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Adrenaline hyperpolarization in rat diaphragm muscle fibers

Kenji KuBa, Masako KUBA, and Kyozo KOKETSU

Department of Physiology, Kurume University School of Medicine,-
Kurume 830, Japan

It has been known that catecholamines
hyperpolarize the membrane of mammalian
skeletal . muscle fibersHDINININD  (see re-
viewsl920), This membrane hyperpolariza-

tion seems to be a part of the mechanism -

for defatiguing actions of catecholamines
on the skeletal muscle, which have been
classically known since the beginning of
this century®. The mechanism of such a
membrane hyperpolarization by catechola-
mines seen in the muscle fiber of the rat
diaphragm!® was further studied in this
investigation.

The hemidiaphragm with the phrenic
nerve of more than 1.5cm in length was
dissected from Albino rats (150~250 g), and
perfused in a lucite chamber with a modi-
fied Krebs solution!® which was equili-
brated with 959, O, and 59, CO, The
tonicity of K+ free or K+ deficient solution
was adjusted by increasing the Nat* con-
centration. The K* free-Li* solution was
made by replacing total NaCl in the K+
free solution with the same amount of
LiCl. Conventional intracellular recording
techniques were employed as reported
previously!®. Most of experiments were
carried out at 32~35°C, unless otherwise
stated. Adrenaline bitartrate ‘and stro-
phanthin-G (ouabain) were purchased from
SIGMA and MERCK, respectively. Effects
of adrenaline on the resting membrane
potential were examined in two ways.
Resting potentials were sampled from
many fibers (20~30) of the same prepara-
tion both in the presence and absence of
abrenaline, and the mean values in each
conditions were compared. In the second
method, effect of the amine on the resting
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potential was tested in the same single
fiber. This was carried out by perfusion of
the muscle with the solution containing
adrenaline, while an intracellular electrode
was left in the fiber. Penetration of the
electrode were made at the portion of the
muscle fiber at least 3 mm away from the
end-plate. . .

As illustrated in Table 1, adrenaline (60
#M) significantly hyperpolarized the mem-
brane of the muscle fiber by 3 ~4mV in
Krebs solution a few minutes after its
application. This is in agreement with the
previous observation!®. The membrane
hyperpolarization disappeared slowly after
the removal of adrenaline. Subsequent
treatments of the same diaphragm muscle
with adrenaline resulted in a rather small
hyperpolarization of the membrane. As the
K* concentration of perfusing solution was
decreased, the hyperpolarization induced by
adrenaline became greater. In a K* free
solution, the resting potential was hyper-
polarized and maintained at a avalue around
—92mV for more than 2 hours. Under this
condition, the hyperpolarizing action of
adrenaline was maximum. This dependency
of the adrenaline action on K* is very
similar to that observed in the avian
muscle!®), and would indicate, at least, two
possible - mechanisms for the action of
adrenaline, which are the increase in the
membrane permeability for K+ (Px) and the
decrease in the permeability for Na* (Py,).
The former mechanism is very unlikely,
but the latter seems to possible, since the
input resistance of the diaphragm muscle
fiber was found to increase slightly in the
presence of adrenaline at the concentration
of 15 MD1®, However, the latter possibility
seems also unlikely as will be described
below.

Other possible mechanism for the adrena-
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line hyperpolarization would be activation
of the Na pump of the fiber membrane
which is either electroneutral or electro-
genic. Therefore, effects of adrenaline were
observed in various circumstances that
inhibit the operation of the Na pump.
These experiments were carried out in K+
free solution, because the adrenaline hyper-
polarization was largest in this solution as
shown above. As temperature of the per-
fusing solution was decreased, the hyper-
polarizing effect of adrenaline was sup-
pressed. At 10°C, there was no adrenaline
hyperpolarization. In the presence of oua-
bain (0.1 mM), the action of adrenaline
disappeared. Furthermore, when total NaCl
was replaced by LiCl in the K* free solu-
tion, adrenaline did not hyperpolarize the
membrane (Table 1). These results are in
favour of the possibility that adrenaline
activates the Na pump of the muscle fiber
membrane of the diaphragm, but does not
reconcile with the idea of the decrease in
the Py, of the membrane by adrenaline.
A problem with the hypothesis that
adrenaline hyperpolarization is caused by
the activation of the Na pump is that the
hyperpolarization by adrenaline is largest
in the K+ free solution where the activity
of the Na pump should be suppressed.
However, it is possible that the K* con-

centration immediately close to the outer-
surface of the muscle fiber membrane is
not zero in the K* free solution, since
there must be a constant leakage of K+*
from the intracellular space. This small
amount of K* may be able to activate the
Na pump. In fact, resting membrane poten-
tial of the muscle fiber in K* free solution,
which was around —92mV, was signifi-
cantly reduced by about 10 mV, when the
diaphragm was treated with various pro-
cedures inhibiting the activity of the Na
pump, such as application of ouabain,
replacement of Na* with Li* in the perfus-
ing solution, or lowering the temperature
(Table 1). Furthermore, Akiyama and Grund-
fest® reported a membrane hyperpolariza-
tion of the amphibian skeletal muscle fiber
in the K* free solution, which was reduced
or abolished by application of ouabains
cooling and substitution of Li* or Tris
(tris-hydroxymethylaminomethan) for Na*
in perfusing solutions. They suggested that
this hyperpolarization was the result of the
activation of the electrogenic Na pump.
Somlyo and Somlyo!® suggested that the
Nat/K* coupling ratio of the Na pump
becomes greater when the external K+
concentration is decreased. Therefore, it
may be possible that adrenaline activates
the electrogenic Na pump in the rat

Table 1.
°C Control (S.E.) mV  Adrenaline 60 4|M Wash Adr. — Cont. mV

Normal 34.0 —74.0+0.3 (282) — 77.8+0.3 (260) —74.10.3 (290) —3.8%
(K*, 5.9 mM)
K* deficient 34.0 —82.3+04 ( 97) — 87.9+04 (177) —80.04:0.8 (112) —b5.6%
(K+, 1.8 mM)
K* free 34.0 —92.1+£05 (163) — 98.6+04 (263) —94.5+0.3 (334) —6.5%
Kt free 20.0 —964+0.5 (108) —100.2+04 (120) —98.3+0.4 (121) —3.8%
K* free 100 **—812+14 ( 60) — 82.8+1.2 (102) —80.0+14 ( 44) —1.6
K* free 4 340  **—82.3+05 (136) — 82.1+04 (294) —76.7+0.5 (175) —0.2
Ouabain 0.1 mM
K* free, Li 340  *k_727+404 (150) — 705+1.3 (142) —65.8+2.3 (129) —1.7

(Na* deficient)

Effects of adrenaline (60 M) on resting membrane potentials of the diaphragm muscle
fibers in various ionic solutions. The effects were observed during a period between 5
min and 1 hour after application of adrenaline. Numbers in parenthes are numbers of
fibers. The values with * are statistically significant (P<{0.1%), and those with ** are
significant (P<{0.1%) from the value in K* free solution at 34°C.



diaphragm muscle, which results in the
membrane hyperpolarization, and that its
effect is augmented at a low level of the
external K+ concentration, even though the
total activity of the Na pump would be
suppressed under such a condition. This
idea is partly supported by the observation
that the activating action of adrenaline on
the electrogenic Na pump of the frog atrial
muscle fiber is greater at the low external
K* concentration?. The rather quick onset
of the action of adrenaline observed in the
present study would also be in favour of
the possibility of the activation of the
electrogenic Na pump by adrenaline (see
reviewsl®®), This mechanism has been
suggested in avian slow musclesi®), rat
soleus musclel®, frog skeletal muscle®12)
and bullfrog sympathetic ganglion cellsbib,
During preparation of this communication,
Clausen and Flatman? have reported more
explicit evidence for the activation of the
electrogenic Na pump by catecholamines in
the rat soleus muscle. They have observed
an increase in the Na* efflux (see also
Rogus et al.19) and hyperpolarization of the
muscle membrane in the presence of g-
adrenoreceptor agonists. Similar enhan-
cement of the Na* efflux by catecholamine
in frog muscles was previously reported?.

The possibility which remains to be
clarified is that the adrenaline hyperpolari-
zation is simply due to the observed
increase in the input resistance of the
muscle fiber which would augment the
hyperpolarizing effect of the membrane
current caused by the activity of the pre-
existing electrogenic Na pump. To explain
the K*-dependent effect of adrenaline with
this mechanism, we must assume that the
membrane current caused by the electro-
genic Na pump increases with a decrease
in the external K* concentration, or that
the increasing effect of adrenaline on the
membrane resistance of the muscle fiber
becomes greater at a low K* concentration.
However, the former assumption does not
seem to be valid, since the electrogenic Na*
current by the Na pump is reported to
increase with elevation of the external K2).
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Furthermore, if the second assumption is
valid for the K*-dependent effect of adrena-
line, the increase in the input resistance of
the muscle fiber by adrenaline at a low K*
would be large enough to overcome the
depressed activity of the electrogenic Na
pump. The idea that the adrenaline hyper-
polarization is the result of lowering of the
external K* concentration at the immediate
external surface of the membrane by
enhanced activity of the neutral Na pump
under the effect of adrenaline could be
refuted, since the adrenaline hyperpolariza-
tion is larger in the K* free solution.

Bray et al.5 failed to observe a hyper-
polarizing effect of adrenaline on the
membrane far from the end-plate area of
the denervated muscle fiber of the rat
diaphragm, although they observed it in
the denervated end-plate areas. They as-
cribed the lack of effect of catecholamines
to a consequence of the innervation and
suggested that the hyperpolarizing action
of adrenaline would be exerted only to the
depolarized muscle fibers. However, the
present experiment clearly demonstrates
that adrenaline indeed hyperpolarizes the
membrane of the innervated muscle and
this effect is larger in the membrane which
is previously hyperpolarized in the K* free
solution. Other reason for the lack of effect
of catecholamines in their experiments
would be that measurements of resting
membrane potentials were carried out at
room temperature (20°C), at which tem-
perature the hyperpolarizing action of
adrenaline became smaller (see Table 1,
and also Tomita?0).
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Changes in the pattern of the Wulst’s visual evoked potential
of adult chickens with increasing flash intensities
Takanori OOKAWA

Department of Physiology, Gifu University School of
Medicine, Gifu 500, Japan

The influence of varying flash intensities
on the visual evoked potential (VEP) in the
forebrain of birds would seem to be
important. However, as far as the author’s
references are concernedD23)DONNI), there
is little report on the relation between the
VEP and flash intensity in birds. The main
purpose of the present investigation is to
determine the effect of flash intensity on
the Wulst's VEP of the adult chicken.
Preliminary reports on this work were
given at the 55th Annual Meeting of the
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Averaged electroretinogram (ERG) and visual evoked potentials (VEP) from

physiological Society of Japan (Ookawa,
1978).

Fourteen female White Leghorn chickens
between ages of 7 and 24 months were
used. All birds were curarized intra-
venously with 5mg/kg gallamine trie-
thiodide. In each bird, maintained under
artificial respiration, the upper beak and
both external meati were fixed in a head
holder of the stereotaxic apparatus. The
EEG activities and evoked responses were
recorded with a stainless steel electrode
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the surface of the Wulst of two 7-month-old female chickens (20 responses were avera-
ged by ATAC computer). The upward deflection of the VEP indicates negativity of the
recording electrode. The time constant was 2.0 seconds.
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with a tip of ca. 20¢ in diameter. The
recording electrode was inserted into the
skull at a distance of 2.5mm from the



382

300
ﬁ \
A /
A \A Na
4 N3

S 200 fF
=
a
: / *
&
H
g A
-1}
3]
>

100 | A A ———— e A

‘ o
o \
/ -
a
0 1 1 1 1 1 I
0.3 0.6 2 20 40 80 JOULE
Fig. 2. Relationship beetween amplitude of the chicken’s VEP and the stimulus

intensity. The ordinate represents mean amplitude of the VEP (N;, Na, Nb components)
in £V (6 birds), and the abscissa represents the stimulus intensity in the logarithmic

scale.

midline and 4 mm anterior to the bregma.
The electrode was located on the region of
the right superficial Wulst (Hyperstriatum
accessorium) between A9 and A10 of the
van Tienhoven and Juhész's stereotaxic
atlas (1962)». The record was made by
monopolar lead with the reference electrode
on the comb. The electoretinogram (ERG)
was recorded simultaneously with a pla-
tinum-ball electrode attached to a contact
lens. The reference electrode was a steel
needle, inserted into the exposed orbit.
Flash stimuli (0.3~80 Joules) were given to
the left eye with a xenon lamp of a photic
stimulator (MSP-2R, Nihon-Kohden Co.,
Tokyo) in a darkened room. The lamp was
placed. on the optic axis at a distance of 30
cm from the eye. The potentials were
amplified on a Nihon-Kohden AVB2 pre-
amplifier with a time constant of 0.3 and

2.0 seconds. The averaged responses of the
VEP and the ERG of 10 and 20 sweeps
displayed on the screen of the ATAC 501-
20 (Nihon-Kohden Co.) were photographed.
All responses were recorded at body
temperature between 38 and 41°C.

The VEP from the surface of the Wulst
and the ERG were reliably obtained by
0.3~80 Joules flash stimulation. Figure 1
represents a typical pattern of the VEP and
the ERG evoked by varying flash levels.
As seen in Figs. 1 and 2, the amplitude of
the VEP increases with increasing flash
intensity to 20 Joule (J). At 20] stimulation
the VEP showed large amplitude consisting
of positive and negative components (Pi,
P,, P, and N;, N,, N;, Na, Nb), while the
ERG consisted of the a-, b~ and c-waves.
The a- and c-waves are large in amplitude
at high intensities of stimulus (20~80]).
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Table 1.
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Average peak latency (msec) of the visual evoked potential from the Wulst

at 20 Joule stimulation in adult chickens. All values give the mean +S.D. obtained from

the number of birds in parentheses (n).

Pl P, P3 N1

No N3 Na Nb

10.8%1.4 21.5%2.8 41.2%5,2 18.8%4.8 31.3%3.6 51.3%9.1 91,3%18.8 169.6%33,2

(n=13) (n=13) (n=5) {(n=13) (n=6) (n=13) (n=13) (n=13)
The peak latency of the each component of of the Wulst.
the VEP was shown in table 1.
References
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