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Abstract 

Characteristics of caffeine-induced inward current (Icaf) and spontaneous transient inward current were examined in single 
smooth muscle cells isolated from guinea-pig trachea. When a pipette solution contained mainly CsC1, an application of 10 mM 
caffeine elicited transient /cat at a holding potential of -60  mV. Spontaneous transient inward currents were recorded in about 
15% of ceils examined and were abolished by caffeine. Both were CI current activated by an increase in intracellular Ca 2+ 
concentration (IcI_Ca). When 10 mM caffeine was puff-applied twice with various intervals, the amplitude of the second lcaf 
depended upon the period of the interval. The relationship between the amplitude and the interval represents the recovery time 
course of Ic~f, which was significantly slowed by 30/zM cyclopiazonic acid. The Ic~f was not significantly affected by addition of 
Cd 2+. Removal of external Ca 2+ did not affect the first Ic~ f but markedly reduced the second one, regardless of the presence of 
Cd 2+. In conclusion, Ic~ f is evoked by activation of Ic~-c~ via Ca 2+ release. The recovery time course of I~f indicates the refilling 
of Ca 2+ storage sites by the cyclopiazonic acid-sensitive Ca 2+ pump. The refilling at -60  mV depends strongly upon Ca 2+ influx 
through the Cd2+-insensitive pathway. Spontaneous transient inward currents may be also due to ICJ-Ca activated by spontaneous 
Ca 2+ release from local storage sites. 
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1. Introduct ion 

Caffeine increases Ca 2+ sensitivity of Ca2+-releasing 
channels for Ca2+-induced Ca 2+ release in endoplas- 
mic and sarcoplasmic reticulum and, therefore, has 
been widely used as a convenient pharmacological tool 
to investigate Ca2+-induced Ca 2+ release mechanisms 
and the characteristics of the Ca 2+ storage sites in 
various types of ceils including smooth muscle cells 
(see as a review, Sawynok and Yaksh, 1993). A great 
advantage of using caffeine as a Ca 2+ releaser is that 
the compound is membrane permeable, can be re- 
moved easily by washout and, therefore, is far easier to 
handle than inositol 1,4,5-trisphosphate (IP 3) as a com- 
pound inducing Ca 2+ release directly. Moreover, the 
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results obtained using caffeine are more simply inter- 
preted than those obtained from receptor-operated 
Ca 2+ mobilization, even though caffeine has some ad- 
ditional effects on ionic channels (Hughes et al., 1990; 
Ganitkevich and Isenberg, 1992) and cAMP phospho- 
diesterase (Butcher and Sutherland, 1962). 

It has been reported that application of caffeine 
elicits a transient outward current which is due to 
activation of the CaZ+-dependent K + current by Ca 2+ 
release from intracellular Ca 2+ stores at a holding 
potential near the resting membrane potential in sev- 
eral types of smooth muscle cells (Benham and Bolton, 
1986; Suzuki et al., 1992; Ohta et al., 1993). Stimula- 
tion by an agonist via receptor activation has been 
demonstrated to elicit inward currents, in addition to 
outward currents, in smooth muscle cells of rabbit ear 
artery (Am6d6e et al., 1990), rabbit and rat portal vein 
(Byrne and Large, 1988; Pacaud et al., 1989), guinea-pig 
trachea (Janssen and Sims, 1992, 1993b). These inward 
currents are due to activation of Ca2+-dependent Cl -  
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a n d / o r  nonspecific cationic channels resulting from 
formation of IP 3 via receptor-linked phospholipase C 
activation and subsequent Ca 2+ release from intra- 
cellular stores. 

In portal vein (Wang et al., 1992) and pulmonary 
artery (Wang and Large, 1993) of the rabbit, sponta- 
neous transient inward currents have been recorded. It 
has been suggested that spontaneous transient inward 
currents are generated by the activation of Ca2+-de - 
pendent  CI-  channels resulting from cyclical sponta- 
neous Ca 2+ release from Ca 2+ storage sites in a similar 
way to spontaneous transient outward currents (Be- 
nham and Bolton, 1986). Characteristics of sponta- 
neous transient inward currents in tracheal smooth 
muscle cells have not been examined yet. 

The present study was undertaken to determine the 
characteristics of the caffeine-induced inward current 
and also spontaneous transient inward currents, if ob- 
served, in tracheal smooth muscle cells. The relation- 
ship between intracellular Ca 2+ storage sites and 
Ca2+-dependent inward currents at near the resting 
membrane potential was examined. Moreover, the re- 
filling process of caffeine-sensitive Ca 2+ storage sites 
by Ca 2+ influx and the Ca 2+ pump, which may be 
strongly correlated with the activation of spontaneous 
transient inward currents, was examined by measuring 
the caffeine-induced inward current as a monitor of 
the caffeine-releasable amount of Ca 2 + in storage sites. 

2. Materials and methods 

2.1. Cell isolation 

Male Hartley guinea-pigs, weighing about 200 g, 
were killed by a blow to the head. The trachea was 
isolated. Single cells were dispersed using collagenase 
and papain as described previously (Imaizumi et al., 
1989). Only relaxed, spindle-shaped cells which had a 
length over 100/xm were used for electrical recordings. 
These cells showed a good contractile response to 10 
>M acetylcholine or histamine. The size of the cells 
was similar to that reported for isolated cells from 
guinea-pig trachea (Janssen and Sims, 1992). 

2.2. Electrophysiological measurements 

Standard whole-cell voltage clamping (Hamill et al., 
1981) was performed using an EPC7 (List, Germany) 
or a CEZ-2300 (Nihon-koden, Japan) amplifier. In 
some experiments,  the nystat in-perforated patch 
method was used (Horn and Marty, 1988). Current and 
voltage signals were stored on videotape using a PCM 
system and were later captured on an IBM computer 
using DA2801A as analog-digital converter and an 
acquisition program for precise analysis as described 

previously (Imaizumi et al., 1990). All experiments 
were carried out at 23 _+ 2°C. 

Caffeine was applied by an exchange of bathing 
solution or micro-application. Micro-application of caf- 
feine was performed by a puff with pressure ejection 
from a pipette filled with the extracellular medium plus 
caffeine. The tip diameter of the pipette for the puff 
application was about 50 >m. The pipette was always 
placed downstream of the medium flow and at < 100 
/.tin from a target cell. Since the tip diameter of puff 
pipettes was large, the concentration of caffeine around 
the cell reached very close to that in the pipette during 
a puff for 5 s. The change in holding current induced 
by puff application of 40 mM K + occurred within 100 
ms and was exactly the same as that induced by rapidly 
changing the external solution. 

2.3. Solutions 

The physiological salt solution for electrophysiologi- 
cal experiments contained (raM): NaCI 137, KC1 5.9, 
MgC12 1.2, CaC12 2.2, glucose 10, Hepes 10. The pH 
was adjusted to 7.2 using NaOH. A solution for dis- 
persing cells was prepared by omitting Ca 2+ and Mg 2+ 
from the physiological salt solution. The pipette solu- 
tion for electrical recordings contained (mM): CsCI 
140, MgC12 4, ATP-2Na 5, E G T A  0.05, Hepes 10. To 
reduced the CI-  concentration in the pipette solution, 
50% of 140 mM CsC1 was replaced with Cs aspartate. 
The pipette solution for the nystatin-perforated patch 
method contained (mM): CsCI 140, MgC12 4, nystatin 
(200 ~ 600/zg /ml) .  Nystatin was dissolved in dimethyl 
sulfoxide (DMSO) before use (Horn and Marty, 1988). 
To record total membrane  currents,  including 
caffeine-induced outward current, cesium ions were 
replaced by equimolar potassium ions. The pH in these 
solutions was adjusted to 7.2 using KOH: 

2.4. Chemicals 

Caffeine, acetylcholine, histamine, forskolin, CsC1, 
CdCI2, CoCl2, ryanodine, choline chloride, dithio- 
threitol, dimethyl sulfoxide (DMSO) were obtained 
from Wako Pure Chemical (Osaka, Japan). Cyclopia- 
zonic acid, thapsigargin, adenosine trisphosphate di- 
sodium salt (ATP), nystatin, niflumic acid, CsOH, as- 
partic acid, papain, 4,4,-diisothiocyanatostilbene-2,2,- 
disulfonic acid (DIDS), 8-bromo-cAMP were obtained 
from Sigma (St. Louis, MO, USA). Bovine serum albu- 
min (Miles, fraction V), collagenase (500 un i t /mg  
Yakult, Tokyo, Japan), E G T A  (Dojin Kagaku, Ku- 
mamoto, Japan), tetraethylammonium chloride (Tokyo 
Kasei, Tokyo, Japan), atropine sulfate (Nakalai Tesque, 
Kyoto, Japan) were from the companies shown in 
parentheses. 
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2.5. Statistics 

Results are given as means + S.E.M. and were com- 
pared using Student 's  t-test for paired or unpaired 
experiments. P < 0.05 was considered significant, indi- 
cated in the figures by an asterisk; P values are pre- 
sented after adjustment for multiple comparisons with 
the Bonferroni correction. 

A a lOmM caffeine b 

t 5 s  

B caffeine (lOmM) 

' - ]250pA 

30s 

3. Results 

3.1. Responses to caffeine in tracheal smooth muscle cells 

When a pipet te  solution contained 140 mM KC1 (see 
Materials and methods),  application of 10 mM caffeine 
by an exchange of the external solution produced sev- 
eral types of  responses depending upon holding poten- 
tials under  whole-cell voltage clamping (Fig. 1). At a 
holding potential  of - 6 0  mV, mixed transient outward 
and inward currents, which occasionally recorded as 
oscillatory currents were observed in response to caf- 
feine. The currents decayed during the presence of 
caffeine (Fig. 1A,a). Application of caffeine always 
caused cell contraction and its withdrawal induced 
relaxation. At a holding potential  of 0 mV, however, 
caffeine evoked only an outward current which was 
also transient. Sometimes a transient outward current 
was followed by oscillating outward currents (Fig. 1A,b). 
When most of the K + in the pipet te  solution was 
replaced by cesium (see Materials and methods), only 
an inward current was recorded in response to 10 mM 
caffeine at holding potentials of - 9 0 ,  - 6 0 ,  and - 3 0  
mV (Ic~ f) (Fig. 1B). The current disappeared at around 
0 mV and reversed to outward at +30  mV. The 
amplitude of the peak inward current  recorded at - 60 
mV in 50 cells ranged from 50 to 2400 pA, with a mean 
amplitude of 585 _+51 pA. In some cells, oscillating 
inward currents were also observed at - 6 0  mV. The 
amplitude of these 'oscillations' decreased progres- 
sively with time. These caffeine-induced membrane  
currents were also observed in a similar manner  when 
nystat in-perforated patch clamping was performed (n 
= 8; /ca f with a mean ampli tude of 625 _+ 81 pA). 

Fig. 1C summarizes the relationship between con- 
centrations of caffeine and the relative amplitude of 
/ca f elicited at a holding potential  of - 6 0  mV. The 
pipette solution contained mainly CsC1. The amplitude 
of / c a  f elicited by 10 mM caffeine was taken as 1.0. The 
broken line indicates the mean amplitude of Icaf in 5 
cells. It is notable, however, that the activation of Ic~ f 
in 5 individual cells did not occur in a graded manner  
with the increase in caffeine concentration but did so 
in an all-or-none manner.  This result suggests that 
activation of / c a  f may be a type of all-or-none response. 
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Fig. 1. Caffeine-induced outward and inward currents in single 
smooth muscle cells isolated from guinea-pig trachea. A: When a 
recording pipette was filled with KCl-rich solution, application of 10 
mM caffeine elicited mainly an inward current  at holding potential 
of  - 6 0  mV (A,a) and an outward current  at 0 mV (A,b). Caffeine 
was applied by rapid exchange of bathing solution ( <  2 s). Both 
inward and outward currents were transient  a n d / o r  oscillatory. B: 
Current-voltage relationship of caffeine-induced current. The pipette 
solution contained mainly CsCI in order to block K + currents. 
Caffeine (10 mM) was applied for 60 s at five different holding 
potentials. Note that the current  reversed at near  0 inV. C: Concen- 
trat ion-response relationship between caffeine and inward current  at 
a holding potential of  - 6 0  mV. Symbols (0[3  z~ vO)  indicate the 
peak amplitude of the inward current  induced by caffeine at selected 
concentrations in five separate cells. The data were normalized, 
taking the peak amplitude induced by 10 mM caffeine as 1.0 in each 
cell. The broken line indicates mean relative amplitude of inward 
current  in five cells tested. Note that the inward current  was acti- 
vated by caffeine in an all-or-none manne r  in each cell. 

3.2. Ionic basis of Icaf 

In order to investigate the contribution of C1- cur- 
rent to Icaf, reversal potential of /ca f was measured 
under  conditions where the t ransmembrane  C1- gradi- 
ent was altered by replacing internal CI -  with aspar- 
ta te - .  Fig. 2A, a shows the protocol to measure the E r 
of the Ic~ f. Cells were depolarized by paired pulses 
from a holding potential  of - 60 mV to 0 and + 30 mV 
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with 150 ms duration, respectively, with an interpulse 
duration of 500 ms, once every 1.5 s. The reduction of 
internal CI-  from 150 to 70 mM caused a change in E r 

from - 0.3 _+ 0.3 (n = 15) to - 23.1 _+ 1.3 mV (n = 4) as 
shown in the current-voltage (I-V) relationship (Fig. 
2A,b). Based upon internal C1- concentrations of 150 
and 70 raM, the reversal potentials of CI-  (Ec0  are 
calculated to be 0 and - 2 6  mV, respectively. These 
results indicate that Icaf appears to be mainly due to 
an increase in membrane C1- conductance. 

In the next series of experiments, the contribution 
of Na + to Icaf w a s  examined since the inward current 
may also have been due to an increase in conductance 
through a non-selective cationic channel. In these ex- 
periments, the extracellular Na + was replaced with 
equimolar tetraethylammonium + or choline +. The E r 
of Icaf was measured as shown in Fig. 2A. Fig. 2B,a 
and B,b show the I-V relationships of Icaf in the 
extracellular solution containing 126 mM tetraethylam- 
monium + ( E  r = +2.6 _+ 0.9 mV, P > 0.05 vs. control: 
+0.7+_0.4 mV, n = 5 )  or choline + (E r =  + 0 . 1 + 0 . 2  
mV, P > 0.05, vs. control: - 1.0 _+ 1.1 mV, n = 4) in the 
presence of 3 p~M atropine, respectively. Replacement 
of 126 mM Na + with equimolar tetraethylammonium + 
or choline + did not alter the amplitude and the E r of 
/cat, indicating that monovalent cations, especially Na +, 
did not contribute to /car 

Moreover, to confirm that Ica I. is mainly carried by 
CI- ,  the effects of niflumic acid and DIDS, chloride 
channel blockers, on Ic~ f were examined. The ampli- 
tude of lea f induced by 10 mM caffeine in the presence 
of 10 p~M niflumic acid or 1 mM DIDS in the external 
solution was 26.4 _+ 5.4 and 27.7 _+ 8.5% of the control, 
respectively (n = 4 for each, P < 0.05 vs. control). /ca f 
was abolished by 100 ~M niflumic acid or 10 mM 
DIDS (n = 2 for each). These results also strongly 
suggest that Icaf is due to an increase in chloride 
conductance. 

3.3. Dependence of  l~.f on [Ca2+] i and intracellular 
Ca 2+ storage sites 

Since caffeine releases Ca 2+ from intracellular Ca 2+ 
storage sites, Icaf may be due to activation of Ca2+-de - 
pendent C1- channels by released Ca 2+. When the 
concentration of the calcium chelator, EGTA, in the 
pipette solution was raised from 0.05 mM to 10 mM, 
application of 10 mM caffeine failed to evoke the 
inward current (n = 5, not shown), indicating that ele- 
vation of [Ca2+] i is required to elicit Icar The relation 
between lcaf and intracellular Ca 2+ storage sites was 
examined further. 

Ryanodine is a substance which keeps Ca2+-releas - 
ing channels on the sarcoplasmic reticulum membrane 
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Fig. 2. Reversal potential and ion selectivity of caffeine-induced current• The pipette solution contained mainly CsCI. A: Reversal potential of 
caffeine-induced current was measured with a paired pulse protocol. A cell was depolarized from - 6 0  to 0 and + 30 mV for 150 ms, respectively, 
with interpulse duration of 500 ms, once every 1.5 s. The peak amplitude of membrane current was measured during application of caffeine at 
- 60 ,  0, and + 30 mV as shown in (a) and was plotted against the potentials in (b). o: Averaged amplitude of currents recorded when the pipette 
solution contained 150 mM CsCI (n = 15). e: Averaged amplitude of currents recorded when half of CsCI in the pipette solution was replaced 
with Cs aspartate (n = 4). Under these conditions, the calculated CI equilibrium potentials were 0 and - 2 6  mV, respectively, and the reversal 
potentials of the caffeine-induced current were 0 mV and approximately - 2 3  mV, respectively. B: Reversal potentials were measured in the 
same manner as shown in (A,a). When NaCI in the bathing solution was completely replaced with TEA - CI (a) or choline - C1 (b), the reversal 
potential was not significantly affected. 
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Fig. 3. Effects of  several agents  on caffeine-induced inward current. 
A: Application of 10 mM  caffeine was repeated 4 t imes with inter- 
vals of  3 - 4  min. The  2nd and 3rd applications were carried out in 
the presence of 20 p~M ryanodine (a) and 10 p~M cyclopiazonic acid 
(CPA, b), respectively. The pipette solution contained mainly CsCI. 
The holding potential was - 6 0  mV. B: Effects of 20 /.LM ryanodine 
(o), 10 ~ M  cyclopiazonic acid ( • )  and 100 nM thapsigargin (TG, z~ ) 
on caffeine-induced inward current  were examined as shown in (A) 
for ryanodine and cyclopiazonic acid• The  peak ampli tude of the 
inward current  obtained with the 1st application of caffeine was 
taken as the control (1.0) in each cell. In the presence of ryanodine, 
cyclopiazonic acid or thapsigargin, the inward current  for the 2nd 
application of caffeine had an amplitude similar to that of  the 
control. The  inward current  for the 3rd application of caffeine was, 
however, much  smaller than the control. The  inhibitory effect of 
cyclopiazonic acid was removed by washout,  whereas those of ryan- 
odine and thapsigargin were not. *P < 0.05 vs. control. 

in the half-open state and consequently depletes stored 
Ca 2+ in sarcoplasmic reticulum (Rios et al., 1992). Fig. 
3A,a shows the effects of 20 /xM ryanodine on lcaf. 
Caffeine (10 mM) was applied 4 times at intervals of 
about 4 min. The second and third applications of 
caffeine were per formed in the presence of ryanodine. 
Ryanodine did not affect the second /ca f but greatly 
reduced the third one. Summarized data are shown in 
Fig. 3B. The ampli tude of first /ca f was taken as 1.0. In 
four trials, the amplitude of /ca f declined slightly but 
not significantly in the absence of additional agents. 
The relative amplitude of the third /ca f which was 
performed in the presence of ryanodine was signifi- 
cantly smaller than the control (n = 3, 22.3 4- 7.5%, 
P < 0.05 vs. control). These results suggest that lea f is 
activated by Ca 2+ release from ryanodine-sensitive 

Ca 2+ store sites. The effect of ryanodine was not 
removed by washout. 

It has been reported that cyclopiazonic acid and 
thapsigargin are highly selective inhibitors of Ca 2+- 
ATPase  on the endoplasmic and sarcoplasmic reticu- 
lure membrane  in various types of cell, including 
smooth muscle cells (Seidler et al., 1989; Thastrup et 
al., 1990; Suzuki et al., 1992; Uyama et al., 1992). 
Therefore,  effects of cyclopiazonic acid (Fig. 3A,b, Fig. 
3B) and thapsigargin (Fig. 3B) on lea f were investi- 
gated. Experiments were performed with the same 
procedure used to examine the effects of ryanodine. In 
the presence of 10/xM cyclopiazonic acid, although the 
amplitude of the second Icaf was not affected signifi- 
cantly, the amplitude of the third I~a f was markedly 
reduced. Summarized data (Fig. 3B) show that both 10 
/xM cyclopiazonic acid and 100 nM thapsigargin inhib- 
ited the third Icaf significantly (cyclopiazonic acid: 27.8 
4- 22.1%, n = 4, thapsigargin: 10.9 4- 6.3%, n = 4, P < 
0.05 vs. control). The effect of cyclopiazonic acid was 
mostly removed by washout, whereas that of thapsigar- 
gin was irreversible. 

The effects of Cd 2+, a divalent cation which blocks 
Ca ~+ influx through voltage-dependent  Ca 2+ channels 
and also non-selective cation channels (Inoue, 1991), 
on lea f were examined. Experiments were performed 
with the same procedure as used to examine the effects 
of ryanodine. Of  four applications of caffeine, the 
second and third were performed in the presence of 1 
mM Cd 2+ (closed triangles, Fig. 4). The amplitude of 
the second l~af was not affected by the presence of 
Cd2+; 100.4 +_ 4.6% of that of the control (P  > 0.05, 
n = 4). The amplitude of the third Icaf in the continu- 
ous presence of C d  2+ w a s  slightly but significantly 
smaller (80.1 + 10.0%, P < 0.05 vs. control) than the 
control. When 1 mM Co 2+ was used to block Ca 2+ 
influx, the results were similar to those for Cd2+; the 
amplitudes of the second and third /ca f were 107.3 ___ 
7.8% and 93.8 4- 10.5%, respectively (n = 4, P > 0.05 
vs. control). 

Dependence  of Ic, f activation on extracellular Ca 2 + 
was tested in the same manner  as shown above. In the 
absence of extracellular Ca 2+ and the presence of 1 
mM EGTA,  the amplitude of the second lea f was 
similar to that of the control (Fig. 4, closed squares, 
96.5_+11.7%, n = 3 ,  P > 0 . 0 5 ) .  The third Icar in the 
continuous absence of Ca ~+ was significantly smaller 
than the control (n = 3; 9.0 _+ 3.3%, P < 0.05). Re-ad- 
mission of extracellular Ca 2+ mostly restored l~a f 
(closed square, fourth). When external 2.2 mM Ca 2+ 
was replaced with equimolar C d  2+, the amplitude of 
the second /ca f was not significantly smaller than the 
control (Fig. 4; open triangles, 111.5 4- 8.8%, n = 5, 
P >  0.05 vs. control) but that of the third lea f was 
markedly reduced (31.4 _+ 12.3%, n = 5, P < 0.05 vs. 
control). The fourth I¢~f, which was recorded in the 
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Fig. 4. Ca 2+ dependence of caffeine-induced inward current. Effects 
of cadmium (Cd e+) and Ca2+-free solution on caffeine-induced 
inward current were examined at - 6 0  mV as shown in Fig. 3A for 
ryanodine and cyclopiazonic acid (CPA). The pipette solution con- 
tained mainly CsCI. The peak amplitude of the inward current 
obtained with the 1st application of caffeine was taken as the control 
(1.0) in each cell. o: Control (n = 4). A: The 2nd and 3rd applica- 
tions of 10 mM caffeine were performed in the presence of 1 mM 
Cd 2+ in a standard bathing solution (n = 4). zx: The 2nd and 3rd 
applications were performed in a bathing solution where 2.2 mM 
Ca 2+ was replaced with equimolar Cd 2+. The 4th application (indi- 
cated by an arrow) was done after the addition of 2.2 mM Ca 2+ in 
the presence of 2.2 mM Cd 2+ (n = 4). • : The 2nd and 3rd applica- 
tion were done in a Ca2+-'free ' solution containing 1 mM EGTA 
(n = 3). The amplitude of I~f induced by the 2nd application of 
caffeine was almost identical under these four different conditions. 
Note that the absence of external Ca 2+ markedly reduced the 3rd 
leaf regardless of the presence of Cd 2+. * P < 0.05 vs. control. 

presence of both 2.2 mM Ca 2+ and C d  2+ and indi- 
cated by an arrow, recovered partially (56.3 _+ 8.4%, 
n = 4). The fifth Ic~f recorded in the presence of 2.2 
mM C a  2+ and the absence of Cd 2+ recovered further 
(79.9%, n = 2). Thus, the refilling of intracellular Ca 2+ 
storage sites after caffeine-induced C a  2+ release re- 
quires extracellular Ca ~+, regardless of  the presence of 
Cd 2+, suggesting that the influx of Ca 2+ for refilling 
was only partly blocked by Cd 2+. The extrusion of 
released C a  2+ tO outside of the cell membrane  may not 
be significantly blocked by Cd 2+ either. 

3.4. The recoL~ery time course of I~ /  

Since Ca2+-ATPase inhibitors reduced I~f,  the re- 
filling process of Ca 2+ storage sites with C a  2+ after 
caffeine-induced release may strongly depend upon 
Ca2+-ATPase activity. The recovery time course of Icaf 
in the presence or absence of cyclopiazonic acid (30 
# M )  was examined by paired puff applications of 10 
mM caffeine with various intervals at the holding po- 
tential of - 6 0  inV. The protocol for these experiments 
is shown in Fig. 5A. I~f  evoked by puff application for 

5 s reached a peak within 2 s and declined to the 
resting level during the application. There  was a clear 
tendency for I~r induced by puff application to have 
faster activation and decay time courses and a larger 
peak amplitude than that induced by bath application 
as pointed out for other smooth muscle cells 
(Ganitkevich and Isenberg, 1992). The amplitude of 
the first l~f in the absence of cyclopiazonic acid was 
taken as 1.0. Fig. 5B shows the recovery time course of 
I~ .  which was well described by a single exponential 
function with a time constant of 24.6 _+ 1.1 s in 7 cells 
out of 8 cells. Similar experiments were carried out in 
the presence of 30 /xM cyclopiazonic acid (Fig. 5C). 
The recovery of Ic~f in the presence of cyclopiazonic 
acid was significantly delayed and was not fitted well by 
a single or sum of double exponential functions. Fig. 
5D shows re-normalized data, in which the amplitude 
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Fig. 5. Recovery time course of caffeine-induced inward current. A: 
Caffeine (10 mM) was applied twice with a certain interval (paired 
application). The holding potential was - 6 0  mV. The pipette solu- 
tion contained mainly CsCI. Caffeine was puff-applied to a cell by 
pressure ejection for 5 s from a pipette filled with the bathing 
solution containing 10 mM caffeine. The amplitude of the inward 
current induced by the latter application in a pair depended strongly 
on the interval. B: Pooled data for the peak amplitude obtained in 
experiments such as shown in (A) were plotted against the interval 
(n = 8). The peak amplitude measured when the interval was 175 s 
was taken as the control (1.0) in each cell. The recovery time course 
was well fitted by a curve described by a single exponential function 
with time constant of 24.6_+ 1.1 s in most cells examined (7 out of 8). 
C: Effects of 30 ,ttM cyclopiazonic acid (CPA) on the recovery time 
course of leaf were  examined as shown in (A) (n = 3). The recovery 
time course was measured after the effect of cyclopiazonic acid on 
I c a f  had reached a steady level. In the presence of 30 /zM cyclopia- 
zonic acid, the amplitude of the latter /ca f in a pair with an interval 
shorter than 60 s was markedly reduced. The effect of cyclopiazonic 
acid was removed by washout• Note that the effect of cyclopiazonic 
acid on leaf at a longer interval was smaller than that observed when 
caffeine was applied by solution exchange (cf. Fig. 3). D: The effect 
of 30 ~M cyclopiazonic acid shown in (C) was replotted taking the 
amplitude at the interval of 175 s as 1,0 in each cell. Note that the 
recovery was significantly slower in the presence of cyclopiazonic 
acid. 
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transient inward currents (Fig. 6D). In these cells, puff- 
or bath-applied 10 mM caffeine (Fig. 6E) evoked in- 
ward currents which were followed by a period of 
inhibition of spontaneous transient inward currents. 
Application of 10 /xM cyclopiazonic acid, 100 nM 
thapsigargin or 20 /xM ryanodine also inhibited sponta- 
neous transient inward currents (not shown). These 
results were observed in at least 3 cells for each proce- 
dure and suggest that pharmacological characteristics 
of spontaneous transient inward currents are identical 
to those of Icaf, implying that spontaneous transient 
inward currents are CaZ+-dependent C1- currents 
stimulated by the cyclical release of Ca 2+ from internal 
Ca 2+ storage sites. The application of 8-bromo-cAMP 
(1 mM) or forskolin (20 p.M) did not elicit the inward 
currents (not shown, n = 3 or 5 for each). 

•• 
40pA (E) 

11_~_0 PA [ SOpA (B,C) 
30s 30s 

Fig. 6. Pharmacological characteristics of  spontaneous  transient in- 
ward currents in tracheal smooth muscle cells. The pipette solution 
contained mainly CsCI. The current-voltage relationship of sponta- 
neous transient inward currents was recorded in (A) by changing the 
holding potential from - 90 to + 30 mV in 10 mV steps. The current  
reversed at near  0 mV. The replacement  of external 126 mM Na ÷ 
with equimolar te t rae thylammonium ÷ (TEA, B) and addition of 0.3 
mM Cd 2÷ (C) did not affect spontaneous  transient  inward currents.  
Spontaneous  transient inward currents were blocked by application 
of 10 ~ M  niflumic acid (D) or 10 mM  caffeine (E). Each t reatment  
(B -E)  is indicated by a bar. 

of Ica f a t  the interval of 175 s in each preparat ion in 
Fig. 5C in the absence or presence of cyclopiazonic 
acid was taken as 1.0. These results indicate that the 
recovery of /ca f was relatively slow at 23°C and was 
significantly delayed by cyclopiazonic acid. It can be 
suggested that the amplitude of Icaf depends on the 
Ca 2÷ content in intracellular Ca ~+ storage sites which 
is mainly regulated by Ca2+-ATPase activity. 

3.5. Spontaneous transient currents 

In about 15% of cells examined, spontaneous tran- 
sient inward currents were recorded at a holding po- 
tential of  - 60 mV, when the CsCl-rich pipette solution 
was used under  both the conventional whole-cell mode 
and the nystatin-perforated patch mode. The E r of 
spontaneous transient inward currents was about 0 mV 
as shown in Fig. 6A. The replacement  of extracellular 
Na + with te t raethylammonium + (Fig. 6B) and addition 
of 0.3 mM Cd 2+ to the extracellular solution did not 
affect spontaneous transient inward currents (Fig. 6C). 
Addition of 10/zM niflumic acid inhibited spontaneous 

4. Discussion 

The present study clearly showed that the applica- 
tion of caffeine activates the Ca2+-dependent C1- cur- 
rent in addition to the Ca2+-dependent K ÷ current by 
Ca2+-release from Ca 2+ storage sites in tracheal smooth 
muscle cells of the guinea-pig. It is also shown that 
spontaneous transient inward currents are occasionally 
observed in these cells and may also be due to a 
Ca2+-dependent C1- current activated by cyclical spon- 
taneous Ca 2÷ release from local storage sites (Wang et 
al., 1992; Wang and Large, 1993) as has been suggested 
for spontaneous transient outward currents (Benham 
and Bolton, 1986). 

Based upon the reversal potential measurement  in 
several different ionic environments, it can be con- 
cluded that /ca f occurs as a result of the increase in 
membrane  C1- conductance. The shift in E r on re- 
placement  of CI -  with aspartate- is very close to the 
predicted E a and consistent with that reported in the 
rat portal vein (Pacaud et al., 1989). The possibility 
that a non-selective cationic current also contributes to 
Ica f can be discarded, whereas simultaneous activation 
of these two kinds of inward currents has been shown 
in response to acetylcholine in guinea-pig tracheal 
smooth muscle cells (Janssen and Sims, 1992) and to 
noradrenaline in ear artery of the rabbit (Amdd6e et 
al., 1990). Activation of large conductance non-selec- 
tive cationic channels by caffeine has been reported in 
smooth muscle cells of rat portal  vein (Loirand et al., 
1991) and toad stomach (Guerrero  et al., 1994). An 
increase in only non-selective cation conductance by 
acetylcholine or noradrenaline has been found in in- 
testinal smooth muscle cells of the guinea-pig (acetyl- 
choline: Inoue and Isenberg, 1990; Pacaud and Bolton, 
1991), and portal vein of the rabbit (noradrenaline: 
Wang and Large, 1991). The present results are, there- 
fore, rather  similar to those observed for responses to 
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noradrenaline in portal vein (Byrne and Large, 1988; 
Pacaud et al., 1989). It is also unlikely that sponta- 
neous transient inward currents in guinea-pig tracheal 
smooth muscle cells include a non-specific cationic 
current in addition to CI -  current. 

In airway epithelial cells and cardiac cells, a cAMP- 
dependent  C1- current  (IcI-cAMP) is elicited by /3- 
adrenoceptor  agonists, cAMP nonhydrolytic analogs or 
cAMP-dependent  protein kinase catalytic subunits 
(Bahinski et al., 1989; McCann and Welsh, 1990). Al- 
though caffeine inhibits phosphodiesterase (Butcher 
and Sutherland, 1962), the contribution of ICI-cAMP to 
Icaf can be ruled out in the present  study, since the 
application of cAMP nonhydrolytic analogs (8-bromo- 
cAMP) or forskolin neither elicited inward currents 
nor affected Icaf markedly. Moreover,  l~f  occurred 
transiently and in all-or-none manner  in contrast to 
sustained ICI-cAMP- ICI-cAMP does not appear  to be 
elicited by caffeine in guinea-pig tracheal smooth mus- 
cle cells. 

Application of caffeine abolished spontaneous tran- 
sient inward currents after the activation of Icaf, indi- 
cating that spontaneous transient inward currents are 
due to Ca 2+ release from caffeine-sensitive Ca 2÷ stor- 
age sites. Both Ic~f and spontaneous transient inward 
currents were inhibited or markedly reduced by the 
t rea tment  with ryanodine, cyclopiazonic acid or thapsi- 
gargin. Ryanodine keeps Ca 2÷ releasing channels on 
the sarcoplasmic reticulum membrane  in a half open- 
state and consequently depletes stored Ca 2+ in sarco- 
plasmic reticulum (Rios et al., 1992). Cyelopiazonic 
acid and thapsigargin selectively inhibit Ca2+-ATPase 
on endoplasmic and sarcoplasmic reticulum membrane  
in various types of cells including smooth muscle cells 
(Seidler et al., 1989; Thastrup et al., 1990). The de- 
crease in Ca 2+ uptake into sarcoplasmic reticulum 
caused by t reatment  with cyclopiazonic acid or thapsi- 
gargin in smooth muscle cells results in a decrease in 
Ca2+-induced Ca 2+ release which is triggered by Ca 2+ 
entering through vol tage-dependent  Ca 2÷ channels 
upon depolarization (Suzuki et al., 1992). The present  
results indicate that both Icaf and spontaneous tran- 
sient inward currents are due to Ca 2÷ release from 
ryanodine-sensitive Ca 2+ storage sites which are filled 
by Ca 2÷ uptake sensitive to cyclopiazonic acid and 
thapsigargin. The reason for the lower probability of 
finding spontaneous transient inward currents than 
spontaneous transient outward currents in tracheal cells 
is not clear f rom the present  study. It has been re- 
ported that the Ca 2+ sensitivity of Ca2+-activated C1- 
channels was lower than that of CaZ+-activated K + 
channels (Pacaud et al., 1992; Hogg et al., 1993). In 
tracheal cells where spontaneous transient outward 
currents but not spontaneous transient inward currents 
were recorded, the Ca 2+ transients might not reach a 
level high enough to activate the C1- currents. 

Neither /car nor  spontaneous transient inward cur- 
rents were changed by the addition of Cd 2+ or Co 2+, 
indicating that C1 channel activity is not directly af- 
fected by external Cd 2+ or Co 2+. Refilling of storage 
sites with Ca 2+ after caffeine-induced release strongly 
depended on external Ca z+ and was not affected sig- 
nificantly by the presence of external Cd 2+. It was a 
rather unexpected observation that neither the extru- 
sion of cytoplasmic Ca 2+ nor the entry of Ca 2+ for the 
refilling was significantly affected by external Cd 2+. It 
has been reported that Ca 2+ entry after depletion of 
intracellular storage sites is, at least in part,  sensitive to 
1,4-dihydropyridine, a Ca 2+ channel antagonist (Jans- 
sen and Sims, 1993a). It is, therefore, of interest that 
the major pathway for the refilling of caffeine-sensitive 
Ca 2+ storage sites in guinea-pig tracheal smooth mus- 
cle cells appeared  to be insensitive to external Cd 2+. 

If the amplitude of lea f induced by 10 mM caffeine 
reflects the amount  of releasable Ca 2+ in storage sites, 
the recovery time course of /ca f, which was measured 
as the interval between paired applications of caffeine, 
may indicate the refilling process, which probably con- 
sists of Ca 2+ extrusion from and entry to the cell and 
Ca 2+ uptake into the storage sites, as has been sug- 
gested for rat portal vein (Baron et al., 1991). The 
recovery time course of /ca f in tracheal smooth muscle 
of the guinea-pig was comparable to that in the rat 
portal vein (half recovery time of 29 s at 22°C) (Baron 
et al., 1991). The finding that the recovery time course 
was slowed in the presence of cyclopiazonic acid gave 
evidence supporting the interpretation that the recov- 
ery is due to the refilling of intracellular Ca stores. The 
inactivation of CaZ+-releasing channels, however, has 
been speculated upon by Fabiato (1985). In addition, 
Missiaen et al. (1992) have reported that Ca 2+ release 
by IP 3 may occur, not through an all-or-none release 
mechanism but through a steady-state release mecha- 
nism, in which the decreasing Ca 2+ content of the 
intracellular Ca 2+ storage sites slows down further 
release in permeabil ized A7r5 smooth muscle cells. 
Therefore,  we cannot rule out completely the possibil- 
ity that the small amplitude of Icaf on the latter appli- 
cation of caffeine in a pair does not reflect directly a 
smaller amount  of stored Ca 2+. 

Since single channel currents of CaZ+-dependent 
C1- channels were not recorded in the present  study, 
characteristics of the channels which were responsible 
for I~f  a n d / o r  spontaneous transient inward currents 
were not identified. So far, very few single channel 
recordings of C1 channels have been reported in 
smooth muscle cells. Recently, K16ckner (1993) has 
reported that intracellular Ca 2+ ions activate a low- 
conductance C1- channel in smooth muscle cells iso- 
lated from human mesenteric artery. In rabbit proximal 
colon, a neurokinin A-evoked large conductance C1-- 
channel current has been recorded (Sun et al., 1992), 
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whereas the Cl -  current is not dependent  on [Ca2+]i. 
The contribution of C1- channel currents induced by 
cell swelling observed in cardiac cells (Sorota, 1992) to 
Icaf was not investigated in the present study. 

lea f and spontaneous transient inward currents in 
the present study may have been greater than those 
under physiological conditions since E~ of C1- was 
about 0 mV under our experimental conditions whereas 
it is more negative under physiological conditions from 
- 1 1  to - 4 7  mV (Lamb et al., 1994). A Ca2+-depen - 
dent CI-  current is considered to be responsible for 
the membrane depolarization induced by agonists such 
as acetylcholine, histamine and substance P which acti- 
vate phospholipase C and enhance IP 3 formation in 
tracheal smooth muscle cells (Janssen and Sims, 
1992,1993b). On the other hand, spontaneous transient 
inward currents may play a role under pathological 
conditions where cells are overloaded with Ca 2+ (Wang 
et al., 1992). 
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