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Abstract-The relaxant effects of amiloride and its analogues, benzamil, 5-{~,~-diethyl)-amiloride 
(DEAM) and S-(~-ethyl-~-isopropyl)-amiloride (EIAM), were investigated using smooth muscle of 
guinea-pig taenia caeci and chicken gizzard. High K+-induced contractions of intact taenia and gizzard 
were inhibited by these compounds (l-100 PM) with the order of potency; benzamil 2 EIAM > DEAM 
> amiloride. Contractions of permealized taenia and gizzard were also inhibited by these comoounds 
at concentrations 8-35 times higher than those needed to inhibit the contractions of intact tissues: These 
compounds inhibited 20 K myosin light chain (MLC) phosphorylation at the concentrations needed to 
inhibit the contraction in the permeahzcd muscles. Calmodulin (CaM) activity, as monitored by 
erythrocyte membrane (Caz’ + Mg*+)-ATPase and phosphodiesterase activities, was inhibited by 
DEAM and EIAM at similar concentrations as those to inhibit the MLC phosphorylation. Benzamil 
also inhibited CaM activity at concentrations 4-8 times higher than those required to inhibit MLC 
phosphorylation. However, amiloride failed to inhibit CaM activity. Among these compounds, amiloride 
and benzamil inhibited Ca~+/~aM-independent MLC nhosRho~lation due to trvosin-treated MLC 
kinase. Taenia tissue gradually accumuhrted these compounds and the tissue/med~~m ratio exceeded 
3.5-17 after a 3-hr incubation period. These results indicate that amiloride and its analogues inhibit 
smooth muscle contraction mainly by the direct inhibition of MLC phosphorylation. The inhibitory 
effect of amiloride may be attributable to the inhibition of MLC kinase, whereas the inhibitory effect 
of DEAM and EIAM may largely be attributable to the inhibition of CaM. Benzamil may inhibit 
contraction by the inhibition of both MLC kinase and CaM. Differences in the drug-sensitivity between 
intact and permealized tissues may be attributable to the difference in drug accumulation by the cell. 

Amiloride, a IS+-sparing diuretic, has widely been 
used to study the mechanisms of transmembrane Na+ 
movements. At low concentrations (rcsO < 1 yM), 
amiloride inhibits conductive Na+ channels, and at 
higher concentrations (1~50 > 1 PM), amiloride 
inhibits exchange pathways such as Na+-H+ 
exchange and Na+-Ca2+ exchange mechanisms ]lf . 
Recently, some analogues have been reported to 
be more potent and specific inhibitors of Na+-H+ 
exchange 12-41 and Na’-Ca*+ exchange mechanisms 
[S, 61. These include benzamil, S(N,N-diethyl)- 
amiloride (DEAM)t and S-(N-ethyl-N-isopropyl)- 
amiloride (EIAM). 

? Abbreviations used: DEAM, 5(N,Wdiethyl)- 
amiloride; EIAM, S-(~-ethyl-~-isopropyl)-amiioride; 
CaM, calmodulin; MLC, myosin light chain; ATP, ade- 
nosine-~‘-triphosphate; cyclic AMP, adenosine-3’ : 5’- 
monoohos~horic acid: ATPS, adenosin-5’-0(3- 
thiotriphosphate); Tris, tris(hydroxymethyl)amino- 
methane; EGTA, ethylene-glycol-bis(beta-aminoethyl- 
ether)-iV,N,N’,N’-tetraacetic acid; DTE, dithioerythritol; 
DlT, dithiothreitol; DFP, diisopropyl-fluorophosphate; 
PAGE, polyacrylamide gel electrophoresis; DMSO, 
dimethyl sulfoxide. 

In smooth muscles, amiloride has been shown to 
inhibit the contraction by inhibiting the nor- 
epinephrine release from adrenergic nerve terminals 
[7,8], inhibiting the Na’-Ca2’ exchange mechanism 
[9] and inhibiting MLC kinase [lo]. In the present 
study, we have examined the effects of amilorlde, 
benzamil, DEAM and EIAM on the contractile sys- 
tems of guinea-pig taenia caeci and chicken gizzard 
smooth muscles. The results show that the amiloride 
and its analogues inhibit MLC kinase and/or CaM. 

MATERiALS AND METHODS 

Intact taenia and gizzard. Guinea-pig taenia caeci 
and chicken gizzard were removed after the animais 
were stunned by a blow on the neck and bled. Smooth 
muscle tissues were cut into small pieces (2 mm width 
and 7 mm iength). Physiological salt solution con- 
tained (mM); NaC1136.9, KC1 5.4, CaC12 1.5, MgC12 
1.0, NaHCOs 23.8 and glucose 5.5 for taenia, and 
NaCl 118.9, KC1 4.5, CaCI? 2.5, MgS04 2.4, 
NaHC03 25.0, KH2P04 1.2 and glucose 11.9 for 
gizzard. High K” solution was made by replacing 
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NaCl with equimolar KC]. Na+ free, high K+solution 
was made by replacing NaCl with equimolar 
tris(hydroxymethyl)aminomethane (Tris)-HCI or 
choline-Cl (with 2 PM atropine). Pyruvate (10 mM) 
was added to the above solution to avoid the possible 
substrate depletion through the inhibition of Na+- 
glucose co-transport [ll]. The solution was saturated 
with 95% 02-5% CO? at 37” and pH 7.4. 

Permealized tissue. Methods for chemical skinning 
of smooth muscle tissue have been described by 
Sparrow et al. [ 121. A thin bundle of taenia or gizzard 
(0.2 mm in width and 1.5 mm in length) was prepared 
and soaked for 30 min in a solution containing 20 mM 
imidazole (pH 7.4), 5 mM ethyleneglycolbis- 
(beta-aminoethylether)-N,N,N’,N’-tetraacetic acid 
(EGTA), 50 mM KCI and 150 mM sucrose. Then, 
1% (v/v) Triton X-100 and 0.5 mM dithioerythritol 
(DTE) were added to this solution and muscle was 
incubated for 0.54 hr at 4”. After rinsing for 15 min 
with the solution without Triton X-100, muscle was 
stored in 20 mM imidazole, 4 mM EGTA, 10 mM 
MgClz, 7.5 mM adenosine-5’-triphosphate (ATP), 
1 mM NaNs and 0.5 mM DTE with 50% glycerol at 
-20” for up to 10 days. Relaxing solution contained 
20 mM imidazole, 50 mM KCI, 4 mM MgClz, 1 mM 
ATP, 1 mM NaN3, 0.1 PM CaM (isolated from bov- 
ine testis) and 2 mM EGTA at pH 6.8 and 23-24”. 
Ca?+ concentrations were changed by adding an 
appropriate amount of CaClz to EGTA. The appar- 
ent binding constant of EGTA for Ca?’ was con- 
sidered to be 1O-6 M at pH 6.8 [13. 141. 

Preparation of native actomyosin. Native acto- 
myosin (myosin B), containing CaM, MLC kinase, 
phosphatase, tropomyosin. actin and myosin, was 
prepared from chicken gizzard as described pre- 
viously [lo, 151. Muscle tissue (approximately 30 g) 
was homogenized and blended with four volumes 
of solution containing 0.4 M KC], 20 mM Tris-HCI 
(pH7.5), 10mM ATP, 1 mM NaN,, 0.5mg/ml 
dithiothreitol (DTT) and 0.05 mM diisopropyl- 
fluorophosphate (DFP). The material was centri- 
fuged at 10,OOOg for 5 min. ATP (10 mM) was added 
to the supernatant and was recentrifuged at 80,000 g 
for 30min. The supernatant fraction was then dia- 
lyzed against a nine-fold volume of solution con- 
taining 1 mM NaHC03, 1 mM MgCl?, 1 mM NaN,. 
0.5 mg/ml DTT and 0.05 mM DFP for 6-12 hr. Dia- 
lyzed material was centrifuged at 10,OOOg for 5 min. 
Precipitated native actomyosin was washed two times 
with 50 mM KC], 1 mM MgClz and 1 mM NaHCOs 
and then resuspended in 1 mM NaHCO?, 1 mM 
NaNs and 0.05 mM DFP. 

Preparation of myosin and MLC kinase. Myosin 
was prepared from chicken gizzard by modifying 
the method of Ebashi [16]. MLC kinase was also 
prepared from chicken gizzard by modifying the 
method of Adelstein and Klee [17] as described 
by Nakamura and Nonomura [18]. The Ca”/CaM- 
independent MLC kinase was prepared by the partial 
proteolysis of MLC kinase [19]; MLC kinase was 
digested with TPCK-trypsin at the protein/enzyme 
ratio of 100/l in 0.5 M NaCl, 1 mM EGTA and 
20 mM Tris-HCI (pH 7.5) at 25” for 10 min. The 
digestion was terminated by the addition of 4-fold 
excess of trypsin inhibitor over TPCK-trypsin. 

Phosphorylation of MLC. Native actomyosin 

(1 mg/ml) was incubated in I mM ATP. 50 mM KCI. 
8mM MgC12. 20mM Tris-maleatc (pH 6.8) and 
2 mM EGTA-Ca’+ buffer in the presence of amilo- 
ride and its analogues at 25” for 30 sec. The reaction 
was stopped by the addition of solid urea in the final 

concentration of 8 M. MLC phosphorylation was 

analyzed by urea polyacrylamide gel electrophoresis 
(urea-PAGE) (201. The patterns of protein band on 
the gel were visualized by means of silver-stain unless 
otherwise specified. The extent of the phospho- 
rylation was measured by microdensitometer (Bio- 
Rad Laboratories, Richmond, CA). 

Thiophosphorylation of MLC. Purified myosin 
(2.4 mg/ml) was thiophosphorylated with the 
trypsin-treated MLC kinase (0.1 mg/ml) in 70 mM 
NaCl, 20mM Tris-HCI (pH 7.5). 8 mM MgCI?, 
0.1 mM EGTA and 1 mM adenosin-5’.O-(3-thio- 
triphosphate) (ATP,S) in the presence of I mM 
amiloride or its analogues at 25” for 10 min. 
Thiophosphorylation was analyzed with urea-PAGE 
as described above. 

(Caz+ + Mg’+)-A TPuse activity. (Ca’+ + Mg’+)- 
ATPase activity of erythrocyte membranes was 
measured by modifying the methods of Gopinath 
and Vincenzi [21]. Rabbit blood anticoagulated by 
sodium citrate was washed three times with 170 mM 
Tris-HCI at pH 7.4. The buffy coat was carefully 
removed. Erythrocytes were lysed in IO vol. of 
17 mM Tris-HCl and 1 mM EGTA solution at 
pH 7.4. The ghosts were pelleted at 15,000 fi for 
40min and washed three times with lysing buffer. 
The (Ca?+ + Mg’+)-ATPase assay was performed at 
25” in a medium containing 0.5 mg/ml erythrocyte 
membranes, 100mM NaCI, 10mM KCI. 3 mM 
MgC12, 20 mM Tris-maleate (pH 6.8). 0.1 mM 
ouabain, 60 nM CaM and 2 mM EGTA-Ca’+ buffer. 
The reaction was started by the addition of 2 mM 
ATP and terminated by the addition of trichloro- 
acetic acid. The amount of inorganic phosphate lib- 
erated during a 30min incubation was determined 
as described by Martin and Doty [22]. 

Phosphodiesterase activity. Phosphodiesterase 
activity was measured by modifying the methods of 
Toe et al. [23]. Calmodulin-free nucleotide phospho- 
diesterase (extracted from bovine heart) was pur- 
chased from Boehringer Mannheim (F.R.G.). 
Enzyme activity was measured in 20 mM Tris-male- 
ate (pH6.8), 10 mM MgC12. 20mM imidazole, 
0.05 U/ml phosphodiesterase, 20 nM CaM, 0.5 U/ 
ml 5’-nucleotidase and 2 mM EGTA-Ca” buffer. 
The reaction was started by the addition of 2 mM 
adenosin-3’ : 5’-monophosphoric acid (cyclic AMP) 
and terminated by the addition of trichloroacetic 
acid. The amount of inorganic phosphate liberated 
during a 30 min was determined by the Martin-Doty 
method. 

Chemicals. Amiloride, benzamil. DEAM and 
EIAM were synthesized by the methods as described 
previously [24]. Chemical structures of these com- 
pounds are shown in Fig. 1. These compounds were 
dissolved in 100% dimethyl sulfoxide (DMSO) to 
make 10 mM stock solution. Final volume of DMSO 
in the test solutions was 0.1-l % for the experiments 
in intact tissue and 1% for the experiments in per- 
mealized tissue or biochemical studies and each con- 
centration of DMSO was added to a vehicle control. 
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Fig. 1. Chemical structures of amiloride and its analogues 
used in the present study. 

Atropine and chohne-Cl were purchased from Tokyo 
Kasei (Tokyo, Japan), EGTA from Dojindo Lab- 
oratories (Kumamoto, Japan), CaM from Pharmacia 
Japan (Tokyo, Japan), ATP, cyclic AMP, DFP, 
Triton X-100, Tris, 5’-nucleotidase, and trypsin 
inhibitor from Sigma Chemicals (St. Louis, MO), 
phosphodiesterase and ATP,S from Boehringer 
Mannheim (FRG), imidazole and glycerol from 
Wako Pure Chemicals (Osaka, Japan), TPCK-tryp- 
sin from Worshinton Biochemicals (NJ) and DTI’, 
DTE and pyruvate from Nakarai Chemicals (Kyoto, 
Japan). 

RESULTS 

Intact taenia and gizzard 

A high K+ (45.4mM) soiution induced a rapid 
and transient contraction followed by a slow and 
sustained contraction in the guinea-pig taenia caeci. 
Amiloride (100 FM), benzamil (30 yM) , DEAM 
(30yM) and EIAM (30,~M) inhibited both transient 
and sustained contractions to the same extent as 
shown in Fig. 2. The maximum effect was obtained 
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Fig. 2. Effect of amiloride (AM, lOOhM) (A), benzamil (BAM, 30wM) (B). DEAM (30pM) (C) and 
EIAM (30 PM) (D) on the contraction induced by high K’ (45.4 mM) in guinea-pig taenia caeci. High 

K+ was applied repeatedly in the presence of these compounds. 
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Fig. 3. Effect of amiloride (lO@-300 PM) (A), benzamil(3- 
30pM) (B), DEAM (~~~~~M) (C) and EIAM (1% 
1OOpM) (D) on the contraction induced by high K’ 
(123.5 mM) in chicken gizzard smooth muscle strip. Com- 
pounds were added 60 min before the addition of high K+. 

after about 60 min incubation. In chicken gizzard 
smooth muscle, high K+ (123.5 mM) solution caused 
only a transient contraction which lasted about 
20 sec. When the muscle was pretreated with amilo- 
ride (100-300 PM), benzamil (3-30 PM), DEAM 
(l&l00 PM) or EXAM (10-100 ,uM) for 60 min, the 
high K+-induced contraction was inhibited in a con- 
centration-dependent manner (Fig. 3). Cumulative 
addition of these compounds during the high K+- 

DRUGS (j_tM) 

Fig. 4. Effect of amiloride (0), henzamil (0). DEAM 
(A) and EIAM (A) on the high K’-induced sustained 
contraction of taenia. High K’ (35.4mM) was added to 
induced sustained contraction. These compounds were 
cumulatively added during the sustained contraction 
induced by high K’. Approximately 60 min was needed to 
obtain a steady inhibiting effect after the addition of the 
compounds. Mean values (%SE) for amiloride (N = 6). 
benzamil (N = 4). DEAM (N = 6) and EIAM (N = 4) are 

shown. 

induced sustained contraction in the taenia inhibited 
the contraction. Concentration-inhibition curves are 
shown in Fig. 4 and concentrations for producing 
half-maximum inhibition (ICING) are listed in Table 1. 

After the taenia was treated with 45.4mM K’, 
external Na+ (96.8 mM) was replaced with equimolar 
choline-Cl or Tris-HCl. The Na* removal decreased 
the tension by approximately 40%. Amiloride and 
its analogues, added after the Na+ removal, 
decreased the remaining tension to the resting ten- 
sion level and the ICING values were similar to those 
in the presence of external Na+ (Table 1). NH&l 
(l&20 mM), added during the contraction induced 
by 45.4mM K’ solution with Na+, decreased the 
sustained contraction by 30-40%. Amiloride and 
its analogues also decreased the contraction in the 
presence of NH&l to the resting tension level. 

As shown in Fig. 2. amiloride and its analogues 
increased the frequency of the spontaneous con- 
tractions in taenia. Similarly. the replacement of 

Table I. IC&, values of amiioride and its analogues on the K’-induced contraction of intact taenia. 
Ca*+-induced contraction of permeahzed taenia and phosphoryIation of MLC of chicken gizzard 
native actomyosin and phosphodiesterase and erythrocyte membrane (Ca” + Mg” )-ATPase 

activities 

Intact taenia 
High K+ (45.4 mM) with 120.6 mM NaCl 
High K’ (45.4 mM) with 23.8 mM NaCl 

Permealized taenia 
Ca*+ (10 PM) 

Phosphorylation of MLC 
Ca*+ (10 PM) 

(CaZ+ + Mg*“)-ATPase 
Ca*+ (10 PM) 

Phosphodiesterase 
CaZ+ (10 PM) 

Amiloride 

29 
35 

240 

280 

%lOOO 

~1000 

Benzamil DEAM EIAM 
(FM) 

7.2 12.8 8.8 
5.7 6.1 6.4 

115 430 310 

120 680 530 

940 640 910 

440 400 240 
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Fig. 5. Effect of amiloride (O), benzamii (O), DEAM Fig. 7. Effect of amiloride (0), benzamil (e), DEAM (A) 
(A) and EIAM (A) on contraction of permealized taenia and EIAM (A) on the phos~horylation of MLC in native 
induced by 10 ,uM Ca 2+ Each concentration of compounds actomyosin preparation. Reaction was started by appli- 
was cumulatively added after the tension reached the steady cation of 10yM Caz+ in the presence or absence of the 
levels. Each point represents the mean of 4 experiments. compounds. The sample was collected 3Osec after the 

addition of Ca’+. 

externai Na+ with Tris or choIine or the addition of 
NH&l (10 mM) increased the spontaneous activity 
(data not shown). 

Permealized taenia and gizzard 

ratio measured 3 hr after the incubation was 3.5,17.0 
and 13.5 times for amiloride, benzamil and EIAM, 
respectively (Fig. 6). 

Ca2+ (10 PM) induced sustained contraction in the 
permeabilized taenia and gizzard. Cumulative 
addition of amiloride, benzamil, DEAM and EIAM 
inhibited this contraction. Concentration-inhibition 
curves obtained in taenia are shown in Fig. 5 and 
I+, values are listed in Table 1. Concentrations 
needed to inhibit the contraction of permealized 
taenia were &3S-fold greater than those obtained in 
the intact taenia. 

NLC phosphorylation 

Uptake of the compound by tue~ia 

Since amiloride, benzamil and EIAM are highly 
fluorescent, the uptakes of these compounds were 
determined with fluorophotometry. The taenia 
accumulated these compounds. The tissue/medium 

Native actomyosin, which contained a Ca~/MLC 
kinase system, was used to examine the effects of 
these compounds on MLC phosphorylation, In the 
absence of Ca2+, almost none of the 20Kdaltons 
MLC was phosphorylated. Addition of 10 PM Ca2+ 
in the presence of 1 mM ATP changed MLC to the 
phosphorylated form. Amiloride, benzamil, DEAM 
and EIAM inhibited the phosphorylation of MLC in 
a concentration-dependent manner (Fig. 7 and Table 
1). Figure 8 shows the inhibitory effect of benzamil 
in the presence of different concentrations of ATP 
(0.1, 0.5, 1 and 5 mM). The inhibitory effect of 
benzamil was augmented by decreasing the ATP 
concentration from 1 to 0.5 or 0.1 mM, whereas the 
inhibitory effect was decreased by increasing the 
ATP concentration to 5 mM. These results were 
essentially similar to those reported with amiloride 
IW 
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Fig. 6. Uptake of amiloride, benzamil and EIAM by taenia. 
Tissues were treated with a solution containing 3OgM 
amiloride (O), benzamiI(0) or EIAM (A) for O-180 min. 
Tissues were then transferred to a 50% methanol solution 
for 48 hr to extract the compounds. Concentration of the 
compounds in the medium was measured ~~orometri~ally. 
Values are expressed as tissue/medium ratio -c SE (N = 4 

each). 
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Fig. 8. Inhibitory effect of benzamil on the phospho~lation 
of MLC in the presence of 0.1 mM (Ci), 0.5 mM (M), 1 mM 
(0) and 5 mM (0) ATP. Experimentat conditions were the 

same as described in Fig. 7. 
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Fig. 9. Effect of amiloride (0), benzamil (O), DEAM 
(A) and EXAM (A) on (Ca’+ + Mg’-)-ATPasc activity. 
Reaction was started by adding 2 m)M AMP in the presence 
or absence of the compounds. The (Car‘ + h4g”)-ATPase 
activity was increased by II-fold by the addition of CaZt 
and CaM. The activity in the absence of Ca” and cal- 
modulin was subtracted from the control. These com- 
pounds did not inhibit the ATPase activity in the absence 

of Ca”, 

Effect OR p~o~~~atase activity 

After MLC had been phosphorylated by adding 
10 PM Cat+, subsequent removal of Ca2+ decreased 
the amount of phosphorylated MLC by endogenous 
phosphatase in a time-dependent manner. These 
compounds (1 mM) did not affect the decrease, sug- 
gesting that these compounds have no effect on 
phosphatase activity. 

CaM activity 

Effect of these compounds on CaM activity were 
examined using erythrocyte membrane (Cal+ + 
Mg’+)-ATPase activity and cyclic nucleotide 
phosphodiesterase activity. In the presence of 10 ,wM 
Ca2+, these enzyme activities increased by about 11 
times. DEAM and EIAM inhibited the 
(CaZ+ + Mg2’))-ATPase and 
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P-LCZD 7 

Ca 

Drug 

phosphodiesterase 
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activities at similar concentrations to inhibit the con- 
traction of permealized tissue or MLC’ phospho- 
rylation. Benzamii also inhibited (Ca’- + Mg?‘)- 
ATPase and phosphodiesterase activities although 
its ICY,, values were four to eight times greater than 
those for permealized tissue or MLC phospho- 
rylation. In contrast, amiloride (< 1 mM) failed to 
inhibit the (CaZi + Mg’+)-ATPase and phospho- 
diesterase activities. Benzamil and EIAM (0. I- 
1 mM) did not inhibit erythrocyte membrane 
ATPase and phosphodiesterase activities in the 
absence of Ca’+ (in the presence of 2 mM EGTA). 
Concentration-inhibition curves for Ca’+,/CaM- 
dependent enzyme activities are shown in Fig. Y and 
ICING values are listed in Table I. 

To examine the direct effect of amiforide and its 
analogues on MLC kinase. thiophosphory~ation with 
Ca?+/CaM-independent MLC kinase was adopted 
in place of phosphorylation avoiding the possible 
complication due to phosphatase activity in the myo- 
sin preparation. As shown in Fig. 10, trypsin-treated 
MLC kinase phosphorylated MLC in the absence of 
Ca”+/CaM. Amiloride and benzamil at I mM were 
effective in inhibiting the Ca~+/Ca~-independent 
MLC kinase activity. However. DEAM and EIAM 
were ineffective. 

DISCUSSION 

Amiloride, benzamil, DEAM and EIAM inhibited 
the contraction of intact guinea-pig taenia and 
chicken gizzard. In the taenia, high K+ (45.4mM) 
solution caused a phasic contraction followed by a 
sustained contraction. These contractions are due to 
the release of stored Cal* and to Cali influx through 
Ca*+ channels, respectively [2S, 261. Amitoride and 
its analogues non-selectively inhibited these 
contractions. Similarly, these compounds inhibited 
the transient contraction in chicken gizzard elicited 
by high K+ (123.5 mM) solution. 

C D E F G 

+ - - - - - 

- AM BAM DEAM EIAM 

Fig. 10. Thiophosphorylation of myosin by MIX kinase. Myosin was thiophosphorylatcd by MLC kinase 
(0.1 mg/ml)-CaM (0.1 mg/ml) system (A. B) or by Ca’-/CaM-independent MI-C kinase (0.1 mg/ml) 
(C-G) and subjected to urea-PAGE followed by Coomassie Brilliant Blue staining. Conditions for 
thiophosphoryIat~on: A.O.l mM EGTA; B.3.l mMCa”+;C,O.l mM EGTA; D.O. I mM EGTA + 1 mM 
amiioride; E, 0.1 mM EGTA + 1 mM benzamil; F, 0.1 mM EGTA + I mM DEAM; G. 0.1 mM 

EGTA + 1 mM EIAM. 
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Amiloride and its analogues may decrease intra- 
cellular pH by inhibiting Na+-H+ exchange and this 
may be the mechanism of action of these compounds. 
To evaluate this possibility, Na+-H+ exchange was 
inhibited by replacing external Na+ with Tris or 
choline and it was found that the high K+-induced 
contraction was inhibited by 30-40%. NH&l has 
been shown to decrease intracellular pH in various 
tissues including smooth muscle [27]. NH&i 
(10 mM) also inhibited the high K+-induced con- 
traction by approximateIy 40%. These results suggest 
that the possible decrease in ~ntracelIular pH induced 
by amiloride and its analogues is at least partly 
responsible for their inhibitory effect. As demon- 
strated in Fig. 2, amiloride analogues increased the 
spontaneous activity in taenia. The removal of exter- 
nal Na” or the addition of NH&i showed similar 
effects. These observations suggest that, beside the 
relaxant effect, the decrease in intracellular pH may 
stimulate the spontaneous spike discharge in the 
taenia. 

Amiloride and its analogues, however, inhibited 
the contraction in the muscle in which the Na+-H+ 
exchange was previously inhibited by Na* removal. 
Further, the ICKY values in the Na+-deficient solution 
are almost the same as those obtained in the presence 
of external Na”. Since these compounds inhibited 
the Ca?+-induced contraction of permeaiized taenia 
and gizzard, these compounds may have an 
additional effect to directly inhibit the contractile 
elements. 

Smooth muscle contraction has been shown to be 
due to the Ca2+/CaM-dependent phosphoryiation of 
MLC 128,291. Amiloride and its analogues inhibited 
the MLC phosphory~ation in the native actomyosin 
preparation. The inhibition of MLC phosphoryiation 
correlated with the inhibition of the contraption in 
permeaiized muscles. DEAM and EIAM inhibited 
CaM activity at the same concentration ranges as 
those that inhibit MLC phosphoryiation. Benzamii 
also inhibited CaM activity, although the IC,,, was 
four to eight times greater than that to inhibit MLC 
phosphoryiation. In contrast to these analogues, 
amiloride (< 1 mM) did not inhibit the CaM activity. 
These results suggest that amiioride may inhibit MLC 
kinase, DEAM and EIAM may inhibit CaM and 
benzamii may inhibit both MLC kinase and CaM. 
With a reconstituted system containing purified myo- 
sin and Ca”‘/CaM-independent MLC kinase, amiio- 
ride and benzamil were effective in inhibiting the 
MLC kinase activity, whereas DEAM and EXAM 
were ineffective. These data support the idea that 
the site of action of amiloride and benzamil is MLC 
kinase, whereas that of DEAM and EXAM is CaM. 

The order of potency to inhibit the sustained con- 
traction of intact taenia was benzamil z EIAM > 
DEAM > amiloride, which was not consistent with 
the results obtained from the permeaiized muscles. 
Further, the effective concentration ranges of these 
inhibitors in permeafized tissue are approximately 
10 times greater than those in intact tissue. In our 
studies, intact taenia accumulated benzamit and 
EIAM and the tissue/medium ratio reached 17.0 and 
13.5, respectively, after a 3 hr incubation period. 
Considering the extracellular space (30-40%) and 
the solid space (1520%) of taenia, these compounds 
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seem to be concentrated in ceil water to the level 
27-34 times higher than that in the medium. Amilo- 
ride also seems to be concentrated by about 
sevenfold. The difference in the order of sensitivity 
between intact and permealized tissues to amiloride 
and the anaiogues may partially be explained by the 
differences in drug accumulation in the ceil which 
may depend on the lipid solubility of the agents (the 
analogues are more hydrophobic than amitoride). It 
has been reported that, when whole ceil or intact 
tissue is incubated with a micromolar order of radio- 
labeled amiioride, it accumulates amiloride to an 
intracellular concentration of a millimoiar order 
[30,31]. 

It has been reported that amiloride inhibits protein 
kinase activities, such as cyclic AMP- and cyclic 
GMP-dependent kinases and tyrosine kinase 
[31,32]. The present study indicated that the inhibi- 
tory effect of benzamil on MLC phosphorylation was 
competitively antagonized by ATP. A similar result 
has been reported with amiloride [lo]. The non- 
selective inhibitory effect of this compound on pro- 
tein kinases can be explained by the direct com- 
petition with ATP. Amino-group at Cs position (RI 
in Fig. I) seems to be essential for the inhibition of 
MLC kinase. 

In summary, the present study demonstrated a 
correlation between the inhibition of contraction and 
MLC phosphoryiation for four different amiloride 
derivatives. The inhibition by amiloride may be 
attributable to the inhibition of MLC kinase and that 
by DEAM and EIAM may be attributable to CaM. 
Benzamii may inhibit the contraction through the 
inhibition of both MLC kinase and CaM. 
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