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Blockade by zinc ions of K+-induced contraction and calcium in guinea pig Taenia coli 
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Abstract. Preincubation with 0.3 mM Zn 2+ markedly inhibited both the tonic response and Ca 2+ binding at low 
affinity sites induced by K + (60 raM), with smaller effects on the phasic response and the high affinity Ca 2+ sites, 
in Taenia coli. However, when the muscle was kept in Zn2+-containing medium following the first stimulation with 
the K § the phasic response and the high affinity Ca 2+ sites were more severely inhibited during the second 
stimulation with K +. This probably indicates that Zn 2§ reduced the tonic tension response to K + mainly by 
inhibiting Ca 2+ influx at the cell membranes of  Taenia coli. However, when Zn 2+ is continuously present, Ca 2+ is 
not supplied at the storage sites and is not available for the phasic response to a second stimulation with K +. 
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It is well known that zinc ions (Zn 2+) are required as a 
co(actor to activate metalloenzvmes such as alcohol 
dehydrogenase, carbonic anhydr~tge and carboxypepti- 
dase. Cadmium (Cd2+)~ot me~c, ury (Hg 2+) ions (both 
members of the zinc group '~f heavy metals in the 
periodic table) inhibited fife contractions of  vascular I-3 
and intestinaP -6 smooth muscle preparations in vitro. 
The main presumed mechanism of the action of  
Cd 2+2"3"5 or Hg -'+6 is to abolish the Ca 2+ influx 
through voltage-operated Ca 2+ channels in the cell- 
membranes::~t ga  s also been, reported that Zn 2. non- 
competii~velyZinhibits contractile resporises to-acetyl- 
choline, histamine or high concentrations of  K + in ileal 
smooth muscle 7-9. However. there are few studies which 
have tested the effects of  Zn 2+ on calcium movement in 
smooth muscle. The present study was therefore under- 
taken to examine zinc uptake and efflux in Taenia coli 
and the effedts o f  z n  2+ on high and low affinity binding 
sites for Ca2+~ in an attempt to define further how Zn 2+ 
inhibits muscle contraction. 

Materials and methods 
Strips of  Taenia coli were dissected from male Hartley 
guinea pigs, body weight 400 g, and were immersed 
in modified normal Tyrode's solution bubbled with 
100% O2 at 37 ~ The solution contained (raM): NaC1, 
123.7; KC1, 2.7; CaC12, 2.5; MgC12, 1.0; tris(hydroxy- 
methyl) aminomethane 25 and glucose 5.5. The pH of 
the solution was adjusted to 7.4 with HC1 at 37 ~ Zinc 
ions, as ZnC12, were added to the bath solution. 
The muscle strips were suspended at a resting tension of  
0.6 g and allowed to equilibrate for 40 min with several 
changes of  normal solution. After equilibration, the 
muscles were conditioned by adding 40 mM K +. Iso- 
metric contraction of  the muscle was measured by a 
strain gauge transducer (Nihon Kohden, RM-6000). 

45Ca uptake was measured by a lanthanum method. 
The muscles wereexp6sed to 0.025 or 2.5 mM Ca 2+ 
(+45Ca (5# Cf/mlk N 6 w  England Nuclear), 6 0 m M  
K + medium containing Zn z+ for 4 or 30 min, respec- 
tively; after Which they were rinsed with a lanthanum 
solution (I2aC13 6'8.7, glucose 5.5 and Tris-HC1 25 mM, 
pH 7.4), which was aerated with 100% 02 at 1 ~ for 
50 min. The strips were blotted and then treated with a 
solubilizer (Soluene TM-350, Packard /and  the radioac- 
tivities were counted with a liquid scintillation spectro- 
photometer (Aloka, LSC-602). 
To determine tissue zinc concentrations, the strips were 
removed from the bath after incubation in a medium 
containing 0.3 mM Zn 2+. They were blotted on filter 
paper, then weighted, put into quartz cuvettes contain- 
ing 0.1 ml HC104 and heated in a muffle furnace at 
480 ~ for 2.5 h. The samples were dissolved in 0.01 N 
HC1. and Zn 2+ concentrations were measured with an 
atomic absorption spectrophotometer (Hitachi. 308). 

Results 

The effects of  preincubation with Zn 2+ on tension in- 
duced by high K + (60 raM, hypertonic) were examined 
in Taenia coli. After 30 rain of  incubation with 0.1, 0.2 
and 0.3 mM Zn 2+, the tonic response to K + decreased 
markedly to 14 +4 ,  5 + 0.08 and 0% of the original 
tonic response, respectively, with smaller effects on the 
phasic response. With Zn 2+ present continuously after 
the first exposure to high K +, the muscles were washed 
with normal medium ( + 0 . 1 - 0 . 3  mM Zn2+). The phasic 
responses to the second stimulation with K + were~now 
markedly inhibited in the presence of  0.1 0.3 mM Zn 2+ 
(fig. 1A and B). 
To determine if washing has any effect on the recovery 
of  tension after Zn 2+ treatment, muscles were incubated 
in 0.1, 0.2 or 0.3 mM Zn z+ for 120rain as shown in 
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Figure 1. The effects of preincubation with Zn 2§ on responses to 
high K + (60mM, hypertonic) and the effects0f a. wash with 
normal medium on recovery of the high K+-induced respons~ 
after Zn 2+ treatment in Taenia coll. 
A Muscles were preincubated for 30 min in Zn 2+ medium before 
the addition of high K +. Following incubation in the high K + 
medium containing Zn 2+ for 30 min, the muscles were washed 
with medium containing Zn 2+ for 30 min. The high K + was then 
reapplied in the presence of Zn 2+. After 30 min, the muscles were 
washed with normal medium for 60 min. Then high K § was 
added. The tensions in response to each concentration of Zn 2+ in 
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(a),. (b) and (c) were recorded from different strips. K, 60mM 
K+; Wo.~: wash-out of the K+; P, phasic contraction; T, tonic 
contraction. 
B The time.course of the experiments is the same as in A. The 
first and second phasic or tonic responses to 60 mM K + in the 
presenc e of 0.1 (a), 0.2 (b) or 0.3 (c) mM Zn 2+ were calculated as 
per cent of their corresponding phasic or tonic responses to 
60raM K+, in tl~e absence :ofZn 2+. The responses to high K + 
after wash with. normal medium after treatment with Zn 2. are 
also shown. :Error bars on the columns show S.E. of 12 experi- 
ments. [Z, Phasic response; B, tor~ic.resp0iise. 

figure 1A, then washed with normal medium for 60 min. 

After returning to fresh normal medium, high K § was 
applied. However, both phasic and tonic responses to 

K § were still inhibited in spite of the washings (fig 1A 

and B). 
The effects of Zn  2+ on Ca2+-induced responses in depo- 

larized Taenia coli were examined. Zn 2+ reduced the 
size of the maximal response to Ca 2+ without shifting 

the concentration-response curves for Ca 2+ to the right 

(fig. 2A). 
To test the effects of Zn  2+ on Ca 2§ binding at high and 

low affinity sites during 60 mM K+-induced contrac- 
tion, muscles were loaded with 4SCa for 4 or 30 min in 
0.025 or 2.5 mM Ca 2§ medium ( + 6 0  mM K § contain- 
ing 0.3 mM Zn 2+. High K + (60 mM) did increase the 
Ca 2+ binding at high and low affinity sites. When first 

stimulation with high K + was in the presence of 0.3 mM 
Zn 2+, the Ca ;+ binding at low affinity sites was signifi- 

cantly inhibited with smaller effects on the high affinity 
sites. In the next series of experiments, after muscles had 

been stimulated with,high K + in the presence of0~3 mM 
Zn 2+ for 30min,  they were washed, w i t h  ~ n o r m a l  

medium containing 0.3 hiM Zn 2+. At this poin t, mud -. 
cles were loaded with 4SCa for 4 or 30 rain in 0.025 or 
2.5 mM Ca 2+ medium (60 mM K+), respectively. Under  
these conditions, 0.3 mM Zn 2+ significantly blocked the 

Ca 2+ binding at the high affinity sites (fig. 2B)! ~ 
The zinc uptake by ileal muscle stabilized after~ 30 - 
60 min in 0.3 mM Zn 2+ medium (fig. 3A). The tissue/ 

medium Zn 2+ concentration ratio at the equilibrium 
level was 2.83. This indicates that muscles accumulated 
a far greater amount  of zinc than the extracellular 

space. 
To study changes in zinc efflux, the muscles were incu- 
bated in 0.3 mM Zn 2§ medium for 60 min and then 
washed with normal medium or Ca 2§ and Mg2+-free 
medium containing 5 mM EDTA, a non-penetrat ing 
chelator ~~ The zinc content of the muscles reached 
equilibrium after 60 rain and about  43% (with normal 
medium) or 25% (with medium containing EDTA) of 
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Figure 2. A Effects of Zn z+ on Ca2+-induced contraction in 
depolarized Taenia coli. The concentration-tension relationships 
were obtained by increasing the concentration of Ca 2+ in isotonic 
120 mM K + medium containing Zn ~+. Each point represents 10 
experiments (mean _+S.E). Control (O);  0.005 ([]),  0.01 (A), 
0.03 (�9 0.1 ( x )  mM Zn 2+ 
B The effects of Zn 2+ on La3+-resistant uptake at high (a) and 
tow (b) affinity Ca 2+ binding sites in Taenia coli. For the test of 
Zn 2+ on high affinity Ca 2+ sites, muscles were preincubated in 
0.025 mM Ca z+ medium for 60min before loading in the 
0.025 mM Ca z+ medium; K + (0.025 mM Ca 2+) medium or Zn 2+ 
added K + (0.025 mM Ca 2+) medium, resoectivelv, each contain- 
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ing 45Ca. The loading time with 45Ca was 4 rain. For the test of 
Zn 2+ on low affinity Ca 2+ sites 45Ca was added in normal Ca ~+ 
(2.5 raM) medium; K + (2.5 mM Ca 2+) medium or Zn 2+ added 
K + (2.5 mC Ca) medium, respectively, and each loading time was 
30 rain. Muscles were preincubated with Zn 2+ for 30 min before 
the addition of high-K + in the test of both affinity sites. In the 
next series of experiments, after muscles had been stimulated with 
high K + in presence of 0.3 mM Zn z+ for 30 rain, they were 
washed with normal medium containing 0.3 mM Zn 2+. At this 
point, muscles were stimulated a second time with K + medium 
(0.025 or 2,5 mM Ca 2+ + 4SCa). Error bars on the columns show 
S.F,. of 1(I-12 experiments. 

the  o r ig ina l  t issue zinc c o n c e n t r a t i o n s  were r e t a i n e d  
a f te r  the  w a s h i n g s  , 

' L . 

Discussion 

Z n  2+ h a d  a non-sp6~ific~!anmg6ni~stic ' a c t i on  on  C a  2+ 

c o n c e n t r a t i o n  r e sponse  s imi la r  to  N 2 gas, 2 ,4 -d in i t ro -  

p h e n o P  ~ a n d  h e a v y  me ta l s  s u c h , a s  Cd2+ 5, Hg2~ 6 a n d  

Cr6+ 12. Converse ly ,  the  C a  2+ an t agon i s t s ,  v e r a p a m i l  

a n d  n i fedip inr  11 a n d  the  h e a v y  meta ls ,  Co  2+ 13 a n d  

pb2+ ~4 caused  a r i g h t w a r d  shif t  o f  the  C a  2+ response-  

curve  in ileal muscle .  F r o m  this,  it is p o s t u l a t e d  t h a t  

Z n  a+ m a y  in ter fere  at  some  level in the  sequence  o f  the  

c o n t r a c t i o n  process  besides  the  i n h i b i t i o n  o f  Ca  2§ influx 

a t  the  cell m e m b r a n e .  In  fact,  Z n  2+ ha s  been  r e p o r t e d  to 

inh ib i t  the  r e sp i r a t ion  o f  i so la ted  m i t o c h o n d r i a  15. In  

Taenia coli, Z n  2+ inh ib i t ed  the  ton ic  r e sponse  to K § 
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Figure 3. Time course of zinc uptake A and zinc efflux B in 
Taenia coli. 
A ZnC12 (0.3 mM) was added at time 0. Assuming that the 
extracellular space is saturated with the same concentration of 
substrate as the external medium, the hatched part (0.3 mM Z n  2+ 

in external medium x 0.41 of tissue/medium ratio in extracellular 
space measured by I4C-sorbitol) represents the Zn 2+ in the extra- 
cellular space, 
B Muscles were incubated with 0.3 mM Zn 2+ medium for 60 min 
and were washed with normal medium (0)  or Ca 2+- and Mg 2+- 
free medium containing 5 mM EDTA (�9 Each point represents 
the mean of 10 experiments (mean + S.E.). 

with small effects on the phasic one similar to the 
metabolic inhibitors, N z gas or 2,4-dinitropheno116. 

It is well established that in Taenia coIi the phasic 
response to K + can be attributed to the release of Ca 2+ 
from a cellular store, and the tonic response is caused 

by increasing Ca 2+ influx 17,18. Scatchard plots of La 3+- 

resistant residual Ca 2+ uptake show that two distin- 

guishable Ca 2+ binding sites of high and low affinities 
exist in ileal 19 and vascular 2~ muscles. Ca 2+ at high 

affinity sites has been thought to be associated with 
Ca 2+ release in norepinephrine-induced contraction, 

and increase in Ca 2+ at low affinity sites is found in 

K+-induced contraction in aorta 2~ In the present re- 
port, Zn 2+ inhibited K+-induced Ca 2+ uptake at low 

affinity sites with a smaller effect on the high affinity 
Ca 2+ sites in Taenia coli. The results suggest that Zn 2+ 

reduced the tonic tension in response to K + primarily 

by inhibiting Ca 2+ influx, with a lesser effect on Ca 2+ 

release from Ca 2+ storage sites. 
The phasic response to K + and the Ca 2+ uptake at 

high affinity sites was still inhibited even on a second 

stimulation with K +. This suggests that Zn 2+ inhibits 

Ca 2+ supply into Ca 2+ storage sites. 
Zinc uptake increased along with the duration of Zn 2+ 

incubation and it reached an equilibrium level after 
30-60 min in Taenia coli. This may explain the report 
by Schnieden and Small 7 that the inhibitory action of 

Zn 2+ on contraction increased with an increase in ex- 
posure time (15-51 rain) in ileum. The zinc fraction 

not eliminated by EDTA may accumulate in the intra- 

cellular compartment,  to which EDTA has no access. 
Sarria et al. s have shown that zinc in millimolar con- 

centrations did not inhibit the contraction of skinned 
Taenia coli. The inhibition by Zn 2+ of the K+-induced 

phasic and tonic responses was not restored after 

washing with normal medium in Taenia coli (fig. 1), 
suggesting that Zn 2+ bound both to Ca 2+ storage 

sites and voltage operated Ca 2+ channels is not easily 

eliminated. 
In conclusion, in Taenia coli Zn 2+ inhibited the 

tonic response to K + mainly by inhibition of Ca 2+ 
influx at voltage operated Ca2+: channels, with a 

smaller effect on the phasic response. However, when 
Zn 2+ is continuously present, Ca 2+ is not Supplied at 

the storage sites and is not available for the phasic 

response. 
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