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Abstract

To determine the roles of FK506-binding proteins, receptors for the immunosuppressant FK506, in tachykinin release, we examined
w w w Ž .x xxthe effects of the FK506 derivative ascomycin, 3S- 3R E 1S,3S,4S ,4S,5R,8S,9E,12R,14R,15S,16R,18S,19S,26aR -8-ethyl-

w Ž . x5,6,8,11,12,13,14,15,16,17,18,19,24,25,26,26a-hexadecahydro-5,19-dihydroxy-3- 2- 4-hydroxy-3-methoxycyclohexyl -1-methylethenyl -
w xw x Ž .14,16-dimethoxy-4,10,12,18-tetramethyl-15,19-epoxy-3H-pyrido 2,1-c 1,4 oxaazacyclotricosine-1,7,20,21 4H,23H -tetrone, on the con-

Ž y7 y5 .tractility of the rabbit iris sphincter muscle. Ascomycin 10 to 10 M caused concentration-dependent contractions, which were
Ž y5 .greatly attenuated by preexposure to rapamycin 10 M , a FK506 receptor antagonist. Similarly, this contractile effect was abolished by

Ž y6 . Ž y5 .preexposure to FK888 10 M , a tachykinin receptor antagonist, and to capsaicin 10 M , a tachykinin-depleting agent. L-type
2q Ž y5 . Ž y5 .voltage-dependent Ca channel blockers, nicardipine 10 M and verapamil 5=10 M , inhibited the ascomycin-induced

Ž y6 .contraction, but the N-type channel blocker v-conotoxin 10 M did not. These results suggest that ascomycin stimulates tachykinin
release by its binding to FK506-binding proteins and the subsequent activation of L-type Ca2q channels. Thus, FK506-binding proteins
may regulate muscle contractility by altering transmitter release from peripheral tachykininergic nerves. q 1997 Elsevier Science B.V.

Keywords: Ascomycin; FK506-binding protein; Neurotransmitter release; Smooth muscle contraction; Tachykininergic nerve; Iris sphincter muscle, rabbit

1. Introduction

FK506-binding proteins are cytosolic receptors for the
Žimmunosuppressant FK506 Harding et al., 1989; Siekierka

.et al., 1989 , which is more potent and safer than cy-
Ž .closporin A Thomson, 1989 . The interaction between

FK506 and FK506-binding proteins leads to the inhibition
of calcineurin, a serine–threonine protein phosphatase type

Ž .2B Yang et al., 1982 , which is a key step in the
intracellular signaling pathway responsible for immuno-

Žsuppression Clipstone and Crabtree, 1992; O’Keefe et al.,
.1992 . FK506-binding proteins are also distributed in the

Ž .nervous system Maki et al., 1990; Steiner et al., 1992
where they are concentrated and colocalized with cal-

Ž .cineurin Steiner et al., 1992 . Although this suggests that
FK506-binding proteins affect various nervous functions,
their roles are not fully understood. Several proteins were
identified as calcineurin substrates, such as growth associ-

) Ž . Ž .Corresponding author. Tel.: 81-7437 94508; Fax: 81-7437 94507.

Ž .ated protein-43 Steiner et al., 1992 , nitric oxide synthase
Ž . 2qDawson et al., 1993 , voltage-dependent Ca channels
Ž . Ž . ŽVDCCs Hosey et al., 1986 and dynamin I Liu et al.,

.1994 , which seem to be involved in neurotransmitter
release. Therefore, it was proposed that the regulation of
neurotransmitter release might be one of the roles of

ŽFK506-binding proteins in the nervous system Steiner et
.al., 1992; Snyder and Sabatini, 1995 .

Our preliminary study demonstrated that the FK506-de-
rivative ascomycin contracted the rabbit iris sphincter mus-
cle, which is innervated by non-adrenergic, non-cholinergic
nerves. These nerves were found to be tachykininergic and
involved in the regulation of muscle contractility through

Žthe release of substance P-like tachykinins Leander et al.,
.1981; Ueda et al., 1982, 1984 . Therefore, we hypothe-

sized that ascomycin interacts with tachykininergic nerves
and causes contraction. To test this hypothesis, we exam-
ined the effects of several inhibitors on the ascomycin-in-
duced contraction in the rabbit iris sphincter muscle. We
report here that the contractile effect of ascomycin is due
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to the stimulation of transmitter release from tachykininer-
gic nerves by interaction with FK506-binding proteins and
subsequent activation of L-type VDCCs.

2. Materials and methods

2.1. Tissue preparation and tension measurement

All experiments were conducted in accordance with the
Public Health Service Policy and Government Principles
Regarding the Care and Use of Animals, and with the
Japanese Law on the Protection of Animals. General pro-
cedures have previously been described in details
Ž .Kageyama et al., 1997a . Briefly, male Japanese White
rabbits weighing 2.3 to 3.8 kg were sacrificed by an excess
dose of sodium pentobarbital and strips of rabbit iris

Ž .sphincter muscle 1 mm in width and 5 mm in length
were prepared. Each strip was suspended between two
hooks and placed in an organ bath containing Krebs–

Ž .Henseleit solution KHS , which was maintained at 378C
and gassed with 95% O and 5% CO . Tension was2 2

measured at a resting tension of 0.2 mN with a force
Ždisplacement transducer TB-612T, Nihon Kohden, Tokyo,

.Japan , which was connected to one of the hooks. Changes
Žin tension were recorded on a thermal pen recorder T-

.685G, Nihon Kohden . At least 60 min was allowed for
equilibration before each protocol was started. In each
experiment, muscle viability was verified by transient ex-
posure to KHS containing 45.9 mM KCl. One strip ob-
tained from one eye of each animal was exposed to
ascomycin, and served as control. The other strip obtained
from the contralateral eye of the same animal was preex-
posed to inhibitors or antagonists before ascomycin appli-
cation. Ascomycin was cumulatively applied to each strip
only once. Contractions induced by ascomycin are ex-
pressed as a percentage of those induced by 45.9 mM KCl.

2.2. Drugs

Ž .KHS contained in mM : NaCl, 118.4; KCl, 4.7; CaCl ,2

2.4; NaHCO , 25.0; MgCl , 1.2; KH PO , 1.2 and glu-3 2 2 4
Ž .cose, 11.7 pH 7.4 . Potassium concentration was elevated

by adding an appropriate aliquot of 2 M KCl. The follow-
wing pharmacological agents were used: ascomycin, 3S-

w w Ž .x3R E 1S,3S,4S ,4S,5R,8S,9E,12R,14R,15S,16R,18S,19S,
xx26aR -8-ethyl-5,6,8,11,12,13,14,15,16,17,18,19,

w Ž24,25,26,26a-hexadecahydro-5,19-dihydroxy-3- 2- 4-hy-
. xdroxy-3-methoxy-cyclohexyl -1-methylethenyl -14,16-di-

methoxy-4,10,12,18-tetramethyl-15,19-epoxy-3H-pyrido-
w xw x Ž .2,1-c 1,4 oxaazacyclotricosine-1,7,20,21 4H,23H -

Žtetrone and rapamycin, obtained from Calbiochem La
.Jolla, CA, USA , spantide, substance P and v-conotoxin,

Ž .from Peptide Institute Osaka, Japan , FK888, from Wako
Ž .Osaka, Japan and carbachol, capsaicin, verapamil and

Ž .nicardipine, from Sigma St. Louis, MO, USA . As-
comycin, rapamycin and capsaicin were dissolved in 100%
ethanol and FK888 and nicardipine in dimethyl sulfoxide
Ž .DMSO . The other chemicals were dissolved in distilled
water. The final concentrations of ethanol and DMSO were
kept at less than 0.325 and 0.1%, respectively.

2.3. Statistical analysis of data

Each value represents the mean"S.E.M. The statistical
significance was determined by the Student’s t-test for
unpaired data. Differences were assumed to be significant
when P-0.05.

Fig. 1. Contractile effects of ascomycin and its vehicle on isolated rabbit
iris sphincter muscle. Representative recordings of the effects of as-

Ž . Ž .comycin and vehicle a ; repeated application of ascomycin b ; concen-
tration–response curves for the contractile effects of ascomycin and

Ž . Ž . Ž .vehicle c . In a and c , one of the two strips from each animal was
Ž .exposed to ascomycin ` and the other to vehicle corresponding to

Ž . Ž .ascomycin solutions v . In b , ascomycin was cumulatively applied
and washed out after application of 10y5 M. Then, ascomycin at 10y5 M
was repeatedly applied to the same preparation. The ensuing contraction
was expressed as a percentage of the contraction induced by 45.9 mM
KCl just before application of rapamycin. Each value represents the
mean"S.E.M. of 5 different preparations. ) P -0.05; ) ) P -0.01,
compared with preparations exposed to vehicle.
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3. Results

3.1. Effects of ascomycin on tension

As shown in Fig. 1a, the application of 45.9 mM KCl
resulted in a rapid onset of contraction. In contrast, as-
comycin caused a slow onset and long-lasting contraction,
which was concentration-dependent from 10y7 to 10y5 M
Ž .Fig. 1a and c . Following the application of ascomycin,
the tension gradually increased, reached a maximum within
5 to 10 min depending on concentrations used and then
decreased towards baselines. The contraction induced by

Ž y5 .the second application of ascomycin 10 M was less
than that by the first application, suggesting that it causes

Ž .tachyphylaxis Fig. 1b . The maximum contractile re-
sponse to ascomycin, which would be obtained at more

Fig. 2. Concentration–response curves for the contractile effect of as-
Ž . Ž . Ž . Ž .comycin a and substance P b in the absence ` or presence v of

the FK506 receptor antagonist rapamycin. One of the two strips from
Ž y5 .each animal was exposed to rapamycin 10 M for 30 min, and the

other served as control. The contractile agent under study was then
Žapplied cumulatively during continuing exposure to rapamycin in one

.strip . The ensuing contraction was expressed as a percentage of the
contraction induced by 45.9 mM KCl just before application of ra-
pamycin Each value represents the mean"S.E.M. of 5 to 7 different
preparations. ) P -0.05; ) ) P -0.01, compared with preparations with-
out rapamycin.

Fig. 3. Effects of FK888, a substance P receptor antagonist, on as-
Ž . Ž .comycin- a and carbachol-induced contractions b . One of the two

Ž y6 .strips from each animal was exposed to FK888 10 M for 30 min
Ž . Ž .v , and the other served as control ` . The contractile agent under

Žstudy was then applied cumulatively during continuing exposure to
.rapamycin in one strip . The ensuing contraction was expressed as a

percentage of the contraction induced by 45.9 mM KCl just before
application of FK888. Each value represents the mean"S.E.M. of 4 to 5
different preparations. ) P -0.05; ) ) P -0.01, compared with prepara-
tions without FK888.

than 10y5 M, was not examined, because of the poor
Ž .water solubility of ascomycin. The vehicle ethanol at

corresponding concentrations with ascomycin solutions had
only a small contractile effect, which was significantly
different from that of ascomycin at any concentrations
Ž .Fig. 1a and c .

3.2. Effects of rapamycin on ascomycin-induced contrac-
tion

To determine the involvement of FK506-binding pro-
teins in the contractile effect of ascomycin, we examined
the effects of rapamycin on ascomycin-induced contrac-
tion. Since, like FK506, rapamycin binds to FK506-bind-
ing proteins, it is used as an antagonist for FK506-binding

Ž .proteins Dumont et al., 1990; O’Keefe et al., 1992 . As
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Ž y5shown in Fig. 2, a 30 min preexposure to rapamycin 10
.M significantly inhibited the contractile effect of as-

comycin, but it did not affect the contraction induced by
Ž y10 y7 .substance P 10 to 10 M . Rapamycin itself did not

Ž .have any contractile effect data not shown .

3.3. Effect of FK888 and capsaicin on ascomycin-induced
contraction

To determine whether the ascomycin-induced contrac-
tion was due to neurotransmitter release from tachykininer-
gic nerves, we examined the effects of FK888 and cap-
saicin on the ascomycin-induced contraction. FK888 is a

Žnewly developed substance P receptor antagonist Fujii et
.al., 1992 . Capsaicin is a pungent ingredient in red pep-

pers, which depletes neurotransmitters from tachykininer-
Ž .gic nerve endings Holzer, 1991 . As shown in Fig. 3, the

contractile effect of ascomycin was significantly inhibited
Ž y6 .by a 30 min preexposure to FK888 10 M , which also

Žinhibited the substance P-induced contraction data not

Fig. 4. Effects of capsaicin, a substance P-depleting agent, on ascomycin-
Ž . Ž .a and substance P-induced contractions b . One of the two strips from

Ž y5 . Ž .each animal was exposed to capsaicin 10 M for 60 min v and the
Ž .other served as control ` . The contractile agent under study was then

Žapplied cumulatively during continuing exposure to rapamycin in one
.strip . The ensuing contraction was expressed as a percentage of the

contraction induced by 45.9 mM KCl just before application of capsaicin.
Each value represents the mean"S.E.M. of 6 to 7 different preparations.
) P -0.05; ) ) P -0.01, compared with preparations without capsaicin.

Ž . Ž .Fig. 5. Effects of nicardipine a , verapamil b , L-type voltage-dependent
2q Ž .Ca channel blockers, and v-conotoxin c , an N-type blocker, on

ascomycin-induced contractions. One of the two strips from each animal
Ž y5 . Ž y5 .was exposed to nicardipine 10 M , verapamil 5=10 M or

Ž y6 . Ž .v-conotoxin 10 M for 30 min v , and the other served as control
Ž . Ž` . Ascomycin was then applied cumulatively during continuing expo-

2q .sure to Ca channel blockers in one strip . The ensuing contraction was
expressed as a percentage of the contraction induced by 45.9 mM KCl
just before application of each Ca2q channel blocker. Each value repre-
sents the mean"S.E.M. of 5 to 6 different preparations. ) P -0.05;
) ) P -0.01, compared with preparations without each blocker.

. Ž y8 y5 .shown , but not that by carbachol 10 to 10 M . A
similar result was obtained with another substance P recep-

Ž . Ž y5tor antagonist, spantide data not shown . Capsaicin 10
.M caused a transient contraction and a subsequent appli-

Ž .cation did not cause contraction data not shown , suggest-
ing that tachykininergic nerves were already chemically
denervated. Preincubation with capsaicin for 60 min abol-
ished the ascomycin-induced contraction, whereas it did

Ž .not affect that induced by substance P Fig. 4 .

3.4. Effects of Ca2 q channel blockers on ascomycin-in-
duced contraction

To obtain further insight into the mechanism of as-
comycin-induced contraction, we examined the effects of
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nicardipine and verapamil, L-type VDCC blockers and
v-conotoxin, an N-type blocker, on the ascomycin-induced

Ž y5contraction. As shown in Fig. 5a, when nicardipine 10
.M was applied for 30 min before the ascomycin addition,

it greatly attenuated the ascomycin-induced contraction.
However, nicardipine had no effect on substance P-in-
duced contraction. The concentrations producing 50% of
the contractile response to substance P were 9.33"0.09

Ž .and 9.40"0.04 ylog M in the absence and presence of
Ž .nicardipine, respectively ns5, not significant . Using the
Ž y5 .same protocol, verapamil 5=10 M was also effective

Ž .in inhibiting ascomycin-induced contraction Fig. 5b . In
Ž y6 .contrast, the N-type VDCC blocker v-conotoxin 10 M
Ž .did not affect the ascomycin-induced contraction Fig. 5c .

4. Discussion

The main finding of the present study is that the rabbit
iris sphincter muscle contracted in response to ascomycin,
which is an immunosuppressant with a chemical structure
similar to FK506 and acts through the same mechanisms

Žof action as FK506 Petros et al., 1991; Dumont et al.,
.1992 . The contractile effect of ascomycin was greatly

Ž .attenuated by preexposure to FK888 Fujii et al., 1992
Žand spantide, substance P receptor antagonists Folkers et

.al., 1984 . This suggests that ascomycin causes contraction
through activation of tachykinin receptors. The contractile
effect of ascomycin was also inhibited by capsaicin, an
agent that depletes substance P-like tachykinins from

Ž .tachykininergic nerves Holzer, 1991 . Capsaicin had no
effect on the substance P-induced contraction, suggesting
that it inhibits function of tachykininergic nerve, but does
not directly affect muscle function or tachykinin receptors.
Thus, besides the immunosuppressive effect, ascomycin
may have a stimulatory effect on neurotransmitter release
from peripheral tachykininergic nerves in the iris sphincter
muscle.

Interaction between ascomycin or FK506 and FK506-
Žbinding proteins, their cytosolic receptors Harding et al.,

.1989; Siekierka et al., 1989 , is a key event in the signal-
Žing pathway leading to immunosuppression Liu et al.,

.1991 . Interestingly, we found that the contractile effect of
ascomycin was significantly inhibited by rapamycin, which
is used as an antagonist for FK506-binding proteins
Ž .Dumont et al., 1990; O’Keefe et al., 1992 , because the
complex of rapamycin and FK506-binding proteins cou-
ples to different signaling pathways from that of FK506 or

Žascomycin and FK506-binding proteins Price et al., 1992;
.Terada et al., 1993 . Rapamycin did not affect the sub-

stance P-induced contraction, suggesting that it does not
interact with tachykinin receptors or subsequent signal
transduction, but specifically antagonizes FK506-binding
proteins. Therefore, the complex of ascomycin and
FK506-binding proteins seems to mediate its stimulatory

effect on neurotransmitter release from tachykininergic
nerves as well as immunosuppression.

In the present study, rapamycin inhibited the contractile
effect of ascomycin, but it did not cause any contraction
per se. We previously demonstrated that cyclosporin A had
the same stimulatory effect on tachykinin release as that of

Ž .ascomycin Kageyama et al., 1997b . The complex of
FK506-binding proteins with ascomycin inhibits the activ-

Žity of the protein phosphatase calcineurin Clipstone and
.Crabtree, 1992; O’Keefe et al., 1992 , whereas that with

rapamycin does not affect it, but instead inhibits S6 kinase
Ž .Price et al., 1992; Terada et al., 1993 . Cyclosporin A
binds to different immunophilins, so-called cyclophilins,
and the complex of cyclosporin A and cyclophilins inhibits
calcineurin activity as seen with that of FK506 and

ŽFK506-binding proteins Clipstone and Crabtree, 1992;
.O’Keefe et al., 1992 . These similar properties of as-

comycin and cyclosporin A suggest that calcineurin inhibi-
tion is involved in the stimulatory effect of ascomycin on
tachykinin release.

This view is supported by an earlier study demonstrat-
ing that the potency of calcineurin inhibition by several
FK506 derivatives correlates with that of their stimulatory

Ž .effects on sympathetic nerve activity Lyson et al., 1993 .
Calcineurin inhibition also mediated stimulation by FK506
of glutaminergic neurotransmission in rat cortical neurons
Ž .Victor et al., 1995 . On the other hand, calcineurin inhibi-
tion by FK506 suppressed dopamine and acetylcholine
release from a rat pheochromocytoma cell line, PC12
Ž .Snyder and Sabatini, 1995 . These opposite effects of
FK506-binding protein ligands on neurotransmitter release
may be due to different signaling pathways coupled to
FK506-binding proteins and calcineurin, because sub-

Žstrates for calcineurin are diverse Hosey et al., 1986;
.Steiner et al., 1992; Dawson et al., 1993; Liu et al., 1994 .

Recently, we demonstrated that L- and N-type, but not
P-type, VDCCs regulate neurotransmitter release from
tachykininergic nerves in the rabbit iris sphincter muscle
Ž .Kageyama et al., 1997a . In the present study, nicardipine
and verapamil, L-type VDCC blockers, greatly inhibited
the ascomycin-induced contraction, but nicardipine did not
affect the substance P-induced one. This suggests that
nicardipine and probably verapamil presynaptically act to
inhibit neurotransmitter release from tachykininergic
nerves. In contrast, the N-type VDCC blocker v-conotoxin
had no effect on the ascomycin-induced contraction. Thus,
ascomycin may stimulate transmitter release from
tachykininergic nerves predominantly by activating L-type
VDCCs located on nerve endings, even if both L- and

Ž .N-type VDCCs regulate it Kageyama et al., 1997a .
Predominant activation by ascomycin of L-type VDCCs

may be due to differences in the regulation of L- and
N-type VDCC function by protein kinases and phos-
phatases. Protein kinase A phosphorylates both L- and

Ž .N-type VDCCs Hell et al., 1995 and subsequently acti-
Žvates L-type, but inactivates N-type VDCCs Sculptoreanu
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.et al., 1995 . In contrast, calcineurin dephosphorylates and
Ž .inactivates L-type VDCCs Armstrong, 1989 , whereas it

probably activates N-type VDCCs, although it is unknown
if N-type VDCCs are a calcineurin substrate. Thus, cal-
cineurin inhibition by ascomycin may result in predomi-
nant activation of L-type VDCCs. Alternatively, N-type
VDCCs may not be a calcineurin substrate. If so, cal-
cineurin inhibition by ascomycin may phosphorylate and
activate L-type VDCCs, but may not affect N-type VD-
CCs. Further studies are needed to clarify the exact mecha-
nisms for predominant activation of L-type VDCCs by
ascomycin.

In conclusion, we found that ascomycin caused FK888-
and capsaicin-sensitive contraction in the isolated rabbit
iris sphincter muscle, which was inhibited by rapamycin
and L-type VDCC blockers. These results suggest that
ascomycin stimulates tachykinin release by interacting with
FK506-binding proteins and by subsequent activation of
L-type VDCCs. Thus, FK506-binding proteins may regu-
late iris sphincter muscle contractility by altering tachykinin
release.
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