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Impedance decrease under the hyperpolarized state of nerve Masao
MatuMoTo and Michiko HANBA (Depariment of Physiology, School of Dentistry, Showa
University, Tokyo 142 [apan)

The sciatic nerve dissected from a bullfrog was set through the separating wall of
an isolating box. The isolating box was connected to an arm of an AC bridge, to which
alternating currents (13 kHz) and polarizing currents were applied. The membrane poten-
tial change and the impedance decrease were produced by a break of the applied hyper-'
polarizing current or by a brief depolarizing pulse applied during the flow of a hyper-
polarizing current. The impedance decrease could occur when the membrane potential
was maintained at a level hyperpolarized than the normal resting potential. This pheno-

" menon was accounted for by the authors’ double polarized membrane theory of the
nerve. The theory maintains that the surface structure of the nerve fiber consists of
two polarized layers, that is, the inner excitable membrane and the outer layer which
can be polarized against the current flowing across the excitable membranie.

(J. Physiol. Soc. Japan (1977) 39, 173-181)
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Fig. 1. Equivalent circuit of nerve fiber (left),
and electric nerve model (right). EM : equivalent
circuit of excitable membrane, OL : equivalent
circuit of outlayer, E;, Em, E, : cell potential,
membrane potential and outlayer potential
respectively, Th : thyristor (2SF, 101, NEC)
OUT, IN:out- and inside of nerve fiber respecti-
vely, PQ : input of depolarizing or hyperpolariz-
ing current, XY : output of action potential or
potential change.
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Fig. 2. Records of polarized potential and
impedance change during and after application
of hyperpolarizing currents. T : time scale (1000
Hz), R-L : resting level of E., E(t):curve of E.
change, I(t): AC (13 kHz) showing impedance
decrease with increased amplitudes. Hyper-
polarizing currents : 700, 1500, 2400, 380, 750,
900 mV in (1), (2), (3), (4), (5), (6) respectively.
Duration of currents : in (1), (2), (3) ; 8 msec, in
(4), (), (6); 3.5 msec.
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Fig. 3. Records of polarized potential and
impedance change during hyperpolarizing cur-
rents and after their partial break. Nomenclature
is the same as in Fig. 2. First hyperpolarizing
currents : 220, 420, 700 mV in (1), (2), (3) respecti-
vely, duration was 4.5 msec ; 420, 520, 750 mV
in (4), (5), (6) respectively, duration was 3 msec.
Residual hyperpolaring currents : 20, 40, 60, 150,
300, 500 mV in (1), (2), (3), (4), (5), (6) respectively,
durations were longer than those of first currnts.
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Fig. 4. Records of polarized potential due to
application of hyperpolarizing currents and
impedance decrease produced by application of
depolarizing short pulses during flow of the
hyperpolarizing currents. Nomenclature is the
same as in Fig. 2. Hyperpolarizing currents :
520, 1200, 1800, 350, 750, 920 mV in (1), (2), (3),
(4), (), (6) respectively, duration was 8 msec in
(1), (2), (3) and 10 msec in (4), (5), (6). Stimulating
currents : 400, 900, 1300, 350, 750, 920 mV in (1),
(2), (3), (4), (5), (6) respectively, duration was 0.5
msec,
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Fig. 5. Diagram of double polarized layers on

a cut surface of nerve fiber. Nomenclature is the
same as in Fig. 1.
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Fig. 7. Diagramatic representation of En(t),
Eo(t) and Et). O-L : zero potential level, A :
membrane potential switched on, B : beginning
of excitation, C : beginning of repolarization.
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(1)

ENM
Fig. 8. En(t), Eo(t) and Ec(t) during and after
application of hyperpolarizing currents in ENM.
Polarizing current is greater in (II) than in (I).

Fig. 9. Diagramatic representation of En(t),
Eqt) and Ec(t) during and after application of
hyperpolarizing currents and the elicited de-
crease of impedance in ENM. Polarizing current
is greater for solid curves than dotted ones.
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Selective blocking action of mercurials on the inhibitory
postsynaptic responses of cholinoceptive
neurones in aplysia

Makoto SATO, Hideko YAI*, and Juro MARUHASHI**

Department of Physiology, Faculty of Medicine, wate Medical
University, Morioka, Japan

Minamata Disease is known to be caused
by an water pollution with mercurial com-
pounds which are highly toxic to the living
organism. Among all signs of metabolic
derangement, patients exhibit typical neuro-
logical symptoms, such as spontaneous
pain, hyperesthesia, hypermotility, vasomo-
tor hyperactivity, diarrhea, etc. Despite
these apparent effects on the nervous
system, the actual reactive site of mer-
curials within the central nervous system
has not been well established. There is
certain evidence that the synaptic trans-
mission is highly vulnerable to the mer-
curial compoundsb2346), However, the
effects are rather complicated because
mercurials may affect both pre- and post-
synaptic components and each receptor may
have different vulnerability to mercurials.
This study is to examine the effects of
mercurial compounds on the postsynaptic
responses of cholinoceptive neurones, and
to compare them between excitatory and
inhibitory types.

The abdominal or pleural ganglion of
Aplysia californica was dissected out and
mounted on a perfusing chamber. Two
microelectrodes were introduced into a
single cell to measure the membrane con-
ductance by a constant current method
described elsewhere®?. The cell was contin-
uously perfused by Aplysia Ringer” with
a speed of 5ml per min. The actual perfus-
ing volume of a pool was 0.2 ml. The tem-
perature was maintained at 10°C. The
various mercurial compounds, such as
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HgCl,, Mersalyl (Na-Salyrganic acid), and
PMB (p-Hydroxymercuri-benzoate), were
dissolved in Aplysia Ringer and directly
applied to the cell by perfusion. Acetylcho-
line (ACh) was also dissolved in Aplysia
Ringer and applied to the cell by perfusion
before and after exposure to the mercurial
compounds. The ACh-induced responses
were evaluated by the increase in mem-
brane conductance (4G) produced by a given
concentration of ACh. The dose (ACh)-
response (4G) curves were obtained at a
different exposure time to the mercurial
compound of a given concentration. The
ACh-esterase activity was continuously
blocked by 0.05mM Neostigmine throughout
the entire experiment.

1. Effects of PMB : The ACh-induced
responses of the excitatory type (D-type)
was only slightly depressed after a 10 min
exposure to 1mM PMB (See the left in
Fig. 1). On the other hand, the ACh-induced
responses of the inhibitory type (H-type)
was significantly depressed even after a 1
min exposure to the same PMB (See the
right in Fig. 1). A 5min exposure com-
pletely blocked the H-type responses to
ACh of the entire concentration range.
The blocking effect of PMB lasted more
than 3 hours despite vigorous washing with
normal Ringer. The dose-response curves
showed a progressive decline in slope as
the time of exposure to PMB increased.
The resting membranes of all cells were
slightly hyperpolarized (2 ~ 4 mV) after a
10 min exposure to 1mM PMB, but this
was gradually reversed after washing with
normal Ringer for 30 min.

2. Effects of Mersalyl : The ACh-induced
responses of the excitatory type was not
depressed but occasionally augmented after
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a 5~10min exposure to 1 mM Mersalyl
(See the left in Fig. 2). In contrast, the H-
type responses were markedly depressed to
less than 209 of the control after a 5 min
exposure to the same Mersalyl (See the
right in Fig. 2). The change in the dose-
response curve was similar to that observed
with PMB, the results suggesting suppres-
sion of the inhibitory receptor activity in
a non-competitive mode. The resting mem-
brane of all cells were slightly hyper-
polarized as observed with PMB.

3. Effects of HgCl, : A 5min exposure
to 0.1 mM HgCl, induced a gradual depola-
rization (3 ~5mV) associated with an
increase in the membrane conductance
(40~60% of the control). These effects were
irreversible and observable in both types
of receptor membranes. The effects on the

A
10
2.5 |—
2.0 |—
o
=4
£
p= N
| 1.5 |—
o
S PMB 1mM
1.0 D - type
10317103
0.5
0.1 1.0 10.0

ACh -~ mM
Fig. 1.
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ACh-induced responses were quite similar
to those observed with the organic mer-
curials described above, the inhibitory
responses being more sensitive than the
excitatory ones (Figure was omitted).

As described above, mercurials induced
a slight change in the resting potential and
conductance. This effect was usually rever-
sible after vigorous washing with normal
Ringer except the case with HgCl,. All
conductance measurements were made after
the complete recovery from this effect or
after adjusting resting potentials to be the
same as controls by passing the current
across the membrane. In fact, mercurials
depressed the inhibitory postsynaptic re-
sponses in either case when they depolarized
or hyperpolarized the resting membrane.
Therefore, it is unlikely that the selective

- B
PMB 1mM
H - type ~
yp §,
"'0 [ 103173 c>°
0.8 —
G
Ve
0.6 |- !
0.4 |—
2:/
0.2 |—
3
el |
0.1 1.0 10.0
ACh - mM

A : Effects of 1 mM PMB on ACh-induced responses of excitatory type (D-type).

Response (4G) was evaluated by increase in membrane conductance produced by ACh.
Numericals on dose-response curves indicate time of exposure to PMB in min. B:
Effects of 1 mM PMB on ACh-induced responses of inhibitory type (H-type).
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Fig. 2. A : Effects of 1 mM Mersalyl on ACh-induced responses of excitatory type (D-

type). Nomenclature is the same as in Fig. 1.

B : Effects of 1 mM Mersaly! on

ACh-induced responses of inhibitory type (H-type).

depression of the inhibitory postsynaptic
response produced by mercurials was the
result of their effects on the resting poten-
tial or conductance.

The results shown above were obtained
from the nicotinic type of ACh-receptors
but .we confirmed later that the same
results were obtainable from the muscarinic
type of receptors as well. Finally we
conclude that the mercurial compounds of
dilute concentration would selectively block
the inhibitory postsynaptic responses of the
cholinergic receptors without causing appre-
ciable change in the excitatory ones. This
may partially explain some of the early
hyperactive symptoms exhibited in the
acute mercury poisoning, although further
study is needed for non-cholinergic recep-
tors of the inhibitory type.

Since mercurials are known to be a
metabolic inhibitor, they would impair the
normal operation of Na-K-coupled pump
in the living cells. Indeed, the post-tetanic
hyperpolarization, which is the result of
activated pump, is known to be decreased
after exposure to 0.34mM Hg*+3, Ultimately,
all the neurones would be depolarized and
inactivated after prolonged exposure to
Hg**. It should be noted, however, that the
neurones are rather hyperpolarized initially
with organic mercurials and that the
inhibitory postsynaptic responses begin to
be blocked before the cell shows any sign
of impaired pump.
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Distribution of Ca and P in the cross-section of abdominal
skin of a bullfrog (Rana catesbeiana) : Analyses of elements
with an electron probe X-ray microanalyzer

Hideo HAYASHI*, Makoto TAKADA* and Tomoyoshi WATABE**

Depar tment b f Physiology, Saitama Medical School, Iruma-gun,
Saitama, 350-04, Japan*.Application Depariment, Electron Optics
Division, JEOL Ltd., Akishima, Tokyo, 196, Japan**

Cd increases the short circuit current order to elucidate the mechanism of Cd
(SCC) or Na active transport in abdominal effects.
frog skinD2. This paper is to investigate Three kinds of specimens of abdominal
the distribution of elements in frog skin in skin of a bullfrog (Rana catesbeiana) were

BSEC1D1927UNY |
N5 2egvy.r
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Fig. 1. X-ray spectrograms recorded at the following six points (2 x 2 pm?): (1)
stratum corneum, (2) s. granulosum, (3) s. spongiosum, (4) “sieve layer” (the outermost
layer of s. compactum), (5) s. compactum, and (6) tela subcutanea (inset). The numerals
in the inset correspond to those of energy spectra. The 7th spectrum was obtained at
supporting material (aluminum foil). Horizontal axes : energy of X-rays (keV). Vertical
axes : counting numbers of X-rays. Vertical gains (counts/div.): 100 in Figs. 1, 2, 3,
6, and 7. 500 in Fig. 4. 250 in Fig. 5. Preparation : treated with epidermal Cd. Note
clear peaks of Ca and P in the “sieve layer” (position 4).

used : (1) control (under open circuited
W FHkx, FHHEER, IR IHERERK condition, in SO,-Ringer's solution, two
SR TR e B AT (BR), EOD JERF* hours after the setup of a preparation), (2)
[Received for publication March 18, 1977) skin treated with epidermal Cd (2 mM, 2
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Fig. 2.

min) which increased SCC from 10 to 50
percent, and (3) skin treated with dermal
Cd (2mM, 2min). After the experiments,
the specimens were washed with SO,-
Ringer's solution for several seconds, soaked
in 509, ethanol for 5 minutes, and kept in
pure ethanol for about 20 hours. Skin cross—
sections of about 10 gm in thickness were
made from paraffin embedded specimens.
The sections were fixed on supporting
material, aluminum foil, with silver paste
after deparaffinization.

Elements in the cross-section of abdo-
minal skin were analyzed with an analytical
electron microscope (JEOL JEM-100C/SEG/
ASID/NDS with EDAX 711).

Fig. 1 shows typical examples of X-ray
energy spectra of frog skin. Both Ca and
P were clearly demonstrated in the “sieve
layer”. A very small amount of S was
sometimes observed in epidermis. Al and
Fe derived from supporting materials of
specimens were also observed. However, we
could not detect Cd in Cd treated specimens.
The results obtained with epon embedded
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Distribution of Ca (Fig. 2B) and P (Fig. 2C) along a white line (10 nm in
thickness) in a frog skin cross-section (Fig. 2 A). e:epidermis, p:stratum spongiosum,
s : sieve layer, c¢ : stratum compactum. Vertical axes of Figs. 2B and 2 C : counts of X-
rays specific to Ca and P respectively (baseline is nil). Preparation : control (untreated
with Cd). Note a large amount of Ca and P throughout the sieve layer.

specimens were similar to those with
paraffin embedded ones. Loss of Cd during
embedding processes might make the detec-
tion of Cd difficult. Frozen section by using
cryostat would be more suitable in detect-
ing Cd than the other two kinds of sections-

Fig. 2 represents distribution of Ca and
P along a line indicated by an arrow beside
ordinary scanning electron microscopic
pattern of a frog skin cross-section (Fig-
2 A). Remarkably exact coincidence was
noticed between the positions of peaks of
both Ca and P traces (Figs. 2B and 2 C) and
the “sieve layer” (Fig. 2 A).

No differences in the distribution and the
amount of Ca and P in frog skin were
brought about by Cd treatment.

Taylor et al.® predicted the existence of
calcium phosphate in the “sieve layer”
from the results of histochemical finding of
Ca in the layer and quantitative analyses
of Ca and P of whole skin (P:Ca=2: 3).
We have succeeded for the first time in
demonstrating a large amount of P as well
as Ca in the “sieve layer”. These results
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confirm the assumption of Taylor et al®.

The ratio of P to Ca was approximately
1: 2 for counts numbers of X-rays (Figs.
1 and 2). The ratio of gram-atom of P to Ca
was estimated at about 1/2 by compensating
energy loss around detector window and
specimen. These results imply the possible
coexistence of calcium phosphate and other
kinds of calcium salt without phosphate in
the “sieve layer”, because the ratio of
gram-atom of P to Ca should range from
2/1 to 2/3 for pure inorganic salt composed
of Ca and P.

The ineffectiveness of dermal Cd on SCCD
could be explained by a large amount of
Ca in the “sieve layer” which might block
the penetration of Cd to epidermis.
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