
KINETICS OF RELAXATION OF SMOOTH MUSCLE OF THE GUINEA PIG 

TAENIA COL1. EFFECT OF PAPAVERINE AND POLARIZATION 
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Experiments were carried out on isolated strips of guinea pig taenia coli under dou- 
ble sucrose gap conditions. The effect of papaverine on the kinetics of relaxation 
of polarized and depolarized smooth muscle was investigated after contraction in- 
duced by electrical stimulation. The depolarized muscle was stimulated by a long 
hyperpolarizing pulse and contraction developed as an off-response (OR). The ex- 
periments showed that: i) the relaxation phase of OR of the depolarized muscle is 
more protracted than relaxation of spontaneous contractions of the muscle in Krebs' 
solution; 2) papaverine accelerates the relaxation phase of OR of the depolarized 
muscle; 3) papaverine in Krebs' solution does not accelerate the relaxation phase 
of induced contractions; 4) hyperpolarization and additional depolarization accel- 
erate the relaxation phase of OR of the depolarized muscle; 5) hyperpolarization 
after preliminary treatment with papaverine does not accelerate the relaxation 
phase of OR of the depolarized muscle. It is suggested that slow electrically ex- 
citable calcium channels, blocked by papaverine, are present in the membrane of 
smooth-muscle cells. The flow of Ca through these slowly inactivated channels pro- 
longs the descending phase of OR of the depolarized muscle. 
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Papaverine causes relaxation of depolarized smooth muscle [3, 6, 7]. A previous inves- 
tigation [i] showed that no increase in tone can be obtained after preliminary treatment with 
papaverlne (10-5-3.10 -5 g/ml) despite a tenfold or even 100-fold increase in the Ca concen- 
tration in the external solution. On the basis of this fact it was postulated that papaver- 
ine blocks calcium channels in the surface membrane. It was shown in the same investigation 
that the relaxation phase of contractile off-responses to prolonged hyperpolarization is ac- 
celerated by the action of papaverine. The question arises, is this acceleration of muscle 
relaxation the result of more active removal of Ca from the myoplasm or is it the result of 
weakening of the inward Ca flow? The answer to this question is very important both for ex- 
planation of the mechanism of action of papaverine and for an understanding of the mechanisms 
of coupling of excitation and contraction in smooth muscle. 

EXPERIMENTAL METHOD 

Experiments were carried out on isolated strips of guinea pig taenia coli (1.5-2 cm 
long, 300-500 ~ thick), To stimulate the muscle and record the membrane potential simultan- 
eously, a double sucrose gap method was used. The design of the experimental chamber was 
described in [2]. The following solutions were used (concentrations in mM): a) normal Krebs' 
solution: NaCI 120.7, KCI 5.9, NaH2PO~ 1.2, NaHC03 15.5, MgCI2 1.2, CaCI2 2.5, glucose 11.5; 
b) potassium solution: KCI 120, NaCI 47.7, NaHC03 3.6, CaClz 0.4, glucose 11.5. The pH of 
all solutions was 7.3. The experiments were carried out at room temperature and the solu- 
tions were not oxygenated (the reasons for these conditions are described in [2]). 

EXPERIMENTAL RESULTS AND DISCUSSION 

The strip of taenia coli was placed initially in Krebs' solution. Its automatic con- 
tractions are shown in Fig. la. After addition of papaverine (10 -5 g/ml) spontaneous spike 
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activity and contractions disappeared, but short depolarizing stimuli evoked contraction of 
the muscle. The rate of relaxation after automatic and evoked (by papaverine) contractions 
was the same. This is clear from Fig. Ic, where the descending phases are plotted on a semi- 
logarithmic scale (the descending phase was considered to start from the time of maximal ten- 
sion of the muscle; each curve is normalized with respect to amplitude). 

Contractions of the muscle in depolarizing hyperpotassium solution were evoked by elec- 
trical stimulation. Hyperpolarizing pulses, ii sec in duration, were applied to the muscle 
and contraction developed as off-responses. Full details of these off-responses (OR) are 
described in [2]. OR of a muscle in depolarizing solution and OR after addition of papaver- 
ine to the depolarizing solution are demonstrated in Fig. lb. Relaxation phases of OR are 
plotted on a semilogarithmic scale in Fig. ic. Clearly the descending phases of contractions 
in Krebs' solution, in Krebs' solution with papaverine, and in depolarizing solution with 
papaverine had straight-line sections, indicating the monoexponential character Of the pro- 
cess. It must be specially emphasized that the gradients of these straight-line segments 
were equal. The time constants of muscle relaxation under the above conditions were, respec- 

tively: TKreb s = 4.5 • 0.53 sec (n = 13), TKrebs+pa p = 4.1 • 0.45 sec (n = 5), and TKCI+pa p = 

5.3 • 0.78 sec (n = 12). The differences between them are not statistically significant. The 
kinetics of relaxation of the muscle in depolarizing solution without papaverine was complex 
in character. In most experiments there were no straight-line sections of the semilogarith- 
mic curves. In cases when the relaxation curves did have a straight-line section, the time 
constants were: rKCI = 18.4 • 0.94 sec (n = 40). 

The differences in the rates of relaxation of the muscle in potassium solution and Krebs' 
solution was evidently due to polarization of the membrane. To test this hypothesis experi- 
ments were carried out in which a hyperpolarizing and depolarizing current was applied in the 
relaxation phase (Fig. 2). Two superposed original records of OR in potassium solution are 
shown in Fig. 2a. The broken line indicates OR during the relaxation phase of which hy- 
perpolarization was applied. Descending phases of OR are plotted in Fig. 2b on a semiloga- 
rithmic scale during application of hyperpolarizing currents of different strengths or a de- 
polarizing current in the relaxation phase. Clearly both additions/ depolarization and hy- 
perpolarization accelerated relaxation of the muscle. In response to strong hyperpolariza- 
tion the rate of relaxation came close to that in Krebs' solution. If papaverine was added 
to the depolarizing solution, hyperpolarization was ineffective (Fig. 3). 
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Fig. i. Effect of papaverine on rate of relaxation of normal- 
ly polarized and depolarized muscle, a) Spontaneous and evoked 
(after treatment with papaverine) contractions of muscle in 
Krebs' solution. Time of application of papaverine marked by 
arrow. S) Application of short depolarizin~ stimulus; b) OR in 
depolarizing solution without papaverine (left),and in presence 
of papaverine (right); c) relaxation phases plotted on semilog- 
arithmic scale. F) Force developed by muscle; Fmax) " ~ amplltude 
of maximal contraction. 
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Fig. 2. Effect of polarizing currents on descending phase of OR. a) Superposed 
original recordings of two OR. Broken line denotes OR during relaxation phase of 
which hyperpolarization was applied; b) descending phases of OR on semilogar~thmic 
scale during application of depolarizing and hyperpolarizing stimuli in relaxation 
phase. Numbers on curves denote strength of stimuli (in V). Relaxation phaseof 
automatic contraction in Krebs' solution shown for comparison. 

Fig. 3. Descending phases of OR in presence of papaverine. Hyperpolarization does 
not accelerate muscle relaxation. 

Relaxation of the muscle reflects a decrease in the free Ca concentration inthe myoplasm. 
The data given above suggest that besides the outflow of Ca from the myoplasm (either into 
the external medium or into the intracellular reserves), during relaxation of the depolarized 
muscle Ca ions enter the cell from the external medium through the surface membrane. Such a 
flow of Ca through the membrane could take place if slowly inactivated (with a time constant 
of the order of tens of seconds) calcium channels were present in it. The existence of slow 
calcium channels of this type has been demonstrated in cat motoneurons [5] and molluscan neu- 
rons [4]. If the existence of slowly inactivated calcium channels in the membrane of smooth- 
muscle ceils is postulated, it explains why hyperpolarization and additional depolarization 
accelerate relaxation. Hyperpolarization closes the activation gates of these channels and 
depolarization accelerates closure of the inactivation gates. Both these factors reduce the 
calcium permeability of the membrane. In Krebs' solution, when the fiber is polarized, at 
rest the inward Ca flow is negligible and the rate of relaxation is high. To explain the ac- 
tion of papaverine it can be suggested that it blocks the slow calcium channels, when the Ca 
flow, delaying relaxation, is blocked and the rate of relaxation coincides with the rate of 
relaxation of the muscle in Krebs' solution. Under these circumstances the rate of relaxa- 
tion ceases to depend on the membrane potential. 
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EFFECT OF BRADYKININ AND MORPHINE ON SENSOMOTOR CORTICAL 

NEURONS IN RATS 

V. M. Bulaev and E. V. Koplik UDC 615.212.7.015.23:615.225.2 

Acute experiments on rats showed that bradykinin, injected by microiontophoresis, 
activates sensomotor cortical neurons in rats. Morphine, administered in the same 
way, prevents the development of the bradykinin effect. Bradykinin, it is sugges- 
ted, acts on opiate receptors in cerebral cortical neurons. 

KEY WORDS: bradykinin; morphine; cerebral cortex; opiate receptors. 

Bradykinin, if injected intra-arterially or intraperitoneally, induces a sensation of 
pain in man [4, 8] and a nociceptive response in animals [6]. The sensation of pain after 
intra-arterial injection of bradykinin is connected with stimulation of paravascular recep- 
tors [9] and efferent fibers [2], i.e., it is peripheral in origin. However, recent inves- 
tigations have shown that bradykinin acts directly on the CNS, by activating interneurons in 
the posterior horns of the spinal cord after iontophoretic application [7, ii], and it has 
accordingly been postulated that bradykinin participates in impulse transmission in the spi- 
nal cord. 

The writers showed previously that bradykinin, when injected intra-arterially, causes 
activation of sensomotor cortical neurons in rats and that morphine, when injected intraven- 
ously, abolishes this effect [i]. However, on the basis of the available results it has not 
proved possible to determine whether bradykinin and morphine have a direct action on cortical 
neurons, for the drugs in these investigations were injected systemically. 

The object of the present investigation was to ascertain if bradykinin and morphine af- 
fect cortical neurons; the method of microiontophoresis, whereby drugs to be tested can be 
applied directly to single cortical neurons, was used for this purpose. 

EXPERIMENTAL METHOD 

Rats were anesthetized with urethane (I g/kg). Sensomotor cortical unit activity was 
recorded extracellularly by means of mu!tibarreled microelectrodes, filled with aqueous solu- 
tions of NaCI (3M), bradykinin (i0 mM; pH 4.5), and morphine (0.05 M; pH 5). Bradykinin and 
morphine were applied to the neurons by cationic currents with a strength of 10-40 nA. The 
duration of injection varied from 20 to 200 sec. Unit activity was amplified by the MZ-4 
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