.04 £0.07; 11/12 0.413

Where errors are shown, results are means + s.e.m. MTh, medial thalamus; Sic, contralateral primary somatosensory cortex; Cg, cingulate cortex; FAC, frontal association cortex; LS, limbic system
(including amygdala, entorhinal cortex and hippocampus).

*Number of rats in which a significant noxious heat-induced activation of the respective area occurred/total number of rats studied.

+ Significance versus pre-drug (paired Student t-test).

333
©2008 Nature Publishing Group



LETTERS

immunofluorescence staining on sections from perfusion-fixed adult mice”.
Confocal images were processed with Imaris (Bitplane).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Mice and rats. Behavioural experiments were performed in male and female
7-12-week-old mice or in male 7-12-week-old Wistar rats. Permission for the
animal experiments was obtained from the Regierung von Mittelfranken (ref. no.
612-2531.31-17/03) and from the Veteriniramt des Kantons Ziirich (ref. no.
121/2006 and 34/2007).

Drugs. For intrathecal injection in mice, diazepam was dissolved in 10%
dimethyl sulphoxide (DMSO), 90% artificial cerebrospinal fluid (ACSF)
(vehicle). Total intrathecal injection volume was 5 pl (for details of the injection
procedure see ref. 31). Up to a concentration of 20%, intrathecal DMSO had no
effect on pain behaviour in mice. For i.p. injection, diazepam was dissolved in
0.3% Tween 80, 99.7% ACSF. Morphine was dissolved in ACSF. L-838,417
synthesized by Anawa was suspended in 0.5% methylcellulose and 0.9% NaCl
and was applied to rats either orally or i.p. in a total volume of 200 pl. Flumazenil
(10 mgkgfl) and naloxone (10 mgkgfl) were dissolved in DMSO (1%) and
injected i.p. in a total volume of 200 pl.

Formalin test. Formalin (5%, 20 pl) was injected subcutaneously into the dorsal
surface of the left hindpaw®. Flinches of the injected paw were counted for
60 min starting immediately after formalin injection. Intrathecal drugs (diaze-
pam or vehicle) were injected 10 min before formalin injection. Flumazenil
(10mgkg™") was injected i.p. 30 min before formalin injection.

Inflammatory pain. Inflammatory pain was assessed in the zymosan A model®.
In mice, 0.06 mg of zymosan A suspended in 20 pl of 0.9% NaCl was injected
subcutaneously into the plantar side of the left hindpaw. The model was also used
in rats, but 1 mg of zymosan A was used. Heat hyperalgesia was assessed 24 h and
6 h after induction of inflammation in mice and rats, respectively.
Neuropathic pain. Diazepam, L-838,417 and morphine were analysed in the
CCI model* in 7-12-week-old mice or rats. Unilateral constriction injury of the
left sciatic nerve just proximal to the trifurcation was performed with three loose
ligatures. In sham-operated animals the sciatic nerve was exposed and the con-
nective tissue was freed, but no ligatures were applied. In these sham-operated
animals only a minor and transient hyperalgesia occurred. Heat hyperalgesia,
cold allodynia and mechanical sensitization were assessed 7-9 days after surgery.
Heat hyperalgesia. Paw withdrawal latencies on exposure to a defined radiant
heat stimulus were measured with a commercially available apparatus (Plantar
Test; Ugo Basile). Four or five measurements were taken in each animal for every
time point. Measurements of paw withdrawal latencies of the inflamed or injured
paw and of the contralateral paw were made alternately.

Cold allodynia. The time spent lifting, shaking or licking the paw (seconds per
minute) was measured for 5 min after application of a drop of acetone onto the
affected paw.

Mechanical sensitization. Mechanical sensitivity was assessed with electronic
von Frey filaments (IITC). Triple measurements of paw withdrawal thresholds
(g) were made for each time point and animal.

Locomotor activity. Locomotor activity was tested with a commercially available
microprocessor-controlled activity cage (Actiframe; Gerb Elektronik). Mice were
placed in the apparatus 15 min before testing. Motor activity was measured 10—
30 min and 40-80 min after intrathecal and oral drug application, respectively.
Motor impairment. A possible impairment of motor function was assessed with
the rotarod test™. Rats were trained on day zero and the maximum speed tole-
rated for at least 2 min was determined for each rat. On the following day,
rotarod performance was determined again 30 min after treatment with
L-838,417 or vehicle (administered orally).

Electrophysiology. DRGs (from segments L4-L6) were removed from 14-24-
day-old mice, dissociated and plated on poly-(L-lysine)-coated cover slips (for
details see ref. 36). GABA-induced currents were recorded from capsaicin-
sensitive DRG neurons 3-30h after plating. Transverse slices (250 pm thick)
of the lumbar spinal cord were prepared from 14-24-day-old mice.
GABAergic membrane currents were recorded from superficial dorsal horn
neurons (laminae I and II) as described previously’. In both preparations,
GABA (1 mM) was applied by short (10 ms) puffer applications to the soma of
the recorded neuron at a frequency of 0.07 Hz. Diazepam (1 uM) was applied by
means of bath perfusion. All recordings were made in the presence of the GABAy
receptor antagonist CGP-55,845 (200 pM).

Immunofluorescence. The localization of GABA, receptor o subunits on prim-
ary afferent nerve terminals and intrinsic dorsal horn neurons was determined by
double immunofluorescence staining on sections from perfusion-fixed adult
mice”. Antibodies were home-made subunit-specific antisera” and commercial
antibodies against substance P (T1609; Bachem) and NK1 (S8305; Sigma).
Sections processed for double immunofluorescence were digitalized by confocal
laser scanning microscopy (resolution 90 nm per pixel; two or three images per
animal; #n = 3 mice) and images were processed with Imaris (Bitplane). Double-
labelled objects (image profiles) in single confocal sections were identified by a
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segmentation algorithm (minimal size 0.2 um? minimum intensity 50-90 on a
256-grey-level scale). The numbers of single-labelled and double-labelled pro-
files were calculated. All values are expressed as percentages of double-labelled
profiles relative to the marker indicated.

fMRI methods. fMRI experiments were performed in male Wistar rats weighing
350-400 g. During the measurements, rats were slightly anaesthetized with iso-
flurane (1-2%) to maintain a respiration rate of about 60 c.p.m. and constant
blood pCO?2 levels. Measurements were made with a Bruker 4.7-T Biospec scan-
ner with a free bore of 40 cm, equipped with an actively radiofrequency-
decoupled coil system. A whole-body birdcage resonator enabled homogenous
excitation, and a 3-cm quadrature surface coil, which served as a receiver, was
located directly above the head of the animal to maximize the signal-to-noise
ratio. Constant positioning of the rat’s head within the scanner was verified by
rapid acquisition of magnetic resonance images at 200-ms intervals. A functional
series of 1,470 sets (4 s each, total of 96 min) of 22 axial images (slice thickness
1 mm, field of view 25 X 25 mm?, 5.20 to —14.60 mm from the bregma®”) were
acquired with the echo planar imaging technique (EPI: matrix 64 X 64,
TR = 4,000 ms, TEef = 23.4 ms, two acquisitions). Anatomical scans with a high
spatial resolution were obtained with RARE® (slice thickness 1 mm, field of view
25 X 25 mm?, matrix 256 X 256, TR = 400 ms, TE = 18 ms, NEX = 8).

Noxious heat stimulation was performed by applying temperature ramps (34—
52 °C (noxious stimulation) or 34—42 °C (innocuous stimulation) with 15-s rise
and fall times and a 5-s plateau phase) through two Peltier elements tightly
attached to both hindpaws (in awake rats this stimulation method yielded paw
withdrawal latencies similar to those obtained in the behavioural tests with
radiant heat). Thermal stimuli were applied to the left and right hindpaw alter-
nately at 2-min intervals. After 32 min of recording, 1-838,417 (1 mgkg™') or
vehicle was injected through an i.p. catheter without changing the position of the
animal in the scanner. After drug injection, recording was continued for 64 min
with the same stimulation method.

Data were analysed with Brainvoyager QX after appropriate preprocessing
(motion correction, mean intensity adjustment, spatial smoothing 0.6 mm
full-width at half-maximum, temporal gaussian smoothing 12, and temporal
high-pass filtering of nine cycles) with a General Linear Modelling approach with
four predictors: inflamed (left)/non-inflamed (right) paw before and after drug
injection and Bonferroni correction. z-score maps of the individual rats were
group analysed with custom-made analysis software (MagnAn® running under
IDL). Anatomical and functional images were transferred into the register by an
affine transformation scheme with only six degrees of freedom derived from the
individual brain masks. The registered anatomical data and z-score maps were
averaged over all animals. Contrast-specific mean z-score maps were calculated
using a threshold of 3.0. Significantly activated voxels were labelled automa-
tically with a digital standard rat brain atlas”. For each rat, brain structure
and stimulation condition, we then first calculated the activation intensity as
the stimulus-induced relative change in the BOLD signal (F). To quantify the
effect of L-838,417 on the stimulus-induced BOLD signal changes we calculated
AF/Fas (Epost — Fpre)/ Fpre» Where Fyo is the value of Fafter drug treatment and
Fyre is the value before drug treatment. Statistical analysis was performed with
the paired Student #-test. False-colour images of stimulus-induced changes in
BOLD signals were obtained by mapping the calculated mean BOLD signal
change of each voxel onto all significantly activated voxels. Note that the diffe-
rent colours in Fig. 4 encode F (signal amplitude), not statistical coefficients.
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