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Lanthanum (Latt) appears to have a specific effect on Ca flux»® and
to related an inhibition of contrcation on smooth muscle,3-® cardiac muscle
L101D and skeletal muscle!»1®, The electrical activity of membrane is also
affected by La#t treatment®19. At the present, the mechanism of inhibitory
action of Laft on the contractile system is considered as follows; (1) Lat#
affects superficial calcium sites more than other cellular Ca# stores, (2) Ca
flux is modified by the binding of Lafi to anionic sites. Althought La#
could not penetrate into the cell3591415 3 direct action of La# to the
contractile system, bound calcium and/or intracellular Ca# can not be
exclude. Since the site of action of Latt has been postulated to be at super-
ficial cellular locations, an attempt has been made to examine whether
various trivalent cations such as holmium (Ho#), samarium (Sm#) and
yttrium (Y#) act at the cell surface and what parts of Ca# are affected
by the trivalent cation treatment with various ionic environments.

METHODS

Guinea-pigs of either sex, weighing between 200g and 500g, were
used. The animals were stunned and bled. A suitable length, 2-2.5cm, of
ureter was removed. The tubular segment of ureter was suspended in an
organ bath containing 300ml of the Tris-solution bubbled with 95% O, and
5% CO,. The temperature was maintained at between 36 and 37°C with
a heated water-bath. The free end of preparation was tied to a mechano-
electronic transducer. Paired silver ring was used for electrical stimulation.
Above the threshold, single stimulation can produce a phasic contraction.
In these experiments, 10-30V, 300 msec in duration of stimulation was
used. The interval was 20--30 sec.

The bathing solution employed in these experiments was idential to
the Tris-buffer solution used by Goodman et al”. This solution had the
following composition: NaCl, 154mM; KCl, 5.4mM; CaCl,, 1.5mM; glucose,
6mM and tris (hydroxymethyl) amino-methane, 6 mM. Solutions were
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prepared in distilled water and adjusted with a pH meter to pH 7.60 by
addition of small volumes of 4N HCIl. The following drugs were used for
trivalent cations; holmium chloride (Hof#), lanthanum chloride (La#),
samarium chloride (Sm#) and yttrium chloride (Y#). These agents were
pipetted from concentrated stock solutions directly into the bathing media
to give the final concentration desired.

RESULTS

When electrical stimulation interval was 20 sec or more, the ureter
preparation produced a phasic contraction by single stimulation. The
tension development was nearly equal in successive contractions. In some
preparations, the spontaneous phasic contraction was generated in normal
solution. However, in this experiment, the responsed regular contraction
was used as a control. After the regular phasic contraction was obtained,
drugs were added into the organ bath.

Effects of trivalent cations
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Fig 1. Effects of various trivalent cations on the phasic contraction of ureteral
smooth muscle.
Left; Control responses produced by single electrical stimulations at
interval of 30sec. Right (four rows); Responses in the various concentr-
ations of trivalent cations. Numbers indicate the concentrations of trivalent
cations in mM. The responses in cations were obtained after 5-6min
incubation. Calibration; 30 sec and 0.5g.
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Fig 2. A; Inhibition by trivalent cations on the phasic contraction of ureteral
smooth muscle. The values were obtained at 10min incubation {with various
trivalent cations. The magnitude of phasic tension in normal solution was
used as 100%. B; Time courses of the inhibitory responses in various
trivalent cations. Concentrations of trivalent cations were (. 01mM.

The tension development was gradually reduced in the solution of
various trivalent cations (Fig. 1) and it took long time to reach a certain
equilibrated level in tension. Usually the effect of trivalent cations on the
phasic contraction was measured at 10 min after immersion with a trivalent
cation. All species of trivalent cations exhibited an inhibitory effect on
the tension development. However the degree of inhibitory effect was
different with concentrations and cation species. As shown in Fig. 2, Latt
and Y# showed strong inhibitory effect while Smtt and Hott showed weak.

Effects of TEA and trivalent cations

Tetraethylammonium chloride (TEA) potentiated the tension of phasic
contraction. The does-response curve of TEA during trivalent cation
treatment was shown in Fig. 3. After incubation with trivalent cation
solutions during 10 min, TEA (0.1-3.2mM) was added into the organ bath.
The tension was still potentiated in Smtt (0.08 mM) and increased with the
TEA concentrations. After pre-treatment with Y+ (0.0lmM) or Laft# (0.02
mM), the magnitude of phasic contraction was smaller than normal value
but the contraction was potentiated with TEA concentrations. For comp-
arison of the action of trivalent cations, same concentration (0.014 mM) of
these cations and constant TEA (3.2mM) were applied to the same prepar-
ation. The inhibitory action for TEA-induced potentiation was separated
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Fig 3. Effects of trivalent cations and TEA on the phasic contraction. A; Relations
between TEA ranged from (.01 mM to 3.2mM and SmJFH, vt and Lallt, B;
Time courses of the effects of trivalent cations and TEA on the phasic
contraction. TEA concentrations was 3.2mM and trivalent cations 0.014
mM. These experiments were carried out from same preparation.

into two groups, i. e., Latt and Y+# belonged to strong inhibition group and
weak group contained Hott and Sm##,

Effects of Bat and trivalent cations

Barium ion (Bat) also potentiated the phasic contraction. High concen-
trations of Bat (above 0.5mM) produced considerable spontaneous activity
having a high frequency of phasic contraction. Even in low concentrations
of Batt (below 0.5mM), the magnitude of tension was increased with Batt
concentrations and exposure period. These potentiations were also inhibited
by treatment with various trivalent cations. In these experments, it was
found that the inhibitory action of cations was grouped into two types, that
is, Yit, Latt group and Smi#, Hott group.

Effects of Sri and trivalent cations

The phasic contraction was not potentiated by strontium (Sr#) up to
3mM. However interesting result on the inhibitory action of trivalent
cations with Srit was obtained. The inhibitory effect of Sm# (0.04mM) or
Latt (0.04mM) was increased when Sr# was present in the media. Especially,
the effect of Lat# was potentiated when 3mM Sr# was present. After
2-3min in such condition, the response was abolished abruptly.
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Effect of Mnt and trivalent cations

Mn# inhibited the phasic contraction of preparation. The inhibition
which was observed in the Mn# solution above 0.04mM, was depended
on the external Mnt concentrations. After 10 min in 0.12mM of Mnir
solution, the responses were not generated. In comparison of the inhibitory
effect of Mn# with trivalent cations, the order of inhibition was Mn+) Latt>
Smt#, in the same concentration (0.08mM). Fig. 4 shows the time courses of
inhibition by Mn#and trivalent cationts.
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Fig 4. Comparison of Mnt and trivalent cations on the phasic contractions.
Left; Time courses of the effects of Mnt, Lattt and Hott, Right; Effects
of addition of Ho" and Y during Mni* solution.

Effects of Catt and trivalent cations

High calcium solutions (3-9mM) produced variable changes in tension
development. The magnitude of the tension was gradually increased in
double calcium concentration (3mM). After 10 min in this solution, the
tension was about 1509 of normal. The phasic contraction was reduced in
higher Catt concentrations (4.5-9mM).In the concentration of 9mM Ca+, the
phasic contraction was reduced to approximately 70% of normal during 10
min incubation. After 10 min incubation with 3mM Catt solution, trivalent
cations was added into the external solution. The phasic contraction was
gradually reduced by such treatment. However the great reduction of
tension was observed by Y+ addition (0.02mM).

When Cat was removed from the external solution, the phasic contr-
action was reduced immediately. No responses were usually observed in
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Ca-free solution after 10 min. The decrease of tension was almost linear
with the period in Ca-free media. Bat and Sr# recovered the response while
TEA (3.2-6.4mM) could not. The contractile activity was disappeared more
rapidly in Ca-free solution including trivalent cations. Latf group indicated
the rapid reduction. After abolition of response, Bat (0.3mM) generated
it in Ca-free, Hott (0.3mM) solution. However, Bat (0.3mM) could not
recover the response in Ca-free, La# (0.3mM) solution (Fig. 5).
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Fig 5. Effects of external Catt and trivalent cations on the phasic contraction,
A; The phasic contraction was abolished in Ca-free media rapidly. Arrows
indicate the second treatment with jons. Recovery was observed in Catt and
Catt-free, Bath solution while it did not in Ca-free, TEA solution. B and C;
After blocking the responses in Ca-free, Ca-free+Holtt or Ca-free +Laftt
solution, Hollt and Lattt inhibited the recovery produced by Batt. The strong
inhibitions were also observed in Ca-free +Holtt and Ca-free + Latft solution.

Potassium contracture and trivalent cations

Fig. 6 shows the phasic contraction and potassium contracture produced
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Fig 6. Relationship between potassium contracture and trivalent cations. A;
Comparison of the inhibitory action of Hott and Yt on phasic contraction
and tonic component of potassium contracture. B; Control responses of
phasic contraction and potassium contracture in normal Cath for C. C;
Decreases in phasic and tonic contraction in HoW 0.16mM. Note the time
course of potassium contracture compared with the control. D; Control
responses for E. E; Decreases in phasic and tonic contraction in YH 0.16
mM. The phasic contraction was abolished almostly. The potassium
contracture was still present but the magnitude was small.

by isotonic potassium solution. Rapid phasic contractions were observed in
the intial stage of potassium contracture. Tension was increase above the
phasic contraction level and reached the maximum level within 20 sec in
all preparations. Then it was reduced gradually. Potassium contracture
was depressed in Hott and Y#t solution. In 0.16mM of Ho# solution, the
time course of tension development was very different from the control.
Potassium contracture in which the phasic component was disappeared by
trivalent cation was increased more slowly and reached the maximum
level at about 40-60 sec. Effect of trivalent cations on the potassium
contracture was summarized in Fig. 6. Both phasic and tonic (potassium
contracture) icontraction were inhibited by external trivalent cations. In
comparison of the inhibition on phasic and tonic contraction, the inhibition
on phasic was stronger than that on tonic.

When the external calcium concentration was ranged from 0.2mM to
2mM, the magnitude of the potassium contracture were depended on
external Catt concentrations. The relaiotnship between the external Cat



54 . Hiromichi OHKAWA

B!

40 Ma*
A
i /.( o
£xH*
) //3 . - . o
20 e /‘// _— _—AControl
g
/ T x
ﬂ//
10 -
1
o 1 2 3 4 5 (ca™)
1
Trrax avt
50 L
O
B //’ /
% -~
100 /O/ a0 y
- | /
_@sm't /A

v b ot
//./ o 20 ‘?/ /

f /»/Y///“l A f/
P

o3 2 SmMed o 1 2 3 4 5 &

Fig 7. Relationship between external Catt and potassium contracture. Upper;
Lineweaver-Bulk plot on the external Catt concentrations and the maximum
responses of potassium contracture in Hotlt, Lallt and Mot solution. The
concentration of these cations was (.04mM. Lower left; Usual plot of the
relation between ;external Calt concentration and potssium contracture.
White circles indicate the cntrol in each of Catl concentrations. Lower
right; Lineweaver-Bulk plots on the data obtained from the left.

concentration and potassium contracture and that in Latt, Hot#t and Mntt
solution were shown in Fig. 7A.

Potassium contractures in normal and in trivalent cations were depended
on the external Catt concentration. Fig. 7A is a Lineweaver-Bulk plot on
the data showing the relationship between the reciprocals of calcium
concentration and responses. In above cases, lower concentrations of
trivalent cations and Mn# were used. On the other hand, such linear
relations were not detected when used high concentrations of trivalent
cations (0.08-0.32 mM) as shown in Fig. 7B.
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DISCUSSION

The phasic contraction of ureteral smooth muscle was inhibited by
various trivalent cations. Observations on ileal smooth muscle® and on
uterine smooth muscle® showed that, in the presence of Latt, the responses
of these tissues were also inhibited. In this observation, the Laft and Y+#
group showed stronger inhibitory action than Hott and Sm# group. Weiss
et al® speculated that Lait was characterized as an ion capable of displacing
Caitt from surface sites in longitudinal smooth muscle; Lat#t remains at
these sites and exerts a stabilizing action which prevents inward release of
Catt. The affinity to the anionic sites had the order of Latit> Mn#)> Cat1®,
From above, Catt movement was inhibited by trivalent cations and the
degree of bind ability to the sites in membrane is to be Latt, Y+ Hott,
Smtt) Catt. There are no report about the action of Hott, Sm# and Y+ on
the mechanical activity of other smooth muscle. In mitochondria of rat
liver?, Hott was characterized as an ion capable of inhibiting Cat transport
similar to Lat.

One of the mechanisms in which the contraction was potentiated by
external Bat is considered that Batt can generate the action potential as a
substitute for Ca#t!” and prolong the spike duration!®. In taenia coli smooth
muscle!®, the spike frequency was increased due to Bat-induced depolar-
ization. The increase in electrical activity may trigger to increase Ca influx,
bound calcium content and free Catt in the cell. Consequently the response
might be increased. The addition of Batt during Hott and Smtt treatment
potentiated the response above the normal while it still depressed during
Y and Latt. These results suggest that the relation between the inhibition
of Ca influx due to trivalent cations and the increase in it due to Bat is
competitive. Batt might be relate to tight bound calcium as discussed later.

TEA enhanced the spike amplitude of the stomach smooth muscle
markedly!®, TEA may increase the Ca influx. The addition of TEA during
trivalent cation treatment produced the enhancement of response in Hott
and Smtt while no increase was observed in Yi# and La#. These results
also indicate that the competitive action due to TEA and trivalent cations
to Catt utilization to contraction. This competition may be to Ca influx but
not bound calcium stores.

Sri produced the decrease in number of repetitive spikes and the
prolongation of plateau'®. The magnitude of response was increased
slightly in 3mM Sr# solution. These results indicate some relationship
between the action potential and contractile system. The recovery in
response was obtained by addition of Sr# during Ca-free solution. Interest-
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ing results in which the inhibitory action of trivalent cations was potenti-
ated due to coexistence of Sri in Lafit and Y1, were obtained. This effect
was markedly in La# and Y. The recovery by Sr# during Ca-free solution
'was decreased rapidly and abolished finally with the addition of Lat or Y#t.

In Ca-free solution, the responses were decreased immediately but a
relaxation which observed in other smooth muscle?® was not occurred.
‘The action potential was also abolished in initial stage of Ca-free solution??.
When trivalent cation was present with Ca-free solution, abolishment of
response was rapidly. The recovery of response was observed by the
addition of Ba# during Ca-free solution. The manner in which the
substitution of Bat for Catt, release from a part of tight bound calcium of
which Catt could not be release in Ca-free solution and direct activation of
contractile system by Batt is considered. The long-plateau type of action
potential of ureteral smooth muscle was recorded in Ca-free solution but
contraction related with this action potential was not generated??’. That is,
the excitation-contraction coupling was dissociated in Ca-free solution
because this action potential might not release Cat from the tight bound
calcium stores. The recovery by Bat in Ca-free solution seems to utilize
such tight bound calcium store in the membrane.

In the present experiments, stronger inhibition due to Mn# than Lat#
was observed. Similar results were obtained in the vascular smooth
muscle??. Two different anionic sites in the vascular smooth muscle
membrane were postulated??. One of two sites relates to the generation of
action potential and contraction, another relates the contraction only; Mn
acts to the former and Latt acts the latter. This assumption, however, is
not suitable in a part since trivalent cations seem to relate tight bound
calcium store as shown in observation on potassium contracture. As the
order of affinity to the anionic sites in membrane was La#t) Mnt1®, it is
considered that the inhibitory action to Ca influx by Latt was stronger
than Mnt. However, the converse results were obtained in this exper-
iment. The result suggests the direct action of Mnt to the contractile
system and/or intracellular Cat. Mnt might inhibit a release from bound
calcium after penetrating into the celll?»23,

Potassium contracture was depressed by trivalent cations. In compar-
ison with the inhibitory action on phasic contraction and tonic contracture,
the strong depression was observed in the former. Hitherto, in smooth
muscle, it was postulated that the phasic component which indicates the
initial contracture is depend on the external calcium ions and the tonic
component indicating the late contracture is depend on the bound calcium?!™.
In the ion flux measurement, many authors®%2229 reported that the Ca
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influx was increased during the phasic phase of potassium contracture.
The restlts obtained suggest that trivalent cations inhibit Ca influx and the
release from bound calcium store and that the inhibition to Ca influx is
severely. Similar results were obtained in bovine facial artery??.

The time course of the depressed potassium contracture was different
markedly. The phasic component of contracture was disappeared and the
slow increase in tonic component was observed. These changes might be
due to the inhibition of Ca influx and the slow release from the bound
calcium. It is postulated that Lat# could not penetrate to intracellular space
55131415 . However, the penetration of some parts of trivalent cations and
the inhibition of release from bound calcium store can not be exclude.

Potassium contracture was depended on the external calcium. The
relationship in the Lineweaver-Bulk plot was linear. The relationships in
trivalent cations and Mntt treatment were also nearly linear and lines have
a same cross point on the response axis. These results suggest that the
utilized calcium ions for potassium contracture originate from the same
calcium store and Mn# and trivalent cations affect the calcium store.

It seems appropriate to conclude from the above that trivalent cations
act the superficial calcium sites and inhibit Catt movement. Tight bound
calcium might be also affected by these cations. Consequently the mechan-
ical response of ureteral smooth muscle was inhibited by these cations.

SUMMARY

1. Effects of various trivalent cations on the mechanical response of
smooth muscle of guinea-pig ureter were examined.

2. Responses were inhibited by trivalent cations in low concentrations.
The order of inhibition was Latt, Y+> Hott, Sm#. .

3. Potentiation in tension development due to TEA and Batt was
depressed by used these cations. Sr# did not increase the response in normal
solution but it was recovered by the addition of Sr# in Ca-free solution.
The recovery by Sr# also inhibited by used cations.

4. The inhibition of response was observed in Mn# solution. Effect of
Mn+t on the mechanical response was stronger than Latt,

5. In Ca-free solution, recovery due to the addition of Ba# was also
inhibited by trivalent cations having the order of Laft) Hoft. Latt failed
the Batr-induced recovery.

6. Potassium contracture was depended on the external calcium concen-
tration. Lineweaver-Bulk plot on relationship between Ca# concentration
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and potassium contracture in trivalent cations and Mn# indicated linear.
These results indicate the competitive action to the same calcium store.

7. The action of trivalent cations to superficial calcium sites, bound

calcium and Catt movement for contraction was discussed.
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