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MECHANISM OF ACTION OF ANGIOTENSIN II ON EXCITATION-
CONTRACTION COUPLING IN THE RAT PORTAL VEIN

GILLES HAMON & MANUEL WORCEL

Centre de Recherches Roussel-UCLAF, 111 route de Noisy, 93230 Romainville, France

1 The action of angiotensin II (At II) has been studied on the electrical and mechanical activity of
the vascular smooth muscle of the rat portal vein.

2 At low concentrations (between 5x 107" and 10"°M) At II induces an acceleration of
spontaneous action potential (AP) discharge without change in the resting membrane potential. The
frequency and size of the associated contractions are simultaneously augmented. Under these
conditions the size of the spikes is not affected, thus suggesting that At II triggers the release of Ca’*
from internal stores.

3 The increase in AP discharge rate produced by low concentrations of At II results from an
acceleration of the pacemaker potential. Furthermore, in the presence of 10 mM tetraethylam-
monium (TEA), there is an acceleration of the repolarizing phase of AP.

4 Ouabain (10_3 M) inhibits the increase in rhythmic activity induced by low concentrations of At
II (in the presence of 10 mM TEA), thus suggesting that the Na-K pump is directly or indirectly
involved in this action of the peptide.

5§ At higher concentratlons At II produces a concentratlon -dependent depolarization with an
EC;so of 1 2x107%M and a maximum of 107'M. The associated contraction has an ECs, of
3.3x 10"*M and a maximum of 3x 10”7 M.

6 Ouabain (3 x 10> M) depolarizes the cell membrane. Under these conditions, At II (1077 M) has
a slight depolarizing effect, but it still produces a large tonic contraction.

7 Itis concluded, that At II acts on different steps of excitation-contraction coupling, depending on
the concentration. At low levels, the peptide mainly accelerates spike discharge, through a
mechanism involving the Na-K pump. At higher concentratlons At II depolarizes the cell mem-
brane. The contractlon is then activated by the influx of Ca’* dueto secondary AP discharge and the
release of Ca”* from intracellular stores. Pharmacomechanical coupling has an important role in the

triggering of contractions both at high and at low concentrations of At II.

Introduction

In addition to its potent vasoconstrictor activity, the
octapeptide angiotensin II (At II) is also able to
contract visceral smooth muscles such as guinea-pig
taenia-coli and rat uterus (Regoli, Rioux & Park,
1974). We have shown previously (Hamon & Wor-
cel, 1979) that the stimulating effect of At II on the
rat uterus is associated with a depolarization due to
an increase in Na* and K* conductances. We have
also shown in the same study that the tonic compo-
nent of contraction, i.e. the component which re-
mains after the suppression of action potentials
(APs), is partly triggered by the release of intracellu-
lar or membrane bound calcium. Concerning the
action on vascular smooth muscles, At II has been
reported to depolarize large peripheral arteries with-
out spike production (Somlyo & Somlyo, 1970)
whereas an increase in spike frequency associated

0007-1188/82/030425-08 $01.00

with an increase in perfusion pressure has been ob-
served in rabbit cerebral arteries (Lusamvuku, Ser-
combe, Aubineau & Seylaz, 1979). We have chosen
the rat portal vein as an experimental model because
of its great sensitivity to At II (Bohr & Uchida, 1967;
Carruba, Mandelli & Mantegazza, 1973). Further-
more, similarities between this vessel and arterial
microvessels have been observed (Ljung, 1970;
Grinde, 1979). At II induces an increase in AP
frequency and a depolarization associated with an
increase in contractility in the rat and rabbit portal
veins whereas it produces a decrease in electrical and
mechanical activity in the guinea-pig portal vein
(Weston & Golenhofen, 1976). The purpose of the
present study was to investigate further the mode of
action of At II on the rat portal vein and more
precisely, the mechanism responsible for the acceler-
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ation of AP frequency at low concentrations of the
peptide, which appear to be more physiologically
relevant (Powell-Jackson & MacGregor, 1976).

Methods

Male Wistar rats weighing 180-200 g were killed by
a blow on the head and the portal vein was carefully
removed. The vessel was placed in a dissecting dish
containing a modified Krebs solution (see composi-
tion below) at room temperature. The connective
tissue and part of the longitudinal muscle was careful-
ly removed; then a short ring of 0.5-0.8 mm width
was cut, and mounted according to a method de-
scribed by Mulvany & Halpern (1977), in order to
record electrical and mechanical activity simultane-
ously. Briefly, two tungsten wires (diameter 25 um)
were introduced into the lumen of the ring and then
secured by the mean of stainless-steel screws into two
Plexiglass holders as shown in Figure 1. One of the
holders was fixed on the lever of a force transducer
(BG 5, Kulite International) and the other one was
attached to a hydraulic micromanipulator (HMD-
1M Hydraulic microdrive, Clark Electromedical In-
struments). This set up was placed in a thermostati-
cally controlled perfusion chamber with a volume of
1.8 ml at 37°C unless otherwise stated. The electrical
recordings were performed with conventional glass
microelectrodes with a tip diameter of less than
0.5 pm, filled with KCI 3M and having a resistance of
30 to 60 MQ and a tip potential of less than 5 mV. The
electrodes were connected to a M707 WPI micro-
probe amplifier with capacitance compensation cir-
cuit. The maximum rate of rise of AP was measured
with a differentiator having an RC constant of 1 ms.
The criteria of impalements were those described by
Kao & Nishiyama (1964). Drug-induced depolariza-
tion was sometimes compensated for by applying a
hyperpolarizing constant current through large ex-
ternal silver electrodes, one of which was in contact
E
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Figure 1 Diagram of the recording set-up showing the
preparation (stippled rectangle) between the two Plex-
iglass holders. Two tungsten wires are introduced into
the lumen of the ring of portal vein and secured on the
two holders.

with the preparation and the other was placed at the
bottom of the chamber. This procedure was some-
times necessary in order to be able to compare the
amplitude of action potentials (APs) in control and in
At II containing solutions, at a similar membrane
potential.

With this set up, impalements could be maintained
for up to 2 hin the same cell with continuous mechan-
ical and electrical recording.

The modified Krebs solution (Biilbring, 1953)
used for dissection and perfusion in the chamber had
the following composition (mm): NaCl 120.8, KCI
5.9, CaCl, 2.5, MgCl, 1.2, NaHCOj; 15.5, NaH,PO,
1.2 and glucose 11.5. It was bubbled in the reservoir
as well as in the perfusion chamber with a 95%
0,/5% CO, gas mixture. The pH of the solution was
7.2. When manganese ions (an*) were used to
block calcium channels, a HEPES buffered solution
with the following composition (mM) was used
throughout the experiment: NaCl 120.8, KCl 5.9,
CaCl, 2.5, MgCl, 1.2, HEPES (N-2-
hydroxyethylpiperazine-N’'2- ethanesulphonic acid)
5.8, glucose 11.5. The pH of this solution was ad-
justed with NaOH to 7.3. In this case pure oxygen
was used to bubble the perfusing solution. When
tetraethylammonium chloride was used, it was added
in place of an equimolar amount of sodium chloride.

The following drugs were used: HEPES (Cal-
biochem), tetrodotoxin (Sigma), phentolamine
methane sulphonate (Ciba), tetraethylammonium
chloride (TEA) (BDH), ouabain (Sigma), Asn',
Val’-angiotensin II (Hypertensin, Ciba). All the
other salts were reagent grade and all solutions were
made with double distilled water. Drugs were added
to the perfusing solutions. The perfusion was always
adjusted to a rate of 3ml/min. The concentrations
indicated in the text are final concentrations in the
perfusing chamber.

Results
Spontaneous electrical activity of the portal vein

As described by many authors (Funaki & Bobhr,
1964; Cuthbert & Sutter, 1964; Axelsson, Wahl-
strém, Johansson & Jonsson, 1967; Hermsmeyer,
1971) the rat portal vein showed spontaneous electri-
cal activity which was quite well correlated with
mechanical activity in our experimental conditions.
The spontaneous APs had an amplitude of 20 to
50 mV; overshoots were rarely observed. The resting
membrane potential measured at the most negative
point between bursts of APswas —52.5+0.6 mV (47
cells, 30 preparations); the maximum and minimum
values were —42mV and —65mV.
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Figure 2 Action of angiotensin II (At II) on the spontaneous activity of rat portal vein. (a) At II 10™% M accelerates
the bursts of action potentials (APs) and associated phasic contractions. There is no membrane depolarization
between bursts of AP. (b) At II 10” M produces a maximal electrical and mechanical response: a membrane
depolarization and superimposed APs is associated with a sustained contraction and superimposed phasic contrac-
tions. For (a) and (b), upper tracing: intracellular recording of electrical activity; lower tracing: mechanical activity.
At II was applied at the first arrow and washed out at second arrow (W).

Action of angiotensin Il on electrical and mechanical
activity of portal vein

At low concentrations, At II induced an increase in
the frequency of bursts of APs (Figure 2a), and,
depending on the preparations, an increase in the
number of spikes in a burst; when this latter effect
occurred, it was correlated with an increase in the
amplitude of the summated contractions associated
with AP (phasic contractions, not shown). The
threshold concentration for these effects was about
5x 107 '°M. Generally there was no obvious resting
membrane potential modification below a concentra-
tion of 3x10°°M At II, then a concentration-
dependent depolarization occurred with a superim-
posed increase in AP frequency. A sustained contrac-
tion and superimposed phasic contractions were as-
sociated with the membrane depolarization and AP
respectively (Figure 2b).

In order to measure accurately the concentration-
dependent membrane depolarization and associated
contraction induced by higher concentrations of At
I1, we blocked the AP discharge by the use of Mn?*
1 mM.

It has been shown by Mironneau & Gargouil
(1979) that the ionic mechanisms responsible for AP
generation in the rat portal vein are very similar to
those in visceral smooth muscle. In particular, Mn? *
a calcium antagonist, is able to block the inward

current responsible for the upstroke of AP, suggest-
ing a predominant role of Ca”* in the development of
this inward current.

The spontaneous electrical and mechanical ac-
tivities ceased within 2 to 3 min of the application of
Mn®*. The AtII concentration-response curves were
studied, 10 min after the addition and in the continu-
ous presence of the calcium antagonist (Figure 3).

100J Depolarization

Contraction
501 8

% maximal response

(6) . . .
1079 10-8 1077 10-6
Angiotensin II [m]

Figure 3 Concentration-response curves of portal vein
to angiotensin II (At II) in the presence of 1 mM Mn2+,
added in order to suppress spikes (see text). () De-
polarization curve; (@) contraction curve. The number
of experiments is indicated near each point; s.e.means
are indicatc d for each point by vertical lines.



428 GILLES HAMON & MANUEL WORCEL

The ECs, for depolarization and contraction were
1.2x 10" Mand3.3x 1073 M respectively; the maxi-
mal responses were attained at 107" Mfor depolariza-
tion and 3 x 10™" M for contraction.

Action of angiotensin I1 at low concentrations in
normal solution

We studied the action of concentrations of At II
between 5 x 10" and 3x 10™° M.

Although At II obviously synchronized the activity
of the cells in the preparation, the complex pattern of
bursts of spikes observed in the absence of the pep-
tide, made it difficult to analyse the modification of
the shape of AP that it induced at 37°C. Occasionally,
such a study can be made on well synchronized
preparations. Figure 4a shows the action of At II
3x107°M on the shape of AP at the beginning
(middle trace) and at the time of its maximum effect
(lower trace). There was no change in the amplitude
of AP; although there was a tendency to an increase
in the maximum rate of rise of the AP, no significant
difference could be detected. A rebound on the
plateau of repolarization and a prolongation of
plateau duration were frequently observed. APs
were triggered by slow spontaneous depolarizations
(pacemaker potentials) originating in pacemaker re-
gions (Hermsmeyer, 1971; 1973). The slope of these
pacemaker potentials was always increased by At II.

The same analysis was easier at 25°C. At this
temperature the APs were very often isolated, and
consequently the associated phasic contractions rare-
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ly summated. As shown in Figure 4b, the amplitude
of phasic contractions was increased by At II. There
was no increase in AP amplitude, when the mem-
brane potential was maintained at the resting level,
the depolarization being compensated for by a hyper-
polarizing current.

Action of angiotensin Il in the presence of
tetraethylammonium

In order to analyse further the action of At II on
electrical and mechanical activities at low concentra-
tions on the portal vein, we performed experiments in
the presence of TEA 10 mM. TEA has been reported
to block partially the potassium permeability of
smooth muscle cell membrane (Casteels, Kitamura,
Kuriyama & Suzuki, 1977; Haeusler, 1978). Portal
vein APs have been shown to be due mainly to an
inward Ca”* current and an outward K* current
(Kumamoto, Fujiwara, Muramatsu & Kajimoto,
1978; Mironneau & Gargouil, 1979). If At II acti-
vates both currents simultaneously, it is likely that an
increase in AP amplitude would be more evident in
the presence of a K* channel blocker.

TEA (10mM) induced a slight depolarization
(membrane potential decreased to 46.4+0.7mV,
n=38) and rhythmic activity which was maintained
throughout the period of its application. The amp-
litude and duration of APs were increased and over-
shoots were very frequently observed. Under these
conditions At II was still capable of accelerating spike
frequency and increasing tension (Figure Sa). Al-

b
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Figure4 Typical modification of action potential (AP) configuration by angiotensin IT (At II) 3 x 10"°M.In (a) the
three upper traces show, from top to bottom: AP in control solution, AP 2 min after application of At II, AP 3 min
after application of At II at 37°C. The two lower traces show the rate of rise (d V/d¢) of the AP under control
conditions and of the AP 3 min after application of At II. The rate of the AP rise, 2 min after application of At Il has
been omitted for the sake of clarity. d V/drtrace is downward for depolarizations. There is no obvious modification in
the amplitude or maximal rate of rise of AP, but the slope of the slow depolarization (pacemaker potential) which
precedes the APs is increased during At II application (the dotted line permits the increase in the slope of pacemaker
potential to be seen). The oscilloscope traces have been retouched to improve copying. In (b) modification of AP
configuration and phasic contraction amplitude at 25°C. Note the acceleration of pacemaker potential and the
increase in contraction amplitude. The depolarization produced by At II was not compensated on this figure. The
dashed line indicates the resting potential before At II application. Chart recorder tracings.
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Figure 5 (a) Acceleration by angiotensin II (At II) of rhythmic activity triggered by 10 mM tetracthylammonium
(TEA). TEA was introduced 25 min before the beginning and was present throughout duration of recording. The
lower panel is the continuation of the upper panel with an interruption of 2 min. Two recording speeds have been
used: 10 mm/s for the faster and 100 mm/min for the slower. (b) The inset shows an enlargement of APs during
rhythmic activity induced by 10 mm TEA in the physiological solution (control) and 2 min 30 s after addition of AtII
to the TEA containing medium. Note the acceleration by At II of the repolarizing phase of AP. Oscilloscope tracings
taken from the same experiment as on the left panel. A semi-logarithmic plot of the falling phase of AP in solution
containing TEA (control) (O) and after addition of At II (O) is shown in the lower part. The first (fast) exponential
component of each curve (@) was obtained after substraction of the second (slow) exponential component from the
experimental points. Ordinate scale: falling phase of AP in mV; abscissa scale: time from the summit of AP.

though very much reduced, the pacemaker potential
was still accelerated by At II (3x 10~ M) (Figure
5b). When the depolarization induced by At II was
compensated for, neither the AP amplitude nor the
rate of rise of AP were significantly affected. How-
ever, the slow phase of repolarization of AP was
accelerated by the polypeptide (Figure 5b). A
semilogarithmic plot of the falling phase of AP
(logarithmic decrease of AP amplitude versus time)
shows that the first phase of repolarization was not
affected by At II but the second exponential phase
was clearly accelerated.

Action of angiotensin II in the presence of ouabain

It has been suggested that the spontaneous activity of
smooth muscle, is partly controlled by a metabolic
component (Tomita & Watanabe, 1973) dependent
on the Na-K pump (Daniel, 1965; Liu, Prosser &
Job, 1969; Tomita & Yamamoto, 1971).

We decided to determine whether the increase in
spontaneous activity induced by At II persisted in the
presence of ouabain at concentrations which blocked
the Na pump (Garay, Moura, Osborne-Pellegrin,
Papadimitriou & Worcel, 1979). The addition of
ouabain (10™M) to the normal perfusing medium
containing 10 mM TEA produced a depolarization of

5 to 10mV accompanied by an AP acceleration.
These phenomena were reversible when ouabain was
washed out.

When At II was added to a medium containing
10™*M ouabain (with 10mM TEA, in order to induce
rhythmic activity), the frequency of spontaneous dis-
charge was either unaffected or slightly reduced, the
pacemaker potential always being decreased. Under
these conditions, At II produced a marked increase in
the amplitude of phasic contractions, which was more
important than in the absence of ouabain. Figure 6a
shows an example of the action of At II in Krebs
solution containing 10 mM TEA and 10~ * M ouabain.
Phasic contractions were hardly distinguishable be-
fore peptide application, due to summation, but At II
10"9M, a concentration which, in the absence of
ouabain did not affect these contractions, greatly
increased their amplitude when the glycoside was
present. This could be due to an inhibition of trans-
membrane Ca’* extrusion through the Na-Ca ex-
change mechanism, secondary to the augmentation
of intracellular Na* concentration, resulting from the
blockade of the Na-K pump by ouabain (Van
Breemen, Farinas, Casteels, Gerba, Wuytack &
Deth, 1973; Brading & Widdicombe, 1975; Blaus-
tein, 1977) Higher concentrations of ouabain
(3x107"° M) produced a 15 to 20 mV depolarization
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Figure 6 (a) Effect of angiotensin II (At II 10_9M) on phasic activity in the presence of ouabain ( 1073 M). Left
section: activity recorded in 10 mMm tetraethylammonium (TEA) + ouabain medium; right section: activity recorded
in 10mM TEA + ouabain medium, 3 min after addition of At II. Under these conditions, At II only induces an
increase in the amplitude of phasic contractions (see text). (b) Effect of ouabain (3 x 10™ ~ M) on the tonic electrical
and mechanical responses of portal vein to At I1 (10" ' M). TEA (10 mM) was present throughout the experiment.
Ouabain was applied at the first arrow and was present in the perfusing medium during the rest of the experiment.
The dashed line indicates the resting membrane potential in the TEA medium before application of ouabain. In the
presence of this concentration of ouabain, At II (10”7 M) produces a tonic contraction, even if the membrane
potential is barely modified, and in the absence of AP discharge.

and a blockade of AP discharge. Under these condi-
tions, even a concentration of At II as high as 107" m
had a minimal depolarizing effect. Nonetheless, this
peptide concentration still induced a contraction
(Figure 6b), larger than the contractions observed in
the absence of glycoside.

All these effects of ouabain were not inhibited by
tetrodotoxin (3 X 107°M) or phentolamine @ao”? M).

Discussion

Our results confirm the great sensitivity of the rat
portal vein to At II (Bohr & Uchida, 1967; Carruba
et al., 1973), since an increase in the rhythmic and
mechanical activities could be detected with concen-
trations as low as 5 x 107" M. Itis interesting to note
that the threshold response of the portal vein is
obtained at concentrations of the same order of
magnitude as the circulating blood levels (Powell-
Jackson & McGregor, 1976).

At low concentrations (between 5 X 10"M and
10~° M) At II induces an acceleration of AP discharge
without modifying the resting membrane potential.
The normal spontaneous electrical activity appears to
originate from pacemaker cells (Hermsmeyer, 1971;
1973). At II increases the slope of this pacemaker
potential, as a consequence the AP triggering
threshold is attained more rapidly. The Na-K pump
may be involved in the acceleration of AP discharge
rate produced by At II, since this effect disappears in
the presence of 1 mM ouabain.

The acceleration of the pacemaker potential could

“also be explained by a reduction of the deactivation

time constant for a K* current, unmasking a back-
ground inward current as proposed by Brown, Giles
& Noble (1977) and Lenfant, Mironneau & Aka
(1972) for the heart and Mironneau (1976) for
uterine smooth muscle. This mechanism seems also
responsible for the rhythmic activity induced by At I1
on the rat uterus (Mironneau, Mironneau, Grosset,
Hamon & Savineau, 1980).
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In experiments performed in the presence of
10mM TEA, At II accelerates the repolarizing phase
of AP. Since this AP component is mainly due to an
increase in  potassium conductance  (gg+)
(Kumamoto et al., 1978; Mironneau & Gargouil,
1979), it may be suggested that At II activates a
voltage-dependent K* channel. In fact, such an effect
on gg+ has been observed under voltage-clamp con-
ditions with high concentrations of the peptide (Mir-
ronneau & Gargouil, 1979). This At II action could
be primary or secondary to an increase in intracellu-
lar Ca2* concentration; indeed, it has been suggested
that outward currents in the rat myometrium may be
activated by this mechanism (Vassort, 1975; Miron-
neau & Savineau, 1980).

Three pharmacologically distinct K™ channels
have been observed in molluscan neurones (Thomp-
son, 1977). The participation of K* channels in the
action of At II remains possible under our experi-
mental conditions, if more than one type of these
channels is similarly postulated in the rat portal vein.
Moreover, TEA at a concentration of 10mM,
only partially inhibits voltage-dependent potassium
channels.

At II at low concentrations produces an increase in
phasic contraction amplitude with no detectable
change in the maximal rate of rise or size of the
associated AP. This action of the peptlde 1s very
probably due to an increased release of Ca’* from
mtracellular stores. Indeed, it has been suggested
that Ca®* entry during the upstroke of AP may not be
sufficient to generate a full contraction and a Ca**-
induced Ca”* release could be a mechanism con-
tributing to tensmn generation (Bolton, 1979).
Furthermore, Ca’" release from intracellular stores
could be activated directly following At II-receptor
binding, by pharmacomechanical coupling (Somlyo
& Somlyo, 1968; Johansson & Somlyo, 1980)

At concentrations higher than 3 x 10~ M, At II
triggers additional electrical and mechanical
phenomena. There is a concentration-dependent de-
polarization (associated with an increasingly high
spike discharge), accompanied by a concentration-
dependent contraction. Undoubtedly, under these
conditions, APs must contribute to the activation of
contractile mechanisms. Nonetheless, the experi-
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