
Bio 'himiea et Biophys~ca Acta. 110f, (1992) 325-334 325 
© ~992 Elsevier Science Publishers B.V. All rights reserved 0005.2736/92/$(15.(1tl 

BBAMEM 75637 

Effects of local anesthetics on the Chara plasmalemma 
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Thc effects of lidocaine, tetracaine, procaine and bupivacaine (< 1000 ttM) on the Chara coraUma internodal cell were studied. 
These local anesthetics depolarized the membrane at rest, while they affected the risillg phase and the peak level of action 
potential not appreciably. Instead. they prolonged )he time course of the falling phase of action potential as slowly as the 
rcpolariza:ion was imperfect, even after enough lapse beyond the refractor~ period. Consequently, an action potential appeared 
to enhance the degree of depolari;,ation at rest. Such a depolarization with stimulus/excitation was named use-dependent 
depolarization, while the depolarization without excitation, the resting one. The order of the potency of the use-dependent 
depolarization almost coincided with that of the nerve-blocking potency. During depolarization the change in membrane 
conductance was not simple. However, the conductance-voltage (G,n-V m) relationship curve in the presence of local anesthetic 
suggested that depolarization was due to, not only the decrease in the clectrogenic H+-p~mp, bu: also the increase in the 
diffusion conductance. 

Introduction 

The most striking action of local anesthetics (LAs) is 
the blocking of nerve excitation without affecting the 
resting potential appreciably [i]. in the node of Ran- 
vier from frog nerve fibers, however, the membrane 
hyperpolarizes in the presence of LA [2]. The nerve 
blocking action of LAs increases with frequency of 
stimulus (use-dependent block; [3-6]). In some cell 
membranes, other than nerves, LAs increase the diffu- 
sion conductance [7-9]. Reports suggest that LAs in- 
hibit active ionic transport [8,10-12] and that they 
affect various phosphor,jlation-rclated enzyme activi- 
ties by acting as antagonists of  calmodulin [13-15]. 

The resting pGtential of the excitable Chara  interno- 
dal cell is usually more negative than - 2 0 0  mV. This 
large negative potential is due to the electrogenic H +- 
pump [16,17]. The pump electromotive force, Ep, is 
more negative than - 2 0 0  to --250 mV, while the 
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diffusion potential, Ea, is - 1 0 0  to - 1 4 0  mV [18,19]. 
E d is mainly dominated by K + ions [20,21]. The resting 
poteatial is the weighted average of E n and E d, where 
the weights are the conductances of the pump and the 
diffusion channels, i.e., G n and Gd: respectively. The 
sum of Gf, and G o is the membrane conductance, G m 
( = G n + Gd). The pump activity can be to some extent 
characterized by the patterns of both the current-volt- 
age ( I - V  m) and the conductance-voltage (Gm-V m) re- 
lationships. The former relationship shows a deformed 
S-shape and the latter one a bell-shape having a con- 
ductance peak (G t) at around - 2 0 0  mV [22]. In the 
presence of a pump inhibitor such as DES (diethylstil- 
bestrol) or DCCD (dicyclohexylcarbodiimide) the G m- 
I '  m relationship decays to the G j - V m  relationship los, 
ing the above bell-shape pattern and decreasing G t 
[18,19]. 

The excitation of the Chara  cell is due to a series of 
opening events of three different diffusion channels. 
(1) Opening of the Ca 2+ channel which increases cyto- 
plasmic Ca 2+ concentration [23-25]. (2) Opening of 
the Ca2+-activated CI- channel which depolarizes the 
membrane largely toward the equilibrium potential of 
CI-  ions (+60  to +90 mV) [24,26-28]. The patch- 
clamp study on the Ca"+-aetivated CI- channel [29] 
supports strongly that calmodulin should be involved in 
the opening of this channel [30-33]. (3) Opening of the 
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voltage-dependent K ~" channel [20,21]. The peak of 
action potential is usually determined by the ratio of 
the K ~" conductance to the CI- conductance. In addi- 
tion to closing of the three diffusion channels, Gp 
contributes to the large repolarization beyond the dif- 
fusion potential [34]. 

!f LAs block the diffusion channel alone in the 
Chara plasmalemma, they should hyperpolarize the 
plasmalemma decreasing Gm( = Gp + Gd). If LAs block 
the lt+-pump alone, they should depolarize the plas- 
malemma decreasing G,,. If LAs inhibit the activity of 
calmodulin existing in this cell [35], they will nut only 
depress the excitability by inhibiting the opening of the 
excitable Ca2+-activated CI- channel [29-34], but also 
depolarize the plasmalemma by affecting the elcctro- 
genic H+-pump [30-33]. These were our preliminary 
questions on the LA effect on the Chara plas- 
malemma. We report that LAs depolarize the mem- 
brane decreasing Gp. 

Materials and Methods 

Chara corallina, sohaions, and electrical nleasurements 
Single internodal cells of Chara corallina, 4-5 cm in 

length and 6{10-1000 p.m in diameter, were used. They 
were kept in artificial pond water (c-APW) under con- 
stant light (about 2000 lux) at about 20°C for 2 days. 
The ionic compositiot,  of c-APW were: 0.5 mM KCI, 
0.2 mM NaCl, G.t mM CaCI 2, and 0.1 mM MgCI 2. The 
pH of c-APW was adjusted to 7.0 with 5.0 mM Tes 
(N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic 
acid) buffer. Test solutions of different LA concentra- 
tions below 1000 p.M were prepared. Below 1000 p.M 
all tested LAs did not alter the pH of e-APW. The test 
concentration of tctracaine, however, was usually lim- 
ited to 500 ttM, because 1000 tzM tetracaine depolar- 
ized the membrane within a few minutes and de- 
creased the rate of the cytoplasmic streaming [36]. 
These effects were markedly blocked by raising the 
Ca 2+ concentratiort to 2.0 raM. Therefore, in the case 
of 1000/zM tetracaine, the internode was kept in 2.11 
mM Ca-APW. The ionic compositions were the same 
as those of c-APW, except 2.0 mM CaCI 2, and the 
experiment was carried out in the same solution (cf. 
Fig. 2). 

The internodal cell was placed on the measuring 
vessel with three pools. The microelectrode was im- 
paled at the middle pool of 4 mm in length. A pair of 
Ag-AgCI-Pt electrodes [37] in the two side pools sup- 
plied current externaEy [16]. The cell parts which were 
partitioned by a bank 12 mm in length between the 
measuring and each side pool were electrically insu- 
lated with a 4 mm wide air gap in addition to silicon 
grease. 

The electrical arrangements for voltage- or current- 
clamping and data collection have been described pro- 

viously [38]. Briefly, the current-voltage ( i - V  m) rela- 
tionship was obtained by changing Ym at a rate of 100 
mV/60  s under voltage-clamp conditions. This rate 
yielded almost the steady-state I -V  m relationship. A 
train of square voltage pulses ( - 1 0  to --20 mV in 
amplitude and 20-40 ms in duration) was superim- 
posed on the above V,, change. The ratio of the 
steady-state cu~~cnt to. each square voltage p~dse gave 
us the instantaneous chord conductance. G m was de- 
termined by compensating the series resistance of about 
(1.5 to 1.2 k.q em 2 which had been measured for 
individual experiments by step currents. 

The tempcr~ture ranged between 18 and 24°C. It 
was kept constant within .+.0.5 C ° of the desired level 
during any individual experiment. 

Drugs 
Sour¢(:~ of drugs were as follows: tetracaine-HCI, 

Kyorin Che.•icals; lidocaine-HCI and bupivacaine-HCI, 
Fujisawa Chemicals; and procait~e-HCI and DCCD, 
Wako Chemicals. DCCD, 100 mM in 99.6% methanol, 
was stocked at 5°C. Just before use, APW containing 
5{I-100/~M DCCD was prepared by adding 1.0-2.0 ml 
of DCCD stock solution to 2.0 liter of e-APW. The 
effect of 0.1% methanol on the Chara plasmalemma 
was negligible. 

All drug tests were carried out 3.5-4.0 h after mi- 
¢roelectrode penetration. This time was unavoidably 
necessary to prevent a hyperpolarization beyond the 
prior resting potential, when the LA-treated internode 
was washed with c-APW. The internodal cell was ex- 
ternally perfused with either c-APW or a test solution. 
When c-APW was replaced with a test solution, the LA 
concentration in the measuring pool reached the de- 
sired test value in 10 s. The internode was washed with 
c-APW after each LA test. The period of washout was 
2-3-times longer than that of LA exposure. 

Results 

LA-induced depolarization 
Fig. 1 shows changes in V,I and G,, caused by 

tctracaine at concentrations between 10 and 500 p.M. 
This experiment was carried out at 0.1 mM Ca 2+. The 
internode was exposed to a different concentration for 
5 min and washed with c-APW for 10 rain. Below 30 
p.M, tetraeaine aid not change V m markedly, while 
above 50 ~M the membrane depolarized with increase 
in concentration. At 300 and 500 ~zM, the membrane 
depolarized by 5{}-80 mV. The membrane was almost 
completely repolarized With washout. The time course 
of repolarization, however', became longer when the 
tetracaine concentration had been above 300 btM. G m 
decreased slightly during the LA-induced depolariza- 
tion and recovered with washout. The pattern of the 
G,, recovery was sometimes sluggish compared with 
that of V m. 
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Fig. I. Changes in membrane polential and membrane conductance 
during treatment and washout of tetracaine. The internodc was 
exposed to different concentrations of tctracaine (+) for 5 °in and 
washed with c-APW ( - )  for l0 °in. The series of test experiments 
began about 4.a a af:cr penetration. V m (o and el, membrane 
potential; G m (ta and Ill, membrane eondnclunce. Open symbols Co 
and El), in the absence of LA; filled symbols (e and Ill, in the 
presence of LA. Numerals above the G m trace arc co~:centralions ill 

~.M of tctraeaine. 

To  test  effects of  t e t raca ine  at  a h igher  concen t ra -  
tion range ,  it was  necessary  to raise the Ca  2+ cGncen- 
t ra t ion (see Mater ia ls  a n d  Methods) .  The  dose-re-  
sponse  curve shown in Fig. 2 was  ob ta ined  a t  2.0 m M  
Ca  z+. The  t c t r aca ine  concen t ra t ion  was  successively 
increased  f rom 0 to 1,000 p.M and  the in te rnode  was 
exposed to each  L A  concen t ra t ion  for  10 ° i n .  Both l '  m 
and  G m at  10 ° i n  o f  each  exposure  were  p lo t ted  
agains t  LA concen t ra t ion  (Fig. 2). The  d o s e - r e s p o n s e  
curve for  V m was fundamenta l ly  sigmoidal .  The  con-  
cent ra t ion ,  Km, which caused  ha l f  the  max imum depo-  
larizat ion was abou t  500 p.M. In spite o f  the large 
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Fig. 2. Dose-response curves for V m (filled circles) and G m (filled 
triangles). Tetracain¢ concentration was varied successively up to 
1(100 p.M. The exposure time for each concentration was 10 °in. I" m 
and G,, a~. 10 °in of exposure are plotted in the figure. The sample 
shown in this figure differed from that shown in Fig. I. This experi- 

ment was carried out at 2.0 mM Ca ~+ concentration. 
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Fig. 3. Effects of LA on action potential. Action potentials at 
different concentrations of tetracaine are shown. Tile internode was 
exposed to each concentration for 30 °in and washed with c-APW 
fi~r about IlX) °in. Actiou potentials at 5 °in before application of 
LA (real lines; controls), at l0 ° in (small dots) and 2(1 °in (filled 
circles) after application of LA, and at about 90-95 ° in  after the 
wash (open circles) are shown. The last action potential (open 
circles) was the control for the following LA application as well as 

the recovery test. 
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m e m b r a n e  depolar iza t ion ,  the  c h a n g e  in G m of  this 
in te rnodc  was small showing a t endency  to decrease  a t  
high concent:rations.  

Fig. 3 shows act ion potent ia ls  before  (real  lines), 
du r ing  (small do ts  a n d  filled circles), and  af te r  (open  
circles) t r ea tmen t  with di f ferent  concen t ra t ions  o f  te- 
t raca ine ,  Dur ing  each  exposure  to te t raca ine  the  in- 
t e rnode  was s t imula ted  twice with an interpulse inter- 
val o f  10 ° i n .  As  shown in the figure,  t c t r aca inc  did 
affect  the rising phase  as well as the peak  level o f  
ac t ion potent ia l  not  appreciably ,  This  means  tha t  the  
interpulse  interval of  10 ° i n  was  c n o u g h  long over thc  
re f rac tory  per iod.  Alternat ively,  te t raca ine  slowed the 
later  t ime course  o f  the falling phase ,  which became  
marked  a t  high concen'~rations beyond 100 p.M. Be- 
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sides, the m e m b r a n e  did not  seem to  repolar ize  per-  
fectly a n d  the action potent ia l  seemed to enhance  a 
depolar iza t ion.  Note  that  the rest ing potent ia l  just  
before  the  second  act ion potent ia l  (filled circles) is less 
negat ive than  tha t  just  before  the first one  (small dots).  
These  effects o f  te t raca ine  on the Chain act ion poten-  
tial were  almost  removed with washou t  (open  circles). 
Similar effects on act ion potent ia l  were  found  also by 
LAs o the r  than  te t raeaine .  

The  d i f ference  be tween  depolar iza t ions  with and  
wi thout  s t imu lus / exc i t a t i on  is clearly shown i ,  Fir,~. 
4A, 4B a n d  4C. Fig. 4 A  shows the m e m b r a n e  depolar -  
izations caused  by 100 # M  te t raeaine ,  where  the in- 
t e rnode  was exposed to  t e t raca ine  for 25 min. The  
u p p e r  panel  shows the  t ime course  o f  the I'm change  
and  the lower  one  shows tha t  of  the  G m change .  In the  
exper iment  shown by curve !~ the in te rnode  was not  
s t imulated,  while in the exper iment  shown by curve !~, 
the  in te rnode  was  s t imula ted  twice at  the t imes m a r k e d  
by S. 

Before the  iirst s t imulus the t ime course  of  the  Vrn 
change  curve !~ was  almost  the same as tha t  of  the V m 
change  curve 1,. The  t ime course  of  repolar iza t ion 
phase  was  so slow that  V m was still far  f rom the pr ior  
level even 10 rain a f t e r  s t imulus (curve I¢). The  second 
st imulus fu r the r  depolar ized  the m e m b r a n e .  The  
change  in V, is 5 mV at  most  for  curve ! ,  ( f rom -- 248 
to - 243 re'V), while it ~s 18 mV at least for  curve !~ 
( f rom - 2 4 1  to - 2 2 3  mV). Thus ,  we name  such a 
depolar iza t ion  e n h a n c e d  by a s t imulus a ' u s e -depen -  
den t '  depelar iza t ion  (,?urve I .~ and  the depolar iza t ion  
for curve !~ the  ' r es t ing '  depolar iza t ion.  

However ,  the change  in G m was not marked  for  
curve it, while it was  marked  for  curve I c af ter  the 
second stimulus.  The  overall  change  in G m was only 0.2 
# S / c m  2 ( f rom 252.1 to  252.3 via 258.7 # S / c m  2) for  
curve ir, while it was  a reduc t ion  of  118.4 / z S / c m  2 
( f rom 279.4 to 1 6 1 . 0 / ~ S / c m  2) for  curve !~.. 

Fig. 4B shows l idoca ine- induced  depolar iza t ions  a n d  
Fig. a C  bupivaca ine- induced  ones.  In both  figi=res 
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Fig. 4. Comparison of use-dependent depolarization with resting depolarization. The internode was not stimulated during 25 min of the first LA 
exposure (resting depolarization; curve I~). After washout the internode was again exposed to LA for 25 min. During this second exposure a step 
potential change to l" m = - |00 mV was applied twice for 20 s ~t the. times mark~'d by S tu:;e-dependent dep,d~!r}za!~n; eur,'c l~). The main time 
course of the cell exaltation is omitted from the figure and curve I X (dots) is an imaginary line. (A) ItX) #M tctracaine. Upper panel is the time 
courses of the V m changes and lower one is those of the Gm changes. (B) 500 p.M lidocaine. (C) 1000 p.M bupivacaine. In (B) and (C) the 

depolarization is exhibited as the deviation to) of V m from the starting level which was the V m just before each LA application. 



TABLE I 

Relalice depolarization extent u cflal¢ed b)' i'arJous LAs" (resting depolarization) 

A.D., Average of depolarizatiml: S.D., standard deviation. 
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Local Concentration of local anesth¢lic (pM) 

anesthetic 10 - - 3 0  50 100 200 3(10 5~1 1000 

Paramete~ Ibr the 
Hill function" 

Km Am 
(p.M) (relative) 

Tetracaine 
A.D. 0.(~1 I 
S.D. 0.f49 
Number 4 

Lidceaine 
A.D. 0,(100 
S,D. 
Number 1 

Bapivaeaine 
A.D. 
S.D. 
Number 

Procaine 
A.D, 
S.D. 
Number 

0.000 0.060 0.256 0.6{X1 0.810 I Oq~) " 
0,034 0.018 0.212 0.100 0.390 0.190 
4 3 II 3 9 5 

0.054 0.021 0.067 (1.163 0.182 (I.323 0.521 
0.017 0.042 0.007 0.074 0.157 0.109 
3 1 9 8 10 9 5 

0.064 0.249 0.190 0.232 0.720 
0.072 0.162 0.124 0.258 0.413 
5 3 R 7 5 

0.011 0,075 0.125 O. 107 0.192 
().Ill I 0.075 0.(163 0.021 
2 2 6 2 1 

190 1,14 

215 0.3'~ 

20{1 0,22 

335 0.21 

" The average depolarization (el was normalized by using the value, eo = 46.8 mV, which is the average of the resting depolarizations cdused by 
5tha p.M tctracainc. The steepness factor of the Hill function was 2, that is. A = e / e a  = A m ' ( C / K m ) 2 / ( I  +(C/Km)2) ,  where A and C are the 
exlent of depohirization and the LA concentration, and At. and Kt. are the maximum value of depolarization and the concentration which 
depolarizes the membrane by half the maximum. 

c u r v e s  I r a r e  r e s t i n g  d e p o l a r i z a t i o n s  a n d  c u r v e s  1~ 

u s e - d e p e n d e n t  d e p o l a r i z a t i o n s .  T h e  l i d o c a i n e - i n d a c e d  

u s e - d e p e n d e n t  d e p o l a r i z a t i o n  w a s  r a t h e r  m o d e r a t e ,  

wh i l e  t h e  b u p i v a c a i n e - i n d u e e d  o n e  qu i t e  m a r k e d .  T h i s  

m a r k e d  d e p o l a r i z a t i o n  o c c u r r e d  at  c o n c e n t r a t i o n s  

h i g h e r  t h a n  500 P-M. P r o c a i n e  a lso  d e p o l a r i z e d  t h e  

TABLE 11 

Relati~'e depolarization ~tent " caused by rarious LA~ (u~e-dcpead,.'nt depolarization) 

A.D., Average of depolarization; S.D., standard deviation. 

Local Concentration of local anesthetic (/zM) ParamelerS for the 

anesthetic 10 30 50 100 200 300 500 1000 Hill function 

Km Am 
(p.M) (relative) 

Tetracaine 
A,D. 
S.D. 
Number 

Lidoeaine 
A.D. 
$.D. 
Number 

Bupivacaine 
A.D. 
S.D. 
Number 

Procaine 
A.D. 
S.D. 
Number 

0.0"90 0.128 0.481 0.848 1.652 2.(158 
0,118 0.064 0.139 0.549 0.598 0.291 
2 2 2 7 , 3 4 

0.192 0,812 1.321 1.218 189 
0.220 0.492 0,647 0.579 
5 5 0 3 

0.267 0.737 0.591 1.068 1,963 
0.032 0.417 0.176 0,684 0A09 
2 2 3 2 0 

0.299 0.449 
0.021 
2 1 

132 2,15 

The standard value for the normalization of averaged depolarization (el was the same value as used in Table l, i.e., 46.8 mV ( = e,). The 
steepness factor of the Hill function was 2. A m and Km have the same meaning as used in Table I. 
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membrane at rest and prolonged the repolafization 
phase of action potential. Even at 1000/~M, however, 
procaine-induced resting and use-dependent depolar- 
izations were not as large as those of other LAs (of. 
Table 1 and 11). 

In Figs. 4A, 4B and 4C, the time courses of resting 
depolarization (curves !~) are very similar among dif- 
ferent LAs. Each time course may have at least two 
phases, i.e., a fast phase having a time constant ot 
about a few tenths of a sec and a slow phase. The latter 
depolarization phase appeared 5 to 15 min after each 
LA application, which i~ marked in cur,c ] r for lido- 
caine (Fig. 4B). Thus, the dose-response curve shown 
in Fig. 2, which was obtained by varying the tetracaine 
concentration successively, should be considered to be 
a mixture of effects of both concentration and expo- 
sure time. 

The dose-rt;sponse curves which would be obtained 
by direct replacements of c-APW with different LA 
concentrations are exhibited in Fig. 5. In order to 
obtain these curves, we first selected data having a 
resting potential between -220 and -260 mV in c- 
APW. Secondly, among them we selected data showing 
V m recovery more than 80% of its change during 
washout. Then, in the selected data, the difference (e) 
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Fig. 5. Dose-response curves for Vra (averages of depolarizations). 
The averages of LA-induced depolarizations in Tables I and II are 
plotted against various LA concentrations. Curves A to D are the 
resting depolarization curves: A, procaine; B, bupivacaine; C, lido- 
caine; D, tetracaine. Curves E and F are the use-dependent depolar. 
ii:ation cur~'es for lidocaine and tetracaine, respectively. The relative 
ratio of 1.0 corresponds to 46.8 mV which was the average (e 01 of 
del0olarizations caused by tetraeaine of 500 p.M. All curves were 
generated from the equation: A=e/coA m tC/Km)2/{I+{C/ 
/%)"). whel~ A m is the maximum value of the relative ratio. K m is 
the half value of the concentration at which the depolarization is half 

of the maximum, and C the LA concentration. 

in the resting potential between immediately before 
and at 5 min after each LA application was compared 
with the standard value tea), which was the averaged 
resting depolarization in the presence of 500/zM tetra- 
eaine. The e, value was 46.8 + 8.8 mV (five samples). 
Thus, the extent of resting depdarization, or the po- 
tency to depolarize the membrane at rest, was ex- 
pressed by the ratio e/e a. Similarly, the extent of 
use-dependent depolarization was defined as follows; 
the internode was stimulated 2-4-times during each 
I.A exposure of 25 to 100 min. The difference in Vm 
between immediately before each LA application and 
the beginning of each washout was compared with e 0. 
The extent ( = e /e  0) of depolarization is summarized in 
Tables 1 (resting depolarization) and !1 (use-dependent 
depolarization). The average value of depolarization 
was plotted against the concentration (Fig. 5). In Fig. 5 
each dose-response curve for V m was stimulated by 
adopting the Hill function having a steepness factor of 
2. The K m value for resting depolarization was 190 
btM for tetracaine (curve D), 215 /.tM for lidocaine 
(curve C), 20() p.M for bupivacaine (curve B), and 335 
p.M for procaine (curve A). The maximum e /e  n ( =A m) 
of resting depolarization was 1.14 for tetracaine, 0.38 
for lidocaine, 0.22 for bupivacairte, and 0.21 for pro- 
caine. 

The A m value of use-dependent depolarization was 
much larger than that of resting depolarization; A m 
was 2.15 for tetracaine (curve F) and 1.34 for lidocaine 
(curve E). The K m value of use-dependent depolariza- 
tion was smaller than that of resting depolarization; 
K~, was 132 #M for tetracaine and 189/.tM for lido- 
caine. The bupivacaine-induced use-dependent depo- 
larization was marked at concentrations higher than 
50(1 p.M as shown in Fig. 4C. As described already, the 
procaine-induced use-dependent depolarization was 
small. 

Tetracabw and lidocahw decrease puntp conductance 
attd utcrease difJilsion conductance 

The I -V m relationship curve A (upper panel) and 
the Gm-I/m relationship carve A (lower panel) in Fig. 
6A are the controls. These were obtained in c-APW 
about 270 rain after microelectrode penetration, which 
corresponded to the time 10 rain before application of 
500 p.M lidocaine. The resting potential was -211 
mV, and G., at rest was 138 ~S /cm 2. The i-V m 
relationship forms an S-shape and the Gm-V m relation- 
ship a bell-shape. These relations characterize the 
property of the electrogenic H +-pump. The peak of G m 
is about 145/.tS/cm 2 at about - 190 inV. In this paper 
V m, at which V m is the peak (Gt), is expressed by V t. 
Four successive stimuli (at intervals of 5 rain) depolar- 
ized the membrane to -108 mV in about 25 rain. In 
this membrane state both I -  and Gm-Vra relationships 
curves B were obtained. In curve B (upper panel) the 



currents increased markedly by depolarization, while 
they decreased by hyperpolarization. Thus, rectifica- 
tion was marked,  Correspondingly, G m markedly de,. 
creased ~ i th  hyperpolarizatlon (curve B in lower panel). 
The Gra value was 2 5 0 / z S / c m  2 at rest ( =  - 108 m'¢):. 
75 # .S /cm 2 at - 150 mV, and 70 p.S.cm 2 at - 2 5 0  m"v. 
Note that  the bell-shape in the G m - V  m relat ionship 
disappears  and that  G m appears  to be larger than that 
of the control, if I/m is more negative than - 270 mV. 
Then, the internode was washed with c-APW for 180 
min, during which the membrane repolarized to - 185 
inV. Thoug, h the recovery of the S-shape in the i - i /m 
relat ionship was not complete (curve C in upper  panel), 
it should be noted that  the bell-shaped G m - V  m rela- 
t ionship having G t (about 90 p .S /cm z) at around - 190 
mV ( =  I'~) appeared  again (curve r, in I . . . . . . . . . .  ~ . . . . . . .  v,.,~..,. 
This V t was almost the same voltage as that  of the 
control (curve A). Note also that  in the large negative 
V m range the G m values in curve C are much smaller  
than those in curve B. 
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Both ! -  and Gin-l/m curves A in Fig. 6B were 
obta ined in c-APW, while curves B in the presence of 
!09 ~zM tetracaine,  and curves C to E in the presence 
of 75 p M  DCCD. Both control curves A are similar to 
those shown in Fig. 6A. The rcsl i~g po;cn~ial was 
- 2 4 8  mV, ('?m at rest 180 p .S /cm 2, and G t was 265 

/z.'~/,:m z at - 190 mV ( =  Vt). The exposure to tetra- 
caine for 20 min depolar ized the membrane  by 10 mV 
(I/m = - 2 3 7  mV) and shifted the l -V , ,  relat ionship 
almost in parallel  with that  of the control. G m at rest 
increased t~ 200 p S / c m  ~, while G, decreased to 240 
p .S /cm z almost without  changing V t ( = - 190 mV). G m 
increased slightly in the large negative V m range with 
tetraeaine,  while it decreased in the depolarized range. 
The b~.ll-shaped pat tern in the G m - V  m relat ionship 
remained even with exposure to tetraeaine. 

Tetracaine was replaced with 75 p M  DCCD (curves 
C, D, and E). Dur ing the DCCD-induced depolariza- 
tion the S-shaped pat tern  in the I - V  m relat ionship 
d isappeared and G t decreased successively without 
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Fig. 6. Current-voltage (I-1.~) and conductance-voltage (Gm-V m) relatioaships in the presence of LA, (A). 500 p.M lidocaine, The control 
curves A were obtained about 10 min before LA application, while curves B were obtained about 30 min after LA exposure. Daring the exposure 
the internode was stimulated 4-times at interpulse interval of 5 min, which depolarized the membrane from -211 to -108 mV. Then the 
internode was washed with c-APW for 180 rain. In this state curves C were obtained. (B). 100/~M tetracaine and 75 p.M Dccr). Cu..,es A weic 
the controls in e-APW. Curves B were obtained about 20 rain after LA application• Suon after recording curves B 100 FM tetr~eaine was 

rep;aced wi~h 75 pM DCCD, Curves C, D, and E were obtained at al:out 30, 45, and 60 rain after DCCD application. 
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Fig. 7. I - V  m and G,,-I./m relationships in the presence of LA after 
DCCD application. Curves A were the con)rols. Curves B were 
obtained about 8(1 rain after 75 p.M DCCD treatment. Then. DCCD 
was replaced with 5111) H.M lidocaine and about 3fl rain after this LA 

exposure curves C were recorded. 

changing the ~ level from its control. Together with 
the decrease of G ,  G m in the large negative V m range 
decreased. Finally,//~ was stable at - 130 mV, and the 
C m values in the I,'~ range more ncgative than - 160 
mV were very small (about 5 p.S/cm2). 

Both drugs, i.e., LA and puiilp inhibitor DCCD, 
caused a 6 t decrease and a loss of the bell-shaped 
pattern in the G m - V  m relationship (Figs. 6). These 
suggested a decrease in G o and a loss of its voltage 
dependence. On the other hand, G m (about 70 /zS/ 
cm z) at large hyperpolarization (Fig. 6A) was larger in 
the presence of LA than that (5 tzS/cm z) in the 
presence of DCCD (Fig. 6B). The difference in G m 
between 70 and 5 /.tS/cm-" suggested that LA might 
increase G d. 

We investigated the LA-induced G d increase more 
directly by changing our experimental procedure, in 
the experiment of Fig. 7, after having recorded the 
control i -  and G m - V  m curves A, 75 p.M DCCD was 
first applied for 80 min, when the resting potential was 
-147 mV and G~ at rest was 85 ~S/'cnfl. in this 
membrane state both i -  and Gm-~n curves B were 
obtained. Both characteristic patterns obser~=ed in the 
control curves A, i.e. S-shape in the l-V,., and bell- 
shape in the G m - V  m relationships, were lost in curves 

B, and the G m in the presence of DCCD was 5{} to 30 
t tS/cm: in the V m range more negative than -160 
inV. These are typical for the Chara plasmalemma 
treated hy DCCD and considered to be the property of 
the diffusion channel [18,19]. The replacement of 
DCCD with 500 p,M lidocaine further depolarized the 
membran: by 27 inV. In this state curves C were 
obtained. At the same time, G,, at rest increased by 25 
#S/cm". The Gm in the V., range more ,~gafive than 
-1711 mV was larger in curve C than in curve B by 
about 7 p.S/cm "~. Lidocaine was replaced again with 75 
/xM DCCD. The membrane repolarized to -130 mV 
in 611 min, where both I -  and G m - V  m relationships 
curves were similar to curves B (data not shown). 

Discussion 

All tested LAs depolarized the membrane at rest 
and slowed the later time course in the falling phase of 
action potential (cf. Figs. 1, 2 and 3). Besides, even 10 
rain after stimulus, which is a sufficiently long inter- 
pulse interval beyond the refractory period, the mem- 
brane remained at a more depolarized level. Conse- 
quently, excitation enhanced the degree of depolariza- 
tion at rest (Figs. 4), By analogy with the use-depen- 
dent block in nerve excitation, we named the LA-in- 
daccd depolarization with stimulus/excitation the 
use-dependent depolarization and that without excita- 
tion the resting depolarization. These were our prelim- 
inary, but clear, results of the effects of LAs on Chart.  
However, the changes in the rising phase and the peak 
of action potential were not marked (Fig. 3). This 
observatkm suggested that the LA action on the Chart  
excitation differs from the action of calmodulin- 
ant,geni:;'~s which depress excitability greatly [33-37]. 

The fallin~ phase during action potential is pro- 
longed if the time constant of closing of one or more of 
the three diffusion channels, i.e., Ca 2+, Ca2+-activated 
CI-, and voltage-dependent K + channels, is increased 
by LA (scc Introduction), However, in the internode 
which was largely depolarized to the diffusion potential 
( -100  to -140 mV) by LA, the duration of action 
potential was not always prolonged (in preparing). The 
prolongation caused by LAs was characterized by a loss 
of the potency tor large repolarization beyond the 
diffusion potential (Fig. 3). Besides, after excitation the 
G m decrease was marked (Fig. 4A). Thus, the loss of 
thc potency for large repolarization is well supposed to 
be due to a loss of the contribution of Gp to the 
repolarization, i.e., a Gp decrease. 

Both the use-dependent depolarization and the or- 
der of the use-dependent depolarization potency are 
involved in the questions on both pathway and binding 
site of LAs. Compared to the degree of the use-depen- 
dent depolarization, the changes in both rising phase 
and peak of action potential were generally small (Fig. 



3). Besides, as described alreo.dy, the duration of action 
potential elicited at the diffusion potential level was 
almost comparable to that of control action potential 
in the absence of LAs. These sugges) that the diffusion 
channels may be the pathway of LAs, but not necessar- 
ily their binding site. On the other hand, as in the case 
of the nerve-blocking potency of LAs [39,40], the order 
of the use-dependent denolariza!ion ~ t e n c y  (:ctiu- 
caine - I~upivacaine > lidocaine > procaine; Table 11) 
almost coincides with that of the solubilitie.~ of LAs to 
lipid [41,42]. This supports that the lipid .,.olubility of 
LAs is primarily important, but not completely that 
lipid is the binding site. 

The order of the resting depolarization potency of 
LAs was tetracaine > lidocaine = bupivac~,ine > pro- 
caine (Fig. 5 and Table i). This order differed from the 
order of the use-dependent depolarization potency. 
Such a difference in the nrder of the depolarization 
potency of LAs between with and without stimulus may 
be due to a change in lipid state of the membrane such 
as phase transition or phase separation; for instance, 
the lipid state changes depending on Ca 2+ concentra- 
tion [43-45]. In the Chara cell either during action 
potential or just before its initi'r~*ion, a decrease in the 
Ca-" + density at the membrane surface is er;pected [46]. 
Consequently, a change in the order of the depolariza- 
tion potency of LAs is expected between resting and 
excited states. Besides, LAs may be more lipophilic at 
a lower Ca 2+ density during action potential than at a 
higher Ca 2+ density in the resting state. In fact, a high 
Ca -'+ concentration ~epressed the depolarization po- 
tency of LA; th~ K m value (500 p.m) for the tetra- 
caine-induced resting depolarization at the Ca 2+ con- 
centration of 2.0 mM (Fig. 2) was much larger than 
that (190 p.M) at 0.1 mM Ca -~+ (Fig. 5). Anyway, these 
Ca 2+ effects on the LA depolarization potency should 
be further tested. 

The ti.me course of resting depolarization had at 
least two phases; that is, fast and slow phases. The 
former had a time constant of the order of a few tenths 
of a second. Tl~e latter appeared after about 5 to 15 
min of LA apglication (Figs. 4). The former time 
course resembles that of the cytoplasmic pH~ increase 
in Neurospora caused by procaine [47], where the tested 
concentration range was about 10 times higher than 
that described in the present paper. According to the 
kinetics of the electrogenic H +-pump [ 18,19], elevation 
of p H  i will depolarize the membrane, decrease G,, at 
rest, and shift V, to a less negative potential [48,49]. As 
exhibited in the present paper, G m at rest did not 
always decrease and V t did not shift during LA-in- 
duced depolarization. The change in pH~ may not 
always bc the cause of the fast phase of LA-induced 
depolarization. 

During LA exposure, Gm increased in some tests, 
and it decreased in the other tests even at the same 
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concentration. Whethet LA decreased G m or increased 
it seemed in some cases to relate with our experimen- 
tal procedure such as LA exposure time, number of 
repeat of LA application or number of stimuli. How- 
ever, it seemed to depend on individual internode. 
Such an ambiguous G m change could be to some 
extent understood by studying the cllangc in the Gm-i,~,, 
relationship. The control Gin-Fro r,~lationship showed 
a hell-.shape having a conductance peak (G t) at around 
-200  mV. As shown in Fig. 7, DCCD which inhibited 
the H+-pump depolarized the membrane to the diffu- 
sion potential about - 100 to - 140 mV). In this ~tate 
the G,,,-V m relationship is considered to correspond 
almost to the voltage dependence of the diffusion 
conductance, Gd-V,, relationship [18,19]. The G d val- 
ues were 20 to 40 t,~S/cm 2 in the V m range more 
negative than - 1 5 0  inV. These G d values are within 
the acceptable range of G d (18 to 20 p.S/cm 2) deter- 
mined from the data of flux measurement [50]. During 
DCCD poisoning, G t decreased and the G,,-V,,, rela- 
tionship finally lost its bell-shape as shown in curve B 
in Fig. 7. These were also the case for the G~ change 
caused by LAs. That is, LAs decreased Gp. With LA, 
however, the G m value (50 to 100 tzS/cm 2) at the foot 
of the bell-shape wa~ generally 2-3-times larger than 
that (20 to 40 g S / e m  z) in the presence of DCCD (cf. 
Figs. 6A and 7). This suggests that LA increased G d by 
affecting the diffusion channel. 

According to Belton and Van Netten [7], procaine at 
high concentrations (50 to 100 raM) depolarizes the 
Nitella flexilis plasmalemr,a increasing Gm. They sup- 
posed that the depolarization was due to the increase 
in the potassium conductance, G~. in our present 
results the LA application after DCCD treatment fur- 
ther depolarized the membrane by 5 to 25 mV, but did 
not always increase Ga greatly in the examined whole 
V m range (Fig. 7). Under our present experimental 
conditions G z increase alone is not sufficient to cause 
such a depolarization of the membrane. The increase 
in channel conductance such as the CI- channel might 
to some extent contribute to the LA-induced depolar- 
ization. The DCCD application after LA treatment 
depolarized the membrane to the diffusion potential, 
but G,~ (5 i tS/era 2) was extremely low (Fig. 6B). The 
action of LA on the diffusion channel should be fur- 
ther studied. 

A partial recovery of the bell-sha~ed G,n-V m rela- 
tionship (Fig. 6A) can be partly explained by the dual 
action of LAs on the G m change in the Chara plas- 
malemma, Gp decrease and Gd increase. The reap- 
pearance of the bell-shape and the decrease in Gn~ at 
large negative Vn, suggests a partial recovery of G~, and 
that of G d, respectively. Such a dual action of LAs on 
G m resembles somewhat the conclusions concerning 
LA actions on oxidative phosphorylation in rat liver 
mitochondria [51]. LA inhibits ATP synthesis by caus- 
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ing decoup l ing ,  a slip o f  t he  H+-pu rap ,  wh ich  sugges t s  
t he  d e c r e a s e  in the  p u m p  c o n d u c t a n c e .  O n  the  o t h e r  
h and ,  L A  causes  u n c o u p l i n g  in the  coex is tence  o f  
h yd rophob i c  anions ,  wh ich  sugges t s  an  inc rease  in the  
H ÷ diffu~ior, leak.  

T h e  p r e s e n t  e x p e r i m e n t s  w e r e  ca r r i ed  ou t  a t  p H  7.0 
a n d  t he  d a t a  sugges t ed  tha t  t he  lipid solubili ty o f  L A s  
is o f  p r i m a r y  i m p o r t a n c e .  T h e n ,  t he  L A - i n d u e e d  depo -  
la r iza t ions  will i nc rease  in t he  p H  r a n g e  h i g h e r  t h a n  
7,0, b e c a u s e  th:" p/C,  va lues  o f  L A s  tes ted  a re  7.8 to 
8.9 [41,42] a n d  the  c o n c e n t r a t i o n  o f  the  m o r e  l ipophil ie,  
i.e., u n c h a r g e d ,  fort., o f  L A  inc reases  wi th  the  inc rease  
in p H .  W -  ~ a re  studytJ,~,, e f fec ts  o f  p H  on  the  LA- in -  
d u c e d  depo la r i za t i ous  ~. d i f f e ren t  C a  z+ c o n c e n t r a -  

tions. 
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