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Apparent antinociceptive and anti-inflammatory effects of GYKI 52466
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Abstract

Ž Ž . .GYKI 52466 1- 4-aminophenyl -4-methyl-7,8-methylenedioxy-5H-2,3-benzodiazepine was examined in a battery of analgesia and
Ž . Ž .anti-inflammatory tests in rats and mice, respectively. Its 3-N-acetyl GYKI 53773 and 3-N-methylcarbamoyl GYKI 53784 derivatives

were also examined in some assays. These 2,3-benzodiazepines, known as prototypic non-competitive antagonists of AMPA receptors,
showed a peculiar profile in some routinely used antinociceptive tests. They were found fairly potent in rat tail flick and mouse
phenylquinone writhing assays but the dose–response curves were rather shallow as compared to that of morphine. Their action is

Ž .stereoselective, i.e., the q isomers were found inactive, in agreement with the previous in vitro studies. Their antinociceptive effect
could not be reversed by naloxone and the GYKI compounds did not potentiate significantly the morphine-induced analgesia. In the
mouse hot plate assay the 2,3-benzodiazepines were active only in doses inducing visible motor incapacitation. In rats, GYKI 52466
weakly reduced the hypersensitivity accompanying acute carrageenan edema. However, it potently inhibited the hyperalgesia during
Freund adjuvant-induced chronic arthritis. In the latter assay GYKI 52466 also attenuated the body weight loss without altering the paw
edema. The present findings confirm reports in the literature which indicate AMPA receptors may contribute to certain forms of
pathological hyperalgesia, e.g., to that detectable in inflamed tissues. q 1997 Elsevier Science B.V.
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1. Introduction

Ž Ž .GYKI 52466 1- 4-aminophenyl -4-methyl-7,8-methyl-
.enedioxy-5H-2,3-benzodiazepine is the prototype of a

novel class of drugs with a unique pharmacological profile
Ž .as demonstrated in our laboratory Tarnawa et al., 1989 .

Of the 2,3-benzodiazepines developed earlier, also termed
‘homophtalazines’, tofisopam is still used clinically as a
non-sedative anxiolytic agent free of muscle relaxant side-
effects. However, GYKI 52466, contrary to other 2,3-ben-
zodiazepines, does possess marked muscle relaxant and

Ž .anticonvulsant activities Tarnawa et al., 1989 . The main
distinctive structural feature of GYKI 52466 is the 7,8-
methylenedioxy bridge over the 2,3-benzodiazepine nu-
cleus not present in tofisopam and other 2,3-benzodi-
azepines characterized earlier. GYKI 52466 is not a proto-

Ž .typical ligand of ‘classical’ diazepam-like 1,4-benzodi-
azepine receptors. Namely it displaces labeled diazepam

Žonly in the micromolar concentration range Tarnawa et
. w3 x Žal., 1989 and does not compete with H flumazenil De

) Ž . Ž .Corresponding author. Tel.: 36-1 169-0011; Fax: 36-1 169-3229.

.Sarro et al., 1995 . Furthermore, it does not bind to the
distinct binding sites of tofisopam described at our institute
Ž .Horvath et al., 1993 .´

The unique pharmacological character of GYKI 52466
was revealed by examination of the afferent nerve stimula-
tion-induced ventral root potentials in spinal cats. GYKI
52466 reduces both the mono- and polysynaptic reflex
responses, unlike midazolam, which only inhibits the latter
Ž .Tarnawa et al., 1989 . Flumazenil, a selective antagonist
of 1,4-benzodiazepine receptors, does not reverse the GYKI

Ž52466-induced inhibition of flexor reflexes Farkas et al.,
.1992 . It is now well established that GYKI 52466 is a

highly selective but non-competitive antagonist of
AMPArkainate receptors acting on a novel modulatory

Žsite coupled allosterically to them Donevan and Ro-
.gawski, 1993 .

GYKI 52466 and some of its 3-N-substituted analogs in
mice selectively block the convulsions induced by AMPA
ŽŽ . ŽRS -2-am ino-3- 3-hydroxy-5-m ethylisoxazol-4-
. . Žyl propionic acid and kainate but not by NMDA N-

. Žmethyl-D-aspartic acid Smith and Meldrum, 1990;
.Donevan et al., 1994 . Furthermore, sound-induced con-

vulsions in DBAr2 mice can be reversed by GYKI 52466
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Žsimilarly to NBQX 2,3-dihydroxy-6-nitro-7-sulfamoyl-
Ž . .benzo F quinoxaline , a competitive antagonist of AMPA

Ž .receptors Chapman et al., 1993 . In this latter study,
aniracetam, a positive modulator of AMPA receptors, an-
tagonized the anticonvulsant actions of both GYKI 52466

Ž .and NBQX Chapman et al., 1993 . In cortical slices
cyclothiazide, another AMPA positive modulator, also re-
versed the AMPA receptor antagonist action of GYKI

Ž53655, the racemic form of GYKI 53784 Palmer and
.Lodge, 1993 .

Ž .Budai and Larson 1994 tested the effect of GYKI
52466 on the activity of wide dynamic range dorsal horn
neurons in rat spinal cord. In most cells the responses to
iontophoretically applied kainate and AMPA were sup-
pressed by GYKI 52466 but those elicited by NMDA were
not. Furthermore the responses of the same neurons to both
noxious and innocuous mechanical stimulation were sup-

Ž .pressed by GYKI 52466 Budai and Larson, 1994 . These
findings show that the above described ‘GYKI-sites’ might
also contribute to the regulation of nociceptive reflexes.

Otherwise, an increasing body of data indicates that
glutamate receptors and glutamatergic mechanisms are in-
volved in nociceptive reflexes, i.e., pain transmission, pri-

Žmarily at the spinal level Schouenborg and Sjolund, 1986;¨
Davies and Lodge, 1987; Dickenson and Sullivan, 1990;

.Haley et al., 1990; Song and Zhao, 1993 . Analgesia is one
of the potential uses for the glutamate antagonists currently

Žunder development for review, see Danysz et al., 1995;
.Dray and Urban, 1996 .

However, to our knowledge, discounting our prelimi-
Ž .nary reports Szekely et al., 1995, 1996 , GYKI 52466 has´

not been tested for antinociceptiveranti-inflammatory ef-
fects in awake animals. For this reason we now examined
the effects of GYKI 52466 in several routinely used
antinociceptive and anti-inflammatory assays where the
efficacy of clinically used opiate analgesics and prosta-
glandin biosynthesis inhibitors is well established. Where
appropriate the actions of GYKI 52466 were compared to
those of morphine, paracetamol and indomethacin and two
potent analogs of the title compound were also examined
in several assays.

2. Materials and methods

2.1. Animals

Experimental animals were purchased from Charles
ŽRiver. Generally, male mice of the CD1 strain originating

. Žfrom the Institute for Cancer Research weighing 20–25
.g were used but the hot plate test was done with NMRI
Ž .Naval Medical Research Institute mice. Male Lewis rats
Ž .weighing 120–160 g were used for the adjuvant arthritis

Ž .assay and otherwise SPRD Sprague–Dawley rats weigh-
ing 150–200 g were used. The animals were kept in the
colony room for at least a week after arrival. The tempera-

ture was 20"28C, the humidity 40–60%. The lights were
on from 7.00 a.m. to 7.00 p.m. Standard semi-synthetic

Ž .food also purchased from Charles River and tap water
were available ad libitum but in acute studies the orally
treated animals were deprived of food for 18–20 h prior to
the experiment. The study was carried out according to the
guidelines of the Institutional Committee for Animal Wel-
fare.

2.2. Procedures

2.2.1. Writhing assays in mice
Ž .Writhing was induced by intraperitoneal i.p. injection

of freshly prepared 3.0% acetic acid or 0.1% phenylquinone
solution. The irritants were injected in a volume of 0.1

Žmlr10 g body weight Hendershot and Forsaith, 1959;
.Witkin et al., 1961 . Immediately after i.p. administration

of the irritant the animals were placed individually in
Ž .Perspex boxes 8=8=6.5 cm and observed for 20 min;

6 animals were monitored simultaneously by an observer
unaware of the pretreatment. The distinct writhing move-
ments of each animal were recorded separately. On each

Ž .experimental day 3–5 groups ns6 were examined, one
of them pretreated with vehicle. When the results for
various vehicle-pretreated groups, examined on different
experimental days, were pooled the mean number of
writhesrgroup"S.D. were 233"21 and 250"50 after
i.p. application of acetic acid and phenylquinone solution,
respectively. The drug-induced inhibition of writhing was
expressed in per cent of the number for the control group
examined on the same day, with

drug pretreated
%inhibitions100y =100ž /vehicle pretreated

2,3-benzodiazepines were administered orally 15 min
and morphine s.c. 30 min prior to i.p. injection of the
irritant. In a separate series of experiments the animals
were pretreated orally with 100 mgrkg aniracetam 30 min
prior to administration of GYKI 52466.

The compounds were examined at 3–4 dose levels and
the ED values were calculated according to Litchfield50

Ž . Ž .and Wilcoxon 1949 . The slope function S of thef

dose–response curves was calculated, also according to
Ž .Litchfield and Wilcoxon 1949 where

ED rED qED rED84 50 50 16
S sf 2

Ž .With these statistics S will be small close to unity if thef

dose–response curve is steep and a high S means a flatf
Ždose–response relationship unlike in the case of regular

.calculation of regression slopes S , see Section 2.2.2 .r

2.2.2. Tail flick test in rats
Ž .The method of D’Amour and Smith 1941 was em-

ployed. The apparatus was constructed at our institute. A
high intensity beam of light was focused on the tail around



( )J.I. Szekely et al.rEuropean Journal of Pharmacology 336 1997 143–154´ 145

the boundary of the middle and distal third. Reflex re-
moval of the tail exposed a photocell to the light source
and stopped the timer measuring the latency to the nearest
0.1 s. The intensity of the light generated by a projection

Ž .bulb was regulated so that the control latency time B
Žvaried between 2.5 and 4.5 s. Animals showing shorter or

.longer baseline latency were discarded. The cutoff time
was 15 s. The reading was repeated 15, 30, 45 and 60 min

Žafter drug treatment. In case of GYKI 52466 the first
reading was made at 5 min but the last reading was
omitted in view of the relatively fast start and short

.duration of action. The effects of morphine and 2,3-ben-
zodiazepines were examined by administering the drugs to

Ž .separate groups of animals ns10–20 at 3–4 logarithmi-
cally spaced dose levels.

The interaction of 2,3-benzodiazepines with morphine
and naloxone was tested in another series of experiments.
In one study, immediately prior to s.c. injection of mor-

Ž .phine separate groups of rats ns10 were pretreated with
either saline or one of the 2,3-benzodiazepines in doses
close to their ED values when given alone. These doses50

of the 2,3-benzodiazepines were combined with increasing
doses of morphine. Thus the ED value of morphine50

could be determined in the presence and absence of the
2,3-benzodiazepines. In another experiment, 10 mgrkg

Žnaloxone was injected s.c. to various groups of rats ns
.10 immediately after oral administration of one of the

GYKI compounds in doses close to twice their ED50

values to see whether their antinociceptive action is re-
versible by an opiate antagonist.

Ž .For data analysis the ‘mean possible effect’ %MPE
was first calculated according to the formula

post-treatment ybaselinelatency latency
%MPEs =100

cutoff timeybaselinelatency

The doses of the drug under study were plotted against the
%MPE and the data were analyzed by least square regres-

Žsion analysis. The ED values "95% confidence inter-50
. Ž .vals and the slopes of the regression lines S werer

Ž .calculated according to Bolton 1990 . Of course high Sr

values indicate steep dose–response curves and low Sr

means flat dose–response relationship whereas the mean-
ing of high and low S values is the opposite. Obviously Sf f

and S are related to each other in a roughly reciprocalr

fashion. Nevertheless if the biological responses are mea-
sured quantally S is more reliable descriptor of dose–ef-f

fect relationships than S , i.e., the slope of the linearr

regression lines.

2.2.3. Hot plate test in mice
Ž .The test was performed according to Eddy et al. 1950

with minor modifications. An ‘analgesimeter’ from the
Ž .Columbus Institute Columbus, OH, USA was used. The

mice were dropped on a metal plate heated to 56"0.58C
within a glass enclosure and the latency of hind paw lick

was measured to the nearest 0.1 s. The baseline latency
Ž .B was redetermined within 15 min and averaged. If B
exceeded 15 s or the difference between two successive
control measurements was )4 s, readings from this ani-
mal were discarded. After control measurements the ani-
mals received the drug and the latency time was redeter-
mined 15, 30, 45, 60 or 75 min thereafter. The cutoff
latency was set to 30 s to prevent tissue damage. %MPE

Žwas calculated as in the case of the tail flick test see
.Section 2.2.2 .

2.2.4. Examination of paw edema
Edema was induced by injecting either 0.1 ml of 1%

carrageenan or 0.05 ml of 2% zymosan suspension into the
plantar surface of the right hindpaw of rats or mice,
respectively. Paw volume was determined by plethysmom-
etry immediately prior to and every 30 min for 3 h after
carrageenan, or hourly for 6 h after injection of zymosan

Žinto the right paw. The paw was submerged into a mer-
.cury-filled cell and the volume displaced was read in mm.

Ž .The paw volume was expressed in units, where 1 unit U
corresponds to 0.0357 ml and 0.013 ml in rats and mice,
respectively. To quantitate paw edema, the control value
for paw volume determined before injection of the irritant
was subtracted from the post-treatment volumes. These

Ž .differences D volumes were then used as a measure of
inflammation.

( )2.2.5. Rat paw pressure Randall–Selitto test
Ž .Basically the procedure of Randall and Selitto 1957

Ž .was followed. Male SPRD rats 160–200 g were used.
Ž .Carrageenan 0.1 ml of 1% solution was injected into the

plantar surface of the right hindpaw. Then the mechanical
pain threshold of the inflamed hindpaw was determined

Žwith an ‘analgesimeter’ Ugo Basile, Comerio-Varese,
.Italy . The inflamed hindpaw was placed on a small plinth

and a blunt wedge-shaped teflon piston was positioned on
the convex surface of the paw. The pressure was progres-
sively increased, i.e., the paw was compressed until the
animal withdrew its leg. The threshold pressure eliciting
vigorous withdrawal movements was expressed in grams.
To adapt the rats to the procedure two ‘dummy’ measure-
ments were made before carrageenan injection. Then the
reading was repeated 180, 240 and 300 min after car-
rageenan treatment, i.e., when the irritant-induced inflam-
mation was the most intense. During each reading the
threshold was determined twice successively and the aver-
age was recorded. Drugs were given orally either immedi-
ately before intraplanar injection of carrageenan or 165
min later, i.e., 15 min prior to the first reading. In separate
experiments the drug was applied locally, i.e., into the
right hindpaw at the times indicated above.

2.2.6. AdjuÕant arthritis in rats
Ž .The method of Newbould 1963 was used, supple-

mented with the determination of the mechanical pain
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Ž .threshold of the inflamed foot Stein et al., 1988 . For
measurement of pain sensitivity the Randall and Selitto
Ž .1957 assay was used as described above. Arthritis was
induced by intraplantar injection of 0.1 ml Freund adjuvant
Ž2.5 mg heat-inactivated Mycobacterium butyricum sus-

.pended in 1 ml paraffin oil into the right hindpaw. GYKI
52466 or vehicle was administered orally daily up to day
21 after Freund adjuvant treatment. The volumes of the
right and left hindpaws and the body weight were deter-
mined on days 0, 3, 6, 10, 13, 17, 20 and 22. The
mechanical pain threshold of the adjuvant-treated paw was
measured on days 0, 2, 9, 16 and 22. For statistical
evaluation of paw edema and body weight changes, the

Ž .differences D were first calculated individually by sub-
tracting the control values determined on day 0 from those
recorded subsequently.

2.3. Drugs and chemicals

Ž Ž .GYKI 52466 1- 4-aminophenyl -4-methyl-7,8-methyl-
.enedioxy-5H-2,3-benzodiazepine and two of its potent

Ždihydro-derivatives, including the 3-N-acetyl GYKI
. Ž .53773 and the 3-N-methylcarbamoyl GYKI 53784 con-

geners, were synthesized at our institute by Dr. T. Hamori,´
Dr. I. Ling and Dr. G. Somogyi as described earlier
Ž . Ž .Tarnawa et al., 1993 . Morphine Alkaloida, Hungary ,

Ž .paracetamol Chinoin, Hungary and indomethacin
Ž . Ž . ŽSigma , phenylquinone Sigma , acetic acid Erdokemia,˝ ´

. Ž . ŽHungary , carrageenan Roth, Germany , zymosan Hu-
. Ž .man, Hungary and Mycobacterium butyricum Difco

were obtained from commercial sources. The 2,3-benzodi-
azepines, indomethacin and paracetamol, were suspended
in a drop of Tween-80 then diluted with saline. The other
compounds used were soluble in saline. Indomethacin and
paracetamol were given orally and morphine, s.c., the
irritants intracutaneously into the right hindpaw or i.p. as
specified above and GYKI 52466 in one experiment, lo-
cally. Otherwise the 2,3-benzodiazepines were adminis-

tered orally and the volumes given were 0.5 mlr100 g and
0.1 mlr10 g body weight for rats and mice, respectively.

2.4. Statistics

Means"S.E.M. were calculated and the drug effects
were analyzed as specified above. Statistical significance
was assessed by one-way or two-way analysis of variance
Ž .ANOVA followed by the Newman–Keuls assay for mul-
tiple comparisons. For computations on a PC the following

Ž .software was used: CSSrStatSoft and Excel 5.0 , Mi-
Ž .crosoft; SAS System 6.1 , SAS Institute.

3. Results

3.1. Effect in mouse writhing assays

As shown in Table 1, in the phenylquinone writhing
assay the ED values for s.c. morphine and oral paraceta-50

mol were 0.54 and 160 mgrkg, respectively, in accor-
dance with data in the literature. The relative potency of

Ž .GYKI 52466 ED s4.96 mgrkg orally was about an50

order of magnitude less than that of morphine whereas
ŽGYKI 53784 and GYKI 53773 with ED values of 0.5150

.and 0.13 mgrkg were found approximately equiactive to
morphine and about four times more potent, respectively.

Ž .The q isomers of GYKI 53773 and GYKI 53784 were
inactive up to 30.0 mgrkg. Thus the rank order of poten-
cies was:

GYKI 53773)GYKI 53784
;morphine)GYKI 524664paracetamol.

However, the dose–response curves for GYKI 52466,
GYKI 53784 and GYKI 53773 were more shallow than

Ž .those for morphine and paracetamol Table 1 . Namely,
Ž .the slope functions the S values were significantly higherf

Ž .P-0.05 for the GYKI compounds than for morphine
Ž .see Table 1 .

Table 1
Effects of 2,3-benzodiazepines, morphine and paracetamol in phenylquinone writhing assay in mice

a b cŽ . Ž . Ž . Ž .Compound examined stereospecificity ED mgrkg p.o. "95% conf. int. Slope function S Relative potency50 f

Ž . Ž .Morphine 0.54 s.c. 0.38–0.77 1.86 1
Ž .Paracetamol 160 83.3–307 2.26 0.003
Ž .GYKI 52466 4.96 2.5–9.88 5.59 0.11

Ž . Ž .GYKI 53773 y 0.13 0.02–0.70 13.3 4.19
dŽ .GYKI 53774 q )30 — —

Ž . Ž .GYKI 53784 y 0.51 0.08–3.07 15.6 1.06
dŽ .GYKI 53785 q )30 — —

e Ž .Aniracetam qGYKI 52466 9.25 4.9–17.6 4.02 0.06

a All compounds were administered orally 30 min prior to i.p. injection of phenylquinone but morphine was injected s.c. 15 min prior to the irritant.
b Ž .From % inhibition of writhing, ED "95% confidence interval was calculated according to Litchfield and Wilcoxon 1949 . Compounds were examined50

Ž .at 3–4 logarithmically spaced dose levels ns6–12rdose .
c Ž . Ž .Slope function S was calculated according to Litchfield and Wilcoxon 1949 .f
d Inhibition -50% at the dose indicated.
e 100 mgrkg aniracetam was given orally 30 min prior to various doses of GYKI 52466.
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In the acetic acid writhing assay the ED of GYKI50
Ž .52466 was 51.8 mgrkg 95% conf. int.: 16.4–163 mgrkg .

Thus, GYKI 52466 was about an order of magnitude less
potent in the acetic acid than in the phenylquinone writhing

Žassay contrary to morphine s.c. ED s0.25 mgrkg; 95%50
.conf. int.: 0.12–0.52 mgrkg which was found nearly

equiactive regardless of which irritant was used. In this
Ž .assay also the slope factor S for the dose–responsef

Ž .curve of GYKI 52466 17.7 was higher, i.e., the dose–re-
Ž .sponse curve was much more shallow P-0.05 than that

Ž . Žfor morphine 4.78 see Section 2.2.1 for interpretation of
.S .f

The effect of pretreatment with aniracetam was exam-
ined in a separate experiment. The ED value of GYKI50

52466 in the phenylquinone writhing assay in the presence

Žof aniracetam 100.0 mgrkg given orally prior to GYKI
.52466 was 9.25 mgrkg. This value was about twice that

without aniracetam but the difference was not statistically
Ž .significant Table 1 .

3.2. Effect in rat tail flick test

As shown in Fig. 1, morphine and the 2,3-benzodi-
azepines elicited a dose-related increase in tail flick la-

Žtency. At the highest doses examined 3.0 mgrkg of
morphine s.c. or 3.0 mgrkg of GYKI 53773 and GYKI

.53784 and 30.0 mgrkg of GYKI 52466, all given orally
the drugs induced near maximal lengthening of the latency

Ž .time, close to the cutoff value 15 s . The effect of s.c.
morphine peaked at 15–30 min, whereas the duration of

Ž . Ž . Ž . Ž .Fig. 1. Time-course and dose dependence of the increase in tail flick latency ordinate induced by morphine A , GYKI 52466 B , GYKI 53773 C and
Ž .GYKI 53784 D . On the abscissa, the time elapsed after treatment. Bsbaseline latency. Morphine was administered s.c., the GYKI compounds per os.

Each point corresponds to the mean"S.E. for 10–20 rats. ) P-0.05 comparing the drug-treated groups to the saline-treated ones in the same experiment
Ž .at the corresponding time point ANOVA followed by Newman–Keuls assay . To avoid crowding of the figure, the 10 mgrkg dose of GYKI 52466, the 1

Ž .mgrkg dose of all the GYKI compounds and the 0.1 mgrkg dose of GYKI 53773 and GYKI 53784 have been omitted but are shown in Fig. 2. -I-
Ž . Ž . Ž . Ž . Ž . Ž . Ž .saline on each panel. In panel A -'- , -^- , -v- and -B- correspond to 0.1, 0.3, 1.0 and 3.0 mgrkg morphine. In panel B -^- , -v- and -B-

Ž . Ž . Ž .denote 0.3, 3.0 and 30.0 mgrkg of GYKI 52466. In panels C and D -^- , -v- and -B- indicate 0.003, 0.3 and 3.0 mgrkg of GYKI 53773 and GYKI
53784, respectively.
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Table 2
Effects of 2,3-benzodiazepines, morphine and paracetamol in tail flick assay in rats

a b cŽ . Ž . Ž . Ž .Compound examined stereospecificity ED mgrkg p.o. "95% conf. int. Slope of the regression line S Relative potency50 r

Ž . Ž .Morphine 0.27 s.c. 0.15–0.42 18.2 1
dParacetamol )600 — —

Ž .GYKI 52466 1.38 0.46–2.85 13.1 0.19
Ž . Ž .GYKI 53773 y 0.11 0.06–0.22 11.1 2.35

dŽ .GYKI 53774 q )30 — —
Ž . Ž .GYKI 53784 y 0.02 0.006–0.06 8.32 11.2

dŽ .GYKI 53785 q )30 — —

a All compounds were administered orally, but morphine was injected s.c.
b ED "95% confidence interval was calculated from mean percent analgesia at time of peak effect, by least-squares linear regression of the individual50

Ž . Ž .data Bolton, 1990 . Compounds were examined at 3–4 logarithmically spaced dose levels ns10–20rdose .
c Ž . Ž .Slope of the regression line S was calculated by least-squares linear regression Bolton, 1990 .r
d Inhibition -50% at dose indicated.

action of GYKI compounds was shorter, with a peak effect
Ž .at 15 min Fig. 1 .

Ž .In this test the ED values of morphine s.c. and orally50

given GYKI 52466, GYKI 53773 and GYKI 53784 were
Ž .0.27, 1.38, 0.11 and 0.02 mgrkg, respectively Table 2 .

Ž .Paracetamol was inactive in this assay. Thus, in this test,
GYKI 53784 was somewhat more potent than GYKI 53773
but the rank order of potencies was otherwise similar to
that seen in the phenylquinone writhing assay:

GYKI 53784)GYKI 53773)morphine)GYKI 52466.

The slopes of the regression lines, i.e., the S values,r

were 18.2, 13.1, 11.1 and 8.32 for morphine, GYKI 52466,
ŽGYKI 53773 and GYKI 53784, respectively Table 2 and

Fig. 2. Dose–response relationships of s.c. injected morphine and orally
administered 2,3-benzodiazepines in rat tail-flick assay. On the ordinate
the mean percent analgesia calculated as described in Section 2.2.2 and
on the abscissa the doses on a logarithmic scale. Mean possible effect was

Ž .calculated from the latency times read at 15 min GYKI compounds or
Ž .30 min morphine after treatment i.e. at the time of maximal analgesia.

The values are means"S.E. for 10–20 rats. The linear regression lines
Ž .for numerical values see Table 2 were calculated according to Bolton
Ž . Ž . Ž . Ž . Ž .1990 . Symbols -v- , -B- , -^- , -'- represent various doses of
morphine, GYKI 52466, GYKI 53773 and GYKI 53784, respectively.

Ž . Ž .Fig. 3. The effects of GYKI 52466 10, 30 and 100 mgrkg per os A
Ž . Ž .and GYKI 53784 1, 3 and 10 mgrkg per os B on carrageenan-induced

paw edema in rats. The paw volume was determined by plethysmometry
immediately prior to, and every 30 min for 3 h, after intraplantar injection
of 0.1 ml 1% carrageenan suspension. The carrageenan-induced increase

Ž .in paw volume is expressed in units 1 units0.0357 ml . The values are
means"S.E. of 12 rats. ) P -0.05 drug versus vehicle-treated group
Ž . Ž . Ž .ANOVA followed by Newman–Keuls assay . Symbols -I- , -B- ,
Ž . Ž .-v- and -^- correspond to saline and 10.0, 30.0 and 100.0 mgrkg
GYKI 52466 in panel A and 1.0, 3.0 and 10.0 mgrkg GYKI 53784 in
panel B.
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Table 3
Modulation by 2,3-benzodiazepines of morphine analgesia in rat tail flick test

Ž . Ž . Ž . Ž .Pretreatment mgrkg p.o. Treatment s.c. ED mgrkg s.c. "95% conf. int.50

Ž .Saline morphine 0.27 0.15–0.42
Ž .GYKI 52466, 1.0 morphine 0.07 0.28–4.05
Ž .GYKI 53773, 0.1 morphine 0.30 0.09–0.98
Ž .GYKI 53784, 0.01 morphine 0.25 confidence interval could not be determined

See Section 2.3 and Table 2 for calculation of ED "95% confidence interval. Morphine was examined at 3–4 logarithmically spaced dose levels50
Ž .ns10–20 . Pretreatment orally with saline or the 2,3-benzodiazepine compound immediately prior to s.c. injection of morphine. Testing 15 min after
treatment.

.Fig. 2 . Thus, in this assay also, the dose–response curves
for 2,3-benzodiazepines were apparently less steep than
that of morphine. However, according to so called ‘parallel

Ž .line bioassay’ Bolton, 1990 the difference in slopes was
statistically significant only when morphine was compared
to GYKI 53784.

This assay also evaluated the stereospecificity. GYKI
Ž .53774 and GYKI 53785, the q isomers of GYKI 53773

and GYKI 53784, were found inactive up to 30.0 mgrkg.
Ž .GYKI 52466 is not a chiral compound. Thus, the effect
of 2,3-benzodiazepines was stereospecific.

To examine a possible interaction of 2,3-benzodi-
azepines with morphine, separate groups of rats were
pretreated orally with 1.0 mgrkg of GYKI 52466, 0.1
mgrkg of GYKI 53773 or 0.01 mgrkg of GYKI 53784
before the s.c. injection of increasing doses of morphine.
As shown in Table 3, GYKI 53773 and GYKI 53784 did
not modify significantly the ED of morphine. GYKI50

Ž52466 induced a four-fold reduction of ED from 0.27 to50
.0.07 mgrkg but the confidence intervals overlapped.

Thus 2,3-benzodiazepines neither considerably potentiated
nor inhibited the effect of morphine in this assay, though
some weaker degree of interaction cannot be excluded

Ž .based on this experiment Table 3 .
In another experiment naloxone was injected s.c. to

various groups of rats immediately after oral administra-
tion of the GYKI compounds in doses close to twice their
analgesic ED values. In this experiment the doses of50

GYKI 52466, GYKI 53773 and GYKI 53784 were 2.0, 0.2
and 0.02 mgrkg, respectively. Naloxone, 10.0 mgrkg s.c.

failed to inhibit significantly the antinociceptive action of
these 2,3-benzodiazepine derivatives: they elicited analge-
sia above 60% MPE even after pretreatment with this high

Ž .dose data not shown . Thus the antinociceptive effect of
2,3-benzodiazepines seems to be basically resistant to an-
tagonism by naloxone, though slight alterations in their
efficacies cannot be excluded based on the combination of
single doses.

3.3. Effect in mouse hot plate test

In this test, contrary to the writhing and tail flick assays,
ŽGYKI 52466 was almost inactive the ED of morphine50

.was 7.6 mgrkg . GYKI 52466 induced significant prolon-
gation of the paw-lick reaction time only with the 100.0

Ž .mgrkg oral dose with MPE of 76%, 73%, 69% and 58%
at the 15, 30, 45 and 60 min readings, respectively.

Ž .However, as reported earlier Tarnawa et al., 1989 at this
high dose level this compound also induces motor impair-
ment, muscle relaxation and ataxia. GYKI 53773 and
GYKI 53784 were tested only in a pilot experiment. At 10
mgrkg oral doses both failed to induce antinociception
exceeding 50% MPE.

3.4. Effects in acute models of inflammation and hyperal-
gesia

3.4.1. Carrageenan-induced paw edema in rats
The edema was moderately but statistically significantly

reduced by 30.0–100.0 mgrkg of GYKI 52466 or 3.0–10.0

Table 4
Ž .Effect of GYKI 52466 on mechanical pain threshold of inflamed paw Randall–Selitto test

aŽ . Ž .Treatment mgrkg p.o. 165 min after carrageenan Mechanical pain threshold , mean"S.E. in g
b b b c180 min 240 min 300 min 180–300

Saline 6.8"0.4 8.7"1.2 9.7"1.2 8.4"0.8
GYKI 52466, 10.0 9.0"0.8 8.0"1.0 11.2"2.9 9.4"0.9
GYKI 52466, 30.0 8.3"0.6 11.3"2.1 11.1"1.6 10.2"0.9

= =GYKI 52466, 100.0 33.9 "10.4 17.8 "4.6 13.4"2.4 21.7"6.2
Saline locally into the inflamed paw 12.9"1.3 18.8"3.5 17.7"3.3 16.5"1.8
GYKI 52466 1.0 mg locally into the inflamed paw 28.0"4.5 28.1"6.1 29.4"6.8 28.5"0.5

= Ž .P-0.05: ANOVA followed by Newman–Keuls assay ns10rdose .
a Ž .0.1 ml of carrageenan 1% was injected into the right hindpaw to induce inflammation and hyperalgesia.
b Time elapsed since carrageenan injection into the right paw.
c Overall mean of the data read at 180, 240 and 300 min.
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Fig. 4. The effects of 2,3-benzodiazepines on zymosan-induced paw
edema in mice. Paw volume was determined by plethysmometry immedi-
ately prior to and 1, 2, 3, 4, 5 and 6 h after intraplantar injection of 0.05
ml 2% zymosan solution. All the drugs were given orally in a 10-mgrkg
dose immediately after zymosan. Increase in paw volume is expressed in

Ž .units 1 units0.013 ml . The values are means"S.E. for 10 mice.
) Ž . Ž .P -0.05 drug versus vehicle treated group. Symbols -I- , -v- ,
Ž . Ž .-'- and -B- denote the groups pretreated with saline, GYKI 52466,
GYKI 53773 and GYKI 53784, respectively.

Ž .mgrkg of GYKI 53784 Fig. 3 . This effect was maximal
2–3 h after carrageenan injection, similarly to the classical
prostaglandin synthesis inhibitors. However, the maximal
reduction in paw volume was 25–30% while it is well
established that genuine anti-inflammatory agents, in ap-
propriate doses, induce at least 50% reduction of car-
rageenan edema.

3.4.2. Zymosan-induced paw edema in mice
The edema was hardly modified by 10.0 mgrkg of

GYKI 52466 but was inhibited to a statistically significant
extent by the same doses of GYKI 53773 and GYKI

Ž .53784 Fig. 4 . No dose–response relation was tested in
the zymosan edema assay. Therefore it can only be seen
that, at relatively high dose levels, 2,3-benzodiazepines
induce moderate but statistically significant inhibition,
GYKI 53773 and GYKI 53784 apparently being more
potent than the parent compound. However, all were found
weaker than indomethacin had been in our earlier experi-

Ž .ments data not shown and as reported in the literature.

( )3.4.3. Rat paw pressure Randall–Selitto test
Only GYKI 52466 was tested in this assay. Its oral

application concomitantly with carrageenan failed to mod-
Ž .ify the pain threshold data not shown . However, given

165 min after carrageenan injection, i.e., 15 min prior to
the first reading, the 100.0 mgrkg dose significantly ele-

Ž .vated the pain threshold Table 4 . GYKI 52466 also
moderately raised the pain threshold if given locally, i.e.,
into the inflamed paw in a dose of 1.0 mg 165 min after

Ž .carrageenan treatment Table 4 .

3.5. Effect on Freund adjuÕant-induced chronic arthritis

GYKI 52466 was examined in this assay: 0.3–1.0–3.0
mgrkg of the compound was administered every day over
the 3-week observation period. GYKI 52466 failed to
antagonize significantly either the primary edema on the
right paw or the secondary, generalized inflammation-in-
duced swelling of the left paw developing in the second

Ž .phase of the chronic disease data not shown . However, it
attenuated the inflammation induced hyperalgesia and body
weight loss.

Ž . Ž .Fig. 5. Effects of GYKI 52466 on pain threshold A and body weight B
during adjuvant arthritis in rats. The negative control group received
saline orally and intraplantar vehicle. The positive controls received
saline orally and intraplantar Freund adjuvant. The drug-treated groups
received intra-paw Freund adjuvant and increasing doses of GYKI 52466
given daily, orally from day 1 to day 21. On the abscissa, days elapsed

Ž .since induction of arthritis by Freund adjuvant in both panels . On the
Ž . Žordinate, mechanical pain threshold A determined according to Randall

. Ž .and Selitto, 1957 or the body weight change relative to day 0 B . The
values are means"S.E. for 10 rats. ) P -0.05 drug versus positive

Ž .control group. Separate groups of rats ns12 received Freund adjuvant
Ž . Ž .qvehicle -I-; positive controls or Freund adjuvant q0.3 -v- or 1.0

Ž . Ž .-'- or 3.0 -B- mgrkg of GYKI 52466 orally from day 1 to day 22 or
Ž .only vehicle -`-; negative controls .
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As shown in Fig. 5, significant hyperalgesia developed
Žin the arthritic animals compare the negative and positive

.controls on panel A . The arthritis-induced hyperalgesia
was not completely abolished but significantly attenuated

Ž .by GYKI 52466 Fig. 5A . According to two-way ANOVA
both the overall treatment and time effects were statisti-

Ž Ž . Ž .cally significant F 4,180 s4.75; P-0.01 and F 3,180
.s7.77; P-0.001 . A significant overall treatment effect

was also found if the positive control and various treat-
ment groups were analyzed separately by one-way ANOVA
Ž Ž . .F 3,156 s4.23; P-0.01 . Comparing the various treat-
ment levels in the Newman–Keuls test, the pain threshold
of Freund adjuvant-treated positive controls was signifi-
cantly lower than that of the untreated negative controls
and this action was reversed by the highest, i.e., 3.0
mgrkg dose of GYKI 52466. When the experimental days
were analyzed separately the effect of 3.0 mgrkg GYKI
52466 was statistically significant on days 16 and 22.

The relative weight loss was not eliminated but also
Ž .significantly attenuated by the highest 3.0 mgrkg dose of

Ž . ŽGYKI 52466 Fig. 5B the overall treatment and time
Ž .effects in the first phase of inflammation days 3–10 and

Ž .the treatment effect in the second one days 13–22 were
Ž .statistically significant, with F 4,135 s9.12; P-0.001,

Ž . Ž .F 2,135 s160.67; P-0.001 and F 4,180 s31.38; P-

0.001, respectively. Comparison of the positive control
groups with the drug-treated ones by one-way ANOVA
showed a significant overall treatment effect in both the

Ž .first and second phases of inflammation F 3,116 s3.21;
Ž . .P-0.05 and F 3,156 s3.58; P-0.05, respectively .

According to the paired comparisons the overall effects of
0.3 and 3.0 mgrkg doses were significant.

Observed subjectively, the drug-treated animals seemed
to be less lethargic or immobile. They were moving about
in the home cage more freely than the positive controls.

4. Discussion

The experimental data indicate that GYKI 52466 and
Ž .two analogs GYKI 53773 and GYKI 53784 had a potent

antinociceptive action in the rat tail-flick and mouse
phenylquinone writhing assays but were nearly inactive in
the mouse hot plate test.

The efficacy in the first two assays does not seem to be
secondary to muscle relaxation andror motor impairment
since these symptoms appeared at considerably higher

Ž .dose levels. For example, Donevan et al. 1994 found the
i.p. ED values of GYKI 52466 in maximal electroshock50

Ž . Žseizure MES , kainate seizure and motor toxicity i.e.,
.horizontalrinclined screen tests to be 11.8, 8.4 and 13.2

mgrkg, respectively. Earlier in our laboratory, the oral
ED values of GYKI 52466 against MES, metrazole-in-50

duced convulsions and the muscle relaxant activity in the
inclined screen test were found to be 38.0, 115.0 and 47.0

Ž .mgrkg, respectively Tarnawa et al., 1993 . However, in

the present study the oral antinociceptive ED values of50

GYKI 52466 were 1.38 and 4.96 mgrkg in the rat tail
flick and mouse phenylquinone writhing tests, respec-
tively. The difference between antinociceptive and motor
impairing doses was even more conspicuous in the case of
GYKI 53773 and GYKI 53784. Namely, the apparent
antinociceptive ED values of these compounds were well50

Ž .below 1 mgrkg per os see Tables 1 and 2 whereas
Ž .Donevan et al. 1994 found that the anticonvulsant and

motor impairing doses of the racemic form of GYKI
Ž53773 and GYKI 53784 coded as GYKI 53405 and GYKI

.53655 ranged between 5 and 10 mgrkg i.p. The flat slope
of the dose–response curves warrants extreme caution in
the interpretation of these surprising data.

As shown in Table 3, 2,3-benzodiazepines displayed no
significant synergism with morphine. This finding is in

Ž .line with the data of Advokat et al. 1994 on the lack of
effect of intrathecal AMPA on morphine analgesia and

Ž .those of Fundytus and Coderre 1994 on the inability of
GYKI 52466 to suppress withdrawal symptoms in mor-
phine-dependent mice. Thus, the antinociceptive action of
these GYKI compounds does not seem to be related to
opioid mechanisms.

Aniracetam, a selective agonist of AMPA receptors, in
100 mgrkg oral dose doubled the antinociceptive ED of50

GYKI 52466 in the writhing assay, but its inhibitory action
was not statistically significant. However, De Sarro et al.
Ž .1995 could reverse the anticonvulsant action of GYKI
52466 when they i.c.v. administered aniracetam. Thus, it
cannot be excluded that the dose of aniracetam applied by
us was too small or should have been given centrally.
Obviously further experiments are needed to examine the
possible reversal by positive AMPA receptor modulators
of GYKI 52466-induced antinociception.

2,3-benzodiazepines also showed anti-inflammatory ac-
tions in some acute models of inflammation, such as

Ž .carrageenan- and zymosan-induced edema Figs. 3 and 4 .
However, the effect of GYKI 52466 was statistically sig-
nificant only at 100 mgrkg and the analogs were active at
10 mgrkg. These doses are about two orders of magnitude
higher than their ED values for the tail-flick and writhing50

tests. On the other hand muscle relaxation and motor
impairment, conspicuous at these doses, probably do not
interfere with the irritant-induced swelling of the paw.
Furthermore, 100 mgrkg oral and 1 mg local doses of
GYKI 52466 reduced the mechanical hyperalgesia during

Ž .carrageenan-induced edema Table 4 .
In the chronic arthritis assay, repeated small doses of

GYKI 52466 failed to suppress either the primary or the
secondary edema on the Freund adjuvant-treated and the
contralateral sides, respectively. However, GYKI 52466
significantly elevated the pain threshold of the inflamed
foot and blunted the progressively developing body weight

Ž .loss Fig. 5 . The relative weight gain may also be related
to elevation of the pain threshold. It is generally accepted
that weight loss during adjuvant arthritis is due to tender-
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ness of the inflamed paws, i.e., the rats might consume less
food since they have to walk or stand on the sore legs to
reach the feeder.

However, unexpected were these findings they seem to
be compatible with other in vivo data about the mode of
action of AMPA receptor antagonists.

As for the antinociceptive action of GYKI compounds,
Žsimultaneously with our preliminary publications Szekely´

. Ž . Žet al., 1995, 1996 , Kallman et al. 1995 reported also in
.preliminary form on the inhibition of acetic acid-induced

writhing and lengthening of the tail-flick reaction time in
mice on oral administration of 10 mgrkg LY-300164,
which is the chemical code of Eli Lilly for GYKI 53773
Ž .ED values were not specified in their study .50

The apparent antinociceptive action of 2,3-benzodi-
azepines in behavioral experiments is consistent with sev-
eral electrophysiological findings. In the spinal cord of
urethane-anesthetized rats iontophoretic application of
GYKI 52466 inhibits the firing of wide dynamic range
dorsal horn neurons in response to both noxious and

Ž .innocuous stimulation Budai and Larson, 1994 . The
AMPA- and kainic acid-induced discharges of the same
units are also inhibited by GYKI 52466 but not those

Ž .elicited by NMDA Budai and Larson, 1994 . In a related
study, systemic application of both NBQX and the racemic

Ž .form of GYKI 53784 coded as GYKI 53655 suppressed
the noxious heat- and innocuous tap-induced discharges of

Žwide dynamic range neurons in spinal rats Cumberbatch
.et al., 1994 . Recording of superficial dorsal horn neurons

in a hamster lumbosacral slice preparation showed that the
ŽAMPA receptor antagonist, CNQX 6-cyano-7-

.nitroquinoxaline-2,3-dione , effectively suppressed the ex-
citatory postsynaptic potentials induced by A- and C-fiber

ŽŽ Ž .afferent stimulation whereas CPP 3- " -2-carboxypi-
. .perazin-4-yl -propyl-l-phosphonic acid , an NMDA recep-

tor antagonist, only suppressed the late components
Ž .Nasstrom et al., 1992 . Thus, in these experiments com-¨ ¨
petitive antagonists of AMPA receptors, including NBQX
and CNQX and the noncompetitive 2,3-benzodiazepines,

Ž .showed similar actions. Recently Farkas and Ono 1995
demonstrated that i.v. administration of GYKI 52466, simi-
larly to NBQX, powerfully suppressed the mono-, di- and
polysynaptic ventral root reflex potentials in C spinal rats.1

In the same study CPP and MK-801, i.e., prototypical
competitive and non-competitive NMDA receptor antago-
nists were found to be only weak inhibitors of the mono-

Žand polysynaptic ventral root reflexes Farkas and Ono,
.1995 . Since intrathecal administration of excitatory amino

acid agonists like NMDA, AMPA, quisqualate and kainic
Žacid induces hyperalgesia and behavior scratching and

. Žbiting indicating aversion Aanonsen and Wilcox, 1987;
.Ferreira and Lorenzetti, 1994 , it was proposed that vari-

ous subtypes of glutamate receptors are involved in pain
transmission. In a frequently cited study of Nasstrom et al.¨ ¨
Ž . Ž .1992 CNQX and DNQX 6,7-dinitro-quinoxalinedione
showed potent antinociceptive actions in the hot plate,

tail-flick and formalin assays as well. However, of various
NMDA receptor antagonists, only competitive inhibitors,

Ž .e.g., 2-amino-5-phosphonopentanoic acid AP-5 were ac-
tive in the hot plate and formalin tests but not in the
tail-flick assay and MK-801 was found completely inactive
Ž .Nasstrom et al., 1992 . In a related study of Advokat and¨ ¨

Ž .Rutherford 1995 intrathecally administered CNQX, in
contrast to AP-5, was found active in the tail-flick assay in
spinal and intact rats.

Nevertheless, if possible clinical application of gluta-
mate antagonists is the context, certain forms of acute and
chronic pain are probably more reliable predictors than the
routinely used simple analgesia assays. In electrophysio-
logical terms, ‘wind up’ of the C-fiber stimulation-elicited
neuronal responses underlies the hyperalgesia induced by

Žpersistent pain stimulation Hylden et al., 1989; Dickenson
and Sullivan, 1990; Woolf and Thompson, 1991; Dray et

.al., 1994 . There is now considerable experimental evi-
dence showing that an excessive liberation of excitatory
amino acids, tachykinins or dynorphin brought about by
increased expression of early genes in the spinal cord
dorsal horn mediates the enhanced responsiveness to C-
fiber stimulation during acute and chronic inflammation
ŽDubner and Ruda, 1992; Urban et al., 1994; Malmberg

.and Yaksh, 1995; Harris et al., 1996 . Furthermore, upreg-
ulation of both NMDA- and AMPA-sensitive glutamate
receptors has been observed during chronic pain induced

Ž .by ligation of the sciatic nerve Harris et al., 1996 . Thus,
the hyperalgesia in chronic pain models is probably more
relevant than the acute pain tests.

In our present experiments GYKI 52466 significantly
Ž .reduced the adjuvant arthritis- and carrageenan -induced

hyperalgesia. These findings are consistent with those of
Ž .Sluka and Westlund 1993 who recorded simultaneous

attenuation of inflammation and hyperalgesia upon in-
trathecal administration of CNQX. In their study, not only
was the pathologically elevated pain threshold restored to
normal but a decrease of swelling and attenuation of
temperature increase over the knee joint, treated locally
with kaolinqcarrageenan, were also recorded. Several
studies showed MK-801 and several other NMDA receptor
antagonists to also be fairly potent to suppress the experi-

Žmental hyperalgesia induced by carrageenan Eisenberg et
. Ž .al., 1994 , mustard oil Woolf and Thompson, 1991 ,

Ž .Freund adjuvant Ren et al., 1992 , prostaglandine E2
Ž .Ferreira and Lorenzetti, 1994 or ligation of the sciatic

Ž .nerve Davar et al., 1991; Mao et al., 1992 , whereas the
Žeffect of NBQX or CNQX was found rather weak Ren et

.al., 1992; Ferreira and Lorenzetti, 1994 . Others, however,
Žalso found NBQX Xu et al., 1993; Hunter and Singh,

. Ž .1994 and CNQX Mao et al., 1992; Sluka et al., 1993
Ž .active in these models. Jackson et al. 1995 reported

recently that the thermal hyperalgesia induced by intra-
plantar injection of carrageenan could be reversed by
locally applied MK-801 and CNQX as well. Thus, for the

Ž .time being, the proposal of Mao et al. 1992 should be
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accepted, that both NMDA- and non-NMDA receptor-
mediated glutamatergic mechanisms are involved in exper-
imental hyperalgesia and these processes may be comple-
mentary.

It remains to be seen whether the apparent antinocicep-
tive potential of various types of glutamate antagonists can
be utilized clinically.
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