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Stimulation of airway sensory nerves by cyclosporin A and FK506

in guinea-pig isolated bronchus
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1 We have investigated the contractile property of cyclosporin A and FKS506 in guinea-pig isolated
bronchus.

2 Cyclosporin A (10 uM) failed to significantly attenuate the excitatory non-adrenergic non-cholinergic
(eNANC) and cholinergic contractile response (per cent methacholine E,,,.) induced by electrical field
stimulation (EFS). In contrast, eNANC responses were significantly attenuated by both the neurokinin
(NK)-1 and (NK)-2 receptor antagonists, N-acetyl-L-tryptophan 3,5-bis (trifluoromethyl)-benzyl and
SR48968, respectively.

3 Cyclosporin A and FK506 caused a concentration-dependent contraction in guinea-pig isolated
bronchus, which was significantly attenuated by NK-1 and NK-2 receptor antagonists. The capsaicin
receptor antagonist, capsazepine (10 uM) significantly reduced the contractile response to cyclosporin A
and capsaicin, but not to FK506.

4 The N-type calcium channel blocker, w-Conotoxin (wCTX: 10 nM), significantly reduced the
contractile response to FK506 and the eNANC response following EFS. In contrast, o-CTX failed to
significantly reduce the contractile potency to capsaicin or cyclosporin A.

5 In bronchial preparations desensitized by repeated application of capsaicin (1 uM), the contractile
responses to both cyclosporin A (100 um) and FK506 (100 um), were significantly reduced. In contrast,
the contractile responses to substance P and neurokinin A (10 uM) were not altered. Furthermore,
repeated application of cyclosporin A (100 uM) significantly inhibited the contractile response to
capsaicin (1 um).

6 The findings from this study would indicate that cyclosporin A and FK506 mediate contraction of
guinea-pig isolated bronchus secondary to the release of neuropeptides from airway sensory nerves.
However, the release of sensory neuropeptides appears to be mediated via different mechanisms for
cyclosporin A and FK506, the former by stimulation of the vanilloid receptor and the latter via opening

of N-type calcium channels.

Keywords: Cyclosporin A; FK506; sensory neuropeptides; bronchial smooth muscle; neurotransmitter release; neurokinin-1 and
neurokinin-2 receptor antagonists; sensory nerves; capsaicin; capsazepine
Introduction

Cyclosporin A is derived naturally from a fungal metabolite of
Tolypocladium inflatum (Borel et al., 1977), and tacrolimus
(FK506) an antifungal natural product macrolide (Liu, 1993).
They are both immunosuppressants which are used in the
treatment of transplantation to prevent allograft rejection
(Shevach, 1985), of which FK506 has been shown to be 10 to
100 times more potent than cyclosporin A in vivo (Waschu-
lewski et al., 1993). Cyclosporin A binds to and inhibits a
family of basic cytosolic receptor proteins termed cyclophilins
which exhibit cis-trans peptidyl-propyl isomerase activity.
FK506 binds to the rotamase site and inhibits the basic
cytosolic protein FK506 binding protein (FKBP). Further-
more, both the cyclosporin A-cyclophilin and the FK506-
FKBP complex binds to, and inhibits, the activity of the
calcium-calmodulin dependent serine/threonine protein phos-
phatase 2B, calcineurin (Liu, 1993; Ho et al., 1996). Therefore,
immunosuppression is a consequence of inhibition of
calcineurin and the signal transduction pathways which lead
to the activation of specific transcription factors (e.g. nuclear
factor of activated T cells, NF-AT) involved in IL-2 gene
transcription in lymphocytes (Liu, 1993; Ho et al., 1996).
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Both cyclosporin A and FK506 have also been shown to
modulate the function of other cell types. Thus, IgE-dependent
degranulation of mast cells and basophils (Hultsch et al., 1991;
Stellato et al., 1992; Marone et al., 1993), exocrine secretion
from pancreas (Waschulewski et al., 1993; Groblewski et al.,
1994), nitrite/nitrate production by vascular smooth muscle
cells (Akita et al., 1994; Marumo et al., 1995) and expression of
inducible nitric oxide synthetase (Marumo et al., 1995) are all
inhibited by cyclosporin A and FK506 which is attributed to
inhibition of calcineurin. There are further suggestions that ion
channel function is regulated by calcineurin, which is inhibited
by both the cyclosporin A-cyclophilin and FK506-FKBP
complexes (Chad & Eckert, 1986). FK506 (50 uM) increased
synaptic transmission under basal conditions and following
tetanic stimulation of Helix neurones (Wang & Kelly, 1996).
Furthermore, cyclosporin A has recently been shown to inhibit
capsaicin-evoked desensitization of dorsal root ganglion
neurones from rats (Docherty et al., 1996).

However, cyclosporin A has been reported to mediate
effects that are unrelated to inhibition of calcineurin.
Cyclosporin A inhibited the binding of radiolabelled substance
P to membrane homogenates of guinea-pig lung, indicative of
neurokinin-1 antagonism (Gitter et al., 1995). This is thought
to account for the ability of cyclosporin A to inhibit the
secretion of IL-6 and phosphatidylinositol turnover from U-
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373 MG astrocytoma cells induced by substance P (Gitter et
al., 1995). Similarly, the ability of substance P to stabilize IL-2
mRNA in Jurkat cells is inhibited by cyclosporin A (Calvo,
1994). In contrast, cyclosporin A failed to inhibit histamine
release from human skin mast cells induced by substance P
(Stellato et al., 1992).

We have previously demonstrated that the protein
phosphatase 1 and 2A inhibitor, okadaic acid, attenuated
contraction induced by stimulation of eNANC nerves in
guinea-pig isolated main bronchus (Harrison et al., 1997),
suggesting that protein phosphatases regulate the release of
neuropeptides from airway sensory nerves. However, the role
of protein phosphatase 2B in this response is not clear. We
have therefore examined the role of cyclosporin A and FK506
in modulating neuropeptide release from airway sensory
nerves.

Methods

Tissue preparation

Male Albino guinea-pigs (300—500 g) were killed by cervical
dislocation and the lungs removed and placed in cold (4°C)
Krebs-Henseleit solution. Bronchial rings were suspended
under a resting tension of 0.5 g in Krebs-Henseleit solution
and aerated with 95% O, and 5% CO, at 37°C, containing the
cyclo-oxygenase inhibitor indomethacin (5 uM) and the non-
selective f-antagonist propranolol (1 uMm). Tissues were
allowed to equilibrate for 40 min before methacholine (0.3
and 100 uM) was added cumulatively to the bath to assess the
sensitivity of bronchial preparations. After the contractile
response had reached plateau, the tissues were washed five
times over a 15 min period and allowed to equilibrate for a
further 30 min.

Electrical field stimulation studies

eNANC Platinum electrodes were placed either side of
guinea-pig isolated bronchi and stimulated electrically (3 Hz,
20 s, 0.5 ms pulse width at maximum voltage) in the presence
of the non-selective muscarinic antagonist, atropine (0.1 uM)
and the neutral endopeptidase inhibitor, thiorphan (10 uM).
After the contractile response had returned to baseline,
bronchial preparations were incubated for 20 min prior to
electrical field stimulation (EFS, 3 Hz, 20 s, 0.5 ms maximum
voltage) with cyclosporin A (10 uM), the neurokinin-1 receptor
antagonist, N-acetyl-L-tryptophan 3,5-bis (trifluoromethyl)-
benzyl ester (10 uM), the neurokinin-2 receptor antagonist,
SR48968 (0.1 uMm), the N-type calcium channel blocker, w-
conotoxin (10 nM) or vehicle.

Cholinergic In other experiments, cholinergic responses were
obtained in guinea-pig isolated main bronchi by EFS (1-
30 Hz, 10 s, 0.5 ms pulse width at maximum voltage) in the
presence of the nitric oxide synthase inhibitor, Nw-nitro-L-
arginine methyl ester (L-NAME, 30 uM) and the neutral
endopeptidase inhibitor, thiorphan (10 um). The tissues were
then incubated for 20 min with cyclosporin A (10 uM) or
vehicle, then stimulated electrically for a second time.

Spasmogen studies
Cumulative-concentration effect curves to cyclosporin A,

FK506 and capsaicin were performed in the absence, or
20 min after incubation of guinea-pig isolated bronchus with

capsazepine (10 um), N-acetyl-L-tryptophan 3,5-bis (trifluor-
omethyl)-benzyl ester (10 uM), SR48968 (0.1 uM), w-conotoxin
(10 nm) or vehicle.

In other studies, concentration-effect curves to substance P
or neurokinin A were performed in the absence, or 20 min
after incubation of guinea-pig isolated bronchus with
cyclosporin A (10 um), N-acetyl-L-tryptophan 3,5-bis (tri-
fluoromethyl)-benzyl ester (10 um), SR48968 (0.1 um) or
vehicle.

In further studies, cumulative-concentration effect curves to
cyclosporin H were performed in guinea-pig isolated bronchus.

Desensitisation studies

Guinea-pig bronchial preparations were contracted with
capsaicin (1 uM), then washed repeatedly with Krebs-Henseleit
solution until the response had returned to baseline. This
procedure was repeated again and bronchial preparations were
allowed to equilibrate for a further 30 min before concentra-
tion response curves to cyclosporin A, FK506, substance P or
neurokinin A (0.01-100 um) were performed. Control
preparations were treated with repeated doses of vehicle
(0.1% ethanol) before the dose response curve to cyclosporin
A, FK506, substance P or neurokinin A were performed. In
other experiments, the effect of cyclosporin A (100 uM) on the
contractile response to substance P in capsaicin-desensitized
tissues was studied.

In some experiments, guinea-pig bronchial preparations
were contracted with cyclosporin A (100 uM), the tissues were
washed repeatedly with Krebs-Henseleit solution until the
response had returned to baseline. This procedure was
repeated again and tissues were allowed to equilibrate for a
further 30 min before commencement of the dose response
curves to capsaicin (0.01-1000 nM). Control preparations
were treated with repeated doses of vehicle (0.1% ethanol)
before the dose response curve to capsaicin was performed.

Analysis of results

Results were expressed as arithmetic mean+s.e.mean. In
studies involving EFS, the contractile response was expressed
as a percentage of the contractile response in the absence of the
inhibitor or vehicle (per cent inhibition). Contractile responses
to capsaicin, cyclosporin A, FK506, neurokinin A and
substance P were expressed as a percentage of methacholine
Enax (100 um). The effect of drug treatment on cumulative
concentration-effect curves was assessed using Analysis of
Covariance and contractile potency was expressed as the
logarithm of the concentration of agonist which produced a
contractile response of 25% of the methacholine E,,., (—log;,
EC,;5). In the desensitization studies, the maximum response to
cyclosporin A and FK506 (100 uM) was compared to the
response observed in vehicle control preparations. The
difference between mean values was determined with Student’s
paired and non-paired f-test and considered significant if
P<0.05.

Drugs

N-acetyl-L-tryptophan 3,5-bis (trifluoromethyl)-benzyl ester
(neurokinin-1 receptor antagonist), atropine, capsaicin, -
conotoxin (GVIA), dimethylsulphoxide (DMSO), indometha-
cin, isoprenaline, methacholine, neurokinin A, Nw-nitro-L-
arginine methyl ester (L-NAME), substance P, thiorphan
(Sigma) and capsazepine (Alexis). Cyclosporin A and
cyclosporin H were kindly donated by Dr K.H. Buchheit
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(Novartis, AG Basle, Switzerland) and dissolved in ethanol:-
water:tween-80 (50:48:2 v v~ '). FK506 was kindly donated
by Dr K. Murato (Fujisawa, GmbH Miinchen) and dissolved
in ethanol and further dilutions dissolved in ethanol:water:
tween-80 [50:48:2 v v~']. Composition of Krebs-Henseleit
solution was (mM): NaCl 117.6, KCl 5.4, MgSO,7H,0 0.57,
KH,PO, 1.03, NaHCO; 25, glucose 11.1 and CaCl,2H,0 2.5.
The stock concentration of indomethacin (0.01 M) was
prepared in 0.5% Na,CO;. The stock concentration of
capsaicin (0.01 M) was prepared in 100% ethanol. Stock
concentrations of neurokinin A and substance P (0.6 mM) were
prepared in 10% acetic acid and stored at —20°C. The
appropriate dilution’s were then made in Krebs-Henseleit
solution.

Results
Electrical field stimulation

eNANC Electrical field stimulation (3 Hz) of guinea-pig
isolated main bronchus induced a contractile response of
38+10.9% MCh E,., (n=5). We have previously reported
that contraction induced by EFS of eNANC nerves was
tetrodotoxin-sensitive.

Cyclosporin A (10 uM) did not alter the eNANC response
(per cent inhibition) induced by EFS (cyclosporin A, 12.3+1.6
vs control, 5.54+5.5; P>0.05, n=4). In contrast, N-acetyl-L-
tryptophan 3,5-bis (trifluoromethyl)-benzyl ester (10 uM) and
SR48968 (0.1 um) significantly attenuated (per cent inhibition)
the eNANC response induced by EFS (NK-1 antagonist,
89.54+3.3 vs control, 1.2+1.3; P<0.05, n=4: NK-2 antago-
nist, 93.54+4.3 vs control, 6.3+0.2; P<0.05, n=4). w-
Conotoxin (10 nM), an N-type calcium channel blocker,
significantly attenuated the eNANC response induced by EFS
(wCTX, 76.7+4.4 vs control, 8.0+ 8.8, P<0.05, n=4).

Cholinergic response

In guinea-pig isolated main bronchus, contractile responses
(per cent methacholine E,,,) to cholinergic nerve stimulation
(1-30 Hz, 10 s, 0.5 ms pulse width at maximum voltage) were
not altered by cyclosporin A (10 uM) (1 Hz, cyclosporin A,
7.742.9 vs control, 9.0+4.6; 3 Hz, cyclosporin A, 8.1+2.9 vs
control, 10.3+4.4; 10 Hz, cyclosporin A, 10.8+3 vs control,
14.3+6.8; 30 Hz, cyclosporin A, 20.9+5.4 vs control,
24.9+12.6; P>0.05, n=4).

Spasmogen experiments

Cyclosporin A, FK506, capsaicin and substance P all induced
a concentration-dependent contraction of guinea-pig isolated
main bronchus yielding a contractile potency (—log;o EC,s) of
59+40.5 (n=15), 7.1+£0.2 (n=16), 9.5+0.4 (n=18) and
8.3+0.2 (n=17), respectively. Cyclosporin H induced a
concentration-dependent contraction of guinea-pig isolated
main bronchus yielding a contractile potency of 3.9+0.1
(n=4) and a maximum response (0.3 mM) of 49.8+11.3%
methacholine E,., (n=4). Vehicle (0.1%) for cyclosporin A
and FK506 had no significant contractile response (2.5+1.0%
methacholine E,.,, n=4).

Capsazepine (10 uM) significantly reduced the contractile
(ANCOVA P<0.05), and maximum (per cent methacholine
E....) response, to cyclosporin A (capsazepine, 12+13 vs
control, 83+8.9; P<0.05, n=5-6; Figure 1a) and contractile
potency (—log;cEC,s) to capsaicin (capsazepine, 5.9+0.3 vs

control, 9.8+0.2; P<0.05, n=4; Figure 1b). In contrast,
capsazepine had no effect on the contractile potency to FK506
(capsazepine, 6.5+0.6 vs control, 6.5+0.2; P>0.05, n=4;
Figure 1c).

The neurokinin-1 and neurokinin-2 receptor antagonist, N-
acetyl-L-tryptophan  3,5-bis  (trifluoromethyl)-benzyl ester
(10 um) and SR48968 (0.1 uM) respectively, reduced the
contractile potency (—log;cECys) to cyclosporin A (NK-1
antagonist, 4.2 +0.1 vs vehicle, 5.3+0.4; P<0.05, n=4: NK-2
antagonist, 4.6+0.2 vs control, 6.6+0.5; P<0.05, n=35;
Figure 2a), FK506 (NK-1 antagonist, 4.3+0.1 vs control,
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Figure 1 Concentration-effect curves to (a) cyclosporin A, (b)
capsaicin, (c) FK506 in the absence or presence of capsazepine
(10 um, n=4-7). Vertical lines represent s.ec.mean.
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7.2+0.2; P<0.05, n=4: NK-2 antagonist, 5.4 +0.2 vs control
6.6+0.5; P<0.05, n=4; Figure 2b) and substance P (NK-1
antagonist, 7.2+0.4, vs control, 8.7+0.1; P<0.05, n=4;
Figure 3a). However, SR48968 failed to alter the contractile
potency to substance P (NK-2 antagonist, 8.0 +0.2 vs control,
7.6+0.2; P>0.05, n=4; Figure 3a). In the presence of N-
acetyl-L-tryptophan  3,5-bis  (trifluoromethyl)-benzyl ester
(10 um) the contractile potency to capsaicin was not
significantly altered (NK-1 antagonist 8.8+0.7 vs control,
9.8+0.5, P>0.05, n=4). In contrast, the NK-2 antagonist
SR48968 (0.1 um), significantly reduced the contractile
potency to capsaicin (NK-2 antagonist, 7.3+0.2 vs control,
8.740.1, P<0.05, n=4; Figure 3b).

Cyclosporin A (10 um) failed to significantly alter the
contractile potency (—log;(EC,s) to substance P (cyclosporin
A, 8.0+6.5 vs control, 8.1+0.7; P>0.05, n=5-06; Figure 4a)
and neurokinin A (cyclosporin A, 6.6+0.3 vs control,
7.0+0.2, P>0.05, n=4; Figure 4b).

w-Conotoxin (10 nM) significantly reduced the contractile
potency (—log;(ECss) to FK506 (wCTX, 4.34+0.1 vs control
6.8+0.6, P<0.05, n=4; Figure 5a). In contrast, w-conotoxin
(10 nMm) failed to significantly reduce the contractile potency to
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Figure 2 Concentration-effect curves to (a) cyclosporin A and (b)
FK506 in the absence or presence of N-acetyl-L-tryptophan 3,5-bis
(trifluoromethyl)-benzyl ester (10 um, n=4-5) or SR48968 (0.1 um,
n=4-15). Vertical lines represent s.e.mean.

both capsaicin (wCTX, 8.6+0.4 vs control 9.5+0.5, P>0.05,
n=6; Figure 5b) and cyclosporin A (wCTX, 6.84+0.3 vs
control 5.9+0.5, P>0.05, n=4; Figure 5c).

Desensitization studies

Capsaicin (1 uM) contracted (per cent methacholine E,.)
guinea-pig bronchial preparations (46.8+1.6, n=7) but the
response to a second application of capsaicin (1 uM) was
significantly inhibited (2745, n="7, P<0.05). In the capsaicin-
desensitized preparations, the contractile response to cyclos-
porin A (100 uM) (capsaicin-treated, 8.3+2.8 vs ethanol
control, 37+8.4 vs time control 59.3+12.3, P<0.05, n=7)
and FK506 (100 um) (capsaicin-treated, 14.8 +4.4 vs ethanol
control, 58.8+4.4 vs time control, 84.3+4.8, P<0.05, n=4)
was significantly reduced compared with ethanol control.
However, the contractile response to substance P (10 um)
(capsaicin-treated, 84.5+2.3 vs control, 92.3+4.6, P>0.05,
n=4) and neurokinin A (10 uM) (capsaicin-treated, 72.3+9.5
vs control, 98.5+1.5, P>0.05, n=4) were not altered.
Cyclosporin A (100 uM) which failed to significantly increase
tone in capsaicin desensitized tissues, had no effect on the
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Figure 3 Concentration-effect curves to (a) substance P and (b)
capsaicin in the absence or presence of N-acetyl-L-tryptophan 3,5-bis
(trifluoromethyl)-benzyl ester (10 um, n=4) or SR48968 (0.1 um,
n=4). Vertical lines represent s.e.mean.
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contractile potency (—log;,EC,s) to substance P (cyclosporin
A, 7.34+0.7 vs control 7.4+0.7, P>0.05, n=4).

Cyclosporin A (100 uM) contracted guinea-pig bronchial
preparations (29.5+6.5% methacholine E,,.,, n=4) but the
response to a second application of cyclosporin A (100 um)
was significantly inhibited (9.3+29, n=4, P<0.05). In
cyclosporin A treated preparations, the contractile response
to capsaicin (1 uM) was also significantly reduced (cyclosporin
A-treated, 9.5+3.5 vs control, 37+11, P<0.05, n=4)
compared to the control experiment.

Discussion

We report the novel finding that cyclosporin A and FK506
caused a concentration-dependent contraction in guinea-pig
isolated bronchus. The neurokinin-1 and neurokinin-2
receptor antagonists, N-acetyl-L-tryptophan 3,5-bis (trifluor-
omethyl)-benzyl ester and SR48968 respectively, significantly
attenuated the contractile response to cyclosporin A and
FK506. Moreover, capsaicin-induced desensitization of the
tissue significantly reduced the contractile potency of
cyclosporin A and FK506 and when tissues were treated with
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Figure 4 Concentration-effect curves to (a) substance P and (b)

neurokinin A in the absence or presence of cyclosporin A (10 um,
n=4-6). Vertical lines represent s.e.mean.

cyclosporin A, cross-desensitization to capsaicin was also
evident. Collectively, these findings indicate that cyclosporin A
and FK506 contracted guinea-pig bronchus secondary to the
release of neuropeptides from airway sensory nerves.
Capsazepine, a capsaicin receptor antagonist, significantly
attenuated the contractile response to both capsaicin and
cyclosporin A, but was ineffective against the contractile
response to FK506. In contrast, the N-type calcium channel
blocker, w-conotoxin, significantly attenuated the contractile
response to EFS and FK506, but not to cyclosporin A or
capsaicin. The mechanism of contraction appears to be
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Figure 5 Concentration-effect curves to (a) FK506 (b) capsaicin and
(c) cyclosporin A in the absence or presence of w-conotoxin (10 nm,
n=4-6). Vertical lines represent s.e.mean.
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capsazepine-sensitive in the case of cyclosporin A, and w-
conotoxin sensitive in the case of FK506.

It is well established that cyclosporin A-cyclophilin and the
FK506-FKBP complex inhibits the calcium/calmodulin de-
pendent protein phosphatase, calcineurin (Marks, 1996). The
protein and mRNA for cyclophilins and calcineurin is
localized to nerve cells and is distributed widely throughout
the brain and spinal cord (Steiner et al., 1992; Dawson et al.,
1994; Chen et al., 1995). Moveover, cyclophilin and calcineurin
appear to be co-localized in neurones (Steiner et al., 1992;
Dawson et al., 1994). Several studies have suggested that
synaptic activity may be modulated by calcineurin, including
synpatic depression (Mulkey et al., 1994) and down regulation
of long-term potentiation in the hippocampus (Wang & Kelly,
1996). Cyclosporin A complexed with cyclophilin inhibited the
ability of capsaicin to induce desensitization of rat dorsal root
ganglion (DRG) neurones (Docherty et al., 1996). Similarly,
cyclosporin A promoted phosphorylation of sodium channels
in rat brain (Chen et al., 1995), inhibited spontaneous action
potentials in rat cortical neurones (Victor et al., 1995),
promoted dephosphorylation of dynamin in rat brain
terminals (Nichols e al., 1994), increased glutamate release
via a presynaptic mechanism of action (Nichols et al., 1994;
Victor et al., 1995) and inhibited voltage-dependent potassium
channels in lymphocytes (Panyi et al., 1996).

In the present study, relatively high concentrations of
cyclosporin A and FK506 evoked contractile responses that
were inhibited by N-acetyl-L-tryptophan 3,5-bis (trifluoro-
methyl)-benzyl ester, which has been shown to selectively
inhibit the binding of substance P to cloned human neurokinin
1 receptor expressed in CHO cells (ICs, 3.8 uM, MacLeod et
al., 1993), and by SR48968 (neurokinin 2 receptor antagonist)
which inhibits binding of neurokinin A to guinea-pig lung
parenchyma (ICs, 0.617 uM, McKee et al., 1993). Both
antagonists significantly inhibited the contractile response to
cyclosporin A and FKS506, indicating that the contractile
response to these agonists is dependent on the release of
neuropeptides from sensory nerves in guinea-pig isolated
bronchus. The neurokinin receptor antagonists used in this
study attenuated the eNANC response following EFS of
bronchial tissue. This confirms previous studies which have
examined the inhibitory effect of NK-1 (CP96,345: 0.01 -1 um)
and NK-2 (SR48968: 10-0.1 nM) receptor antagonists
(Martin et al., 1992; Lou et al., 1993) against the eNANC
response. Although NK-2 receptors appear to mediate the
eNANC response (Maggi ef al., 1991), NK-1 receptors are also
involved in this response particularly following inhibition of
enzymes which degrade endogenously released neuropeptides.
Thus both NK-1 and NK-2 receptors are involved in eNANC
contractions in guinea-pig isolated bronchus induced by EFS.

In guinea-pig isolated bronchus, cyclosporin A is at least
three orders of magnitude less potent than capsaicin at
mediating contraction. Capsaicin induces cough (O’Connell
et al., 1994) and bronchoconstriction (Hathaway et al., 1993)
in asthmatic subjects. In contrast, cough but not bronchocon-
striction is observed in transplantation patients following
inhalation of capsaicin (0.03—0.15 mg ml~"') (Hathaway et al.,
1993) presumably due to a loss in afferent innervation in the
transplanted lung (Springall ef al., 1990). Consistent with these
findings, cyclosporin A (62.5 mg ml~") has no bronchocon-
strictor action in heart/lung transplant patients (Iacono et al.,
1997), although cough was reported in three of nine subjects,
despite pretreatment with lidnocaine and f,-agonists. In
healthy subjects, nebulized cyclosporin A-dilauroylphosphati-
dylcholine (5 mg ml~!') caused a 30% fall in FEV in one
subject and caused cough in eight of ten normal (non-smoker)

subjects (Alvarez et al., 1997). Clearly the cough response to
cyclosporin A is less than for capsaicin, which is consistent
with the difference in spasmogen potency observed in our in
vitro study.

The vanilloid receptor antagonist, capsazepine has been
shown to selectively inhibit a number of functional responses
elicited by capsaicin. Thus, contraction of guinea-pig airway
(Belvisi et al., 1992; Ellis & Undem, 1994), excitation of C-
fibres in vitro (Fox et al., 1995), calcium uptake and rubidium
efflux from rat DRG neurones (Bevan et al., 1992; Cholewinski
et al., 1993) and stimulation of ion currents (Bevan et al., 1992)
by capsaicin are inhibited by capsazepine. We have shown that
capsazepine inhibited the contractile response to both
capsaicin and cyclosporin A, while acute desensitization with
capsaicin abolished the contractile response to cyclosporin A.
Furthermore, tissues exposed to cyclosporin A were less
responsive to capsaicin suggesting cross-desensitization. The
effect was unrelated to antagonism of post-junctional
neurokinin receptor, since cyclosporin A failed to inhibit the
contractile response to exgenously administered substance P
and neurokinin A. The data suggest that cyclosporin A may
stimulate the vanilloid receptor, although radioligand binding
studies are required to confirm this. In contrast, the contractile
response to FK506 was unaffected by capsazepine, yet was
inhibited by the N-type calcium channel blocker, w-conotoxin.
Moreover, w-conotoxin had no effect on the contractile
response to capsaicin or cyclosporin A, consistent with the
view that multiple mechanisms mediate the release of sensory
neuropeptides (Maggi et al., 1988).

Lowering pH can evoke the release of calcitonin gene
related peptide (CGRP) from isolated perfused heart (Franco
Cereceda et al., 1993; 1994), trachea (Hua et al., 1995) and
soleus muscle (Santicioli et al., 1993), while capsazepine
attenuated the release of CGRP induced by capsaicin (Franco
Cereceda et al., 1993, 1994; Santicioli et al., 1993; Hua et al.,
1995) and low pH (Santicioli et al., 1993; Franco Cereceda et
al., 1993, 1994). In contrast, capsazepine did not inhibit CGRP
release from rat trachea (Hua et al., 1995), rubidium efflux
from rat DRG neurones (Bevan er al., 1992) and electrical
activity of whole guinea-pig vagus (Fox et al., 1995) following
lowering of pH. Recently, cDNA encoding of the capsaicin
receptor from rat DRG neurones has been expressed in
HEK?239 cells. Both capsaicin and noxious heat evoked
currents in HEK?239 cells was inhibited by capsazepine and
ruthenium red, respectively. In contrast, low pH failed to
evoke currents in HEK 239 cells, yet augmented the response to
capsaicin (Caterina et al., 1997). The mechanism by which low
pH can stimulate sensory nerves in these studies, in light of the
recent findings in HEK239 cells remain to be established, but
might be a consequence of the release of prostacyclin (Franco
Cereceda et al., 1994) or to the release of unidentified
endogenous ligand(s) (Fox et al., 1995). However, it is unlikely
that prostaglandin’s play a role in the contractile response to
cyclosporin A or FK506, since indomethacin was present in all
the experiments. It also remains to be established whether
cyclosporin A induces the release of a non-prostanoid ligand
which binds to the vanilloid receptor. The role of inhibition of
calcineurin in modulating neuropeptide release in the airway
remains to be established, particularly in view of the finding
that cyclosporin H, which has poor affinity for cyclophilins,
also induced a concentration-dependent contractile response,
albeit to a lesser extent than cyclosporin A and FK506.

We have previously reported that the protein phosphatase 1
and 2A inhibitor, okadaic acid, inhibited the contractile
response following stimulation of eNANC nerves but not to
capsaicin in guinea-pig isolated bronchus (Harrison et al.,
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1997). This suggested that protein phosphorylation/depho-
sphorylation regulates neuropeptide release from airway
sensory nerves following activation of voltage-dependent
calcium channels. Previous studies have shown that okadaic
acid facilitated neuropeptide release (Hingtgen & Vasko,
1994), but had no effect on calcium entry (Cholewinski et al.,
1993) or desensitization (Docherty et al., 1996) induced by
capsaicin in rat DRG neurones. The latter findings are
consistent with a lack of effect of okadaic acid on capsaicin-
induced contractile responses in the guinea-pig (Harrison et al.,
1997).

References

AKITA, K., DUSTING, G.J. & HICKEY, H. (1994). Suppression of
nitric oxide production by cyclosporin A and FK506A in rat
vascular smooth muscle cells. Clin. Exp. Pharmacol. Physiol., 21,
231-233.

ALVAREZ, F.G.,, KNIGHT, C., WALDREP, C., RODARTE, J.R,,
KNIGHT, V. & ESCHENBACHER, W.L. (1997). Evaluation of the
safety of cyclosporin A liposome aerosol in human subjects. 4m
J. Respir Crit. Care Med., 155, A659.

BELVISI, M.G., MIURA, M., STRETTON, D. & BARNES, P.J. (1992).
Capsazepine as a selective antagonist of capsaicin-induced
activation of C-fibres in guinea-pig bronchi. Eur. J. Pharmacol.,
215, 341-344.

BEVAN, S., HOTHI, S., HUGHES, G., JAMES, L.LF., RANG, H.P., SHAH,
K., WALPOLE, C.S. & YEATS, J.C. (1992). Capsazepine: a
competitive antagonist of the sensory neurone excitant capsaicin.
Br. J. Pharmacol., 107, 544 —552.

BOREL, J.F., FEURER, C., MAGNEE, C. & STAHELIN, H. (1977).
Effects of the new anti-lymphocytic peptide cyclosporin A in
animals. Immunology, 32, 1017—-1025.

CALVO, C.F. (1994). Substance P stabilizes interleukin-2 mRNA in
activated Jurkat cells. J. Neuroimmunol., 51, 85-91.

CATERINA, M.J., SCHUMACHER, M.A., TOMINAGA, M., ROSEN,
T.A., LEVINE, J.D. & JULIUS, D. (1997). The capsaicin receptor: a
heat-activated ion channel in the pain pathway. Nature, 389,
816—824.

CHAD, J.E. & ECKERT, R. (1986). An enzymatic mechanism for
calcium current inactivation in dialysed Helix neurones. J.
Physiol. Lond., 378, 31 -51.

CHEN, T.C., LAW, B., KONDRATYUK, T. & ROSSIE, S. (1995).
Identification of soluble protein phosphatases that dephosphor-
ylate voltage-sensitive sodium channels in rat brain. J. Biol.
Chem., 270, 7750 —7756.

CHOLEWINSKI, A., BURGESS, G.M. & BEVAN, S. (1993). The role of
calcium in capsaicin-induced desensitization in rat cultured
dorsal root ganglion neurons. Neuroscience, 55, 1015—1023.

DAWSON, T.M., STEINER, J.P., LYONS, W.E., FOTUHI, M., BLUE, M.
& SNYDER, S.H. (1994). The immunophilins, FK506 binding
protein & cyclophilin, are discretely localized in the brain:
relationship to calcineurin. Neuroscience, 62, 569 —580.

DOCHERTY, R.J., YEATS, J.C., BEVAN, S. & BODDEKE, H.W. (1996).
Inhibition of calcineurin inhibits the desensitization of capsaicin-
evoked currents in cultured dorsal root ganglion neurones from
adult rats. Pflugers Arch., 431, 828 —837.

ELLIS, J.L. & UNDEM, B.J. (1994). Inhibition by capsazepine of
resiniferatoxin-and capsaicin-induced contractions of guinea pig
trachea. J. Pharmacol. Exp. Ther., 268, 85—89.

FOX, A.J., URBAN, L., BARNES, P.J. & DRAY, A. (1995). Effects of
capsazepine against capsaicin- and proton-evoked excitation of
single airway C-fibres and vagus nerve from the guinea-pig.
Neuroscience, 67, 741 —-752.

FRANCO CERECEDA, A., KALLNER, G. & LUNDBERG, J.M. (1993).
Capsazepine-sensitive release of calcitonin gene-related peptide
from C-fibre afferents in the guinea-pig heart by low pH and
lactic acid. Eur. J. Pharmacol., 238, 311-316.

FRANCO CERECEDA, A., KALLNER, G. & LUNDBERG, J.M. (1994).
Cyclo-oxygenase products released by low pH have capsaicin-
like actions on sensory nerves in the isolated guinea pig heart.
Cardiovasc. Res., 28, 365—369.

GITTER, B.D., WATERS, D.C., THRELKELD, P.G., LOVELACE, A.M.,
MATSUMOTO, K. & BRUNS, R.F. (1995). Cyclosporin A is a
substance P (tachykinin NK1) receptor antagonist. Eur. J.
Pharmacol., 289, 439 —446.

In conclusion, we have demonstrated that cyclosporin A
and FKS506, at concentrations above that necessary for
immunosuppression can stimulate airway sensory nerves in
vitro, the former by a capsazepine and the latter an w-
conotoxin sensitive mechanism.

The research was supported by grants from the Joint Research
Committee of King’s College School of Medicine & Dentistry and
by the Central Research Fund, University of London.

GROBLEWSKI, G.E., WAGNER, A.C. & WILLIAMS, J.A. (1994).
Cyclosporin A inhibits Ca2+ /calmodulin-dependent protein
phosphatase and secretion in pancreatic acinar cells. J. Biol.
Chem., 269, 15111-15117.

HARRISON, S., SPINA, D. & PAGE, C.P. (1997). The role of
phosphatases in the modulation of non-adrenergic non-choliner-
gic contractile responses in guinea-pig isolated bronchus. Br. J.
Pharmacol., 121, 181 —186.

HATHAWAY, T.J., HIGENBOTTAM, T.W., MORRISON, J.F.J., CLEL-
LAND, C.A. & WALLWORK, J. (1993). Effects of inhaled capsaicin
in heart-lung transplant patients and asthmatic subjects. Am.
Rev. Respir. Dis., 148, 1233 —1237.

HINGTGEN, C.M. & VASKO, M.R. (1994). The phosphatase inhibitor,
okadaic acid, increases peptide release from rat sensory neurons
in culture. Neurosci. Lett., 178, 135—138.

HO, S., CLIPSTONE, N., TIMMERMANN, L., NORTHROP, J., GRAEF,
I., FIORENTINO, D., NOURSE, J. & CRABTREE, G.R. (1996). The
mechanism of action of cyclosporin A and FK506. Clin.
Immunol. Immunopathol., 80, S40—S45.

HUA, X.Y., WONG,S.,JINNO, S. & YAKSH, T.L. (1995). Pharmacology
of calcitonin gene related peptide release from sensory terminals
in the rat trachea. Can. J. Physiol. Pharmacol., 73, 999 —1006.

HULTSCH, T., ALBERS, M.W., SCHREIBER, S.L. & HOHMAN, R.J.
(1991). Immunophilin ligands demonstrate common features of
signal transduction leading to exocytosis or transcription. Proc.
Natl. Acad. Sci. U.S.A., 88, 6229—-6233.

IACONO, A.T., SMALDONE, G.C., KEENAN, R.J., DIOT, P., DAUBER,
J.H., ZEEVI, A., BURCKART, G.J. & GRIFFITH, B.P. (1997). Dose-
related reversal of acute lung rejection by aerosolized cyclospor-
ine. Am J. Respir Crit. Care Med., 155, 1690 —1698.

LIU, J. (1993). FK506 and ciclosporin: molecular probes for studying
intracellular signal transduction. Trends. Pharmacol. Sci., 14,
182—188.

LOU, Y-P., LEE, L-Y., SATOH, H. & LUNDBERG, J.M. (1993).
Postjunctional inhibitory effect of the NK, receptor antagonist,
SR48968, on sensory NANC bronchoconstriction in the guinea-
pig. Br. J. Pharmacol., 109, 765-773.

MACLEOD, A.M., MERCHANT, K.J., CASCIERI, M.A., SADOWSKI, S.,
BER, E., SWAIN, C.J. & BAKER, R. (1993). N-acyl-L-tryptophan
benzyl esters: potent substance P receptor antagonists. J. Med.
Chem., 36, 2044 —2045.

MAGGI, C.A. & MARKS, A.R. (1996). Cellular functions of
immunophilins. Physiol. Rev., 76, 631 —649.

MAGGI, C.A., PATACCHINI, R., GIULIANI, S., SANTICIOLI, P. &
MELI, A. (1988). Evidence for two independent modes of
activation of the ‘efferent’ function of capsaicin-sensitive nerves.
Eur. J. Pharmacol., 156, 367 —373.

MAGGI, C.A., PATACCHINI, R., ROVERO, P. & SANTICIOLI, P.
(1991). Tachykinin receptors and noncholinergic bronchocon-
striction in the guinea-pig isolated bronchi. Am. Rev. Resp. Dis.,
144, 363 -367.

MARKS, A.R. (1996). Cellular functions of immunophilins. Physiol.
Rev., 76, 631 —649.

MARONE, G., STELLATO, C., RENDA, A. & GENOVESE, A. (1993).
Anti-inflammatory effects of glucocorticoids and cyclosporin A
on human basophils. Eur. J. Clin. Pharmacol., 45 (suppl 1): S17—
S20.

MARTIN, C.A.E., NALINE, E., EMONDS-ALT, X. & ADVENIER, C.
(1992). Influence of (+)-CP-96,345 and SR 48968 on electrical
field stimulation of the isolated guinea-pig main bronchus. Eur. J.
Pharmacol., 224, 137 —143.



1412 S. Harrison et al

Cyclosporin A and FK506 stimulate sensory nerves

MARUMO, T., NAKAKI, T., HISHIKAWA, K., SUZUKI, H., KATO, R.
& SARUTA, T. (1995). Cyclosporin A inhibits nitric oxide
synthase induction in vascular smooth muscle cells. Hyperten-
sion, 25, 764—768.

MCKEE, K.T., MILLAR, L., RODGER, I.W. & METTERS, K.M. (1993).
Identification of both NK1 and NK2 receptors in guinea-pig
airways. Br. J. Pharmacol., 110, 693 —700.

MULKEY, R.M., ENDO, S., SHENOLIKAR, S. & MALENKA, R.C.
(1994). Involvement of a calcineurin/inhibitor-1 phosphatase
cascade in hippocampal long-term depression. Nature, 369, 486 —
488.

NICHOLS, R.A., SUPLICK, G.R. & BROWN, J.M. (1994). Calcineurin-
mediated protein dephosphorylation in brain nerve terminals
regulates the release of glutamate. J. Biol. Chem., 269, 23817 —
23823.

O’CONNELL, F., THOMAS, V.E., PRIDE, N.B. & FULLER, R.W. (1994).
Capsaicin cough sensitivity decreases with successful treatment
of chronic cough. Am. J. Respir. Crit. Care Med., 150, 374 —380.

PANYI, G., GASPAR, R., KRASZNALI, Z., TER HORST, J.J., AMELOOT,
M., ASZALOS, A., STEELS, P. & DAMJANOVICH, S. (1996).
Immunosuppressors inhibit voltage-gated potassium channels
in human peripheral blood lymphocytes. Biochem. Biophys. Res.
Commun., 221, 254—258.

PATACCHINI, R., ROVERO, P. & SANTICIOLI, P. (1991). Tachykinin
receptor and non-cholinergic bronchoconstriction in the guinea-
pig isolated bronchi. Am. Rev. Resp. Dis., 114, 363 —367.

SANTICIOLI, P., DEL BIANCO, E., FIGINI, M., BEVAN, S. & MAGGI,
C.A. (1993). Effect of capsazepine on the release of calcitonin
gene-related peptide-like immunoreactivity (CGRP-LI) induced
by low pH, capsaicin and potassium in rat soleus muscle. Br. J.
Pharmacol., 110, 609 —612.

SHEVACH, E.M. (1985). The effects of cyclosporin A on the immune
system. Annu. Rev. Immunol., 3, 397—-423.

SPRINGALL, D.R., POLAK, J.M., HOWARD, L., POWER, R.F.,
KRAUSZ, T., MANICKAM, S., BANNER, N.R., KHAGANI, A.,
ROSE, M. & YACOUB, M.H. (1990). Persistence of intrinsic
neurones and possible phenotypic changes after extrinsic
denervation of human respiratory tract by heart-lung transplan-
tation. Am. Rev. Respir. Dis., 141, 1538 —1546.

STEINER, J.P., DAWSON, T.M., FOTUHI, M., GLATT, C.E., SNOW-
MAN, A.M., COHEN, N. & SNYDER, S.H. (1992). High brain
densities of the immunophilin FKBP colocalized with calcineur-
in. Nature, 358, 584 —587.

STELLATO, C., DE PAULIS, A., CICCARELLI, A., CIRILLO, R.,
PATELLA, V., CASOLARO, V. & MARONE, G. (1992). Anti-
inflammatory effect of cyclosporin A on human skin mast cells. J.
Invest. Dermatol., 98, 800 —804.

VICTOR, R.G., THOMAS, G.D., MARBAN, E. & O'ROURKE, B. (1995).
Presynaptic modulation of cortical synaptic activity by calci-
neurin. Proc. Natl. Acad. Sci. U.S.A., 92, 6269 —6273.

WANG, J.H. & KELLY, P.T. (1996). The balance between postsynaptic
Ca’*-dependent protein kinase and phosphatase activities
controlling synaptic strength. Learn. Mem., 3, 170—181.

WASCHULEWSKI, I.H., HALL, D.V., KERN, H.F. & EDWARDSON,
J.M. (1993). Effects of the immunosuppressants cyclosporin A
and FK 506 on exocytosis in the rat exocrine pancreas in vitro.
Br. J. Pharmacol., 108, 892—-900.

(Received March 24, 1998
Revised August 25, 1998
Accepted September 1, 1998)



