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W Inbibitory Effects of Diazepam and Midazolam on
N Ca’t and KT Channels in Canine Tracheal Smooth
% Muscle Cells

“W Michiaki Yamakage, M.D., Ph.D.,* Takashi Matsuzaki, M.D., Ph.D.,T Naoki Tsujiguchi, M.D.,t
"\ Yasuyuki Honma, M.D.,t Akiyoshi Namiki, M.D., Ph.D.+

Background: Benzodiazepines have a direct bronchodilator
action in airway smooth muscle, but the mechanisms by which
these agents produce muscle relaxation are not fully under-
stood. The current study was performed to identify the effects
of the benzodiazepines diazepam and midazolam on Ca?* and
K" channels in canine tracheal smooth muscle cells.

Methods: Whole-cell patch-clamp recording techniques were
used to evaluate the effects of the benzodiazepines diazepam
(10~® to 10> M) and midazolam (10~ % to 103 M) on inward Ca>*
and outward K" channel currents in dispersed canine tracheal
smooth muscle cells. The effects of the antagonists flumazenil
(107° M) and PK11195 (10~ ° m) on these channels were also
studied.

Results: Each benzodiazepine tested significantly inhibited
Ca’* currents in a dose-dependent manner, with 10~° m diaze-
pam and 10~° M midazolam each causing approximately 50%
depression of peak voltage-dependent Ca** currents. Both ben-
zodiazepines promoted the inactivated state of the channel at
more-negative potentials. The Ca*"-activated and voltage-de-
pendent K* currents were inhibited by diazepam and midazo-
lam (> 10°° M and > 10~ % m, respectively). Flumazenil and
PK11195 had no effect on these channel currents or on the
inhibitory effects of the benzodiazepines.

Conclusions: Diazepam and midazolam had inhibitory effects
on voltage-dependent Ca’" channels, which lead to muscle re-
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laxation. However, high concentrations of these agents were
necessary to inhibit the K channels. The lack of antagonized
effects of their antagonists is related to the non-y-aminobutyric
acid-mediated electrophysiologic effects of benzodiazepines on
airway smooth muscle contractility. (Key words: Ca*"-activated
K" channel; flumazenil; PK11195; voltage-dependent delayed
rectifier K* channel.)

BENZODIAZEPINES, especially midazolam, have been
used widely for sedation and to induce general anesthe-
sia. In addition to their hypnotic action, these agents
have a direct relaxing effect on airway smooth muscle'*
and vascular smooth muscle.>* Because the intracellular
concentration of free Ca*" ([Ca’"])) plays a central role
in the regulation of airway smooth muscle tone,”° a
possible mechanism for the relaxation produced by ben-
zodiazepines is a decrease in [Ca“]i. Yoshimura et al.’
used the Ca”" indicator fura-2 to show that relaxation of
contracted porcine tracheal smooth muscle by midazo-
lam at clinically relevant concentrations was associated
with a decrease in [Ca’" ];- Sustained contraction of air-
way smooth muscle requires the continued entry of
extracellular Ca*".® and the blockade of voltage-depen-
dent Ca’" channels (VDCCs) suppresses the sustained
increase in [Ca®" |; in agonist-stimulated tracheal smooth
muscle.” We hypothesized, therefore, that benzodiaz-
epines reduce [Ca® "], by inhibiting VDCC.

Conversely, the open-state probability of VDCC de-
pends on the plasma membrane potential, which is reg-
ulated by K "-selective channels.'”'" One other potential
mechanism for bronchodilation by benzodiazepines is
enhanced K' conductance, leading to a decrease in
VDCC opening and thus to muscle relaxation.'*§

In the current study, we used whole-cell patch-clamp
techniques to identify the direct effects of the benzodi-
azepines diazepam and midazolam on Ca®" and K" chan-
nels in freshly dispersed canine tracheal smooth muscle
cells. We also evaluated the antagonized effects of the
benzodiazepine antagonists flumazenil and PK11195
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(specific central-type and specific peripheral-type antag-
onists, respectively) on the Ca’" and K' channels.

Materials and Methods

Preparation of Dispersed Canine Tracheal Smooth

Muscle Cells

The Sapporo Medical University Ethical Committee on
Animal Research approved the study. Adult mongrel
dogs weighing 9-12 kg were anesthetized with 10
mg/kg intramuscular ketamine and killed by exsanguina-
tion. The tracheas were excised quickly and placed in
modified Krebs’ solution equilibrated with 95% oxygen
and carbon dioxide at 4°C (composed of 118 mm NaCl,
4.7 mm KCl, 21 mm NaHCO;, 1.2 mm MgSO,, 1.2 mm
KH,PO,, 10 mm glucose, and 2.5 mm CaCl,; pH ~7.4).
Cells were dispersed according to previously described
methods.'>'* Briefly, tracheal muscle was
minced and incubated for 10 min in Ca*"-free modified
Tyrode’s solution at room temperature (22-24°C). The
modified Tyrode’s solution contained 135 mwm NaCl, 5.4
mm KCI, 1 mm MgCl,, 5 mm glucose, 5 mm N-[2-hydroxy-
ethyl]piperazine-N'-[2-ethanesulfonic acid] (HEPES), and
0.1% (wt/vol) bovine serum albumin, with the pH ad-
justed to 7.4 with 0.5 wm tris-[hydroxymethy]aminometh-
ane (Tris). The tissue was digested for 20 min at 37°C in
Ca’"free modified Tyrode’s solution that contained
0.08% (wt/vol) collagenase, 0.05% trypsin inhibitor, and
0.03% protease. Cells were dispersed by trituration, fil-
tered through nylon mesh, and centrifuged. The pellet
was resuspended in a modified Kraftbrithe solution'’
and stored at 4°C for as long as 5 h before being used.
The modified Kraftbrithe solution contained 85 mm KClI,
30 mm K,HPO, 5 mm MgSO4, 5 mm Na,ATP, 5 mm
pyruvic acid, 5 mm creatine, 20 mwm taurine, 5 mm 3-hy-
droxybutyrate, and 0.1% (wt/vol) fatty acid-free bovine
serum albumin, with the pH adjusted to 7.25 with Tris.

smooth

Whole-cell Patch-clamp Recording

All experiments were performed at room temperature
(22-24°C). Micropipettes were pulled from soda lime
hematocrit tubing (GC-1.5; Narishige, Tokyo, Japan) us-
ing a two-stage puller (model PP-83, Narishige) and were
heat polished. These had resistances of 3 to 5 m{) when
filled with solution. An aliquot (approximately 0.5 ml) of
the cell suspension was placed in a perfusion chamber
on the stage of an inverted microscope (IX-70; Olympus,
Tokyo, Japan). At X600 magnification, a three-dimen-
sional oil-driven micromanipulator (ONM-1; Narishige)
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was used to position the patch pipettes against the
membrane of the tracheal smooth muscle cells. After
obtaining a high-resistance seal (5-50 G{)) with slight
suction (5-20 cm water), the patch membrane was dis-
rupted by strong negative pressure, which allowed the
voltage of the entire cell membrane to be controlled'®
and permitted the pipette solution to diffuse into the
cytoplasm. Membrane currents were monitored using a
CEZ-2400 patch-clamp amplifier (Nihon Kohden, Tokyo,
Japan), and the amplifier output was low-pass filtered at
2,000 Hz. Leak currents, estimated by appropriate scal-
ing of currents during 20-mV hyperpolarizing pulses,
were subtracted from each of these records. Membrane
capacitance and series resistance were compensated for
by using the internal circuitry of the patch-clamp ampli-
fier. All data were digitized (10,000 samples per s),
stored on a hard disk, and analyzed using a 8100/100AV
Power Macintosh computer (Apple, Cupertino, CA) us-
ing the Pulse+PulseFit 8.02 and Igor Pro 2.04 analysis
software programs (Heka, Wiesenstrasse, Lambrecht,
Germany).

To measure inward Ca®" currents (I.,) through VD-
CCs, recording solutions were chosen to inhibit K"
currents and enhance Ca®" currents. The pipette solu-
tion contained 130 mwm CsCl, 4 mm MgCl,, 10 mm EGTA,
5 mm Na,ATP, and 10 mm HEPES, with the pH adjusted to
7.2 with Tris. The bath solution contained 130 mwm tet-
raethylammonium chloride, 1 mm MgCl,, 10 mm CaCl,,
10 mm glucose, and 10 mm HEPES, with the pH adjusted
to 7.4 with Tris. Whole-cell I.,s were elicited at 5-s
intervals by 150-ms depolarizing pulses (—50 to +40 mV
in 10-mV increments) from a holding potential of —70
mV. Inactivation curves were determined using a double-
pulse protocol that consisted of a 3-s prepulse to a
potential of —70 to +20 mV, followed by a 150-ms
depolarization to +20 mV. The peak change in the
current during the test pulse was expressed as a fraction
of that obtained with the —70-mV prepulse, and this
quantity was fit to a Boltzmann expression''® using
least-squares analysis to estimate the potential of half-
maximal inactivation (V, ,,) and the slope factor (k).

To measure outward K" currents (I), recording solu-
tions were chosen to enhance the K currents. The
pipette solution contained 70 mm KCI, 60 mum K -gluta-
mate, 5 mm K,ATP, 1 mm MgCl,, 2.5 mm EGTA, 1.8 mm
CaCl,, and 10 mm HEPES, with the pH adjusted to 7.2
with Tris; the computer-calculated [Ca’ +]i was ~10 °wm.
A variant of this solution contained 10 mm EGTA and no
CaCl,, giving a [Ca®"], of =10 ° m. The bath solution
contained 135 mm NaCl, mm KC1 5.2, 1.8 mm CaCl,, 1 mm

—
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MgCl,, 10 mm HEPES, and 10 mwm glucose, with the pH

1 adjusted to 7.4 with Tris. Whole-cell Is were elicited at
"o 5-sintervals by 150-ms depolarizing pulses (—40 to +60
"0 mV) from a holding potential of —70 mV.

Voltage-pulse protocols were performed in control so-

‘10 lutions for more than 5 min to obtain a stable baseline.

Cells were exposed to a single concentration of one of
the benzodiazepines (diazepam, 10™° to 10 > m: or mi-
dazolam, 10 ® to 10 * w) tested by changing the inflow
perfusate of the chamber to one of a similar composition
but with benzodiazepine. The perfusion chamber con-
sisted of a glass coverslip bottom, with needles placed
for rapid solution changes. The chamber volume was
approximately 1 ml, and complete solution changes in
the chamber could be obtained within 1 min using a
peristaltic pump (CTP-3; Iuchi, Tokyo, Japan) attached
to the input and output ports. After a 6-min exposure,
the perfusate was switched again to the control solution.
The G{) seal was maintained for a period sufficient to
evaluate the reversibility of the effects of benzodiazepine
in 206 of 238 experiments (86%). In another experi-
ment, the effects of the benzodiazepine antagonists
flumazenil (10 > m, a specific central type'?) and
PK11195 (10 ° m, a specific peripheral type’*?") on
these channels were tested alone and with these benzo-
diazepine agonists.

To identify the characteristics of the I, seen in this
study, the effects of the L-type VDCC antagonist nifedi-
pine (10 ° m) and the agonist Bay K 8644 (10 ° m) on Il
were evaluated. The effects of charybdotoxin (40 nm), a
specific Ca*"-activated K (K.,) channel blocker,?? and
4-aminopyridine (1 mwm), a specific Ca*"-independent
delayed rectifier K™ (K,p) channel blocker,** on I, were
also evaluated to identify the characteristics of the Iys
seen in this study.

Materials

The following drugs and chemicals were used: trypsin
inhibitor (from soybean), bovine serum albumin,
Na,ATP, pyruvic acid, creatine, taurine, B-hydroxybu-
tyrate, EGTA, TEACI, nifedipine, Bay K 8644, dimethyl
sulfoxide, charybdotoxin, 4-aminopyridine (Sigma
Chemical Co., St. Louis, MO), type-I collagenase (Gibco
Laboratories, Grand Island, NY), protease (Calbiochem,
La Jolla, CA), and PK11195 (Research Biochemicals,
Natick, MA). Diazepam, midazolam, and flumazenil were
donated by Yamanouchi Pharmaceutical Company (To-
kyo, Japan). Nifedipine and Bay K 8644 were dissolved
in ethanol, and diazepam was dissolved in dimethyl sul-
foxide (0.01% final concentrations for both).
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Statistical Analysis

Data are expressed as the mean = SD. The ICs,s of the
effects of the benzodiazepines on I, and I, were ob-
tained using a Boltzmann expression.'”'® Changes in
peak whole-cell currents (I, or I) or in the inactivation
parameters V, , and & with exposure to each drug were
compared at each applied potential using the paired,
two-tailed 7 test. The percentage of control peak whole-
cell currents (I, or I) and the values of V, , and & after
treatment were compared for the benzodiazepines using
one-factor analysis of variance and a Kruskal-Wallis test.
In all comparisons, P < 0.05 was considered significant.

Results

Electric Properties of Inward Ca*>" Currents and
the Effects of Benzodiazepines on the the Whole-cell
ca*" Currents

The I, seen in enzymatically dispersed canine tracheal
smooth muscle cells during step depolarizations from
—70 mV peaked at approximately 10 ms and was inac-
tivated with a time constant of approximately 50 to 90
ms (fig. 1A: control). During baseline conditions, thresh-
old activation of I, occurred at approximately —20 mV,
and maximum peak current amplitude was obtained at
approximately +20 mV. In 138 cells, the maximum peak
Ic, was —318 £ 26 pA (range, —201 to —612 pA). The
inactivation parameters obtained in 28 cells during con-
trol conditions were V,,, = —20.4 * 2.9 mV and & =
7.2 = 1.3 mV. As previously reported in porcine tracheal
smooth muscle cells,'>'* the addition of 10~ © m nifedi-
pine, a blocker of slowly inactivating (L-type) Ca”" chan-
nels, virtually eliminated the I., of canine tracheal
smooth muscle cells by approximately 93%, and 10 ° m
Bay K 8644, an agonist of Ltype Ca’" channels, en-
hanced the magnitude of I, (by approximately 2.4
times) but did not alter the time course of the currents
(n = 3 in each case, data not shown). Inward Ca’"
currents with a similar time course were observed in the
inactivation experiments.

As shown in a representative trace for depolarization
from —70 to +20 mV (fig. 1A), midazolam (10 * m) inhib-
ited the magnitude of I, but did not obviously alter the
time course of the current. Peak I, obtained with repeated
steps to +20 mV increased in a few minutes after obtaining
the whole-cell configuration at time 0 to a stable plateau,
decreased rapidly by approximately 50% during exposure
to 10 * M midazolam and recovered completely with wash-
out (fig. 1B). Similar results were obtained with diazepam.
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10* M Midazolam

Control
50 ms

10* M Midazolam

Time

(min)

Fig. 1. The effects of midazolam on depolarization-induced
whole-cell inward Ca** current. (4) Typical recordings of the
whole-cell inward Ca®" current induced by pulses as long as
+20 mV in the absence and presence of 10~ * M midazolam. The
dashed line denotes no current. (B) Representative time course
of peak I, at +20 mV before and after exposure to 10™* m
midazolam.

Figure 2 shows the relation between peak I, against ap-
plied potential before and after exposure to 10 © m diaze-
pam and 10 m midazolam. Each of these benzodiazepines
significantly inhibited I, at step potentials ranging from of
—10 to +40 mV and decreased peak I, at +20 mV by
approximately 50% (n = 7). The actual percentage inhibi-
tions of peak I, achieved by these agents at these concen-
trations (50.3 * 8.4% and 45.8 *= 8.8%, respectively) were
not significantly different. There was no apparent shift in
the voltage dependence of I, with either of the benzodi-
azepines.
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We determined the dose dependence of the inhibition
of peak I, by each of these benzodiazepines. Figure 3
shows the relation between the percentage of control
peak I, at +20 mV and the molar concentration of the
agents in the bath solution. Each of the two benzodiaz-
epines significantly inhibited peak I, in a dose-depen-
dent manner. Midazolam (IC;, = approximately 1.2 X
10 ° wm) required a 10fold greater concentration to
achieve the same inhibitory effect as that of diazepam
(IC5, = approximately 10 © m).

Figure 4 and table 1 summarize the effects of the
benzodiazepines diazepam and midazolam at equief-

A
Applied Potential (mV)
-40 20 0 20 40
1 1 1 1 ]
Qegm Diazepam
EE* (1076 m)

lca (PA)
-300 -
Control
B : .
Applied Potential (mV)
-40 -20 0 20 40
| 1 | 1 1 J
e Midazolam
ol (1075m)

-300
Control

A

Fig. 2. The relation between the peak whole-cell inward Ca**
current and applied potential before (@, solid line) and after
(O, dashed line) exposure to the benzodiazepines 10 ° m diaz-
epam (4) and 107> M midazolam (B). Symbols represent the
mean = SD (n = 7, *P < 0.05).
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» | Midazolam
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= | Diazepam l
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© |
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4 %
0 T

OEs—f0 107 1a 0=y fo4 1072
Concentrations of the agents (M)

Fig. 3. The relation between peak the whole-cell inward Ca**
current at +20 mV, expressed as a percentage of control, and
the bath concentrations of the benzodiazepines diazepam (@,
solid line) and midazolam (M, dashed line). Symbols represent
the mean * SD (n = 7). *P < 0.05, percentage comparison of
control of peak the whole-cell inward Ca*" current without the
agents. TP < 0.05, comparison of the values of midazolam at the
same concentrations.

fective inhibitory concentrations (10~ ° m and 10 > v,
respectively) on the inactivation curves of I.,. Each of
these agents shifted the inactivation curve to a more
negative potential. The induced changes in V,,,
brought about by these agents were statistically sig-
nificant in each case, and there was no significant
difference in V,,, between these agents. The slope
factor £ was not changed by exposure to either of the
benzodiazepines.

The effects of the benzodiazepine antagonists flumaze-
nil and PK11195 were also tested on the control I, and
on the inhibitory effect on I, of the benzodiazepine
agonists diazepam and midazolam. Flumazenil (10 > m)
and PK11195 (10 ° m) had no significant effect on the
control I, (n = 3 in each case, data not shown). Figure
5 shows the time course of the peak I, obtained in a
representative cell with repeated steps to +20 mV dur-
ing exposure to 10 ° m flumazenil and 10 ° m diazepam.
Despite pretreatment with a high concentration of
flumazenil, 10 ° m diazepam still induced an approxi-
mate 50% inhibition. Similar results were obtained with
10 ° m PK11195 and 10 © m diazepam, with 10 ° u
flumazenil and 10 > wm midazolam, and with 10 ° u
PK11195 and 10 ° m midazolam (n =
data not shown).

Jiineachcase,
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Electric Properties of Outward K" Currents and the

Effects of Benzodiazepines on Them

Figure 6A shows a macroscopic outward K current
(Iy) obtained from a freshly dispersed canine tracheal
smooth muscle cell dialyzed with a pipette solution
containing a [Ca®"], of ~10 ° M to enhance Ix through
K¢ca channels. The I was activated progressively by
150-ms depolarizing pulses from a holding potential of
—70 mV to consecutively more positive membrane po-
tentials. Stepwise depolarization from a holding poten-
tial of =70 mV to more than —30 mV elicited an outward
Iy with a mean peak amplitude of 1,840 = 201 pA at
+60 mV (n = 92). The addition of 40 nv charybdotoxin,
a specific K., channel blocker, significantly decreased
peak Iy without any change in the time course of the

A

0= Diazepam
(106 M)
3
E 05
>
0
Prepulse Potential (mV)
B
1.0 Midazolam
(105 M)
g
= 0.5
0 +—— e
-60 -40 -20 0 20
Prepulse Potential (mV)

Fig. 4. The effects of the benzodiazepines diazepam (4) and
midazolam (B) on voltage-dependent steady state inactivation of
the whole-cell inward Ca’** current. The inactivation curves
were generated under control conditions (@, solid line) and
then repeated in the presence of one of the benzodiazepines
(0, dashed line). Symbols represent the mean + SD (n = 7).
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Table 1 Effects of the Benzodiazepines Diazepam and
Midazolam on the Inactivation Parameters of Whole-cell
Inward Ca”" Currents (I..,)

Diazepam Midazolam
(107 m) (105 m)
Percent inhibition of peak I,
at +20 mV ({058} == (1Al 45.8 = 8.8
Potential of half-inactivation
V42, mV)
Control = 202551816 —20.6 = 2.9
Benzodiazepine =28848) == & =& 2= 40y
Slope factor (k, mV)
Control 71 2= 0.7 7.4 =08
Benzodiazepine (.7 == 1140 [E28==1019

Data are expressed as mean + SD (n = 7). Data were obtained using a 3-s
duration prepulse.

*P < 0.05, t test comparison to control.

current (fig. 6B). Figure 6C summarizes the current-
voltage (I-V) relation plotted as percentages of maxi-
mum [ before and after exposure to charybdotoxin.
Application of charybdotoxin reduced the peak current
at +60 mV by 65 = 14% (n = 4).

The effects of benzodiazepines on this charybdotoxin-
sensitive I, was examined in 84 cells. Midazolam (10 *
w) caused an approximately 15% reduction in I, without
any apparent effect on the time course of the current
(fig. 7A), an effect that was reversible when the drug was
washed out (data not shown). Figure 7B shows the
effects of 10 * m midazolam on the current-voltage
(I-V) relation for K channel activation. This benzodiaz-

0
106 m Diazepam
J BT R T
105 m Flumazenil
7 R T e S S|
lca 1
-300
(PA)
T T T T T
0 5 10 15 20 25 30
Time (min)

Fig. 5. A representative time course of the peak whole-cell
inward Ca*" current obtained with repeated steps to +10 mV
during sequential additions of 10™° m flumazenil and 10~ ° m
diazepam.
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A Control

B Charybdotoxin (40 nM)
C

100 5 /
_! a
A
s i
o ) Control
°
=
S 9
5 ey
oo Q 2 T

o2 Charybdotoxin (40 nM)

60

Applied Potential (mV)

Fig. 6. The whole-cell outward K* current in a canine tracheal
smooth muscle cell dialyzed with 1.8 mm CaCl, and 2.5 mm EGTA
before (4) and after (B) exposure to 40 nm charybdotoxin. The
The whole-cell outward K* currents were generated by depo-
larizing pulses to —40, —20, 0, +20, +40, and +60 mV from a
holding potential of —70 mV. (C) Relative peak current-voltage
relations obtained before and after exposure to 40 nv charyb-
dotoxin. Symbols represent the mean + SD (n = 4).

epine significantly suppressed the I amplitude over the
entire voltage range studied without shifting the voltage
dependency of the I-V relation. Figure 7C shows the
relation between peak I at +60 mV, expressed as a
percentage control, and the bath concentrations of the
benzodiazepines. Both the benzodiazepines diazepam
and midazolam significantly and dose dependently inhib-
ited Iy but required high concentrations of more than

#20¢ Idy 60 U0 3sanb Aq pd9z000-000 406661 -27S0000/S¥8S6E/L6 L/1/06/4Pd-BJon1E/ABOOISaYISBUR/LIOD IIBYIIDA|IS ZESE//:d)Y WOl PapESjUMOQq

—




203

‘\fEFFECTS OF BENZODIAZEPINES ON Ca?" AND K* CHANNELS

Control

10 M Midazolam

100

Control

% of Control Peak Ik
3
|

Q
10*M Midazolam

T T T T——T—

-40 -20 0 20 40 60

C
. -- -

100 'i""-i Midazolam
8 - | *”"‘l\*
v ] Diazepam
©
)
0- _
O 50
S A *
O | *
'©
° !

0 :

ORS00 R0 R 0504 103
Concentrations of the agents (M)

Fig. 7. The effects of midazolam on depolarization-induced
whole-cell outward K" currents (I) with a pipette solution
including 1.8 mum CaCl, and 2.5 mm EGTA. (4) Typical recordings
of Iy induced by pulses up to +60 mV in the absence and
presence of 10™* m midazolam. The dashed line denotes no
current. (B) Relative peak current-voltage relations obtained
before and after exposure to 10~ * m midazolam. (C) The relation
between peak I at +60 mV, expressed as a percentage of con-
trol, and the bath concentrations of the benzodiazepines diaz-
epam (@, solid line) and midazolam (M, dashed line). Symbols
represent the mean + SD (n = 7). *P < 0.05, percentage com-
parison of control of peak I, without agents.
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1

10 > m and more than 10 * w, respectively, to show
significant effects. Flumazenil (10 > m) and PK11195
(10 > M) had no effect on the control Ix or on the
inhibitory effect on the I of these benzodiazepines (n =
3 in each case, data not shown).

In a separate series of experiments, we used a pipette
solution in which [Ca®" |; was strongly buffered with 10
ma EGTA to minimize the outward I through K, chan-
nels, and we examined the effects of benzodiazepines on
(G -independent Iy. Figure 8A shows a representative
trace of Iy under these conditions. The Igs were acti-
vated progressively by 150-ms depolarizing pulses from a
holding potential of —70 mV to consecutively more
positive potentials. The mean peak amplitude in 92 cells
was 518 = 110 pA at +60 mV. The application of 40 nu
charybdotoxin had no effect on the Iy (n = 3, data not
shown). Then we examined the effect of 1 mwm 4-amino-
pyridine on this Ca*"-independent Ix. As shown in fig-
ures 8B and C, 4-aminopyridine decreased the peak Iy
amplitude without changing the time course of the cur-
rent at +60 mV by 72 = 14%.

The effects of benzodiazepines on this 4-aminopyri-
dine-sensitive I, were examined in 84 cells. Diazepam
10" * m) reversibly suppressed the I, without changing
the time course of the current (fig. 9A). This agent
significantly suppressed the I, amplitude for the entire
voltage range studied without shifting the voltage depen-
dency of the I-V relation (fig. 9B). Figure 9C shows the
relation between the percentage control of peak I at
+60 mV and the bath concentrations of the benzodiaz-
epines. Diazepam and midazolam significantly and dose
dependently inhibited I but also needed high concen-
trations (>10"> mand >10 * v, respectively) to depress
Ix. Flumazenil (10 > m) and PK11195 (10 > m) had no
effect on the control Iy or on the inhibitory effects on
the Iy of these benzodiazepines (n = 3 in each case, data
not shown).

Discussion

Electric Properties of Inward Ca*" Currents and

the Effects of Benzodiazepines on Them

As previously reported in porcine tracheal smooth
muscle cells,"*'* we measured depolarization-induced
inward Ca®" currents (I.,) in freshly dispersed canine
tracheal smooth muscle cells under ionic conditions
designed to inhibit K" and Na® currents and to en-
hance Ca®" currents. Based on their time and voltage
dependencies, their sensitivity to a nifedipine block-
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Airway smooth muscle tone also could be regulated by
some neuropeptides.’” y-Aminobutyric acid (GABA) has
an inhibitory effect on postganglionic cholinergic neu-
rotransmission in ferret airways.’® The benzodiazepine
receptor is a positive modulatory subunit of the GABA
receptor and enhances the chloride channel currents by
increasing its opening frequency.’” Therefore, in addi-
tion to directly inhibiting VDCCs, benzodiazepines
might inhibit airway smooth muscle contraction by stim-
ulating some benzodiazepine receptor, which leads to
GABA receptor activation. In the current study, how-
ever, 10 > m flumazenil and 10 > m PK11195 (specific
central'” and specific peripheral®”*' benzodiazepine an-
tagonists, respectively) had no effect on the control I,
and I or on the changes in I, and I induced by the
benzodiazepine agonists (fig. 5). Therefore, the diaze-
pam and midazolam benzodiazepines probably relax the
airway smooth muscle by binding cell membranes relat-
ing to VDCCs, rather than by activating benzodiazepine
receptors. In support of our findings, studies have
shown that flumazenil and PK11195 have no effect on
benzodiazepine-induced relaxation of airway smooth
muscle."*” The concentration of flumazenil A= w)
used in this study is greater than the estimated levels of
plasma concentrations used clinically. " **!

Concentration Dependence and Clinical Relevance

The benzodiazepines tested showed dose-dependent
inhibition of I, and Iy (figs. 3, 7, and 9). Diazepam is
more potent than midazolam in terms of I, and I;. Our
data should be extrapolated to the clinical situation cau-
tiously because of possible species differences, in vivo
and in vitro differences, and the fact that our patch-
clamp experiments were performed at low, nonphysi-
ologic (ambient) temperature and using intracellular (pi-
pette) and extracellular (organ bath) electrolytes.
Nonetheless, the plasma concentrations of the benzodi-
azepines used clinically are approximately 3 X 10 to
10 > m.**"** In the current study, the bath concentra-
tions of the benzodiazepines diazepam and midazolam
used to induce 50% inhibition of I, were approximately
10 ° m and 10 > v, respectively, which seems relevant
to clinical concentrations. We must note, however, that
these agents are highly bound to plasma protein (> 90%
bound),** and the estimated plasma concentrations of
free agents seem to be approximately 107 to 10 © m.
Therefore, the similarity between the clinical concentra-
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tions'* ** and the concentrations needed to inhibit I .,

by approximately 50% in this study simply may be a
coincidence. Other mechanisms, such that benzodiaz-
epines acts on the medulla to cause airway dilatation,*>
also should be considered.

In conclusion, the benzodiazepines diazepam and mi-
dazolam decreased the inward Ca”" current of canine
tracheal smooth muscle cells, indicating the inhibition of
VDCCs. This response could contribute to the ability of
these agents to relax airway smooth muscle in vitro. A
shift in the inactivation curve by these agents to more
negative potentials can be interpreted as evidence of
drug-induced stabilization of the inactivated state. Be-
cause the benzodiazepines reduced the K channel ac-
tivity at high concentrations, K channel opening could
not be responsible for the mechanisms of benzodiaz-
epine-induced bronchodilation. The lack of antagonized
effects of their antagonists flumazenil and PK11195 is
related to the non-GABA-mediated electrophysiologic
effects of benzodiazepines on airway smooth muscle
contractility.
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