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Selectivity for opioid receptor subtypes of enkephalin analogues (KK-1, -2, -3 and -4) of Tyr
moiety on the N-terminal, and Phe-ol group on the C-terminal, connected with the methylene group
(n = 1—4) were examined in isolated smooth muscle preparations and in the analgesic effect in mice.
In the longitudinal muscle preparations of guinea pig ileum (GPI), morphine, U-50488H and all the
enkephalin analogues inhibited electrically evoked contractions, and the inhibitory effects of mor-
phine, KK-1, KK-2 and KK-3 were antagonized by naloxone with relatively high pA, values, while
that of U-50488H and KK-3 were preferentially antagonized by norbinaltorphimine. In the rabbit vas
deferens preparations (RVD), on the other hand, U-50488H, KK-3 and KK-4 showed weak inhibitory
effects and the inhibition of U-50488H and KK-3 were antagonized by norbinaltorphimine. By intrace-
rebroventricularly (i.c.v.) injection, enkephalin analogues produced analgesia in the acetic acid
(AcOH) writhing test, and the effect of KK-1 and KK-2 as well as morphine was antagonized by 1
mg/kg naloxone, while those of U-50488H and KK-3 were sensitive to 1 mg/kg Mr2266.

In conclusion, enkephalin analogues with a short methylene chain between the functional
groups, KK-1 and KK-2, mainly exert their effect through opioid u-receptors, while those of longer
chain, KK-3 and KK-4, act through k-receptors preferentially, and KK-3 is situated in the alternating
point of the selectivity for u- and k-receptors.

Keywords — enkephalin analogues; opioid receptor; guinea-pig ileum; rabbit vas deferens;
analgesic effect
Introduction effect after intracerebroventricularly (i.c.v.) in-

jection in mice.
We have developed enkephalin analogues,

Tyr moiety on the N-terminal and Phe-ol on the Materials and Methods
C-terminal connected with various length of
methylene chain, and with opioid activities in Drugs — Synthesis and purification of the

the in vitro and in vivo experiments.!'? We have
also demonstrated that minor alterations in
chemical structure of these compounds resulted
in the changes of their selectivity for opioid
receptor subtypes and pharmacological
potencies.? In order to investigate the selectivity
for receptor subtypes more precisely, in the pre-
sent study, we compared the effect of the en-
kephalin analogues with morphine and
U-50488H, a typical k-agonist, in isolated
smooth muscle preparations and in the analgesic

enkephalin analogues*** has been reported pre-
viously.?” Morphine-HCI (Takeda), naloxone-
HCI (Sigma), U-50488H** (k-agonist, Up-
john), norbinaltorphimine*® (k-antagonist, gift
from Dr. Nagase, Toray), Mr2266*¢ (k-
antagonist, Boehringer Ingelheim) were all ob-
tained from these sources.

Smooth Muscle Preparations — The
preparation of longitudinal muscle strips of
guinea pig ileum (GPI) was followed as de-
scribed by Rang.?’ Rabbit vas deferens (RVD)

x*% Tyr-N(CH,)-(CH,) n- Phe-ol: KK-1, n= 1; KK-2, n= 2; KK-3, n=3; KK-4, n=4.

*4 trans- (+)-3,4-dichloro- N- methyl-N-[2-(1-pyrrolidinyl) -cyclohexyl] -benzeneacetamide.
#5_17,17"-bis(cyclopropylmethyl)-6,6’,7,7 -tetradehydro-4,5:4',5'-diepoxy-6,6'- (imino) [7,7'-bimorphinan] -3,3',14,14'-tetrol.
*6 (—)-(1R, 5R, 9R )-5,9-diethyl-2-(3-furyl-methyl)-2'-hydroxy-6,7-benzomorphan.
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Inhibitory Effects of Enkephalin Analogues on the Electrically Evoked Contractions of Isolated Smooth Muscle

(a) guinea-pig ileum and (b) rabbit vas deferens. KK-1 (O), KK-2 (A), KK-3 (O) and KK-4 (< ). Each point is the

mean of the results obtained from 3—10 experiments.

was isolated according to the method of Oka et
al. ¥ Each preparation was mounted in a 10 ml
organ bath filled with Krebs-Hensleit solution
(118 mM NaCl, 4.7 mM KCl, 2.5 mM CaC12, 2.4

—x A PUS W Vg s h d NTAT

mM MgSO,, 1.1 mM KH,PO,, 25 mM NaHCO,,
11 mM glucose) or Mg2+*-free Krebs-Hensleit so-
lution, kept at 37 °C, for GPI and RVD, respec-
tively. The GPI preparation was stimulated
transmurally by electrical pulses of 0.8 ms dura-
tion of 100 V, at a frequency of 0.1 Hz. The con-
tractions were recorded isotonically and the IC;,
of the test compound was estimated from the
concentration-response curve and pA, values
for antagonist were calculated according to the
method of Schild.?

Analgesic Effect — Using male ddY mice
weighing 20—30 g, each group consisted of
7—15 animals, the analgesic effect was mea-
sured by the AcOH writhing test. Drugs were
giveni.c.v. S miin prior to the i. p. administration
0of 0.6% AcOH, and control animals were treated
with saline instead of drugs. Writhes observed
during 5 min period were counted 3 times at 10
min intervals after administration of AcOH, and
the ED;, for each drug was estimated according

to the methods of Litchfield and Wilcoxon.®
Results

Isolated Smooth Muscle Preparations

TABLE I. Inhibitory Effect on the Electrically-Induced Contractions of Isolated Smooth Muscle Preparations
GPI RVD
Drug N ICs, Relative activity N ICs, Relative activity
Morphine 6 65 *6 nM 7.69 5 >100 uM —
U-50488H 5 5 +0.3 100 5 208 +26 nM 100
KK-1 15 1.6+0.2 um 0.31 5 >100 uM -
KK-2 6 6.2+0.5 0.08 5 >100 —_
KK-3 10 8.0+0.9 0.06 9 39+5 0.53
KK-4 6 34557 0.01 7 32+9 0.65

GPI, guinea-pig ileum; RVD, rabbit vas deferens; N, number of experiments. Concentration of each drug producing 50%
inhibition (ICs,) of the electrically-induced contractions was estimated from the concentration-inhibition curve.
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TABLE II.

J. Watanabe, et al.

Antagonism by Naloxone and Norbinaltorphimine to the Inhibitory Effect of Test Compounds on the ES-

Induced Contractions of Isolated Smooth Muscle Preparations

GPI RVD
PA, PA,

Drug Naloxone Norbinaltorphimine Naloxone Norbinaltorphimine
Morphine 8.61+£0.05 7.38+0.11 - —
U-50488H 7.36 +0.02 10.10=0.07 7.25+0.03 9.44+0.11
KK-1 8.54+0.15 7.58+0.06 - -

KK-2 8.55+0.11 7.47+0.08 — -

KK-3 8.21+0.02 8.84+0.04 <7 9.01+0.11
KK-4 7.20+0.13 <7 <7 <7

The pA, values for antagonists were calculated according to the method of Schild and expressed as the mean = S.EM.

—, inactive in RVD.

Enkephalin analogues inhibited electrical
stimulation (ES) induced contractions of the
GPI preparations in a concentration-dependent
manner, and the order of the potencies was
KK-1 > KK-2 = KK-3 > KK-4 (Fig. 1a). In
the RVD preparation, on the other hand, KK-3
and KK -4 produced nearly equipotent inhibitory
effect but KK-1 and KK-2 were ineffective up to
10-* M (Fig. 1b).

The inhibitory effect of the enkephalin ana-
logues on the ES-induced contractions of GPI
and RVD in comparison with those of morphine
and U-50488H are summarized in Table 1.
U-50488H was more effective in both GPI and
RVD preparations than other drugs. Morphine
was effective in GPI but was ineffective in RVD.
The inhibitory effect of KK-1 was highest in en-
kephalin analogues but the activity was about 25
times less than that of morphine, and the activi-
ties of enkephalin analogues decreased by in-
creasing the number of methylene groups be-

tween Tyr and Phe-ol. KK-3 and KK-4 were ef-
fective in RVD but KK-1 and KK-2 were
devoid of the inhibitory activities in this prepara-
tion (Table I).

The pA, values for naloxone and norbinaltor-
phimine on the ES-induced contractions of iso-
lated smooth muscle preparations of morphine,
U-50488H and enkephalin analogues are sum-
marized in Table II. In the GPI preparation, the
antagonized by naloxone with relatively high
pA, values, but U-50488H and KK-4 were
rather resistant against naloxone showing one
order less pA, values. On the other hand,
U-50488H was highly sensitive against norbinal-
torphimine antagonism, the pA, was more than
10, and the effect of KK-3 was also antagonized
by norbinaltorphimine rather selectively in the
enkephalin analogues. Morphine, KK-1 and
KK-2 were also sensitive to norbinaltorphimine
but the pA, values were one order less than

TABLE III. Analgesic Effects and Its Antagonism by Naloxone and Mr-2266 in Mice

Drug ED,, % Antagonism ¥
(95% confidence limits) Naloxone Mr-2266

Morphine 02(0.1— 0.3) + -
U-50488H 050.2— 1.1 - +
KK-1 85(.3-22.1) + -
KK-2 10.1 (4.6—22.2) + -
KK-3 43(1.9—- 9.9 - +
KK-4 8.4(3.5—20.2) - -

a) AcOH writhing test after i.c.v. injection. b) Significant antagonism by 1 mg/kg.
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KK-3. KK-4 was resistant against norbinaltor-
phimine, the pA, was <7. In the RVD prepara-
tion, U-50488H and KK-3 were highly sensitive
to norbinaltorphimine, and the effect of
U-50488H was also antagonized by naloxone
with low pA.,.
Analgesic Effects in Mice

All compounds showed dose-dependent
analgesic effect after i.c.v. injection, and the
ED;, values are summarized in Table III. The
potency was in a higher order of morphine >
U-50488H > KK-3 > KK-4 = KK-1 = KK-2.
The analgesic effect of morphine, KK-1 and
KK-2 were significantly antagonized by 1 mg/kg
naloxone, and by a higher dose of naloxone, the
effect of U-50488H and KK-3 were partially an-
tagonized. On the other hand, the analgesic
effect of U-50488H and KK-3 were significantly
antagonized by 1 mg/kg Mr2266, and Mr2266 2
mg/Kkg partially antagonized the effect of mor-
phine, KK-1 and KK-2. The analgesic effect of
KK-4 was resistant to naloxone and Mr2266.

Discussion

Although the opioid activity of a series of en-
kephalin analogues (KK-1, KK-2, KK-3 and
KK-4) were very weak compared with those of
morphine and U-50488H, simple but systematic
structures of these compounds were suitable for
clarifing the difference on the selectivity for
opioid receptor subtypes.

GPI contain u- and k-opioid receptors but
most of them are the former.” On the other
hand, RVD possesses only k-receptors and lack
of other receptor subtypes.4 These facts are
compatible with our present data that morphine,
a typical w-agonist, was only active in GPI and
U-50488H, a selective k-agonist, active in both
GPI and RVD. All enkephalin analogues exert
their inhibitory effect in GPI preparations but
only KK-3 and KK-4 were effective in RVD,
though the activities were extremely low com-
pared with those of morphine and U-50488H.
These data are indicative of the selectivity for
opioid receptor subtypes, namely, that the in-
hibitory effect of KK-1 and KK-2 is mediated
through w-receptors and those of KK-3 and
KK-4 is mediated through k-receptors rather
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than u-receptors.

As regards KK-1, 2 and 3, the analgesic ef-
fects in mice after i.c.v. injection corresponded
well to the data in isolated smooth muscle prepa-
rations. Namely, the effect of KK-1 and KK-2
was antagonized by naloxone but not by
Mr2266, and that of KK-3 was reversed by
Mr2266. Although KK-4 as well as KK-3 was
active in RVD, the inhibitory effects of KK-4 on
GPI and RVD were insensitive to norbinaltor-
phimine, a selective k-antagonist,® and the
analgesia of KK-4 was insensitive to both nalox-
one and Mr2266. These facts may be due to the
differences in the selectivity between KK-3 and
KK-4 for k-receptor subtypes, k, and k,.°~1V

A series of enkephalin analogues used in the
present experiment are derived from Leu-
enkephalin, a &-receptor agonist, however, their
effect on mouse vas deferens, with abundant 8-
receptors, were very low suggesting no apprecia-
ble selectivity for 8-receptors (data not shown).

Thus, KK-3 of these enkephalin analogues
possesses pharmacological properties mediated
through u- and «-receptors, preferentially «-
receptors and the compound seems to be situat-
ed in a turning point for the selectivity of opioid
receptors. Actually, our recent findings!? that
only KK-3 of these enkephalin analogues given
intrathecaly produced a unique pharmacological
behavior such as scratching, biting and licking
may support the importance of the lengh with 3
methylene chains.

Our present data not only confirms the impor-
tance of chain length between two functional
groups in the enkephalin analogues for opioid
activity, as reported previously,? but also
extend the findings that the number of meth-
ylene bonds is of critical importance for the
selectivity of opioid receptor subtypes.
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