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1 The e�ects of hydrogen peroxide (H2O2) (10
76 ± 1073

M) on membrane potential, membrane currents,
intracellular calcium concentration, resting muscle tone and contractions elicited by electrical ®eld
stimulation (EFS) and carbachol were examined in cat tracheal strips and isolated smooth muscle cells.

2 H2O2 (10
74 and 1075

M) enhanced the amplitude of contractions and excitatory junction potentials
(e.j.p.) evoked by EFS without changing muscle tone and resting membrane potential of the tracheal
smooth muscle, and enhanced the contraction induced by carbachol (1078

M). At an increased
concentration (1073

M), H2O2 elevated resting muscle tone and marginally hyperpolarized the membrane
in the majority of the cells.

3 In 51 out of 56 cells examined, H2O2 (1076 ± 1073
M) elicited an outward current at a holding

potential of 740 mV and enhanced the frequency of the spontaneous transient outward current (STOC).
In 20 cells the outward current was preceded by a small inward current. In the other cells, H2O2 elicited
only an inward current or did not a�ect the background current.

4 In Ca2+ free solution the action of H2O2 on the resting muscle tone, STOCs, background current and
on the current induced by ramp depolarization was signi®cantly reduced.

5 H2O2 (1074
M) increased the intracellular ionized calcium concentration both in the absence and

presence of external Ca2+. However, the e�ect developed faster and was of a higher amplitude in the
presence of external Ca2+.

6 These results suggest that H2O2 increases intracellular Ca2+, with a subsequent augmentation of
stimulation-evoked contractions, and enhances Ca2+ and voltage-sensitive potassium conductance.
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Introduction

Activation of alveolar macrophages, neutrophils, eosinophils
and monocytes in the lung is generally considered to release
highly reactive oxygen species (Babior et al., 1973; Drath &
Karnovsky, 1975; De Chatelet et al., 1977; Blake et al., 1987).
These reactive oxygen metabolites include superoxide anion
radical (O2

7), hydroxyl radical (OH), hypochlorite (HOCl)
and hydrogen peroxide (H2O2), which are the mediators of cell
and tissue injury during in¯ammatory processes (Blake et al.,
1987; Sinclair et al., 1990; Bast et al., 1991; Kato et al., 1991).

It has been repeatedly suggested that the generation of re-
active oxygen species in acute airway injury, in¯ammation and
hyperoxia could induce airway hyperreactivity (Johnson et al.,
1981; Rhoden & Barnes, 1989; Szarek, 1989; Szarek &
Schmidt, 1990; Katsumata et al., 1990; Kato et al., 1991; Bast
et al., 1991; Owen et al., 1991; Misawa & Arai, 1993a,b; Ta-
kahashi et al., 1993; MaÂ tyaÂ s & Bauer, 1995; Rabe et al., 1995).
Of the reactive oxygen species, H2O2 is the only living sub-
stance. It is membrane permeable and may therefore di�use
over considerable distances from its site of generation, causing
cell damage at distant target sites (Blake et al., 1987), either
itself or via its transformation to other even more deleterious
short living reactive oxygen species (e.g. OH).

The e�ects of H2O2 on airway smooth muscle tone have
been studied in several animal species including man, and H2O2

was found to contract bovine (Stewart et al., 1981), dog
(Stewart et al., 1981; Gao & Vanhoutte, 1991), rabbit (Gupta
& Prasad, 1992), guinea-pig (Rhoden & Barnes, 1989; Gupta &
Prasad, 1992; Gao & Vanhoutte, 1993; Misawa & Arai, 1993a;
MaÂ tyaÂ s & Bauer, 1995), rat (Szarek & Schmidt, 1990), ferret

(Morikawa et al., 1991) and human (Rabe et al., 1995) tracheal
and bronchial muscle strips. Further, the e�ects of H2O2 are
generally considered to be modulated by cyclo-oxygenase in-
hibitors or epithelium removal (Rhoden & Barnes, 1989;
Stewart et al., 1981; Szarek & Schmidt, 1990; Gao & Van-
houtte, 1991; Hulsmann et al., 1994; MaÂ tyaÂ s & Bauer, 1995;
Rabe et al., 1995).

However, these experiments were mainly carried out by
means of the tension recording method in tracheal or bronchial
muscle strips and the details of actions of H2O2 on cat airways
and airway smooth muscle cells have not been studied. We
therefore investigated the e�ects of H2O2: (i) on resting muscle
tone and contractions elicited by electrical ®eld stimulation
(EFS) or carbachol, (ii) on resting membrane potential and
excitatory junction potentials (e.j.p.), (iii) on membrane cur-
rents and (iv) on intracellular free calcium concentration, by
means of tension recording, microelectrode, patch clamp and
intracellular calcium recording methods in cat tracheal strips
or isolated single smooth muscle cells.

Methods

Tissue preparations

Adult mongrel cats of either sex (2 ± 3 kg) were anaesthetized
with sodium pentobarbitone (30 ± 40 mg kg71, i.p.) and then
bled. The trachea was removed and placed in aerated (97% O2

and 3% CO2) modi®ed physiological salt solution (PSS) of the
following ionic composition (mM): Na+ 137.4, K+ 5.9,
Mg2+ 1.2, Ca2+ 2.5, Cl7 134, H2PO4

7 1.2, HCO3
7 15.5 and

glucose 11.5 (pH 7.3 ± 7.4). The ionic concentration of the
nominally calcium free solution was (mM): Na+ 140, K+ 5,
Mg2+ 1.2, Cl7 147.4, HEPES 10 and glucose 10.0, the pH was
adjusted with NaOH to 7.2.
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Mechanical recording

The tracheae were dissected free of the connective tissue and
vasculature. Dorsal strips of transversally running tracheal
smooth muscle were separated from the cartilage and the
mucosa was removed leaving only the smooth muscle. The
tracheal smooth muscle was cut to a width of 2 ± 3 mm and
length of about 5 mm and the preparations were bathed in
aerated PSS.

For measurement of mechanical responses, the tracheal
tissue was mounted vertically in a 1 ml organ bath through
which the test solution, at 35 ± 368C, ¯owed continuously at a
rate of 3 ml min71. One end of the strips was tied by a ®ne silk
thread to a mechanotransducer (RCA-5734, Nihon Kohden)
and the other to a hook at the bottom of the bath. The strips
were set up with an initial tension of 0.1 ± 0.2 g and mechanical
activity was recorded in PSS with a pen recorder. EFS (10, 20,
30 pulses of 50 ms duration and 20 ± 30 V strength at 20 Hz)

was applied through a pair of Ag-AgCl plates ®xed to the
upper and lower sides of the inner surface of the chamber, so
that the current would pass transversely across the tissue.

Membrane potential recording

For intracellular recording of resting membrane potential and
e.j.ps, a conventional glass microelectrode ®lled with KCl
(3 M) of 30 ± 50 MO resistance was inserted into a cell from the
outer surface of the tissue. The chamber in which the strips
were mounted had a volume of 2 ml and was superfused at a
rate of 3 ml min71 with aerated PSS at 35 ± 368C. EFS (1 ± 3
pulses of 50 ms duration and 20 ± 30 V strength at 20 Hz) was
applied to the nerves in the tissue through a pair of Ag-AgCl
wires (3 ± 5 mm apart) placed so that a current pulse would
pass transversely across the tissue to induce e.j.p. To avoid
recording artefacts due to twitch-like contractions, the pre-
paration was pinned to the rubber plate in the chamber by use
of insect pins with 100 mm diameter.

Patch clamp recording

The tracheal tube was cut into pieces containing two cartila-
ginous rings and was kept in the aerated PSS at room tem-
perature for 60 ± 90 min to allow the trachealis to relax fully.
Three such pieces were transferred into 3 ml of nominally cal-
cium-free dissociation solution, to which collagenase
(2 mg ml71), pronase (0.1 mg ml71) and (7)-1,4-dithio-L-
threitol (L-DTT, 1 mM) were added. The tissues were then
maintained in this solution in a shaking water bath at 368C for
32 ± 36 min. After enzymatic digestion, the tissues were trans-
ferred to the calcium-free solution containing trypsin inhibitor
(1 mg ml71) and kept at 48C for 60 min. The epithelium was
then removed, the trachealis was dissected free from the carti-
lage rings and cut into small pieces (161 mm). These were
gently triturated to liberate individual myocytes and then
stored in ice-cold PSS with 0.5 mM CaCl2. In the actual ex-
periments the cells were allowed to settle and adhere to the
bottom of the recording chamber (0.3 ml). The rate of ¯ow of
the PSS solution was approximately 1.5 ml min71. The patch
clamp experiments were performed at room temperature within
8 h after the dissociation of cells. Membrane currents were
recorded with glass pipettes in the tight-seal whole-cell re-
cording (Hamill et al., 1981) using the amphotericin perforated
patch con®guration (Rae et al., 1991). Heat polished patch
pipettes were ®lled with arti®cial internal solution (IS) of the
following ionic concentration (mM): K+ 140, Ca2+ 0.4,
Mg2+ 1, Cl7 142.8, HEPES 20, Tris-EGTA 1, the pH was
adjusted to 7.2 with KOH. This solution contained ampho-
tericin B at a ®nal concentration of 0.24 mg ml71. The pipette
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Figure 1 E�ects of H2O2 on resting muscle tone and EFS-induced
contractions of the cat isolated trachea. (a,b,c,d) Records from
di�erent muscle strips. Repetitive ®eld stimulation of 10, 20, 30 pulses
at 20 Hz (*) were applied. Time lags between a1, a2 and a3, c1 and
c2, d1 and d2 were 15, 10 and 20 min, respectively. (e) Relationship
between number of pulses at 20 Hz and relative amplitude of
contraction in the absence (*) and presence of H2O2 ((&) 1076, (~)
1075, (&) 1074, (^) 1073

M). Amplitude of contraction evoked by
30 pulses in the absence of H2O2 was taken as a relative amplitude of
1.0. Results are expressed as mean, n=8; vertical lines show s.e.mean.
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Figure 2 E�ects of Ca2+ free (0.25 mM EGTA) solution on
responses of the cat isolated trachea elicited by EFS (*, a1 30
pulses, a2 20 pulses at 20 Hz) and H2O2 (561073

M). The triangles
indicate introduction of the Ca2+ free solution and administration of
H2O2.
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had a tip resistance of 3 ± 7 MO. Currents were recorded with
an Axopatch-1 D ampli®er interfaced to an IBM compatible
computer by use of the software pClamp version 5.5 (Axon
Instruments). The junction potential between pipette and bath
solution was nulled before seal formation. Cell capacitance and
series resistance were compensated electronically and acquired
current signals were low-pass ®ltered at 1 kHz. To study the
H2O2-induced current, in most of cells tested voltage-ramp
commands were used to construct voltage-current relation-
ships.

Measurement of intracellular Ca2+ concentration

Enzymatically dispersed cells were loaded with 2 mM of the
acetoxymethylester of Ca2+ ¯uorescent dye fura-2 dissolved in
PSS for 20 min at room temperature and thereafter for a
further 20 min at 378C. Fura-2 loaded cells were then trans-
ferred to a chamber of 0.5 ml volume which was mounted on

an inverted-microscope (Diaphot TMD with special optics for
epi¯uorescence, Nikon). All experiments were carried out at
room temperature. In some experiments fura-2 (50 mM) was
dialysed directly into the cell clamped at 740 mV through a
patch pipette containing IS. The smooth muscle cells were
excited with two alternative excitation wavelengths, 340 and
380 nm, (each slit 5 nm) applied by a spectrometer (Spex,
Edison, N.J.). The obtained ¯uorescent intensities (F340/F380,
respectively) were analysed by use of a customized software
provided by Spex (DM-3000CM). The ratio of fura-2 ¯uor-
escence intensities excited by two u.v. lights, F340/F380, was
calculated after subtraction of background ¯uorescence. After
each experiment in PSS, the background ¯uorescence was ta-
ken from a cell free area just beside the cell examined. It was
less than 10% of the fura-2 signal at either excitation wave-
length. Because precise in situ calibration of [Ca2+]i was di�-
cult to perform, we used the ¯uorescent ratio F340/F380, as an
index of [Ca2+]i.

Statistics and drugs

The summarized data are shown as mean values with s.e.
Statistical di�erences were tested by Student's t test. The fol-
lowing drugs were used: propranolol, indomethacin and fura-
2/AM (Wako Pure Chemical Industries), collagenase (type I),
(7)-1,4-dithio-L-threitol, trypsin inhibitor (type I-S) and pro-
nase (Sigma), amphotericin B (Fungizone, Life Technologies).

Results

E�ects of H2O2 on mechanical responses

In the cat trachea, EFS produced a phasic contraction with
constant amplitude in the presence of indomethacin (1075

M)
and propranolol (1076

M), which is sensitive to atropine and
tetrodotoxin (Jing et al., 1995; Takahashi et al., 1995). When
the number of pulses was increased in a stepwise manner at a
constant stimulus intensity and frequency (20 Hz), the ampli-
tude of the contractions increased proportionally. Under these
conditions, H2O2 (10

75
M) enhanced the amplitude of EFS-

induced contractions concentration-dependently (Figure 1a ± d,
e). H2O2 (1075 and 1074

M) did not a�ect the muscle tone
signi®cantly, although at a higher concentration (1073

M) it
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Figure 3 E�ects of H2O2 on responses of the cat isolated trachea
elicited by EFS (*, 10 pulses at 20 Hz) and carbachol (~, CCh,
1078 ± 561077

M). The second triangle after each application of CCh
indicates the washing and the arrow in (b2) indicates the phase of
fused spontaneous rhythmic contractions. (A) Original records from
three di�erent muscle strips; (B) relationship between concentration
of carbachol and relative amplitude of contraction of the tracheal
strips induced by carbachol in the presence (*) and absence (*) of
H2O2. The horizontal lines indicate the duration of the presence of
H2O2 in the bathing ¯uid. Results are expressed as mean, n=8± 12;
vertical lines show s.e.mean.
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Figure 4 Cat tracheal smooth muscle cells exhibit spontaneous
membrane currents. Spontaneous transient outward (STOC) and
inward currents (STIC) are shown from two di�erent cat tracheal
smooth muscle cells. The STOCs were mainly apparent at potentials
more positive than 760 mV and STICs at potentials more negative.
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produced a slow and long lasting increase in muscle tone with
or without initial phasic contractions (Figure 1b ± c). After
treatment of the tissue with Ca2+ free (0.25 mM EGTA) solu-
tion for 20 min, the contractions induced by EFS (20 and 30
pulses at 20 Hz) disappeared, H2O2 in concentrations up to
1073

M did not increase signi®cantly the muscle tone (n=8).
However, at concentrations of 561073

M (n=12, Figure 2)
and 1072

M (n=7, not shown), H2O2 evoked a gradual increase
in muscle tone, indicating that H2O2 in high concentrations
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Figure 5 Enhancement of the amplitude and frequency of STOCs and outward currents evoked by H2O2 (10
76 ± 1073

M) applied
in a non-cumulative (a) and cumulative (b) manner in two di�erent cat tracheal smooth muscle cells. The holding potential and
duration of the presence of the given H2O2 concentration in the bathing ¯uid are indicated.

Table 1 Membrane currents induced by H2O2 in cat
tracheal smooth muscle cells

Inward Outward
Conc. of H2O2 (PA) (PA) n

1076
M

1075
M

1074
M

1073
M

0.0+0.0
2.1+1.5
36.6+10.5
24.5+9.9

15.0+4.1
42.9+19.5
145.0+36.1
188.0+47.0

6
7
22
21

Data shown are means+s.d.
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Figure 6 Current-voltage relationship of IH2O2
. Ramp depolarization

(from 780 to +60 mV, with holding potential =740 mV) elicited
an outwardly rectifying current. This current was enhanced in the
presence of H2O2, mainly in its outward component. The highest
concentration of H2O2 slightly enhanced also its inward component.
(a1) Before, (a2) in the presence of 1073

M H2O2. (b) Di�erence
between control response and the response in the presence of two
concentrations of H2O2 (b1, 10

74
M; b2, 10

73
M) of the same cell.
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could directly release stored Ca2+ or Ca2+ bound to the
membrane.

To investigate the mechanisms involved in the enhancement
of EFS-induced contraction by H2O2, we observed the e�ects
of H2O2 (1074

M) on contractions induced by carbachol
(1078 ± 561077

M). H2O2 enhanced the contractions evoked
by a relatively low concentration (1078

M) of carbachol, but
did not signi®cantly a�ect those induced by higher concen-
trations of carbachol (1077 and 561077

M) in the presence of
indomethacin (1075

M) (Figure 3A,B). In the presence of H2O2

(1074
M) the initial phase of the carbachol (1078

M)-induced
contraction was in some preparations composed of rhythmic
increments of the muscle tone (Figure 3Ab2).

E�ects of H2O2 on resting membrane potential and e.j.p.

To study further the mechanisms involved in H2O2-induced
enhancement of contractions evoked by EFS, we observed the
e�ects of H2O2 on the resting membrane potential and e.j.ps of

the tracheal smooth muscle cells in the presence of indome-
thacin (1075

M). The mean value of the resting membrane
potential of the tracheal smooth muscle cells was
763.6+2.9 mV (n=26) and H2O2 (10

75 and 1074
M) did not

a�ect the resting membrane potential at all (n=12, paired t
test). However, at an increased concentration (1073

M), H2O2

marginally hyperpolarized the cell membrane from
764.5+3.3 to 768.1+2.9 mV (n=14, P50.05). H2O2

(1074
M) increased the relative amplitude of e.j.ps (control

amplitude was taken as unity) to 1.31+0.19 (P50.01, n=4)
without changing signi®cantly the resting membrane potential.
These results together with the contractile experiments suggest
that H2O2 may enhance the EFS-induced contraction through
pre- and postjunctional actions.

E�ects of H2O2 on membrane currents

Enzymatically dispersed single cells from cat tracheal smooth
muscle had a smooth and elongated appearance and adhered
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H2O2 10–4 M

a

b

c

15 min wash

Ca2+ free 0.25mM EGTA 20 min

H2O2 10–4 M 15 min wash

500pA

10s
H2O2 10–4 M

Figure 7 E�ects of H2O2 in the presence (a) control response, (c) washout and absence (b) of 2.5 mM extracellular Ca2+ at a
holding potential (HP) of 740 mV. The presence of H2O2 (10

74
M) in the bathing ¯uid is indicated by horizontal lines.
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well to the bottom of the recording chamber. In our ex-
periments only relaxed cells were used. Some of the cells
contracted to H2O2 added to the bath, while others did not
change their shape markedly. However, the length of the
cells was not measured in parallel with the current record-
ing.

In the tracheal smooth muscle cells spontaneous transient
outward (STOC) or inward currents (STIC) could be recorded
at a holding potential of760 mV, which is close to the resting
membrane potential of this muscle (see above). At more ne-
gative potentials the generation of STICs was more pro-
nounced, while at more positive potentials STOCs became
more apparent. In some cells both STICs and STOCs were
generated simultaneously at a holding potential of 730 mV
(Figure 4).

At 740 mV most of the voltage-clamped cells generated
STOCs. Under these experimental conditions, H2O2 (10

76 ±
1073

M) elicited an outward current in 31 of the 56 cells
(Figure 5 and also see Table 1) with enhanced STOC activity.
The slow outward current peaked within 15 ± 30 s and lasted
for over a minute, depending on the duration of the presence of
H2O2 in the bathing ¯uid (Figure 5a, Figure 7). This e�ect of
H2O2 was less pronounced with its cumulative than noncu-
mulative application (Figure 5a and b). In 20 of the 56 cells,
the outward current was preceded by a small inward current
accompanied by increased STOC activity (e.g. Figure 7). The
responses of the other 5 cells di�ered from those described
above. In three of them, H2O2 elicited only an inward current
with increased STOC activity, while in two cells it only en-
hanced the STOC activity without changing the background
current. There was also one cell which generated a transient
repetitive inward current during prolonged application of
H2O2 with progressive reduction in its amplitude.

Table 1 shows a summary of the mean values of the mem-
brane currents evoked by di�erent concentrations of H2O2.

The current-voltage (I-V) relationship of the net membrane
currents evaluated by ramp depolarizations (from 780 to
+60 mV in 300 ms, with holding potential of 740 mV) was
linear at potentials more negative than 720 mV and out-
wardly rectifying at more positive potentials (Figure 6a). H2O2

(1074 and 1073
M) increased the amplitude of the ramp cur-

rents mainly in its outward portion (at the potentials more
positive than 725 mV; Figure 6a). Subtraction of the control
trace from the one obtained in the presence of H2O2 gave a
non-linear I-V relationship, which became steeper with higher
concentrations of H2O2 (Figure 6b).

To investigate the role of extracellular Ca2+ in the action of
H2O2 on membrane currents, experiments were carried out in
calcium free PSS, in which Ca2+ was omitted and 0.25 mM

EGTA was added. Due to the long lasting e�ects of H2O2 after
washing out, it was di�cult to observe the e�ects of repeated
administration of H2O2 in most of the cells examined. Thus the
cells were perfused either with calcium free EGTA containing
PSS for 20 min before the ®rst administration of H2O2 or fol-
lowing the application of H2O2 in Ca2+-containing PSS. In
calcium free PSS containing EGTA, the amplitude and fre-
quency of STOCs (Figure 7b) and the amplitude of the outward
current elicited by ramp depolarization was reduced (by 10 ±
15%). The action of H2O2 on STOCs and outward current was
less pronounced than in the presence of extracellular Ca2+. At
the holding potential of740 mV, the degree of changes in the
amplitude of H2O2 (10

74 and 1073
M) induced outward current

was only 6.4+5.7% (n=5) and 10.2+6.3% (n=4) of the con-
trols, respectively. Moreover, H2O2 only marginally increased
the STOC frequency in the absence of extracellular Ca2+.
However, when Ca2+ was re-introduced in the bathing solution,
the action of H2O2 on STOCs was restored (Figure 7c).

E�ects of H2O2 on intracellular calcium

The e�ects of H2O2 on membrane currents was dependent on
[Ca2+]0, suggesting that the actions of H2O2 may be mediated
by changes in [Ca2+]i. We therefore measured [Ca2+]i of tra-

cheal smooth muscle cells, with a ¯uorescent Ca indicator fura-
2. Exposure of the cat tracheal smooth muscle cells to H2O2

(1074
M) induced a gradual increase in [Ca2+]i under both

unclamped and clamped (740 mV) conditions. This e�ect of
H2O2 developed faster and achieved signi®cantly higher am-
plitudes in the presence of extracellular calcium than in its
absence (Figure 8).

Discussion

The present results can be summarized as follows: (i) in cat
tracheal smooth muscle, relatively low concentrations of H2O2

(1075 ± 1074
M) enhanced the contractions evoked by EFS and

carbachol and increased the amplitude of e.j.ps, without
changing the resting muscle tone or resting membrane poten-
tial, (ii) at a concentration of 1073

M, H2O2 elevated the muscle
tone in the presence of extracellular Ca2+ and at higher con-
centrations (561073 and 1072

M) also in its absence, (iii) H2O2

(1075 ± 1073
M) induced outward currents and enhanced

STOC activity, and in a concentration of 1073
M it induced a

slight membrane hyperpolarization in most cells, and (iv) H2O2

produced a slow sustained increase in [Ca2+]i.
Until now it was generally considered that H2O2-induced

contractions observed in the guinea-pig tracheal or human
bronchial smooth muscle strips were mediated, at least in part,
by cyclo-oxygenase products. This was mainly substantiated
by the ®nding that reactive oxygen species, including H2O2
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Figure 8 Fura-2 luminescence changes elicited by H2O2 (1074
M).

(a) Original record of H2O2 e�ects under Ca
2+-free conditions and

after including Ca2+ into the solution. (b) Mean (+s.e.) lumines-
cence in cells clamped at a holding potential of 740 mV (n=4) and
non-clamped cells (n=4). (c) Luminescence elicited by H2O2 in the
absence (Ca2+(7)) and presence (Ca2+(+)) of extracellular calcium
in the bathing ¯uid (n=7). **Indicate statistically signi®cant
di�erence (P50.01).
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catalyse the oxidative modi®cation of lipids and trigger the
metabolism of arachidonic acid and release of its products
(Harlan & Callahan, 1984; Sporn et al., 1988). Actually, in-
domethacin and ¯ubiprofen shifted the concentration-response
curve of the H2O2-induced contractions to the right and atte-
nuated the maximal contractions (Rhoden & Barnes, 1989;
Gao & Vanhoutte, 1993; MaÂ tyaÂ s & Bauer, 1995; Rabe et al.,
1995).

The present mechanical and membrane potential record-
ings with cat tracheal muscle strips were carried out in the
presence of indomethacin in order to obtain stable con-
tractions or e.j.ps (Ito, 1991; Jing et al., 1995; Takahashi et
al., 1995), and yet H2O2 induced enhancements of muscle
tone and of the amplitude of contractions and e.j.ps. Thus
this H2O2 action could not have involved any cyclo-oxyge-
nase products of arachidonic acid. This fact may also ex-
plain the discrepant e�cacies of H2O2 to increase the muscle
tone observed in previous studies as compared to the present
one; 1073

M was needed in the present study, while 1076 or
1075

M was su�cient in previously described experiments
(Rhoden & Barnes, 1989; Gao & Vanhoutte, 1993; Rabe et
al., 1995). The present results indicate that H2O2 can po-
tentiate the contractile responses of the airway smooth
muscle through mechanisms other than activation of the
cyclo-oxygenase pathway of arachidonic acid.

On the other hand, our present mechanical recordings un-
der Ca2+ free conditions and the experiments measuring
[Ca2+]i clearly showed that H2O2 was able to increase free
[Ca2+]i, regardless the presence or absence of external Ca

2+. In
the absence of external Ca2+, H2O2 increased free [Ca2+]i and
muscle tone only slowly. However, a sudden increase was
evoked on readdition of Ca2+ to the bathing solution, which
was followed by a gradual increase in free [Ca2+]i. These ob-
servations are compatible with the idea that H2O2 may pene-
trate the muscle membrane, induce slow liberation of Ca2+

from internal stores and also cause a signi®cant net Ca2+ in¯ux
through the plasma membrane. The precise mechanisim in-
volved in these actions of H2O2 remains unknown. However, it
is well documented that lipid or protein peroxidation caused
by reactive oxygen species, including H2O2 decreases the
membrane ¯uidity and disrupts the barrier functions of the
membrane (see for example Blake et al., 1987), thereby in-
creasing the membrane permeability for Ca2+. Thus the sus-
tained increase in the muscle tone, with or without initial
phasic contractions evoked by H2O2 corresponds well with the
observed gradual increase in free [Ca2+]i induced by H2O2.

The increase in free [Ca2+]i may also explain the increasing
actions of H2O2 on STOC frequency and generation of out-
ward currents. Janssen & Sims (1994) showed that sponta-
neous release of internally sequestered Ca2+ evoked transient
currents, which were in some cases accompanied by rhythmic
contractions. Several types of potassium currents were recor-
ded from tracheal smooth muscle cells (Hisada et al., 1990;
Muraki et al., 1990). Besides STOCs, or according to Hiasa-
da's nomenclature the spontaneously oscillatory outward
currents (IO), transient outward current (IT) and sustained
outward current (IS) were the major outward potassium cur-
rents recorded in the trachealis. Hisada et al. (1990) found that
both IO and IT were sensitive while IS was resistant to the
blockade of Ca2+ in¯ux by nifedipine. Individual currents also
possess di�erent sensitivity to membrane potential and potas-
sium channel blockers. IO was found to be partially depressed
by tetraethylammonium (TEA), quinidine and 4-aminopyri-

dine (4-AP), IT was blocked by low concentrations of TEA and
quinidine but only by high 4-AP concentrations, while IS was
resistant to quinidine, 4-AP and was abolished by high TEA
concentrations (Hisada et al., 1990). The STOCs and STICs
recorded in the present study were similar to those obtained on
smooth muscle cells of airways of other animal species and
other smooth muscle tissues (Benham & Bolton, 1986; Ohya et
al., 1987; Imaizumi et al., 1989; Muraki et al., 1990; Jansen &
Sims, 1994). STOCs are believed to re¯ect the changes in
submembraneous Ca2+ concentration, which may increase ei-
ther as a result of Ca2+ in¯ux or of a sudden transient release
of Ca2+ from the stores adjacent to the plasma membrane
(Benham & Bolton, 1986; Hisada et al., 1990; Bolton & Beech,
1992).

The e�ects of H2O2 on free [Ca
2+]i, STOCs and background

current were much less pronounced in Ca2+ free solution than
in the presence of Ca2+ in the bathing ¯uid. A signi®cant in-
crease in free [Ca2+]i occurred on readdition of Ca2+ to the
bath in the continued presence of H2O2. This observation
suggests two possible explanations: (i) H2O2 may cause a sig-
ni®cant net Ca2+ in¯ux, or (ii) a small Ca2+ in¯ux may initiate
the Ca2+ induced Ca2+ release. Roveri et al. (1992) showed
that in vascular smooth muscle cells H2O2 caused a rapid in-
crease in [Ca2+]i followed by a decrease to a new constant level
which was higher than the basal level before the oxidative
challenge, suggesting that H2O2 may accelerate the Ca2+-in-
duced Ca2+ release.

The H2O2 induced increase in the magnitude of the currents
elicited by ramp depolarizations support the conclusion that
H2O2 may increase membrane conductance. Moreover, the
non-linearity of the di�erence between currents elicited by
ramp depolarization in the absence and presence of H2O2 in-
dicated that the conductance underlying the H2O2-induced
current was voltage-dependent. However, this does not exclude
the participation of Ca2+-induced Ca2+ release in the action of
H2O2. Enhancement of the STOCs in the majority of the cells
corresponded well with the time course of the increased free
[Ca2+]i and muscle contraction, suggesting that the primary
event after application of H2O2 may be enhancement of in-
tracellular Ca2+ concentration. The augmented potassium
conductance was then a secondary event to the increase in free
[Ca2+]i, which enhanced STOC activity, evoked a sustained
outward current and a slight membrane hyperpolarization.
Krippeit-Drews et al. (1995) came to a similar conclusion, they
found that in the rat cultured artery H2O2 hyperpolarized the
smooth muscle cell membrane. H2O2 which is highly permeable
through membranes, most likely via oxidation of cytoplasmic
inactivation gate cysteines (Vega-Saenz de Miera & Rudy,
1992) also a�ects several types of cloned voltage gated K+

channels (e.g. expressed in Xenopus oocytes). Thus a direct
e�ect of H2O2 on the K+ channel could not be excluded.

In conclusion, the present study indicates that H2O2 in-
creases intracellular free calcium ions, followed by an increase
in the resting muscle tone, augments EFS or carbachol induced
contractions and enhances Ca2+ and voltage-sensitive potas-
sium conductance.

The authors would like to thank Dr M. KourilovaÂ for her critical
reading of the manuscript. This work was supported by the Ministry
of Education of Japan and the Slovak Grant Agency GAV No.5305.
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