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Abstract. Effects of temperature and Na; on the relaxation of guinea-pig ureter
smooth muscle were studied. Relaxation of phasic contraction was found to be
highly temperature-dependent, practically independent of Na; and Caj*, and
resistant to vanadate. The relaxation of the tonic tension of both high-K and
low-Na contracture was less temperature-dependent and affected by Nag . The
relaxation of tonic tension produced by introduction of Naj was about 3—5
times faster than that produced by Ca-free solution. La’" ions were found to
block the relaxation of the tonic component of the Na*-free contracture ini-
tiated by removal of Ca}*. Three svstems of regulation of cell calcium are
suggested to be operative in the ureter muscle: a fast one which is highly
temperature-dependent and responsible for the relaxation of the phasic contrac-
tion (probably the sarcoplasmic reticulum), and two slow membrane-linked
carriers, one of which is dependent on Na, (probably Na—Ca exchange) and
another one which is independent of Na, and inhibited by La’* (probably
Ca-pump).
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Introduction

Results of physiological and pharmacological studies reported by a number of
investigators suggest that the initial event in excitation-contraction coupling of
the guinea-pig ureter muscle is an increase in the membrane permeability to
external Ca’* (Washizu 1967; Kuriyama and Tomita 1970; Shuba 1977; 1981 ;
Brading et al. 1983). Under normal conditions the ureter muscle generates
phasic contractions associated with the action potential. However, tonic tension



o Burdyga and Magura

associated with sustained depolarization is normally seen when the ureter
muscle is placed in high-K solution (Washizu 1967; Sunano 1976; Johnishi and
Sunano 1978). Also, it has been shown recently that Na-loaded ureter main-
tained tonic tension associated with Ca influx on the mechanism of Na—Ca
exchange (Aickin et al. 1984). Thus it has been suggested that Ca ions can enter
the cell via both inactivating and noninactivating voltage-operated Ca channels
and Na—Ca exchange (Kochemasova and Shuba 1979; Aickin et al. 1984). To
bring about relaxation of a contracted muscle, the relaxing system must success-
fully compete with the contractile proteins for Ca ions and remove Ca’* from
the cytoplasm. The recovery of the internal Ca’* level and the mechanism of
relaxation of the ureter muscle has not been studied as yet.

A reduction of Ca;* can be accomplished by intracellular Ca sequestering
stores and the cell membrane linked Ca’*-extrusion systems (van Breemen et al.
1973; Penniston 1983; Bond et al. 1984). The intracellular organelles usually
involved in Ca’* movements are the sarcoplasmic reticulum (SR) and mitoch-
ondria (Loutzenhiser et al. 1985; Jundt et al. 1975).

Obviously, both SR and mitochondria cannot serve as a longterm source or
sink of large amounts of Ca’", because their storage capacity is limited although
they might be important in the control of intracellular Ca’* on a short-time
scale (Penniston 1983; Bond et al. 1984). The physiological significance of SR
is well documented (Somlyo et al. 1979; Somlyo 1984; Bond et al. 1984), while
the mitochondrial role in the intracellular Ca’* buffering has recently been
questioned (Somlyo 1984).

The limited Ca’*-storing capacity of the intracellular Ca buffering systems
on one hand, and increased Ca permeability of the cell membrane during
activity on the other hand, strongly suggest the involvement of the cell mem-
brane in the regulation of Ca’* movements, especially on a long-time scale.

The Na-—Ca exchanger and the ATP-dependent Ca’* pump are the two
known ways by which cells export Ca’* against steep concentration gradient
between the cytoplasm and the extracellular space (Blaustein and Nelson 1982;
Schatzman 1982; Casteels et al. 1985). The existence of the Na—Ca exchanger
in the ureter muscle was suggested in previous study (Aickin et al. 1984).
However, the role of the exchanger in relaxation of the ureter smooth muscle
was not studied in this previous work.

In the present study the effects of temperature and Na, on the relaxation
of phasic and tonic tension were studied.

Materials and Methods

Simultaneous electrical and mechanical records were obtained from isolated pieces of whole ureter
from guinea-pig using the double sucrose gap method (Biilbring and Tomita 1969). Action poten-
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tials were evoked by just suprathreshold depolarizing current pulses (in the order of 107 A) of short
duration (20— 50 ms) to avoid the possible influence of prolonged depolarization on the shape and
amplitude of the action potential. Anelectrotonic potentials were evoked by rectangular current
pulses of the order of 10 "A and 2 3s duration.

Tension alone was recorded with the continuous superfusion technique described in detail by
Brading and Sneddon (1980). Four tissue pieces of about 1 cm length could be studied simultaneous-
ly by the use of four chambers, and contractions were recorded on a 12 channel loop oscilloscope.

The modified Krebs solution used in the majority of the experiments was of the following
composition (mmol/1): Na* 120.3: K* 5.9: Tris* 16.6;Ca®* 2.5; Mg’ 1.2; Cl~ 150.2; glucose 11.5;
equilibrated with 100% O,, pH 7.4.

Drugs used were: procaine, lidocaine, tetraethylammonium chloride (TEA), ouabain (all
B.D.H. U.K.) and nifedipine (BAY U.K.). High-K* solution was prepared either by replacement
of all NaCl by KCl (isotonic solution) or by adding KCl as solid salt to Krebs or Na " -free solution.

Loading of the tissue with Na® was done as described previously (Aickin et al. 1984).

Results

Influence of temperature on relaxation of twitch tension

Twitch tension which usually develops during the action potential normally
commences upon repolarization of the action potential and decays in a rather
simple manner. Fig. 14 shows typical phasic contractions associated with the
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Fig. 1. Effect of temperature on evoked phasic contractions in the ureter smooth muscle. (Tension
recording, field stimulation). A, a—d, recordings of the phasic contraction from the same prepara-
tion at 37°C, 33°C, 27°C and 22°C. B, semilogarithmic presentation of relaxation of the phasic
contraction at 37°C (@) and 22°C (0). © — t=2200ms; ® — r = 150 ms.
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evoked action potentials recorded at various temperatures. The semilogarithmic
plots of the relaxation of the phasic contraction at 37°C and 22°C are shown in
Fig. | B; it can be seen that relaxation is mainly exponential with a time constant,
7, of 150 ms at 37°C (Fig. 1B,a). The time constants of the main part of the
relaxation phase were scattered and values ranging between 150-—250 ms were
obtained. The average time constant was 190 + 18 ms (n = 6). In accordance
with observations in cardiac muscle (Goto et al. 1972) the time constant was
shown to have a slight dependence on the amplitude of the twitch tension.
Relaxation was somewhat slower when the tension developed was small.

Fig. 14 shows that lowering the temperature reduced both the amplitude
and rate of rise and fall of the phasic contraction. The semilogarithmic plot of .
the relaxation phase of twitch tension at 22°C is shown in Fig. 1 B,b giving the
value of 72200 ms which is roughly 10 times higher than that measured at 37°C
(Fig. 1B,a).

Twitch tension fall in Na-free solution

Complete removal of Na; normally abolishes the plateau component of action
potential resulting in a reduction of phasic contraction amplitude (Fig. 2B).
However, introduction of K *-channel blockers (TEA, 5 mmol/l) or local anaes-
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Fig. 2. Effect of Na*-free solution on electrical and mechanical response of the ureter muscle (double
sucrose-gap method). Evoked electrical (upper trace) and mechanical (lower trace) activity in Krebs
solution (A), in Na*-free (Tris substitution) solution (B) and in Na*-free solution with 1 mmol/l
QX-314 added (C). D, semilogarithmic plots of relaxation of phasic contraction in Krebs solution
(®) and Na ™ -free solution with QX-314 added (Q). In this and subsequent Figures the semilogarith-
mic plots are represented as percentage of relaxation with the initial level of tension taken for 100%.
O—1=350ms; ® — 7= 250ms.
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thetics (procaine, lidocaine or QX-314, 1 mmol/l) induced a partial recovery of
the amplitude of phasic contractions associated with a partial recovery of the
plateau of action potential (Fig. 2C). All these agents initiated spontaneous
mechanical activity superimposed on slowly rising tonic tension. Analysis of the
time course of relaxation of the phasic contractions associated with action
potential showed that the time constant was only little changed (Fig. 2D). The
average time constant was 250 + 25ms (n = 5). Reintroduction of Na; imm-
ediately relaxed the tonic tension and had practically no effect on the time course
of relaxation of the phasic contractions. As in Krebs solution, cooling of the
ureter muscle in Na*-free solution to 22°C caused 10—15-fold slowing of
relaxation of the action potential mediated phasic contraction.

Effect of Ca’* and vanadate

Variation of Ca}* (0.1 25mmol/l) had little effect on the time course of twitch
relaxation of ureter muscle. Vanadate (10~*—10"*mol/l), a putative blocker of
Ca pump of the cell membranes (Penniston 1983), initiated spontaneous activity
and had no effect on the time course of relaxation of the phasic contraction.

Effect of nifedipine

Nifedipine (10 °mol/l), a putative blocker of voltage-operated Ca channels,
which was shown to cause a progressive fall in the amplitude of the twitch
tension associated with the shortening of the plateau of the action potential
(Brading et al. 1983) had no effect on the time course of relaxation of the phasic
contractions.

Relaxation of tonic tension induced by high-K* solution

When ureter muscle was immersed in high-K* (126 mmol/l) solution (all NaCl
replaced by KCIl), depolarization of the membrane initiated at first several
action potentials which produced phasic contractions followed by tonic tension
associated with sustained depolarization (Fig. 34). Since high-K* solution was
also Na*-free the tonic tension might have been partly potentiated due to the
absence of Na, . To study this, the effect of elevation of Kj in Na*-containing
solution was studied by addition of KCl as solid salt to Krebs solution. To
exclude possible effect of tonicity, the effect of hypertonic high-K* Na™-free
solutions containing Tris HCl, on ureter muscle was also studied. Typical
experimental records of the resultant contractures are illustrated in Fig. 3B. Fig.
3B,a shows a typical response of the ureter muscle to isotonic high-K* (Na*-
free) solution. The contracture induced by hypertonic high-K* (100 mmol/l)
solution, which was also Na™*-free, was basically the same as that induced by
isotonic high-K * solution (Fig. 3B,b). However, elevation of K in the presence
of Naj produced tonic tension which was lower than that seen in Na*-free
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either isotonic or hypertonic solution (Fig. 3B,¢). Removal of Na in the course
of the development of the tonic tension caused elevation of the latter (Fig. 3B.d).
Nifedipine (10 ° mol/l) completely blocked the contractile response of the ureter
muscle to both isotonic or hypertonic high-K* solution. When Cal* was
removed in the course of the development of tonic tension induced by high-K™*
solution, a slow relaxation was normally seen. Effect of Na, and temperature
on the relaxation of tonic tension produced by Ca removal was studied in
subsequent experiments.
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Fig. 3. Effect of high-K ' solution on the ureter smooth muscle. A, electrical (lower trace) and
mechanical (upper trace) response of the ureter muscle to isotonic 126 mmol/l-—K * solution (double
sucrose gap method). B, contractures of the ureter muscle induced by isotonic 126 mmol/l—K ™ (all
NaCl replaced by KCl) solution (a); hypertonic 100 mmol/l-—K* Na*-free solution (all NaCl was
replaced by Tris' and KCl was added as solid salt) (b); hypertonic 100 mmol/l—K* Krebs solution
(KCl was added to Na'-containing Krebs solution as solid salt) (¢). B.d shows elevation of tonic
tension by Na; removal (all NaCl was replaced by Tris HCI; the contracture was induced by
hypertonic 100 mmol/l—K* Krebs solution). Note the depression of tonic tension in the presence
of Na, .
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Effect of Na, and temperature on the relaxation of tonic tension

Fig. 4A4,B shows typical records of the time course of relaxation of tonic tension
of high-K* (126 mmol/l) contracture induced by Ca’*-free solution (with
2mmol/l EGTA) with or without Na, added both at 37°C and 22°C. The
respective semilogarithmic plots of the relaxation illustrated in Fig. 4C yielded
a time constant of 37s in Na*-free (b) and 13 s in Na*-containing solution (a).
Average time constants of relaxation of tonic tension in Na*-free solution were
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32 £+ 7s and 12 + 5s (n=5) in the Na*-containing solution. These results
suggest that Na, has a strong accelerating effect on the relaxation of tonic
tension of high-K* contracture. Cooling potentiated high-K™ contracture
(Fig. 4B), however, the time course of relaxation of tonic tension induced by
Ca’*-free solution in both Na*-containing and Na*-free solution was practic-
ally unaffected by lowering the temperature. The semilogarithmic plot of the
relaxation produced by Ca** -free Na*-containing solution at 22°C is shown in
Fig. 4C. The time constant of the linear part of relaxation was basically the
same. These results suggest that Na—Ca exchange is involved in relaxation of
tonic tension of high-K* contracture.
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Fig. 4. Effect of Na; and temperature on the relaxation of tonic tension of high-K* contracture
produced by Ca’*-free solution with 2mmol/l EGTA. The contracture was evoked by isotonic
126 mmol/l—K * solution (tension recording). A4, the time course of recovery in Ca’*-free solution
with (a) and without (b) Na, added: B.a.b the respective records taken from the same preparation
at 22°C. C, semilogarithmic plots of the relaxation of tonic tension with Nag added at 37°C (O) and
22°C (@) and without Nag at 37°C (@). O — r=12.5s; @ — 7= 165, @ — 7= 37Ts.
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Relaxation of low-Na™* contracture of Na"-loaded ureter muscle

In previous study it was found that the ureter muscle exposed to ouabain or
K*-free solution gained restricted quantity of Na ions and responded with
strong Caj*-dependent contracture upon removal of Nag associated with mem-
brane hyperpolarization (Aickin et al. 1984). Studies of relaxation from such
contractures in the ureter muscle have shown that relaxation of low-Na*
contracture upon reapplication of Nag is rapid and is practically unaffected by
temperature (in the range of 22°C—37°C) (Fig. 5). The semilogarithmic plots
give the time constants of 13s at 37°C (Fig. 5D,a) and 16s at 22°C (Fig. 5D.,b)
implying that the major mechanism producing relaxation is Na—Ca exchange.
Cooling significantly potentiated the low-Na* contracture and markedly slowed
the relaxation of the ‘phasic’ component of the low-Na* contracture. The
semilogarithmic plots of spontaneous relaxation of the ‘phasic’ component gave
the time constants of 18 s at 37°C (Fig. 5C,a) and 80 s at 22°C (Fig. 5C,b). These
results strongly suggest that some energy-dependent system of Ca’* uptake
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Fig. 5. Effect of temperature on Na*-free contracture of Na*-loaded ureter muscle. 4,8 low-Na
contracture generated by Na* -loaded ureter upon complete withdrawal of Nag (Tris* substitution)
at 37°C and 22°C, respectively. C, semilogarithmic plots of spontaneous relaxation of low-Na*
contracture at 37°C (®) and 22°C (0); D, semilogarithmic plots of relaxation of low-Na* contrac-
ture induced by reintroduction of Na; at 37°C (@) and 22°C (Q).
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operates in the ureter muscle and works against elevation of the intracellular
concentration of Ca*" entering the cell via Na—Ca exchange.

When Caj* was removed from the bathing fluid during the development of
low-Na™® contracture, relaxation was normally seen. However, this relaxation
induced by Ca’*-free solution was 3—35 times slower and less complete than that
seen upon reintroduction of Na; (Fig. 64,B). The semilogarithmic plot of the
relaxation produced by Ca’* -free solution gave the value of 7 = 60's (Fig. 6C,b).
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Fig. 6. Experimental records to compare the time course of relaxation of low-Na* contracture
induced by readmission of Na; (A4) and removal of Ca}* (Ca®*-free solution with 2mmol/l EGTA)
(B). C, semilogarithmic plots of relaxation of low-Na* contracture induced by readmission of Na;
(@) and Ca®*-free solution (O). Note that the relaxation produced by Ca’*-free solution is much
slower than that induced by reintroduction of Na; . Relaxation produced by Ca**-free solution is
immediately increased upon the addition of Naj. O — r=60s; ® — 7= 9s.

Fig. 6B also shows that introduction of Na; in the course of relaxation
produced by Ca’*-free solution immediately increased the relaxation rate in
spite of the presence of Caj* in the Na*-containing solution. This quasi-instan-
taneous alteration in the relaxation rate induced by Na, suggests that Na ions
act on some membrane mechanism which has external Na* sites. This implies
that the mechanism that delivers Ca’* and the one that pumps it out is the same
and it reflects the operation of Na—Ca exchange. However, slow relaxation of
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the tonic component of the low-Na* contracture produced by removal of Ca’*
from the bathing fluid suggests the existence of other systems of Ca removal
from the cytoplasm which are likely to be membrane-linked Ca-pump or Ca-
pump of the intracellular Ca stores.

Previously it was found that Ca-pump of the cell membrane could be
selectively blocked by either vanadate (Penniston 1983) or La'* (Sarkadi et al.
1977). Vanadate was found to potentiate the tonic tension of low-Na™ contrac-
ture in concentration as high as 1 mmol/l but did not abolish the relaxation of
the tonic tension induced by Ca**-free solution. On the other hand, this relaxa-
tion was completely blocked by La** at 5mmol/l (Fig. 74). In other words, La**
in the absence of Na, and Cag* prevented reduction of myoplasmic Ca’*. Also,
under these conditions ureter muscle generated full sized transient phasic con-
tractions in response to repetitive applications of 20 mmol/l caffeine (Fig. 74).
However, readmission of Na, in spite of the presence of La’* quickly relaxed
the tissue and greatly attenuated caffeine contractures (Fig. 7B). It was found
that cooling significantly slowed the relaxation of the caffeine contractures
registered in Na*, Ca’*-free solution in the presence of La'*. These results
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Fig. 7. Tonic tension and phasic contractures induced by caffeine (20mmol/l) of the Na*-loaded
ureter muscle in Ca®* -free solution with 3 mmol/I-EGTA plus La** (5 mmol/l) without (4) and with
(B) Na, readmitted. Note the persistence of tonic tension and cafleine contractures in Ca’*-free
La'' -containing solution in the absence of Na, (A) and relaxation of tonic tension and attenuation
of caffeine contractures by readmission of Na, (B). The records are taken from two different tissues.
Filled circles denote cafleine applications for 20s.
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suggest that when membrane-linked Ca’* extruding systems are inactivated, the
contraction and relaxation of the ureter muscle are mediated exclusively by the
intracellular Ca’* stores.

Discussion

Assuming that tension development corresponds to an increase in Ca’’, the
relaxation is likely to be taken as an indicator of the opposite process, i.e. Ca**
removal from the myoplasm. The main conclusion which emerges from the
present experiments implies the existence of three major systems which are
operating in ureter muscle to regulate cell calcium: SR, Na-—Ca exchange and
Ca-pump of the cell membrane. The high temperature-dependent system of fast
Ca’* uptake which is thought to be directly involved in the relaxation of the
phasic contraction is related to SR. The lack of dependence of the rate of
relaxation of the phasic contraction on Na; and Caj" is not consistent with the
idea of Na—Ca exchange or Ca’* pump in the cell membrane being rate limiting
on the process of the twitch relaxation and therefore the first stage in the
removal of Ca’*. The time constant of the relaxation of the phasic contraction
gives values of 150-—250ms. The time constant of Na—Ca exchange which
drives Ca’" in both directions with equal velocity is 10-—15s, i.e. about 100
times higher than the time constant of the twitch relaxation.

Since caffeine which is considered to specifically interfere with Ca’* move-
ment in SR (Weber 1968; Carafoli et al. 1969) produces transient contractures
of ureter muscle which has already developed tension induced by either high-K*
or low-Na* solution, it is logical to assume that SR acts as an intracellular Ca’*
buffering system in ureter muscle. Accumulation of Ca®* in SR of rabbit portal
vein contracted by high-K* or noradrenaline was demonstrated by electron
probe microanalysis (Bond et al. 1984).

Schwarz (1971) has shown that in the presence of ATP approximately
100 umol Ca’*/kg of ventricular myocardium can be bound at body tem-
perature within 200 ms (average relaxation time of mammalian ventricles). This
means that in fact the rate of Ca’* binding by SR is sufficiently high to
completely remove, within one contraction cycle, an amount of Ca’* from the
contractile system that is equivalent to that needed for full tension development.
Thus, Ca** binding by SR can be considered to represent the real relaxing
mechanism on a short-time scale. Role of SR is accentuated by the ability of
ureter muscle to generate full sized repetitive phasic contractures in response to
caffeine in Ca’*-free solution when Na—Ca exchange and Ca-pump of the cell
membrane are suppressed.

The data obtained suggest that apart from the intracellular Ca’* buffering
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system, a system of Na—Ca exchange and Ca-pump of the cell membrane
operate in ureter muscle to reduce the myoplasmic Ca** concentration to such
an extent that the intracellular binding sites for Ca’* in SR and myofibrils are
kept in a state of rather incomplete saturation. A progressive increase in the
baseline tone of the ureter muscle by Na*-free solution noted earlier (Aickin et
al. 1984) and the enhancement of this tone by depolarizing agents which fail to
induce any tonic tension in Na'-containing solution supports the idea of the
involvement of Na—Ca exchange in the regulation of cell Ca’*. Dramatic
changes in ureter muscle behaviour are caused by elevation of Na,” (Aickin et
al. 1984). Elevation of Na," results in an increase in tonic tension of ureter
muscle. Reduction of Na, under these conditions causes large Ca’* influx
resulting in a strong contracture. Our data show that SR only partly opposes
this Ca’* influx indicating a limited capacity of this Ca’* buffering system. The
Ca’* pump of the plasma membrane is likely to take part in Ca®* extrusion
opposing Ca’* influx induced by reversal of the Na—Ca exchanger, since this
relaxation is completely blocked by externally applied La**, which is known to
inhibit Ca-pump (Sarkadi et al. 1977). However, La**-sensitive system of Ca’*
extrusion is operating 3—5 times slower than that mediated by Na—Ca ex-
change which, in fact, proved to be insensitive to La'* as was found in cardiac
muscle (Barry and Smith 1982).
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