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a b s t r a c t

Ionotropic c-aminobutyric acid (GABAA) receptors control the relay of nociceptive signals at several levels
of the neuraxis. Experiments with systemically applied benzodiazepines, which enhance the action of
GABA at these receptors, have suggested both anti- and pronociceptive effects. The interpretation of such
experiments has been notoriously difficult because of confounding sedation. Here, we have used genet-
ically engineered mice, which carry specific benzodiazepine-insensitive GABAA receptor subunits, to test
whether diazepam, a frequently used classical benzodiazepine, exerts antihyperalgesia after systemic
administration in the formalin test, a model of tonic nociception. In wild-type mice, systemic diazepam
(3–30 mg/kg, p.o.) dose-dependently reduced the number of formalin-induced flinches during both
phases of the test by about 40–70%. This antinociception was reversed by the benzodiazepine site antag-
onist flumazenil (10 mg/kg, i.p.), but fully retained in GABAA receptor a1 point-mutated mice, which were
resistant against the sedative action of diazepam. Experiments carried out in mice with two diazepam-
insensitive subunits (a1/a2, a1/a3 and a1/a5 double point-mutated mice) allowed addressing the con-
tribution of a2, a3 and a5 subunits to systemic diazepam-induced antihyperalgesia in the absence of
sedation. The relative contributions of these subunits were a2 ! a3 > a5, and thus very similar to those
found for intrathecal diazepam (0.09 mg/kg). Accordingly, SL-651498 (10 mg/kg, p.o.), an ‘‘anxioselective”
benzodiazepine site agonist with preferential activity at a2/a3 subunits, significantly reduced formalin-
induced flinching in wild-type mice. We conclude that systemic diazepam exerts a genuine antihyperal-
gesic effect, which depends on spinal GABAA receptors containing a2 and/or a3 subunits.

! 2008 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction

A loss of synaptic inhibition in the spinal dorsal horn is a major
factor contributing to pathological pain in inflammatory diseases
and after peripheral nerve damage (for a review see [25]). In line
with this concept, spinally applied benzodiazepines, which en-
hance GABAA receptor-mediated synaptic inhibition, elicit pro-
found analgesic (or antihyperalgesic) effects in rats [1,13,20] and
mice [10] as well as in human patients [23]. We have recently used
GABAA receptor point-mutated (‘‘knock-in”) mice, in which specific
GABAA receptor subunits were rendered diazepam insensitive [19],
to identify the GABAA receptor subtypes responsible for this anti-
hyperalgesic effect. These point-mutated mice behave completely
normal in the absence of diazepam, but lack those diazepam-in-

duced effects, which depend on its binding to the mutated subunit
[19]. In these experiments, we could show that the antihyperalge-
sic effect of spinally applied diazepam is mediated by GABAA

receptors containing an a2 subunit and (to a lesser extent) by
those containing an a3 subunit [10].

While the antihyperalgesic effect of benzodiazepines after local
spinal application is quite well documented, it is less clear whether
similar antinociceptive effects can also be achieved by systemic
administration. Studies performed in rats have reported reduced
nocifensive reactions after systemic benzodiazepine treatment
[9,15], but it remains unknown whether this originated from gen-
uine antinociception or from confounding motor sedative actions
(extensively discussed in [9]).

Mice carrying benzodiazepine-insensitive GABAA receptor a1
subunits are resistant against the motor sedative action of diaze-
pam [18], and thus provide a possible clue to this problem. We
have now analyzed these mice in the formalin test, a model of tonic
nociception, to demonstrate that systemic application of diazepam
exerts antinociceptive effects in the absence of confounding seda-
tion. The further use of mice carrying additional point mutations in
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the a2, a3 or a5 subunits (double point-mutated mice) allowed us
to address the role of these subunits in systemic diazepam-induced
antinociception.

2. Materials and methods

2.1. Mice

Wild-type mice and GABAA receptor point-mutated mice
[a1(H101R), a2(H101R), a3(H126R), a5(H105R)] as well as double
mutant mice (a1/a2, a1/a3 and a1/a5) derived from them were
maintained on a 129X1/SvJ background. Formalin tests were per-
formed in 7–12-week-old male mice. Experiments on motor activ-
ity were done in 12-week-old female mice. Permissions for the
animal experiments have been obtained from the Regierung von
Mittelfranken (Ref. No. 612-2531.31-17/03) and from the Veterinä-
ramt des Kantons Zürich (Ref. No. 121/2006). Animals were kept in
an air-conditioned room on a 12/12 h light–dark cycle, and were
allowed to take food and water ad libitum.

2.2. Drugs

For oral administration, diazepam and SL-651498 were sus-
pended in physiological saline (0.9% NaCl) containing 0.3% Tween
80 and were applied in a volume of 4 ml/kg. For local spinal treat-
ment, diazepam was dissolved in 10% DMSO/90% NaCl (0.9%) and
was injected intrathecally (i.t.) in a total volume of 5 ll. Flumazenil
was suspended in physiological saline containing 9% Tween 80 and
was injected intraperitoneally (i.p.) in a total volume of 200 ll. SL-
651498 (gift from Sanofi-Aventis) was suspended in 0.3% Tween
80. Diazepam, flumazenil and Tween 80 were from Sigma (Deis-
enhofen, Germany).

2.3. Formalin test

Formalin (20 ll, 5%) was injected subcutaneously into the dor-
sal surface of the left hindpaw. Flinches of the injected paw were
manually counted for 60 min at 5 min intervals starting immedi-
ately after the formalin injection. Diazepam, SL-651498 or vehicle
was applied 30 min before the formalin injection. Flumazenil or
vehicle was injected i.p. 20 min prior to the formalin injection. Per-
cent maximum possible analgesia (MPA) was calculated as
MPA = [1 " (total number of flinches in drug-treated mice)/(aver-
age total number of flinches in vehicle-treated mice)] * 100. Data
were analyzed using a two-way ANOVA followed by Bonferroni’s
tests for post hoc mean comparisons.

2.4. Motor activity

Mice were tested during the light phase of the day–night cycle.
Immediately after the injection of diazepam or vehicle, they were
placed in individual circular enclosures (diameter 20 cm),
equipped with 4 photocells. Motor activity, expressed as the total
number of photocell interruptions, was recorded for 1 h. Data were
subjected to logarithmic transformation, and were analyzed using
a two-way ANOVA followed by Bonferroni’s tests for post hoc
mean comparisons.

3. Results

We first tested the effects of orally applied diazepam on noci-
ceptive responses of wild-type mice in the formalin test, a model
of tonic, C fiber-induced nociception (Fig. 1). In these experi-
ments, formalin injection (5%, 20 ll) elicited a bi-phasic response
with a total number of 140 ± 17.1 (mean ± SEM, n = 5 mice) flexor

responses (flinches) of the injected paw during phase I (0–
10 min) and 338 ± 13.5 flinches during phase II (11–60 min) of
the test. Diazepam (10 mg/kg body weight, p.o.) reduced the
number of flinches by 54.6 ± 3.8% and by 70.5 ± 6.0%, in phases I
and II, respectively (n = 5). This effect was significantly attenuated
by the benzodiazepine receptor antagonist flumazenil (10 mg/kg
i.p.).

Because this dose of diazepam produces a significant sedation
(reduction in locomotor activity) in mice [18], we compared the
effects of different doses of diazepam in wild-type mice and in
a1(H101R) point-mutated mice, which are resistant against the
sedative effects of diazepam [18]. Both the groups showed similar
total numbers of flinches after the subcutaneous injection with
formalin (wild type: 445 ± 9.2 [n = 5], a1(H101R) 492 ± 45.7
[n = 10]). Diazepam (3–30 mg/kg, p.o.) significantly reduced the
number of flinches in a dose-dependent manner and to similar
degrees in both the genotypes (Fig. 2A–C). In striking contrast, a
significant sedative effect of diazepam, indicated by the dose-
dependent decrease in the motor activity counts, was only ob-
served in wild-type mice, while a1(H101R) point-mutated mice
were completely protected from diazepam-induced sedation
(Fig. 2D). These results suggest that the antinociceptive effect of
diazepam occurred independent of sedation and that GABAA

receptor a1 subunits did not contribute to diazepam-induced
analgesia.

In a third series of experiments, we investigated the contribu-
tion of the a2, a3 and a5 GABAA receptor subunits to diazepam-in-
duced antinociception in an a1 point-mutated background and
thus in the absence of sedation. To this end, we bred homozygous
double point-mutated mice [a1(H101R)/a2(H101R), a1(H101R)/
a3(H126R), a1(H101R)/a5(H105R)] by crossing GABAA receptor
a1(H101R) mice with mice carrying the point mutation in the
a2, a3 and a5 subunits. These double point-mutated mice were
born with the expected (Mendelian) frequencies, grew normally
and, as expected, showed no obvious behavioral abnormalities.
We compared the antinociceptive activity of diazepam in these
mice with that obtained in a1(H101R) mice. In the absence of diaz-
epam, all three types of double mutant mice showed similar num-
bers of flinches as wild-type mice and a1(H101R) mice (Fig. 3A–C).
Following the diazepam administration (10 mg/kg, p.o.), significant
antinociception, expressed as percent maximum possible analge-
sia, was obtained in a1(H101R) mice (69 ± 3.8%, P = 0.001, ANOVA
followed by post hoc Bonferroni correction) as well as in
a1(H101R)/a3(H126R) (22.8 ± 3.9%, P < 0.01) and a1(H101R)/
a5(H105R) (46.8 ± 3.3%, P < 0.001) double mutant mice, but not
in a1(H101R)/a2(H101R) mice (20.3 ± 11.4%, P = 0.22). When com-
pared to a1(H101R) mice, diazepam-induced antinociception was
diminished significantly in a1(H101R)/a2(H101R) and in
a1(H101R)/a3(H126R) mice [P < 0.01, for both comparisons]. Diaz-
epam-induced antinociception was also slightly reduced (to
46.8 ± 3.3%) in a1(H101R)/a5(H105R) mice, but this reduction
did not reach statistical significance (P = 0.11). No differences were
observed between the effects of diazepam on phase I and phase II
of the test in the different genotypes analyzed here. The contribu-
tion of the GABAA receptor a3 subunit in the present experiments
was bigger than that found previously after intrathecal diazepam
injection in inflammatory and neuropathic pain models [10]. Be-
cause this difference could either come from a supraspinal contri-
bution of a3 receptors reached after systemic but not after local
spinal application, or from differences in the pain models studied,
we tested the effects of intrathecal diazepam in the formalin test in
the wild-type mice and in the four types of GABAA receptor point-
mutated mice (Fig. 4). In the wild-type mice, diazepam (0.09 mg/kg
i.t.) reduced the number of flinches by about 70%. This antinocicep-
tion was significantly reduced in a2(H101R) and a3(H126R) point-
mutated mice to comparable amounts (Fig. 4).
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We finally tested, whether SL-651498, an ‘‘anxioselective” ben-
zodiazepine site ligand with full agonistic activity at a2 and a3 GA-
BAA receptor subunits and weak partial agonistic activity at a1 and
a5 subunits [5], would exert also antinociceptive effects in the
mouse formalin test (Fig. 5). SL-651498 was tested at a dose of
10 mg/kg, p.o., which exerts pronounced anxiolysis in mice with-
out causing significant sedation or muscle relaxation [5]. Similar
to diazepam, systemic SL-651498 significantly reduced the flinch-
ing behavior in both the phases of the formalin test by about 40–
50% (Fig. 5).

4. Discussion

We had previously shown that intrathecal diazepam normalizes
pathological hypersensitivity to pain in animal models of inflam-
matory or neuropathic pain [10]. This spinal antihyperalgesic effect
was mediated through GABAA receptors containing a2 and/or a3
subunits.

We now provide a direct evidence for an antinociceptive effect
of systemically applied diazepam in the mouse formalin test using
different lines of GABAA receptor point-mutated and double point-

mutated mice. As expected for point mutations affecting only the
benzodiazepine-binding site, all mutant mice analyzed here
including the double mutants showed similar formalin-induced
nociceptive behaviors in the absence of diazepam. Most impor-
tantly, we show that the antinociceptive effect of systemic diaze-
pam is retained in a1(H101R) mice, which are resistant against
the sedative effects of diazepam [18], and that the same GABAA

receptor subunits (a2 and a3) that mediate the antihyperalgesic
effects of diazepam after intrathecal injection are also relevant
for antinociception induced by systemic diazepam. The latter find-
ing suggests that the spinal cord is a major site for the benzodiaz-
epine-induced antinociception after systemic application. The
same conclusion has been reached by the previous studies from
other groups, which had compared the antinociceptive potency
of diazepam or midazolam after intrathecal or intracerebroventric-
ular injection [12,15,24].

The contribution of the a3 subunit to diazepam-induced antin-
ociception was more prominent in the present experiments than in
the previous study [10]. This is most likely due to mechanistic dif-
ferences in the pain models used. Formalin injection results in a to-
nic nociceptive stimulation [16] and C fiber-induced activity-
dependent hyperalgesia [14], while inflammatory pain induced

0 10 20 30 40 50 60

time (min)

0

10

20

fli
nc

he
s 

/ m
in

V/V
D/V
D/F
V/F

0

50

100

150

200 Phase I

nu
m

be
r o

f f
lin

ch
es

V/V     D/V     D/F    V/F

* * *

0

100

200

300

400 Phase II

nu
m

be
r o

f f
lin

ch
es

V/V      D/V    D/F    V/F

* * * * * *

25

5

15

A

B C

Fig. 1. Effects of systemic diazepam on formalin-induced flinching responses in wild-type mice. (A) Number of flinches/min (mean ± SEM, averaged for 5 min intervals, n = 5
mice per group) versus time after formalin injection in mice treated with diazepam (D, 10 mg/kg body weight, p.o.) or vehicle (V), and flumazenil (F, 10 mg/kg, i.p.) or vehicle
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by subcutaneous zymosan A and neuropathic pain elicited through
chronic nerve constriction may be more dependent on the spinal
production of pronociceptive mediators [25]. Different relative
contributions of a2 and a3 subunits might thus reflect the involve-
ment of different yet most likely overlapping populations of pri-
mary afferent nerve fibers and/or dorsal horn circuits in these
models.

Although classical benzodiazepines are generally not consid-
ered to have a significant analgesic efficacy in man, several clinical
reports support an analgesic effect in chronic pain syndromes with
a neuropathic or inflammatory component including cancer pain
[7], phantom limb pain [2] and myofacial pain [4,6] (reviewed by
[8]). This apparent discrepancy may come from the fact that the
studies have not always carefully distinguished between effects
on acute nociceptive pain and reversal of hyperalgesia. This is,
however, important as antihyperalgesia by spinal diazepam can
clearly occur in the absence of any apparent antinociceptive effect
on acute pain [10]. The reason for this differential effect is not
known. It has been suggested that the GABAergic tone in the noci-
ceptive system is low under physiological conditions [3]. This,

however, is unlikely as spinal application of bicuculline converts
the sensation of light mechanical stimuli from touch into pain
(i.e. it is pro-allodynic) [17,22]. Alternatively, different GABAergic
pathways might exist in the spinal dorsal horn, one of them being
activated by input from mechanosensitive fibers and saturated al-
ready under normal condition and a second one being activated
only during tonic nociceptive stimulation or sensitization. Block-
ade of the first one would cause allodynia, while increasing the
efficacy of the second one, e.g. with benzodiazepines would be
antinociceptive.

In this context, it also appears important to note that benzodi-
azepines are often used as active placebos in human experimental
pain studies (e.g. [11]). Our present data suggest that results from
such studies should be interpreted with great caution, particularly,
when pain models are used, which involve tonic nociceptive stim-
ulation or central sensitization.

The results of our present study are in good agreement with
the clinical reports cited above [2,4,6,7], which suggest an anal-
gesic action of benzodiazepines in chronic pain patients. Never-
theless, undesired sedative and memory impairing actions of
classical benzodiazepines and their liabilities to tolerance devel-
opment and addiction prevent their routine use as antihyperal-
gesic agents. The present study demonstrates again that
pronounced antinociceptive and antihyperalgesic effects can be
obtained after the systemic administration of subtype-selective
a1-sparing (non-sedative or ‘‘anxioselective”) benzodiazepine
site ligands. We had previously shown that one such compound,
L-838,417, which is an agonist at the benzodiazepine-binding
site of a2, a3 and a5 subunits and an antagonist at the a1 sub-
unit, exerts antihyperalgesic effects in rat models of neuropathic
and inflammatory pain. Because L-838,417 has very poor phar-
macokinetic properties in mice with a bioavailability of about
1% and a half life of 0.1 hours after intravenous application
[21], in this study we have utilized another anxioselective ben-
zodiazepine site agonist, SL-651498, which possesses a full activ-
ity at a2 and a3 subunits and a weak partial agonistic activity at
a1 and a5 subunits and which is suitable for the use in mice
and rats [5]. The results from these experiments support again
an antinociceptive action of systemically applied benzodiazepine
site agonists.

Our results thus indicate that antinociception can be ob-
tained by systemically applied benzodiazepine site agonists in
the absence of motor sedation. They provide further evidence
that future subtype-selective compounds might become suitable
drugs for the treatment of chronic pain conditions in human
patients.
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