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Antinociceptive activity of the tachykinin NK; receptor
antagonist, CP-99,994, in conscious gerbils
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Merck Sharp and Dohme Research Laboratories, Neuroscience Research Centre, Terlings Park, Eastwick Road, Harlow,
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1 The ability of CP-99,994, and its less active enantiomer, CP-100,263, to inhibit spontaneous
behaviours and hyperalgesia induced by central infusion of the NK, receptor agonist, GR73632 or
intraplantar injection of formalin was investigated in rats and gerbils.

2 GR73632 (3 pmol, i.c.v.)-induced foot tapping in gerbils was dose-dependently inhibited by CP-
99,994 (0.1-1 mg kg™, s.c.), but not by CP-100,263 (10 mg kg™, s.c.) using pretreatment times up to
60 min. The centrally active dose-range for CP-99,994 was increased to 1—10 mg kg™ s.c. with a higher
challenge dose of GR73632 (30 pmol, i.c.v.).

3 In gerbils, intrathecal (i.t.) injection of GR73632 (30 pmol) elicited behaviours (licking, foot tapping
or flinching and face washing) which closely resembled, but which was less specifically localized than,
behaviours seen in animals injected with formalin (0.1-5%) into one hindpaw.

4 In rats, CP-100,263, but not CP-99,994 (up to 30 mg kF_l)’ inhibited the early phase response to
intraplantar injection of 5% formalin (IDs;=13.9 mg kg™). The late phase was inhibited by both
compounds (IDs, values 36.3 and 20.9 mg kg, respectively). In gerbils, there was marginal evidence for
enantioselective inhibition of the early phase induced by formalin (2%). The IDs, values were 6.2 mg
kg™ for CP-99,994 and 13.4 mg kg~ for CP-100,263.

5§ Intrathecal injection of GR73632 (30 pmol) caused thermal hyperalgesia in gerbils which was
inhibited enantioselectively by s.c. administration of CP-99,994 (IDs,=2.46 mg kg™), but not by CP-
100,263 (30 mg kg™).

6 In gerbils, intraplantar injection of formalin (0.1%) caused thermal hyperalgesia which was inhibited
by CP-99,994 (IDs,=1.1 mg kg, s.c.). There was a nonsignificant trend for an anti-algesic effect of CP-
100,236 (estimated IDs,=8.2 mg kg7, s.c.).

7 These findings support the proposal that NK, receptor antagonists may be useful in the clinical
management of pain and reinforce the need to dissociate specific and nonspecific antinociceptive effects

of available compounds.
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Introduction

Electrophysiological studies on anaesthetized or decerebrate
animals provide unanimous evidence that NK, receptor an-
tagonists may have important clinical utility as analgesic
drugs, especially in the management of chronic pain. Systemic
administration of CP-96,345 (0.5-2 mg kg™, i.v.) blocked the
excitation of dorsal horn neurones caused by iontophoretic
application of substance P, by prolonged noxious thermal
stimulation of the cutaneous receptive field, or by intense
electrical stimulation of the sensory nerves in cats (Radhak-
rishnan & Henry, 1991; de Konnick & Henry, 1991). Similarly,
RP67580 stereoselectively inhibited the responses of dorsal
horn neurones during the early and late phase response to
formalin in rats (Chapman & Dickenson, 1993). Several in-
vestigations have also shown the ability of NK, receptor an-
tagonists to attenuate selectively the facilitation of the flexor
reflex (but not the protective reflex response) induced by in-
trathecal injection of substance P, or by C-fibre conditioning
stimuli. These reveal potent antinociceptive effects of CP-
96,345 (<1 mg kg™', i.v.; Xu ez al., 1992) and RP67580 (3-
30 ug kg, i.v.; Laird ez al., 1993) in rats, and of CP-99,994
in rabbits (IDso=2.7 pg kg, i.v.; Boyce et al., 1993).

In contrast to these findings, there is no definitive evidence
that these compounds exert NK,; receptor-mediated anti-
nociceptive effects in conscious animal assays. Although two
studies have demonstrated that CP-96,345 can prevent thermal
hyperalgesia induced by intrathecal injection of substance P in
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rats (Malmberg & Yaksh, 1992; Yashpal e al., 1993), antag-
onism of the effect of exogenously applied substance P does
not elucidate the involvement of NK, receptors in nociception
under physiological conditions.

Antinociceptive effects of NK, receptor antagonists in
conscious animals have been most extensively investigated
with the formalin paw assay since these agents are generally
not active in reflex withdrawal tests sensitive to opioid an-
algesics (Moussaoui et al., 1992; Birch et al., 1992; Rupniak et
al., 1993). Injection of formalin into the hindpaw causes a
biphasic behavioural response (paw licking and flinching)
which is associated with a biphasic increase in substance P
levels in the dorsal horn (McCarson & Goldstein, 1990). Sev-
eral studies have reported antinociceptive, and apparently
stereoselective, effects of CP-96,345 (<10 mg kg", s.c.) on the
late (but not the early) phase behavioural response to formalin
in rats (Yamamoto & Yaksh, 1991; Birch et al., 1992; Yashpal
et al., 1993). However, the demonstrated separation in the
potency of the isomers was not conclusive (<2 fold), and in
other studies the isomers were found to be equipotent (Naga-
hisa et al., 1992; unpublished observations). The nonspecific
antinociceptive effect of CP-96,345 in the formalin paw assay
appears to be attributable to ion channel blockade (Schmidt ez
al., 1992; Karlsson et al., 1994).

The rat is not the most appropriate rodent species in which
to evaluate CP-96,345 or CP-99,994 since these compounds
exhibit low affinity for the rat NK, receptor compared with
that expressed in gerbil and guinea-pig brain (Gitter et al.,
1991; Beresford et al., 1991; McLean et al., 1993). An alter-
native antagonist, RP67580, which has high affinity for the
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mouse NK, receptor, inhibited both the early and late phase
response to formalin in mice (Garrett et al., 1991; Rupniak et
al., 1993), but the utility of this compound for nociception
assays in conscious animals is compromised by ion channel
blocking activity (Rupniak er al, 1993), and by its short
plasma half life (Laird et al., 1993).

The doses of NK; receptor antagonists employed in beha-
vioural experiments (mg kg~ range) are substantially higher
than those required to demonstrate antinociception in anaes-
thetized animal preparations (ug kg ! range). The behavioural
assays may have been confounded by the use of compounds
which are rapidly eliminated from the plasma, or which have
relatively low affinity for the NK, receptor expressed in the
species under investigation. An alternative interpretation is
that, for ethical reasons, the intensity and duration of the
noxious stimuli which can be applied to conscious animals in
reflex withdrawal assays are not of sufficient severity to recruit
the NK, receptor-mediated facilitation of nociceptive trans-
mision demonstrated in unconscious animals (see Hill, 1994).

In order to clarify these issues, we now compare the anti-
nociceptive activity of CP-99,994 in conscious rats and gerbils
by use of behavioural assays. This compound was chosen for
investigation since it has the lowest affinity of currently avail-
able NK, receptor antagonists for the L-type calcium channel
in vitro (McLean et al., 1993). Moreover, CP-99,994 exerts
centrally-mediated effects on NK, agonist-induced behaviour
in gerbils in the mg kg™' dose range, with greater than 1,000
fold higher potency than its less active enantiomer, CP-100,263
(Rupniak & Williams, 1994).

Methods

Subjects

The subjects were male Sprague-Dawley rats (100-—300 g,
Bantin and Kingman), and male and female Mongolian gerbils
(50-70 g, Leeds University), housed in groups of 4—6 under
standard laboratory conditions. Experiments conformed to
ethical guidelines for investigation of pain in conscious animals
(Zimmerman, 1983). Each animal was used once only and was
humanely killed immediately aftter completion of testing.

Inhibition of GR73632-induced foot tapping in gerbils

The centrally active dose-range and approximate duration of
action of CP-99,994 following s.c. injection was defined by the
inhibition of foot tapping induced by central infusion of the
highly selective tachykinin NK, receptor agonist, GR73632. In
gerbils, activation of central NK, receptors causes a species-
specific, repetitive hindfoot tapping response which is virtually
continuous throughout a 5 min observation period with a dose
of 3 pmol ic.v. of GR73632 (Rupniak & Williams, 1994).
Therefore, in experiments designed to establish the duration of
central activity of CP-99,994 following different pretreatment
times, a dose of 3 pmol i.c.v. of GR73632 was employed. The
effect of increasing the dose of GR73632 to 30 pmol i.c.v. on
the IDs, for CP-99,994 was also determined since this dose of
GR73632 was employed in other experiments to induce hy-
peralgesia following intrathecal injection (see below).

CP-99,994 (0.03—10 mg kg™"), the less active enantiomer
CP-100,263 (10 mg kg™") or water were administered s.c. in the
neck 5, 30 or 60 min prior to i.c.v. infusion of GR73632.
Animals were then briefly anaesthetized by inhalation of an
isoflurane/oxygen mixture and an incision made in the midline
of the scalp. GR73632 (3 or 30 pmol in 5 ul) was infused into
the cerebral ventricles by vertical insertion of a cuffed 27 gauge
needle to a depth of 4.5 mm below bregma. Immediately fol-
lowing recovery of the righting reflex, animals were placed in
an individual observation box (25 cm x 20 cm x 20 cm). The
duration of foot tapping was recorded for 5 min with a stop-
clock, giving a maximum possible duration of 300 s.

Intrathecal injection of GR73632 in gerbils

(i) Spontaneous behaviours Intrathecal injections were per-
formed under brief isoflurane/oxygen anaesthesia using the
method described by Hylden & Wilcox (1980). A caudal skin
incision was made to enable visualisation of the lumbar ver-
tebrae. A 30 gauge hypodermic needle (Needleworks, U.K.)
attached to a 10 ul Hamilton syringe was inserted into the
intervertebral space between L5 and L6 and GR73632 (3-
30 pmol), or vehicle, injected in a volume of 5 ul. The vehicle
was artificial CSF, pH 7.0, comprising in mM: NaCl 122.6,
NaHCO; 26.2, KCl 5.4, MgSO, 2.0, NaH,PO, 1.2 and CaCl,
2.0. For observation of spontaneous behaviours, animals were
placed in individual observation boxes following recovery of
the righting reflex as described above, and behaviours recorded
continuously for 30 min with a hand-held keypad interfaced
with a BBC microcomputer.

(ii) Induction of thermal hyperalgesia The effect of intrathecal
injection of GR73632 on thermal nociception was investigated
by a modified paw flick test (Hargreaves et al., 1988). Gerbils
were habituated on glass tables (1 m x 2 m) under individual,
clear perspex boxes (21 cm x 13 cm x 10 cm) for at least 3 h
before determination of the baseline paw flick latency. Up to
24 animals could be accommodated on each table. A mobile
radiant heat source, located 2.5 cm beneath the glass surface,
and focused on the plantar surface of the animals’ hind foot,
was pre-calibrated to give a baseline paw withdrawal latency of
approximately 12 s. Response latencies were determined for
both hind feet on three occasions and the mean from these six
measurements recorded as the baseline for each animal. Any
subjects with a mean response latency of less than 9 or greater
than 16 s were removed from the experiment. Paw flick la-
tencies were again recorded 1 h following intrathecal injection
of GR73632 (30 pmol) as described above. CP-99,994 (0.1-
10 mg kg '), CP-100,263 (30 mg kg') or water was adminis-
tered s.c. in the neck immediately prior to intrathecal injection
of GR73632 or artificial CSF.

Formalin paw experiments

(i) Spontaneous behaviours in rats and gerbils Animals were
habituated to individual observation boxes (25 cmx 20 cm
x 20 cm) for at least 1 h before subcutaneous injection of
formalin into one hind paw (0.1-5% in 50 ul). Spontaneous
behavious were recorded for up to 60 min immediately there-
after to include early and late phase responses. For evaluation
of the antinociceptive effect of CP-99,994 and CP-100,263, test
compounds (3-30 mg kg™") or water were administered either
i.p 10 min before 5% formalin (rats), or s.c. into the mid-
scapular region 30 min prior to 2% formalin (gerbils). The
duration of licking directed at the formalin-injected paw was
recorded for 0—5 min (early phase) and 10-60 min (late
phase) in rats, and for 0— 10 min (early phase) in gerbils.

(ii) Induction of thermal hyperalgesia in gerbils The effect of
intraplantar injection of formalin (0.01 —1%) on the latency to
withdraw the foot from a noxious thermal stimulus was de-
termined by the paw flick procedure described above. CP-
99,994 (0.3-10 mg kg™!), CP-100,263 (3—10 mg kg ) or sal-
ine was administered s.c. into the midscapular region im-
mediately prior to intraplantar injection of formalin or saline.
Baseline and 1 h post-formalin response latencies were each
recorded on 4 occasions from the injected foot and were
meaned.

Test compounds

GR73632 ((+)-Ava [L-Pro®, Me-Leu'%substance P-(7-11);
Cambridge Biochemicals Inc. U.S.A.) was dissolved in distilled
water and frozen at —70°C in aliquots at the required
concentration until use. CP-99,994 ((2S,3S)-cis-3-(2-methox-
ybenzylamino)-2-phenyl piperidine) and CP-100,263 ((2R,3R)-



N.M.J. Rupniak et al

Antinociceptive activity of CP-99,994 1939

cis-3-(2-methoxybenzylamino)-2-phenyl piperidine) were syn-
thesized as the dihydrochloride salts by the Department of
Medicinal Chemistry, MSD, Harlow, Essex. All doses are ex-
pressed as the free base equivalent.

Statistical analysis

Hyperalgesia was determined by subtracting the response la-
tency after intrathecal injection of GR73632 or intraplantar
injection of formalin from the pretreatment baseline value for
each individual animal. Where necessary, data were subjected
to logarithmic or square root transformation to achieve nor-
mality and homogeneity of variance prior to one or two-way
analysis of variance (ANOVA) followed, where appropriate,
by Dunnett’s or Newman-Keuls multiple comparison ¢ tests
using BMDP statistical software (BBN Software Products
Corporation, U.S.A.). The dose of CP-99,994 and CP-100,263
inhibiting behaviour or hyperalgesia by 50% (IDs,) was cal-
culated by non-linear least squares regression analysis using
GraFit (Erithacus Software, U.K.).

Results

Determination of centrally active dose-range of
CP-99,994 in gerbils

Subcutaneous injection of CP-99,994 (0.1—1 mg kg™') either
5, 30 or 60 min before i.c.v. infusion of GR73632 (3 pmol)
caused a dose-dependent inhibition of foot tapping (5 min:
F,,3=34.80, P<0.01; 30 min: F,,,="76.48, P<0.01; 60 min:
F,10=32.78, P<0.01; Table 1). The IDs, values were 0.38 mg
kg™! at 5 min, 0.15 mg kg™ at 30 min and 0.12 mg kg' at
60 min. There was no other observable effect of CP-99,994 on
spontaneous behaviour or motor function. In contrast, no

inhibition of GR73632-induced foot tapping was observed
after treatment with the less active enantiomer, CP-100,263
(10 mg kg, s.c.) either 5, 30 or 60 min previously (Table 1).

There was a greater than 6 fold shift to the right in the
inhibition curve for CP-99,994 when the dose of GR73632 was
increased to 30 pmol i.c.v. (F33=234.83, P<0.01) using a
5 min pretreatment (Table 1). The IDs, value for CP-99,994
was increased to 2.52 mg kg, s.c.

Intrathecal injection of GR73632 in gerbils

(i) Spontaneous behaviours A behavioural syndrome, in
which grooming predominated, was elicited by intrathecal in-
jection of GR73632 (10 or 30 pmol) in gerbils. Especially
prominent was licking of both hind feet, hind legs and the tail
(caudal licking; F;=4.27, P=0. 01), and grooming of the
face and forepaws (face washing; F; ,,=7.20, P<0.01). At the
highest dose examined (30 pmol, it.), a discontinuous re-
petitive hind foot tapping or flinching response was observed,
which appeared qualitatively similar to that induced by i.c.v.
administration of GR73632, but which was considerably less
vigorous and less frequent (Fs;6=7.05, P<0.01). These be-
haviours were not notable in animals receiving intrathecal in-
jections of artificial CSF (Table 2).

(ii) Induction of thermal hyperalgesia In separate experi-
ments, the effect of intrathecal injection of GR73632 (30 pmol,
a dose producing robust behavioural effects) on thermal no-
ciception was examined. The intensity of the radiant heat
source was adjusted to give a paw flick latency in normal an-
imals of approximately 12 s; 1 h following intrathecal injec-
tion, GR73632 caused a reduction in the mean withdrawal
latency of 6.1+0.9 s for both hind paws compared with the
pretreatment baseline latency. In contrast, intrathecal injection
of artificial CSF did not cause hyperalgesia to radiant heat

Table 1 Inhibition of GR73632-induced foot tapping by CP-99,994 in gerbils

Treatment and
dose (mg kg!, s.c.)

3 pmol GR73632 i.c.v.

CP-99,994 0.1
0.3
1.0

CP-100,263 10.0

30 pmol GR73632 i.c.v.

CP-99,994 1.0
3.0
10.0

% inhibition and pretreatment

time (min)
5 30
7279 200£7.9 524£5.7
348+13.4*  89.4+94*  70.5+£158*
93.8+6.2* 100+ 0* 100+0*
0 3.6+0.6 2718
26422 ND ND
66.5+6.0% ND ND
100+ 0* ND ND

Values are the mean=+ 1 s.e.mean for 3 or 4 gerbils expressed as a percentage inhibition of the duration of foot tapping observed in

vehicle-treated animals. For both doses of GR73632, foot tapping

was virtually continuous throughout the 5min observation period in

control subjects. Raw data were subjected to one-way ANOVA followed by Dunnett’s ¢ test.
*P <0.05 compared with vehicle-treated animals; ND= not determined.

Table 2 Behaviours elicited by intrathecal injection of GR73632 in gerbils

Treatment and

Dose (pmol i.t.) Caudal licking
Vehicle 21.4+6.3

3 143.6+49.6
10 272.0+98.6*
30 264.0+51.1*

Duration (s/30 min)
Foot tapping/

flinching Face washing
16.7+4.5 41.3+5.7
54.9+12.7 99.0+23.4
439+99 196.4+55.6
135.3+33.9* 346.5+79.4*

Values are the mean+1 s.e.mean durations for groups of 7 to 8 animals during a 30 min observation period. Data were subjected to

one-way ANOVA followed by Dunnett’s ¢ tests.
*P<0.05 compared with injection of artificial CSF.
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(difference in response latency compared with baseline=
0.6+04s; F,,0=30.74, P<0.01 compared with GR73632-
treated animals). Administration of CP-99,994 (0.1-
10 mg kg~!, s.c.) immediately before intrathecal injection of
GR73632 (30 pmol) caused a dose-dependent inhibition of
hyperalgesia (Fy 50=4.67, P<0.01; Figure 1). The IDs, value,
calculated on the basis that the highest dose examined
(10 mg kg™') caused 100% inhibition of hyperalgesia, was
246 mgkg™'. In contrast, treatment with CP-100,263
(30 mg kg™) did not prevent the induction of hyperalgesia by
GR73632 (Figure 1).

Injection of formalin into the paw

(i) Spontaneous behaviour in rats and gerbils In rats, in-
traplantar injection of formalin (5%) caused two discrete
periods of paw licking, the first occurring during the first 5 min
after the injection (early phase), followed by a sustained and
intense period 10-60 min after the injection (late phase).

Hyperalgesia (s)

0.01 0.1 1 10
Dose (mg kg™', s.c.)

Figure 1 Inhibition of GR73632 (30pmol i.t.)-induced thermal
hyperalgesia by CP-99,994 (@) in gerbils; (1) GR73632; (O) CP-
100,263; (M) CSF. Values are the mean + 1 s.e.mean difference in paw
flick latency determined 1h after injection of GR73632 compared
with pretreatment baseline values: IDsq for CP-99,994=2.46. Groups
of 4 to 9 animals received each treatment. Data were subjected to
analysis of variance followed by Newman-Keuls or Dunnett’s ¢ tests.
*P<0.05 compared with GR73632 plus vehicle treatment.
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Pretreatment with the lowest dose of CP-99,994 (3 mg kg,
10 min before formalin) caused a potentiation of lickinlg
(F3,15=5.11, P<0.01), whilst higher doses (up to 30 mg kg™)
tended to attenuate licking during the early phase, although
this failed to reach significance. CP-100,263 (10 or 30 mg kg™)
caused a dose-dependent inhibition of licking during the early
phase (F32=4.93, P=0.01). The less active enantiomer, CP-
100,263, appeared slightly more potent (IDs,=13.9 mg kg ?)
than CP-99,994 (estimated IDs,=25.9 mg kg~'; Figure 2).

Both enantiomers caused a dose-dependent inhibition of
paw licking during the late phase in rats (F3;3=3.16, P=0.05
for CP-99,994 and F; 5 =3.72, P=0.03 for CP-100,263). Un-
like the early phase, CP-99,994 was slightly more potent than
CP-100,263, but the degree of enantiomeric separation was
marginal (IDso=20.9 mg kg™ for CP-99,994, compared with
36.6 mg kg~! for CP-100,263; Figure 2).

In gerbils, intraplantar injection of formalin (0.1 -5%) also
caused two discrete periods of behavioural activation, but the
late phase was considerably less intense than that seen in rats
(duration of paw licking approximately 10 times lower in
gerbils). The early phase lasted for up to 20 min after injection
of formalin, followed by the late phase between 20 and 45 min
post injection. The most prominent behaviour was licking of
the injected foot and limb (early phase: F,;,=7.69, P<0.01;
late phase: F,,,=22.58, P<0.01), and repetitive flinching of
the injected leg (early phase: F,,,=10.42, P<0.01; late phase:
F,,,=6.22, P<0.01). During the early phase, there was a
nonsignificant trend for a decrease in face and forepaw
grooming (F,4=2.64, P=0.06). In contrast, in the late phase,
there was a marked increase in face washing following in-
traplantar injection of 0.3% formalin (F,,,=8.37, P<0.01).
Face washing was not increased by higher concentrations of
formalin during the late phase, when grooming was focused on
the injected paw (Table 3).

A concentration of 2% formalin was selected in order to
produce a robust paw licking response in the early phase. The
antinociceptive activity of CP-99,994 and CP-100,263 was de-
termined by recording the duration of paw licking for 10 min
after administration of formalin. Pretreatment with either CP-
99,994 or CP-100,263 (3-30 mg kg™, s.c., 30 min before
formalin) caused a dose-dependent inhibition of paw licking
(Fs,56=9.45, P<0.01; Figure 3). In this assay, a dose of
30 mg kg™ of CP-99,994 was required to abolish licking
completely; this dose of CP-100,263 also completely blocked
the response to formalin. Across this dose-range there was
marginal enantioselectivity of approximately 2 fold (IDs, for
CP-99,994=6.2 mg kg~!, compared with 13.4 mg kg™ for
CP-100,263).

400 -

200 —

Duration (s/10-60 min)

s o1 aaal 1 J

0 vl 1 1
1 10

Dose (mg kg", i.p.)

Figure 2 Inhibition of formalin (5%)-induced paw licking by CP-99,994 and CP-100,263 during the early (0—5min) (a) and late
(10-60min) (b) phase in rats. (M) Vehicle; (@) CP-99,994; (O) CP-100263; In (a) IDso for CP-99,994=25.9 and for
CP-100,263=13.9. In (b) IDs, for CP-99,994=20.9 and for CP-100,263 =36.6. Values are the mean+ 1 s.e.mean for groups of 3to 7
animals. Data were subjected to analysis of variance followed by Newman-Keuls or Dunnett’s ¢ tests. P<0.05 compared with

formalin plus vehicle treatment.



N.M.J. Rupniak et al

Antinociceptive activity of CP-99,994

1941

Table 3 Behaviours elicited following intraplantar injection of formalin (0.1-5%) in gerbils

Duration (s) or number (0—20 min)

Face
Flinching washing
57.0+15.0 50.6+7.0
69.0+20.0 59.5+14.0
178.0 +40.0* 31.6+4.1
281.0 +26.0* 348+6.8
114.0 +18.0* 31.1+64

Duration (s) or number (20—45 min)

Early phase

Concentration Licking
of formalin (%) injected paw
Vehicle 26.9+8.2
0.1 46.3+14.7
0.3 50.2 +14.0*
1.0 102.9+16.5*
5.0 125.6+ 14.4*
Late phase

Vehicle 1.9+1.2
0.1 46+1.9
0.3 35.1+59*
1.0 25.6+6.7*
5.0 51.8+7.2*%

50+3.0 27.6+9.4
22.0+13.0 19.0+9.8
101.0+46.0* 91.9+11.9*
126.0 +25.0* 28.0+11.0
53.0+£21.0* 479+7.9

Values are the mean=1 s.e.mean durations of paw licking or face washing, or the number of flinches of the injected limb, recorded
during each observation period. Groups of 5 or 6 animals received each concentration of formalin. Data were subjected to square root
transformation prior to one-way ANOVA followed by Dunnett’s ¢ test.

*P<0.05 compared with vehicle treatment.
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Figure 3 Inhibition of formalin (2%)-induced paw licking by
Pretreatment with CP-99,994 (@) or CP-100,263 (O) (3-30mgkg™
, s.c. 30min previously) in gerbils; ((J) vehicle. Values are the
mean + 1 s.e.mean durations for groups of 9 or 10 animals during a
10min obsevation period. IDs, for CP-99,994=6.2 and for CP-
100,263 =13.4. Data were subjected to logarithmic transformation
prior to analysis of variance and Newman-Keuls or Dunnett’s ¢ tests.
*P<0.05 compared with formalin plus vehicle treatment.

Table 4 Induction of thermal hyperalgesia by intraplantar
injection of formalin in gerbils

Concentration of

formalin (%) Hyperalgesia (s)
Saline 0.82+0.68
0.01 0.52+0.49
0.03 1.29+0.49

0.1 3.38+0.82*
0.3 3.14+0.79*
1.0 5.97+0.62*

Hyperalgesia was defined as the reduction in paw flick
latency after administration of formalin compared with the
pretreatment baseline values; 4 separate determinations were
made for each foot before and after injection of formalin.
Values are the mean+1 s.e.mean for 8-13 gerbils. Data
were subjected to one-way ANOVA prior to Dunnett’s ¢

test.

(ii) Induction of thermal hyperalgesia in gerbils Intraplantar
injection of formalin (0.1-1%, 1 h previously) caused a re-
duction in paw flick latency of up to 6 s compared with pre-
treatment baseline values (Fs ss=7.26, P<0.01; Table 4). From
these experiments a concentration of 0.1% formalin was se-
lected as the minimum dose causing robust hyperalgesia with
which to investigate the anti-algesic effects of CP-99,994 and
CP-100,263. Administration of CP-99,994 (0.3-10 mg kg™,
s.c.) immediately before intraplantar injection of formalin
caused a dose-dependent and complete inhibition of hyper-
algesia (Fg¢0=3.84 , P<0.01). There was also a nonsignificant
trend for inhibition of hyperalgesia with the same dose-range
of CP-100,263, the inhibition curve lying to the right and
parallel with that for CP-99,994. Two-way ANOVA revealed a
statistically significant difference between the dose-response
curves for the two enantiomers (F, 4= 6.48, P=0.02). Cal-
culation of the IDs, values indicated an enantiomeric separa-
tion of approximately 8 fold in this assay (IDs, for CP-
99,994=1.1 mg kg™’ compared with an estimated IDs, of
8.2 mg kg~' for CP-100,263; Figure 4).

Discussion

These studies show that CP-99,994 can enantioselectively in-
hibit thermal hyperalgesia induced either by spinal application
of an exogenous NK, receptor agonist, or by intraplantar in-
jection of formalin, in conscious animals. These findings are
consistent with in vivo electrophysiological studies showing
that facilitated nociceptive reflexes are inhibited by NK, re-
ceptor antagonists (Laird ef al., 1993), and with other evidence
for an involvement of NK, receptors in nociception obtained
with anaesthetized rats (Yashpal et al., 1993; Chapman &
Dickenson, 1993).

Unlike formalin-induced thermal hyperalgesia, use of a
more conventional behavioural endpoint, the duration of
licking directed at the injected paw, did no permit a clear se-
paration in the antinociceptive effects of CP-99,994 and CP-
100,263. In agreement with previous reports using CP-96,345
in rats (Yamamoto & Yaksh, 1991; Nagahisa e al., 1992;
Yashpal et al., 1993), there was a suggestion of enantioselec-
tivity for the inhibition of formalin-induced licking in the late,
but not the early phase by CP-99,994 in rats. However, this
was marginal (1.5 fold difference in the IDs, for CP-99,994 and
CP-100,263), indicating a substantial nonspecific anti-
nociceptive effect of both compounds in the dose-range greater
than 10 mg kg™, where the inhibition curves for both com-
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Figure 4 Inhibition of formalin (0.1%)-induced thermal hyperalgesia
by administration of CP-99,994 or CP-100,263 (0.3—10mgkg~, s.c.,
administered immediately before formalin). (O) Formalin; (M)
vehicle; (QO) CP-100,263; (@) CP-99,994. IDs, for CP-100,263=8.2
and for CP-99,994=1.1. Paw flick latencies were determined before
and 1h after intraplantar injection of formalin and the difference in
response time used as a measure of hyperalgesia. Values are the
mean + 1 s.e.mean latencies for groups of 6 or 12 animals. Data were
subjected to analysis of variance and Newman-Keuls or Dunnett’s ¢
tests. *P<0.05 compared with formalin plus vehicle treatment.

pounds converged. Similar findings have been reported re-
cently by Smith ez al. (1994). This profile is indistinguishable
from that observed previously with CP-96,345 (Nagahisa et al.,
1992), and is perhaps surprising in view of the low affinity of
CP-99,994 compared with CP-96,345 for calcium channels la-
belled by [*H]-desmethoxyverapamil reported by McLean et al.
(1993). However, a more recent study indicates that unlike CP-
96,345 and RP67580, CP-99,994 has no appreciable affinity for
the dihydropyridine binding site, but that these compounds all
have similar affinity for the phenylalkylamine site (Lombet &
Spedding, 1994). Moreover, blockade of other ion channels,
notably an anaesthetic-like interaction with sodium channels,
by such compounds might cause antinociception by producing
a conduction block of the peripheral nerve (Karlsson et al.,
1994).

There is conflicting evidence concerning the involvement of
NK, receptors in the early and late phase behavioural response
to formalin. In mice, peptide and nonpeptide NK,; receptor
antagonists appear to block both the early and the last phase
(Garrett et al., 1991; Rupniak et al., 1993; Sakurada et al.,
1994). However, in rats, only the late phase of paw licking was
attenuated by CP-96,345 (Yamamoto & Yaksh, 1991; Birch et
al., 1992; Yashpal ef al., 1993). In the present study, CP-99,994
also attenuated only the late phase in rats. Surprisingly, this
compound potentiated the early phase at a single dose. This
phenomenon is unlikely to be mediated via NK, receptor
blockade, since a potentiation of the response of dorsal horn
neurones to intraplantar injection of formalin has been re-
ported previously in rats treated with RP67581, the stereo-
isomer of RP67580 (Chapman & Dickenson, 1993), and may
be related to the nonspecific proconvulsant activity observed in
previous conscious animal studies (Rupniak & Jackson, 1994).
It is possible that an unidentified pharmacological action of
nonpeptide NK, receptor antagonists may negate or confound
their antinociceptive activity in the formalin paw test.

Since, CP-99,994 has low affinity for the rat NK, receptor, it
would be expected that inhibition of formalin-induced paw
licking should be demonstrable with lower doses of CP-99,994

in gerbils. However, inhibition of the early phase again re-
vealed only marginal (2 fold) enantiomeric separation, with
complete convergence of the inhibition curves at doses greater
than 10 mg kg™. This observation is in agreement with the
report by Smith ez al. (1994). The late phase behavioural re-
sponse to formalin in gerbils was not sufficiently robust to
permit evaluation of antagonists.

Using a functional assay for CNS penetration of NK, re-
ceptor antagonists (inhibition of GR73632-induced foot tap-
ping), it was clear that central NK, receptors in gerbils
remained occupied for more than 60 min after subcutaneous
administration of CP-99,994. The IDs, value of 0.12 mg kg",
s.c. determined using a 60 min pretreatment is consistent with
previous data obtained using an intravenous bolus injection of
CP-99,994 (IDs,=0.06 mg kg~!; Rupniak & Williams, 1994).
The ug kg™ potency and enantioselectivity of CP-99,994 de-
monstrated in this way is compatible with antinociceptive ac-
tivity determined by use of electrophysiological, but not
behavioural, endpoints (see Hill, 1994, for review). Hence, the
distribution and duration of action of this compound in the
plasma and CNS does not appear to explain why doses ap-
proximately 1,000 times higher than those needed to occupy
central NK, receptors are required to inhibit formalin-induced
behaviour in gerbils.

The absolute potency of CP-99,994 in vivo is at least partly
determined by the concentration of agonist at the NK, re-
ceptor, since there was a marked shift to right in the inhibition
curve for foot tapping when the dose of GR73632 was in-
creased from 3 to 30 pmol i.c.v. Under this condition, the IDs,
for CP-99,994 (2.52 mg kg ') was in good agreement with the
doses needed to inhibit GR73632 and formalin-induced ther-
mal hyperalgesia (IDs, values=2.46 and 1.10 mg kg™, re-
spectively). Therefore, during hyperalgesia, the local
concentration of substance P, and/or the NK, receptor reserve
in the spinal cord may require that relatively high doses of NK,
receptor antagonists are administered in conscious animal as-
says.

The greater potency and more convincing enantioselectivity
exhibited by CP-99,994 for inhibition of hyperalgesia, rather
than spontaneous behaviours, induced by formalin is con-
sistent with the view based on electrophysiological studies that
facilitated, but not protective reflexes are modulated by spinal
NK, receptors (Laird et al., 1993). The striking similarity be-
tween the behaviours elicited by intrathecal injection of
GR73632 and intraplantar injection of formalin implies that
stimulation of spinal NK, receptors is aversive. Flicking or
tapping of the feet, intense licking of the feet and legs, and face
washing were prominent features of both syndromes, but in the
case of the formalin paw assay these behaviours were focused
predominantly on the injected foot. The ability to block hy-
peralgesia with lower doses of CP-99,994 than are required to
inhibit overt behaviours induced by formalin may be attribu-
table to the use of a much lower concentration of formalin (0.1
rather than 2%) which causes a less profound activation of
endogenous substance P release.

The anti-algesic effects of CP-99,994 appear to be mediated
at least partly via NK, receptors located in the spinal cord
since CP-100,263 failed to inhibit the hyperalgesia caused by
intrathecal infusion of GR73632. The poorer enantiomeric
separation achieved against formalin-induced hyperalgesia
(and behaviour) suggests that both compounds have other
nonspecific actions in the periphery (the paw itself, and/or the
nerve). It would therefore be of interest to compare the effect
of intrathecal application of CP-99,994 and CP-100,263 on
formalin-induced behaviour. This experiment was not per-
formed in the present studies because anaesthesia interfered
with the response to formalin. A preliminary experiment on
cannulated conscious rats showed that intrathecal injection of
CP-96,345, but not CP-96,344, (200 pg) inhibited the late
phase response to formalin (Yamamoto & Yaksh, 1991). A
detailed investigation using a wider dose-range of both com-
pounds and a more appropriate species whose NK,; receptor
has high affinity for CP-96,345, has not yet been undertaken.



N.M.J. Rupniak et al

Antinociceptive activity of CP-99,994 1943

Collectively, the preclinical findings provide support, which
is not yet conclusive, for the potential of NK, receptor an-
tagonists to treat clinical pain, especially to prevent the de-
velopment of hyperalgesia during the initial stages of nerve or
tissue injury. A recent study examining rats with a sciatic nerve
constriction injury, which caused guarding behaviours and
persistent thermal hyperalgesia, showed an induction of pre-
protachykinin gene expression by large A cells in the dorsal
root ganglion which normally transmit non-noxious sensory
stimuli (Marchand ez al., 1994). However, preliminary studies
have failed to demonstrate an anti-algesic effect of acute ad-
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