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Abstract

The ATP-gated K* channel openers diazoxide, levcromakalim and morphine induce cell hyperpolarization by opening the K*
channels and enhancing K™ efflux. This hyperpolarization decreases intracellular C&2™ levels, lessening neurotransmitter release thus
leading to antinociception. Previous findings implicate the release of endogenous opioids as the mediator of the antinociceptive effects of
ATP-gated K* channel openers. Antisense oligodeoxynucleotides to the opioid receptor clones, which decrease the number of available
receptors, were used to demonstrate the involvement of endogenous opioids in diazoxide- and levcromakalim-induced antinociception.
Antisense to all three opioid receptors attenuated the effect of diazoxide, suggesting that diazoxide is inducing the release of endogenous
opioids activating the w(MOR-1)-, (DOR-1)-, and k(KOR-1)-opioid receptors. Antisense to the w-opioid receptor clone and 3-opioid
receptor clone attenuated levcromakalim-induced antinociception, indicating that endogenous opioids acting at the w- and 3-opioid
receptors are potential candidates for the mediation of the antinociceptive effects of leveromakalim. © 1999 Elsevier Science B.V. All

rights reserved.
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1. Introduction

The openers of ATP-gated K™ channels are a class of
drugs that share with opioids the ability to open the K*
channels and enhance K* efflux from the cell (Duty and
Weston, 1990). Openers of ATP-gated K* channels in-
clude diazoxide, cromakalim and the active L-isomer of
cromakalim, levcromakalim. These drugs are used clini-
cally for hypertension and angina, respectively. Centra
administration of ATP-gated K* channels openers pro-
duces dose-dependent antinociception (Narita et al., 1993;
Welch and Dunlow, 1993; Ocana et a., 1995; Lohmann
and Welch, 1999). Glyburide, a potent sulfonylurea, acts
as an antagonist by alosterically closing ATP-gated K *
channels (Amoroso et al., 1990). Previous findings in our
laboratory have demonstrated that the opiate antagonists
also attenuate the antinociceptive effects of the K* chan-
nel openers when administered both intrathecally (i.t.) and
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intracerebroventricularly (i.c.v.) (Welch and Dunlow, 1993;
Lohmann and Welch, 1999). This suggests that the ATP-
gated K* channel openers either interact directly with the
opioid receptors or release an endogenous opioid, which
can bind to its specific opioid receptor. Lack of cross-toler-
ance between the ATP-gated K* channel openers and
morphine indicates that there is not a direct interaction
between the openers and the opioid receptors (Welch and
Dunlow, 1993). Therefore, the ATP-gated K* channel
openers are likely inducing the release of endogenous
opioids.

Evidence of receptor-specific binding has been provided
by the use of antisense oligonucleotide experiments. Anti-
sense segquences down-regulate the protein by blocking
tranglation of the messenger RNA (mRNA) into its proper
protein, in this case, the receptor. The antisense oligo-
nucleoctide is composed of a sequence that is complimen-
tary to the portion of the mRNA that contains the initiation
codon or other critical regions of the mRNA. The binding
of the antisense oligonucleotide to the mMRNA disables the
binding of the ribosomes necessary for trandation (Lodish
et a., 1995) and can also increase mRNA degradation.
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Upon administration of MOR-1 receptor antisense, mor-
phine-induced analgesia was attenuated in mice (Rossi et
a., 1994) and in rats (Ross et a., 1997). Mismatch
oligonucleotide to the p.-opioid receptor clone, which dif-
fers from the antisense by only two base pairs, was used as
the control for antisense specificity and showed no alter-
ation in morphine-induced antinociception (Ross et 4.,
1994, 1997). Similar methods were used to demonstrate
trans-( 4 )-3,4-dichloro-N-methyl 1-N-[2-(1-pyrrolodiny!)-
cyclohexyllbenzeneacetamide methane sulfonate
(U50,488H) specificity for the k-opioid receptor and [D-
Pen®®]enkephalin (DPDPE) specificity for the 3-opioid
receptor (Chien et al., 1994; Wang et a., 1996). In the
above experiments, a decrease in specific opioid receptor
number was shown to accompany the administration of the
opioid-specific antisense probe. Our protocol in mice was
based upon the results of the above studies in both mice
and rats, utilizing similar antisense probes and doses equal
to or higher than those previously described.

ATP-gated K™ channel antagonists and opioid
receptor-selective antagonists have also been utilized to
demonstrate the mechanisms of ATP-gated K* channel-
and opioid-induced antinociception. Glyburide, a potent
sulfonylurea, antagonizes the antinociceptive effects of
morphine (Ocana et al., 1990; Wild et al., 1991). However,
glyburide does not possess significant affinity for the
p-opioid receptor nor does it ater the receptor’'s affinity
for its ligand, morphine (Raffa and Codd, 1994). This
suggests that morphine’s antinociceptive effects involve
the opening of ATP-gated K™ channels (North et al., 1987;
Chavkin, 1988). The entire class of sulfonylureas has the
same effect on morphine-induced antinociception
(Amoroso et al., 1990; Schmid-Antomarchi et al., 1990).
Glyburide has similar effects on DPDPE-induced antinoci-
ception. On the other hand, no alteration of the antinoci-
ceptive effects of k-opioid receptor ligands is seen with
glyburide administration (Ocana et al., 1993; Raffa and
Codd, 1994). Previous experiments in our laboratory per-
formed with opioid receptor antagonists suggest that dia-
zoxide interacts with all three classes of opioid receptors
while levcromakalim-induced antinociception involves only
the p- and 3-opioid receptors (Welch and Dunlow, 1993;
Lohmann and Welch, 1999).

In our effort to implicate the release of endogenous
opioids as the mediators of the ATP-gated K* channel
opener-induced antinociception, antisense oligonucleotides
to the opioid receptors were employed. Since ATP-gated
K™ channel opener-induced antinociception is opioid re-
ceptor antagonist-sensitive, we hypothesize that antisense
directed toward discrete opioid receptors would also atten-
uate the antinociceptive effects of the ATP-gated K™
channel openers. Since our work with the ATP-gated K *
channel openers was performedi.c.v., we elected to admin-
ister the antisense probes i.c.v. in order to best maximize
the effect of the probes in the brain. The doses chosen for
the antisense probes were those doses that showed a

selective block of the antinociceptive effect of the selective
opioid receptor agonist for the opioid receptor of interest.
For instance, the dose of DOR-1 receptor antisense utilized
was based upon experiments showing that the dose blocked
DPDPE-induced antinociception, but not - or k-opioid-
induced antinociception. All doses used were equal to or
higher than those previously shown to down-regulate se-
lective opioid receptors (Chien et al., 1994; Wang et al.,
1996).

2. Materials and methods
2.1. Intracerebroventricular (i.c.v.) injections

I.c.v. injections were performed according to method of
Pedigo et al. (1975). Ether-anesthetized male ICR mice,
21-24 g, were injected 2 mm caudal and 2 mm lateral at a
45° angle from the bregma. This area was exposed by a
small incision made between the ears of the animal. Injec-
tions of 5 | were made at a depth of 2 mm into the third
lateral ventricle. Hamilton 50-pl syringes and 26 gauge
3/8 in. needles were used. A tubing cover was applied to
the needle to ensure injections were made at the proper
depth.

K™* channel openers, diazoxide and levcromakalim were
prepared in 100% dimethyl sulfoxide (DMSO). Adminis-
tration of DMSO i.c.v. produced less than 15% maximum
possible effect (MPE) and induced no overt signs of
toxicity in the mice in these short-term acute experiments.
Opioid receptor agonists, morphine, U50,488H and DPDPE
were prepared in distilled water.

Time-course studies and previous findings from our
laboratory were used to ascertain peak antinociception as
tested by the tail—flick test. Peak time for the K™ channel
openers was 10 min after injection.

Antisense experiments were performed following the
protocol of Chien et al. (1994). Antisense or mismatch to
the cloned p-, 8- or k-opioid receptor or dH,O vehicle
was administered on days 1, 3 and 5. Antisense doses of
50 pg/mouse for the wp-opioid receptor clone, 25
pg/mouse for the &-opioid receptor clone and 20
p.g/mouse for the k-opioid receptor clone were adminis-
tered i.c.v. The same doses were used for the mismatch
administrations. Antisense and mismatch seguences to the
opioid receptors are listed in Table 1. For the multiple

Table 1
Antisense and mismatch oligodeoxynucleotide sequences to the opioid
receptors

Receptor Sequence  Oligodeoxynucleotide (5' to 3)
n(MOR-1) Antissnse = CGCCCCAGCCTCTTCCTCT

w (MOR-1) Mismatch CGC CCCGACCTCTTCCCTT

3 (DOR-1) Antisense AGA GGG CAC CAG CTC CAT

3 (DOR-1) Mismatch  CGA GCG CAA CAG CTG CAT

k (KOR-1) Antisense  GGT GCC TCC AAG GAC TAT CGC
k (KOR-1) Mismatch  GGA GCC TGC AAG GTC TAT GGC
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antisense, mismatch and vehicle injections the animals
were anesthetized in methoxyflurane (Metofane®). The
area where the incision was made was shaved to avoid fur
accumulating in the exposed area. Wound clips were used
to keep the incision closed between injections. On day 6,
the animals were anesthetized in ether and doses of diazox-
ide, levcromakalim or appropriate opioid receptor agonist
that produced approximately 60% MPE were administered
i.cv.

2.2. The tail flick test

The D’ Amour and Smith (1941) tail—flick test was used
to assess antinociception. Reaction times of 2 to 4 s were
employed for the control, while a time of 10 s was used as
the cutoff. Quantification of effect was done using the %
MPE formula:

%M PE = 100 X [ (test— control) /(10— control) |

(Harris and Pierson, 1964). Using 3-8 mice/dose, a %
MPE was calculated for each animal. The mean effect and
standard error of the mean (S.E.M) were calculated for
every dose using the % MPE for each mouse.

2.3. Satitical analysis

Two-tailed unpaired t-tests were used to determine
significant differences between control and treatment ani-
mal groups for each opioid receptor antisense treatment. P
values of less than 0.05 were deemed significant.

2.4. Drugs

U50,488H was purchased from Research Biomedicals
International (Natick, MA). DPDPE was purchased from
Bachem Bioscience (King of Prussia, PA). Diazoxide and
DMSO were purchased from Sigma (St. Louis, MO).
Levcromakalim was kindly provided by Dr. P.G. Treagust
at SmithKline Beecham Pharmaceuticals (Worthing, West
Sussex, UK). Morphine was obtained from the National
Institute of Drug Abuse (NIDA). The unmaodified antisense
and mismatch oligonucleotides were constructed by and
purchased from Operon Technologies (Alameda, CA).
Ether and Metofane® were purchased from J.T. Baker and
Mallinckrodt Veterinary, respectively.

3. Results

The antisense oligodeoxynucleotide to the p.-opioid re-
ceptor significantly attenuated morphine-induced antinoci-
ception (1 wg,/mouse). The % MPE was decreased to 19
(+3)% in the antisense-treated animals from a value of 68
(+£5)% in the vehicle-treated animals. The mismatch se-

guence to the p-opioid receptor did not significantly atten-
uate the antinociceptive capabilities of morphine (Fig.
1,Panel A). DPDPE-induced (2 wg/mouse) and
U50,488H-induced (10 w.g/mouse) antinociception were
unaffected by both the MOR-1 receptor antisense and
mismatch oligonucleotides (Fig. 1, Panel A). The MOR-1
receptor antisense significantly antagonized diazoxide-in-
duced antinociception (100 wg/mouse). The vehicle-
treated animals demonstrated 74 (4 12)% MPE while the
antisense-treated group had a value of only 38 (+6)%
MPE. No attenuation of diazoxide-induced antinociception
was demonstrated in the p-opioid receptor mismatch-
treated animals (Fig. 1, Panel B). The other ATP-gated K *
channel agonist tested, levcromakalim, was aso signifi-
cantly attenuated by MOR-1 receptor antisense. The
antinociceptive effect of 100 wg,/mouse levcromakaim
was decreased significantly from 68 (4+8)% MPE with
vehicle administration to 18 (+4)% with antisense treat-
ment. Mismatch oligodeoxynucleotide to the p.-opioid re-
ceptor had no effect on levcromakalim-induced antinoci-
ception (Fig. 1, Panel B).
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Fig. 1. Effects of antisense to the p-opioid receptor on opioid- and
ATP-gated K™ channel opener (K ,1p)-induced antinociception. Panel A:
Antisense to the p-opioid receptor (white bars), when administered i.c.v.
on days 1, 3 and 5, significantly attenuated the antinociceptive effects of
morphine (i.c.v.), a p-opioid receptor-specific agonist, but not DPDPE
(DOR-1) or U50,488H (KOR-1) (vehicle-gray bars). Mismatch
oligodeoxynucleotides to the w-opioid receptor (striped bars) had no
effect on morphine-, DPPDE- or U50,488H-induced antinociception.
Panel B: Antisense to the w-opioid receptor (white bar), when adminis-
tered i.c.v. on days 1, 3 and 5, significantly attenuated the antinociceptive
effects of both diazoxide (DZ) and levcromakalim (Lem) (vehicle-gray
bars). Mismatch oligodeoxynucleotides to the w.-opioid receptor (striped
bars) had no effect on either DZ- or Lem-induced antinociception. The %
MPE and significant antagonism were determined as described in Section
2.* P <005, ** P<0.01 and *** P < 0.001
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Antisense and mismatch oligodeoxynucleotides to the
d-opioid receptor were also tested. Significant and opioid-
selective attenuation of the antinociceptive effects of the
d-opioid receptor-specific agonist, DPDPE, was seen in the
antisense-treated animals. A drop in % MPE from 69
(+1D% with vehicle administration to 27 (+7)% with
antisense treatment was demonstrated. Mismatch to the
d-opioid receptor clone had no effect on the DPDPE-in-
duced antinociception (Fig. 2, Panel A). In addition, the
DOR-1 receptor antisense and mismatch had no effect on
morphine- or U50,488H-induced antinociception (Fig. 2,
Panel A).

Diazoxide-induced (100 pg/mouse) antinociception
was significantly antagonized by DOR-1 receptor antisense
treatment. Vehicle-treated animals were observed to have
an antinociceptive effect of 86 (+5)% MPE, while anti-
sense-treated animals had an antinociceptive effect of 46
(+13)% MPE. The 3-opioid receptor clone mismatch
administration had no effect on diazoxide-induced
antinociception (Fig. 2, Panel B). Additiondly, levcro-
makalim-induced antinociception was significantly attenu-
ated by DOR-1 receptor antisense but not the 8-opioid
receptor mismatch sequence. Vehicle-treated animals had
an antinociceptive effect of 68 (+8)% MPE while the

% MPE

el ® T

Fig. 2. Effects of antisense to the 3-opioid receptor on opioid- and
K a7p-induced antinociception. Panel A: Antisense to the §-opioid recep-
tor (white bars), when administered i.c.v. on days 1, 3 and 5, significantly
attenuated the antinociceptive effects of DPDPE, a 3-opioid receptor-
specific agonist, but not morphine (MOR-1) or U50,488H (KOR-1)
(vehicle-gray bars). Mismatch oligodeoxynucleotides to the &-opioid
receptor (striped bars) had no effect on DPDPE-, morphine- or
U50,488H-induced antinociception. Panel B: Antisense to the 3-opioid
receptor (white bars), when administered i.cv. on days 1, 3 and 5,
significantly attenuated the antinociceptive effects of both DZ and Lem
(vehicle-gray bars). Mismatch oligodeoxynucleotides to the &-opioid
receptor (striped bars) had no effect on either DZ- or Lem-induced
antinociception. The % MPE and significant antagonism were determined
as described in Section 2. * P < 0.05, ** P < 0.01 and *** P < 0.001.
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Fig. 3. Effects of antisense to the k-opioid receptor on opioid- and
K arp-induced antinociception. Panel A: Antisense to the k-opioid recep-
tor (white bars), when administered i.c.v. on days 1, 3 and 5, significantly
attenuated the antinociceptive effects of U50,488H, a «-opioid receptor-
specific agonist, but not morphine (MOR-1) or DPDPE (DOR-1)
(vehicle-gray bars). Mismatch oligodeoxynucleotides to the k-opioid
receptor clone (striped bars) had no effect on U50,488H-, morphine- or
DPDPE-induced antinociception. Panel B: Antisense to the k-opioid
receptor clone (white bars), when administered i.c.v. on days 1, 3 and 5,
significantly attenuated the antinociceptive effects of DZ but not Lem
(vehicle-gray bars). Mismatch oligodeoxynucleotides to the k-opioid
receptor (striped bars) had no effect on either DZ- or Lem-induced
antinociception. The % MPE and significant antagonism were determined
as described in Section 2.

antisense-treated group had an antinociceptive effect of 25
(+8)% MPE (Fig. 2, Panel B).

The antisense sequence to the k-opioid receptor signifi-
cantly and opioid-selectively antagonized the antinocicep-
tion produced by U50,488H. Vehicle-treated animals
demonstrated 67 (+11)% MPE, while the animals that
received antisense exhibited 13 (+6)% MPE. Mismatch
oligodeoxynucleotide to k-opioid receptor had no effect on
U50,488H-induced antinociception (Fig. 3, Panel A).
KOR-1 receptor antisense and mismatch-treated animals
demonstrated no alteration in either morphine- or DPDPE-
induced antinociception (Fig. 3, Panel A).

Diazoxide-induced antinociception was significantly at-
tenuated by KOR-1 receptor antisense treatment. The %
MPE was reduced from 74 (4 12)% in the vehicle-treated
animals to 28 (+7)% for the antisense-administered ani-
mals. k-Opioid receptor mismatch had no effect on the
antinociceptive capabilities of diazoxide (Fig. 3, Panel B).
In contrast, KOR-1 receptor antisense had no effect on
leveromakalim-induced antinociception. Mismatch admin-
istered animals also demonstrated no significant attenua
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tion of the antinociception produced by levcromakalim
(Fig. 3, Panel B).

4, Discussion

Central administration of the tested ATP-gated K™
channel openers, diazoxide and levcromakalim, produces
dose-dependent antinociception (Narita et a., 1993; Welch
and Dunlow, 1993; Ocana et a., 1995; Lohmann and
Welch, 1999). Attenuation of this antinociception by opi-
oid receptor antagonists implicates the release of endoge-
nous opioids as a mediator of the observed effects (Welch
and Dunlow, 1993; Lohmann and Welch, 1999). Antisense
to the opioid receptors demonstrated that the ATP-gated
K™* channel openers may release endogenous opioids and
it is the release of these endogenous opioids that mediates
the antinociceptive effects of the openers. In addition, a
differential effect of diazoxide and levcromakaim on the
release k opioids, most likely the dynorphins, appears
probable.

The administration of MOR-1 receptor clone antisense
oligodeoxynucleotides significantly attenuated the effects
of both of the ATP-gated K* channel openers. This find-
ing indicates that both diazoxide and levcromakalim quite
possibly produce antinociception via the release of endoge-
nous opioids acting at the w-opioid receptor. It should be
noted that &-opioid receptor agonists bind the p-opioid
receptor but with a much lesser affinity. Therefore, we
cannot decisively conclude that only endogenous opioids
acting at the p.-opioid receptor are released (Hayes, 1986).
Since antisense to the &-opioid receptor clone significantly
attenuated both diazoxide- and levcromakalim-induced
antinociception, both ATP-gated K* channel openers ap-
pear to produce antinociception through the release of
either [Met®]enkephalin or [Leu®lenkephalin or another
endogenous opioid with 3-opioid receptor affinity. Anti-
sense to the third opioid receptor, the kappa, demonstrated
differences between diazoxide- and levcromakalim-in-
duced antinociception. Since only the effects of diazoxide
were attenuated by antisense to the k-opioid receptor, there
is evidence that diazoxide produces its antinociception via
dynorphin release, while this particular endogenous opioid
plays no role in levcromakalim-induced antinociception. It
is known that the dynorphins are the endogenous ligands
for the k-opioid receptor (Reisine and Pasternak, 1996).
Previous work done in this laboratory using opioid recep-
tor antagonists produced similar results. Nor-binaltorphi-
mine, a k-opioid receptor-specific antagonist, attenuated
diazoxide- but not levcromakalim-induced antinociception
(Welch and Dunlow, 1993; Lohmann and Welch, 1999).

In summary, the data presented here demonstrate that
the ATP-gated K* channel openers, diazoxide and levcro-
makalim produce antinociceptive effects via the release of
endogenous opioids which interact with opioid receptors.
Use of antisense probes, which were shown in critical

experiments to be receptor selective, differentially blocked
the effects of diazoxide versus that of levcromakalim. In
our effort to determine which endogenous opioids are
specifically involved, we hypothesize that diazoxide in-
duces the release of B-endorphin, enkephalins and/or
dynorphins, while levcromakalim induces the release of
only B-endorphin and/or enkephalins.

It is known that K* channel openers, like opioids,
produce an increase in K* efflux from the cell and thus
hyperpolarize the cell’s membrane potential. This causes a
decrease in Ca' 2 entry, which lessens the amount of
neurotransmitters released by the cell. We envision K-
ATP-induced release of endogenous opioids as involving a
disinhibition of inhibitory processes in either a descending
or ascending pathway, yet to be determined. It is possible
that this disinhibition alows the release of endogenous
opioids and thus explains ATP-gated K* channel opener-
induced antinociception.

Opioids are used clinically to aleviate numerous types
of pain, including neuropathic pain and pain due to cancer.
Unfortunately, there are numerous negative side effects
associated with both acute and chronic opioid use. It has
been shown that one opioid can enhance the analgesia
produced by another opioid (Vaught and Takemori, 1979;
Sutters et al., 1990; Vanderah et a., 1996). Therefore, it is
possible that the combination of ATP-gated K* channel
openers with opioids (at low doses of both drugs) may
produce similar efficacy to that of the higher doses of
opioids when administered alone. It should be noted that
such an enhancement of antinociception has been demon-
strated (Narita et a., 1993; Ocana et a., 1996; Lohmann
and Welch, 1999).

Interestingly, the ATP-gated K* channel openers are
still effective in opioid tolerant animals (Welch and Dun-
low, 1993), which have a down-regulation of opioid recep-
tors (Bernstein and Welch, 1998). Hence, the K™ channel
openers may be useful in morphine-tolerant patients. How-
ever, antisense to the opioid receptors, which presumably
down-regulates the number of available opioid receptors,
significantly attenuates ATP-gated K* channel opener-in-
duced antinociception. It is intriguing that one method of
down-regulation of opioid receptors causes a decrease in
antinociception and another does not. It is possible that
such a discrepancy can be explained by the extent of
down-regulation following antisense treatment versus that
following tolerance to the opioids. Alternatively, the possi-
bility that the ATP-gated K™ channel openers have addi-
tional mechanisms that are independent of opioids can not
be ruled out.
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