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Abs t rac t  

The mechanism of action of lidocaine, which is commonly used clinically as a local anesthetic, was studied in human red blood 
cells. The influx of [J4C]lidocaine through the cell membranc induced reversible transformation of human red blood cells from 
discocytes to stomatocytes. This change in shape depended on the lidocaine concentration and required both ATP and carbonic 
anhydrase. The lidocaine-induced shape change occurred as a result of spectrin aggregation, which altered the intracellular 
environment of the human red blood cells, mediated by carbonic anhydrase and activation of vacuolar type H+-ATPase 
(V-ATPase). Lidocaine controlled the influx of 22Na into the human red blood cells in a concentration-dependent manner. When 
incubated in media containing 6-chloro-9-[(4-diethylamino)-l-methyl-butyl]amino-2-methoxyacridine (mepacrine), an inhibitor of 
Na + channels, human red blood cells changed shape from discocytes to stomatocytes and the intracellular pH decreased. This 
phenomenon was very similar to the shape change induced by lidocaine. These results suggest that the mode of action of 
lidocaine is related to a conformational change in the cytoskeletal protein network. 
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1. Introduction 

Local anesthetics are known to block Na ÷ channels 
and stabilize cell membranes  in a similar manner  in 
nerves (Narahashi  et al., 1969; Hille, 1977; Courtney, 
1978), skeletal muscles (Schwartz et al., 1977) and 
cardiac tissues (Bean et al., 1983; Clarkson et al., 
1988). The mechanism of Na + channel blockage has 
been explored previously with respect to both mem- 
brane lipids (Hille, 1977; Yeagle et al., 1977; Ehring et 
al., 1988) and membrane  proteins (Chan and Wang, 
1984; Matsumoto et al., 1984; Angelides et al., 1988; 
Srinivasan et al., 1988). It is generally accepted that 
anesthetics permeate  through the membrane  in un- 
charged form and undergo reprotonation on reaching 
the cytoplasm to exert their effects. These drugs inhibit 
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sodium permeat ion by directly binding to the Na ÷ 
channels on the cytoplasmic side of the excitable mem- 
brane (Narahashi et al., 1970; Narahashi and Frazier, 
1971). The blocking mechanism, however, remains 
unclarified in relation to the behavior of Na + channels. 
The cytoskeletal protein network has been reported to 
play a role as a regulatory factor in structural changes 
in Na + channels in squid giant axons (Matsumoto et 
al., 1984) and in neurons of the rat brain (Srinivasan et 
al., 1988; Angelides et al., 1988). For further studies, 
the erythrocyte membrane  is useful as a model system, 
since it has a basic structure similar to that of the 
general cell, and the structure of the cytoskeletal net- 
work of the cytosol resembles that in axons. 

Therefore,  we used human red blood cells to study 
the mechanism of action of the local anesthetic lido- 
caine. A change in human red blood cell shape from 
discocytes to stomatocytes was seen after the applica- 
tion of local anesthetic. The mechanism of this change 
was studied in relation to the cytoskeletal network. 
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2. Materials and methods 

2.1. Materials 

Chemicals: 3-[N-morpholino]propanesulfonic acid 
(MOPS), N-[2-hydroxyethyl]piperazine-N'-[2-ethane- 
sulfonic acid] (Hepes), nigericin and 6-chloro-9-[(4-di- 
ethylamino)- 1-methyl-butyl]amino-2-methoxyacridine 
(mepacrine) were obtained from Sigma Chem. Co., St. 
Louis, MO, USA. The following chemicals were pur- 
chased from the sources indicated: lidocaine hydro- 
chloride (Fujisawa Pharm. Co., Kanagawa, Japan); 
[14C]lidocaine hydrochloride, [32p] and [22Na] (New 
England Nuclear, Boston, MA, USA); 4,4'-diisothio- 
cyanostilbene-2,2'-disulfonic acid (DIDS) and 3'- 
acetyl-2'-carboxyethyl-6',7'-(dihydropyran-2'-one)-5- 
carboxyfluorescein diacethoxymethylester (BCECF- 
AM; Dojindo Laboratory, Kumamoto, Japan). Other 
reagents were obtained from Wako Pure Chem. Ind. 
Osaka, Japan). 

2.2. Preparation of  human red blood cell and human red 
blood cell membranes 

Venous blood was drawn from a healthy adult vol- 
unteer, immediately heparinized and then centrifuged 
at 2000 × g for 20 min to remove plasma and the buffy 
coat. human red blood cells in the pellet were washed 
three times with phosphate-buffered saline (10 mM 
phosphate buffer, 145 mM NaCI, pH 7.4; PBS) and 
then suspended in PBS. Washed human red blood cells 
were hemolysed in 50 volumes of ice-cold 10 mM 
Tris-HCl (pH 7.4) and then centrifuged at 15 000 x g in 
a Kubota centrifuge (KR-2000, RA-3) at 0°C for 30 
min. The membrane fraction was obtained by repeating 
the same procedure with ice-cold 10 mM Tris HC1 (pH 
7.4). 

2.3. Isolation of  spectrin 

Spectrin was isolated from the human red blood cell 
membrane preparation as described previously (Mor- 
row eta | . ,  1980). The membrane extract (15-18 mg of 
protein) obtained after incubation with 10 volumes of 
0.1 mM EDTA (pH 8.0) at 4°C for 5 h was subjected to 
Sepharose CL-4B column chromatography (2.5 × 90 
cm), and eluted with 10 mM Tris-HCl, 0.5 mM 2- 
mercap toe thano l ,  and 0.2 mM diisopropyl- 
fluorophosphate at a flow rate of 0~6 ml/min. 

2.4. Observation of  changes in shape 

The changes in shape of human red blood cells were 
observed by scanning electron microscopy (JEOL, 
JSM-35). Specimens were prepared as described previ- 
ously (Nishiguchi et ai., 1993). human red blood cells 

were fixed with 1% glutaraldehyde in PBS, followed by 
routine alcohol dehydration. 

2.5. Influx of [14C]lidocaine into human red blood cells 

Washed human red blood cells were incubated in 
PBS containing 10.5 mM lidocaine and 1.85 MBq/ml 
[~4C]lidocaine for 30 s, 5 min, 15 min, or 30 min at 
37°C (Ht: 10%), and centrifuged at 2000 × g for 5 rain 
at 4°C. The pellets were washed twice with PBS and 
hemolysed in 10 volumes of ice-cold 10 mM Tris-HCl 
(pH 7.4). The hemolysate solution were centrifuged at 
15000 × g for 30 min at 4°C. The radioactivity in the 
supernatants was measured using a scintillation counter 
(Aloka, LSC-903). 

2.6. Influx of 22Na into human red blood cells 

Washed human red blood cells were incubated with 
PBS containing 0 mM, 3.1 mM, 10.5 mM or 21.8 mM 
lidocaine and 370 KBq/ml 22Na for 5 min, 15 rain or 
30 min at 37°C (Ht: 10%), and centrifuged at 2000 × g 
for 5 min at 4°C. The pellets were washed twice with 
PBS and hemolysed in 10 volumes of ice-cold 10 mM 
Tris-HCl (pH 7.4). The hemolysate solutions were cen- 
trifuged at 15 000 × g for 30 min at 4°C. The radioac- 
tivity in the supernatants was measured using a scintil- 
lation counter. 

2. 7. Electrophoresis 

Protein was electrophoresed as reported by Laemmli 
(1970). Samples were analyzed on 3-10% linear gradi- 
ent polyacrylamide gels under nonreducing conditions. 
Gels were stained with Coomassie brilliant blue R-250, 
and the intensities of the stained bands were measured 
using a Personal Densitometer PDll0  (Molecular Dy- 
namics Co., Tokyo, Japan). 

2.8. Preparation of  antibodies against human erythrocyte 
spectrin dimers 

Two rabbits were immunized with three injections 
each of mixtures of purified spectrin from human red 
blood cells and Freund's adjuvant. The first injection 
was given subcutaneously with a mixture of 1 mg of 
purified spectrin in 500/xl of PBS and Freund's com- 
plete adjuvant (ratio 1:1 v/v). After 4 weeks, a mix- 
ture of 1 mg of purified spectrin in 500/~1 of PBS and 
Freund's incomplete adjuvant (ratio 1:1 v/v) was in- 
jected intramuscularly. After a further 2 weeks, the 
final injection was given in the same manner as the 
second, and the rabbits were bled two weeks later. 
Affinity-purified anti-spectrin antibodies were pre- 
pared on a column of purified spectrin-coupled Af- 
figel-10 (Bio Rad) (Shimizu et al., 1990). 
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2.9. Immunofluorescence analysis 

Smears  of  human  red  b lood  cells were  fixed br ief ly  
in ace tone ,  washed  in PBS and then  incuba ted  with a 
1 : 20 di lut ion of  p r imary  an t i s e rum in a humid  cham-  
be r  at 37°C for 30 min. A f t e r  be ing  r insed  in PBS, the  
spec imens  were incuba ted  in F I T C - l a b e l e d  goat  ant i -  
se rum ra ised  against  rabbi t  l gG.  A f luorescence  micro-  
scope  was used for immunoh i s tochemica l  observa t ion .  

2.10. Measurement o f  intracellular pH (pHi) in human 
red blood cells using BCECF-AM 

pHi  was d e t e r m i n e d  using the in t race l lu la r ly  t rap-  
p a b l e  f luorescent  p H  ind ica to r  B C E C F - A M  (Musgrove  
et  al., 1986; Br ight  et  al., 1987). W a s h e d  h u m a n  red  
b lood  cells, at  a cell dens i ty  o f  8% hematocr i t ,  were  
l abe led  with 1 0 / z M  B C E C F - A M  in H e p e s  buffer  (153 
m M  NaCl ,  5 m M  KC1, 5 m M  glucose,  20 m M  Hepes ,  
p H  7.4) for 60 min at 37°C. A f t e r  incubat ion ,  the cel ls  
were  washed three  t imes  with PBS at 2000 x g for 5 
min each t ime at 4°C. The  f luorescence  of  B C E C F  was 
m e a s u r e d  using a F A C S c a n  (Bec ton-Dick inson ,  M o u n -  
tain View, CA)  flow cy tome te r  at exci ta t ion and emis-  
sion wavelengths  of  495 nm and 530 nm, respect ively .  
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Fig. 1. Influx of [14C]lidocaine into human red blood cells. Human 
red blood cells were incubated with PBS containing 10.5 mM lido- 
caine and 1.85 MBq/ml [14C]lidocaine for 30 s, 5 min, 15 min, 30 
rain or 60 rain at 37°C (o), and washed 3 times with PBS after 
incubation in media containing 10.5 mM lidocaine and 1.85 MBq/ml 
for 15 min at 37°C (O) (Ht: 10%). Values are means+_S.D, for three 
experiments. Significantly different from control "P < 1).001. 

The  p H  was ca lcu la ted  by compar ing  the ra t io  de te r -  
mined  in the sample  to a s t a n d a r d  curve cons t ruc ted  
using cells exposed  to high-KC1 buffer  (130 mM KCI, 
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Fig. 2. Scanning electron micrographs of human red blood cells incubated in media containing lidocaine at concentrations of 0 mM (A), 3.3 mM 
(B), 10.5 mM (C) and 20.1 mM (D) at 37°C for 15 min (Ht: 10%). 
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10 mM NaC1, 1 mM MgSO4, 10 mM Na-MOPS) at 
various pHs (pH 6.0, 6.4, 6.7, 7.0, 7.4) in the presence 
of 10 /xg/ml of the ionophore nigericin, which causes 
equilibration of pHi with that of the buffer, for 15 rain 
(Thomas et al., 1979). The mean fluorescence was 
determined by computer analysis of the obtained his- 
tograms. 

3. Results 

3.1. Influx of  [14C]lidocaine into human red blood cells 
and lidocaine-induced human red blood cell shape change 

As shown in Fig. 1, high levels of [14C]lidocaine 
were counted in the cells immediately after its addi- 
tion, and the amount incorporated reached saturation 
at 30 min. Lidocaine was removed from the cytoplasm 
by washing the cells three times with PBS. 

Human red blood cells were incubated in media 
containing 0 mM, 3.3 mM, 10.5 raM, or 20.1 mM 
lidocaine for 15 min at 37°C, and their shape changed 
from discocytes to stomatocytes. This shape change 
was dependent on the concentration of lidocaine (Fig. 
2). 

3.2. Effects of lidocaine on the influx of 22Na into human 
red blood cells 

Influx of 22Na into human red blood cells incubated 
with PBS containing 0 mM, 3.1 mM, 10.5 mM or 21.8 
mM lidocaine and 370 kBq/ml ZeNa for 5 min, 15 min 
or 30 min at 37°C decreased with increasing concentra- 
tions of lidocaine (Fig. 3). 
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Fig. 3. Influx of 22Na into human red blood cells. H u m a n  red blood 
ceils were incubated in media containing 0 mM (e), 3.1 mM (11), 10.5 
m M  ( • )  or 21.8 m M  (O)  lidocaine and 370 kBq /m[  22Na for 5 min, 
15 min or 30 min at 37°C (Ht: 10%). Values are m e a n s + S . D ,  for 
three experiments.  Significantly different from control *P < 0.05, 
* *P < 0.02 and * * *P < 0.01. 

30 min or 60 rain in a concentration- and time-depen- 
dent manner (Fig. 5B). 

3.5. Effects of bafilomycin A 1, an inhibitor of H +- 
ATPase, on the lidocaine-induced shape change and phi  

To determine the effects of inhibitors of the vacuo- 
lar-type H+-ATPase (V-ATPase) on the lidocaine-in- 
duced shape change in human red blood cells, 
bafilomycin A1, a specific inhibitor of V-ATPase, was 
used. When human red blood cells were incubated in 
buffer containing 0 mM or 21.0 mM lidocaine or 10 
/xM bafilomycin A1 for 30 min at 37°C, they showed no 

3.3. Measurement of  pHi in human red blood cells with 
lidocaine 

BCECF-AM-Iabeled washed human red blood cells 
were incubated with PBS containing 0 mM, 1 mM, 10 
raM, 15 mM or 20 mM lidocaine at 25°C for 5 min, 15 
min, 30 min or 60 min, and the pHi was determined by 
flow cytometry. The pHi of human red blood cells 
decreased as the concentration of lidocaine increased 
at each incubation time (Fig. 4). 

3.4. Effects of mepacrine on human red blood cells 

When incubated in PBS containing 100 /zM 
mepacrine, a Na ÷ channel inhibitor, for 5 min at 37°C, 
the shape of human red blood cells changed from 
discocytes to stomatocytes (Fig. 5A). The pHi de- 
creased on incubation with PBS containing 0/zM, 100 
/zM, 200/xM or 300/.tM mepacrine for 5 min, 15 min, 
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Fig. 4. Changes  in pHi of lidocaine-treated human red blood cells. 
BCECF-loaded human red blood cells were incubated in media 
containing 0 mM (e), 1 mM ( I ) ,  10 mM (O) ,  15 mM (o) or 20 mM 
( • ) lidocaine for 5 min, 15 min, 30 min or 60 min at 37°C (Ht < 1%). 
Values are means  :i: S.D. for six experiments.  Significantly different 
from control *P < 0.05, * "P  < 0.01 and * * *P < 0.001. 
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Fig. 5. Effects o f  mepacrine on the shape and pHi  o f  human red blood cells. Scanning electron micrographs o f  human red blood cells incubated 
in media containing 0/zM (A) or 100 p~M mepacrine (A') for 5 rain at 37"C (Ht: 10%). These scanning electron micrographs are representative of 
three experiments using different human red blood cell preparations with identical results. (B) BCECF-Ioaded human red blood cells were 
incubated in media containing 0/zM (e), 100/zM (O), 200/xM (A) or 300/zM ( u )  mepacrine for 5 min, 15 min, 30 min or 60 min at 37°C 
(Ht < 1%). Values are means _+ S.D. for three experiments. Significantly different from control "P < 0.001. 
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Fig. 6. Effects of bafilomycin A I on the shape and pHi of lidocaine-treated human red blood cells. (A) Human red blood cells were incubated in 
media containing 0 mM (a) or 21.0 mM lidocaine (b) for 30 min at 37°C, with 10/zM bafilomycin Al(c) for 10 min at 37°C followed by incubation 
with 21.0 mM lidocaine for 30 min at 37°C (d) (Ht: 10%). (B) Changes in pHi of lidocaine-treated erythrocytes. Human red blood cells were 
incubated in media containing 0 mM (e), 14.3 mM lidocaine (e), 1 /zM bafilomycin A j (1:2) or 1 /zM bafilomycin A j plus 14.3 mM lidocaine (lI)  
(Ht < 1%). Values are means ± S.D. for six experiments. Significantly different from control "P < 0.05 and * *P < 0.02. Significantly different 
from lidocaine-treated group P < 0.01 and "*P < 0.001. 
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Fig. 7. (A) Lidocaine-induced changes in spectrin distribution in 
human red blood cells. Indirect immunofluororescence micrographs 
of human red blood cells incubated at 37°C for 5 min in: (a) PBS; (b) 
PBS containing 10.1 mM lidocaine (Ht: 10%). (B) Analysis by SDS- 
PAGE of spectrin dimers incubated at 37°C for 30 min in PBS at pH 
7.4 (a), 7.0 (b), 6.9 (c), 6.8 (d), 6.7 (e), 6.6 (f), 6.5 (g), 6.4 (h), 6.3 (i), 
6.2 (j), 6.0 (k) or 5.5 (1). The pH of the buffer was adjusted with 0.1 M 
HCi. Samples were analyzed on 3-10% linear gradient gels under 
non-reducing conditions. 

change in shape. Incubation with 21.0 mM lidocaine 
for 30 min at 37°C after preincubation in buffer con- 
taining 10 ~M bafilomycin A 1 for 10~ min at 37°C 
induced a slight shape change compared with un- 
treated human red blood cells (Fig. 6A). When human 
red blood cells were incubated in buffer containing 1 
/zM bafilomycin A 1 for 10 min at 37°C, pHi did not 
change in comparison with that of controls. However, 
on incubation with 14.3 mM lidocaine for 5 min, 15 
rain, 30 rain or 60 min at 37°C after preincubation in 
buffer containing 1 /.,M bafilomycin A1 for 10 min at 

37°C, the human red blood cell intracellular pHi 
showed a slight decrease compared with that in un- 
treated cells (Fig. 6B). 

3.6. Spectrin aggregation in lidocaine-treated human red 
blood cells and effects of pH on extracted spectrin dimers 

To determine whether the lidocaine-induced shape 
change was related directly to spectrin, its distribution 
in lidocaine-treated human red blood cells was ob- 
served by indirect immunofluorescence with anti-spec- 
trin antibodies. Aggregation of fluorescence was ob- 
served in lidocaine-treated cells (Fig. 7Ab), while the 
fluorescence was distributed diffusely in untreated (Fig. 
7Aa) and in cells treated with both acetazolamide and 
lidocaine (data not shown). Diffuse fluorescence was 
also observed in cells washed after treatment with 
lidocaine (data not shown). 

Isolated spectrin dimers were incubated with PBS at 
various pHs at 37°C for 20 min and analyzed by SDS- 
PAGE. The bands of spectrin dimers and tetramers 
decreased, while that of the high molecular weight 
spectrin species increased with decreasing pH of the 
buffer (Fig. 7B). 

4. Discussion 

The mechanism of action of lidocaine was investi- 
gated in relation to conformational changes in the 
cytoskeletal protein network in human red blood cells. 
The lidoeaine-induced shape change of human red 
blood cell occurred dose and time dependently. Lido- 
caine was incorporated into human red blood ceils 
dependent on the concentration of lidocaine (Nishi- 
guchi et al., 1989). Furthermore, [14C]lidocaine was 
removed from the cytoplasm by washing. Lidocaine has 
been reported to block the Na ÷ channel (Narahashi et 
al., 1970; Cahalan and Almers, 1979). The effect of 
sodium on the lidocaine-induced shape change was 
investigated. The influx of Na ÷ into human red blood 
cells was observed to be controlled by the lidocaine 
concentration. We used a high concentration of lido- 
caine because the membrane potential of human red 
blood cells is low. Influx of 22Na into human red blood 
cells decreased with increasing concentrations of lido- 
caine. When human red blood cells were incubated in 
media containing mepacrine, an inhibitor of Na ÷ chan- 
nels (Cantiello et al., 1990), they changed shape from 
discocytes to stomatocytes. This phenomenon was very 
similar to the shape change induced by lidocaine. The 
flow of ions as a result of conformational changes in 
ion channels was observed as an influx of 32p into the 
human red blood cells. The influx of 32p into the 
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human red blood cells was controlled in a manner  
dependent  on the concentration of lidocaine and was 
very similar to that observed with addition of DIDS, a 
specific inhibitor of anion channels (Cabantchik et al., 
1978) (data not shown). Therefore,  we consider that 
the observed lidocaine-induced shape change was re- 
lated to the flow of ions. The lidocaine-induced shape 
change appeared 30 s after lidocaine application and 
was dependent  on both the concentration of lidocaine 
and the incubation period. The shape change required 
ATP levels higher than approximately 0.4 mM and 
carbonic anhydrase in the cytoplasm, and was re- 
versible. Furthermore,  this shape change was consid- 
ered to be related to spectrin aggregation (Nishiguchi 
et al., 1993). The same results were observed when 
human red blood cells were incubated with other  local 
anesthetics (data not shown). We considered the shape 
change to be a manifestation of the action of lidocaine, 
and examined the structural changes in spectrin and 
the possible roles of carbonic anhydrase and ATP 
accompanying this effect of lidocaine. 

Carbonic anhydrase catalyzes the reversible hydra- 
tion of carbon dioxide (CO 2 + H 2 0 ~ H C O  3 + H  +) 
(Lindskog and Coleman, 1973), hydrolysis of certain 
esters, and a variety of other reactions (Verpoorte et 
al., 1967). As lidocaine, a basic tertiary amine, is only 
marginally soluble in water, it is usually prepared as its 
water-soluble salt, lidocaine hydrochloride, in which it 
exists as both uncharged molecules and as positively 
charged substituted ammonium cations in aqueous so- 
lution. Local anesthetics, on passing through the cell 
membrane in an uncharged form, are assumed to be- 
come cationic in the immediate vicinity of nerve-mem- 
brane receptors (Narahashi et al., 1970). It has been 
reported that local anesthetics are more effective in 
blocking action potentials at low as compared to high 
pH (Catchlove, 1972). It is likely that they block the 
action potentials as protonated molecules inside the 
membrane. Therefore,  we investigated the pHi of lido- 
caine-treated and untreated human red blood cells 
using BCECF-AM and flow cytometry; lidocaine re- 
duced the pHi of human red blood cells in a dose-de- 
pendent manner. In contrast, human red blood cells 
preincubated with acetazolamide, an inhibitor of car- 
bonic anhydrase (Pocker and Stone, 1968), prior to 
incubatkm with various concentrations of lidocaine 
showed no such change in pH. Furthermore,  mepacrine 
reduced the pHi of human red blood cells in a same 
manner. 

We investigated the role of ATP in the human red 
blood cell shape change induced by lidocaine in rela- 
tion to H +-ATPase (V-ATPase) function. Erythrocytes 
incubated with lidocaine after incubation in media 
containing bafilomycin A~, a specific inhibitor of V- 
ATPase (Bowman et al., 1988; Yoshimori et al., 1991), 
showed a slight change in shape and a small reduction 

in pHi compared with cells treated only with lidocaine. 
A V-ATPase has been reported to regulate cytoplasmic 
pH in routine macrophages (Swallow et al., 1990). The 
results of the present study suggest that human red 
blood cells possess V-ATPase which is activated by 
lidocaine, inducing H + influx and, as a consequence, 
the observed changes in pHi. 

The inner side of the human red blood cell mem- 
brane is laminated by a protein network composed of 
spectrin, actin, band 4-1 and other proteins (Branton et 
al., 1981; Cohen, 1983). This multiprotein network 
combines with ankyrin, which is itself associated with 
band 3 and seems to maintain the mechanical stability 
of the plasma membrane and to control cell shape and 
deformability (Beaven and Gratzer, 1980). Spectrin, 
which is composed two nonidentical subunits, is the 
major component of the human red blood cell mem- 
brane skeleton, and spectrin hctcrodimers associate 
noncovalently head to head to form tetramers and 
oligomers (Liu et al., 1987). It has been reported that 
spectrin dimers can self-associate into tetramcrs (Un- 
gewickell and Gratzer, 1978) and oligomers (Morrow 
and Marchesi, 1981), and that the spectrin dimer-tetra- 
mer equilibrium depends on the ionic strength, tem- 
perature, and spectrin concentration (Ungewickell and 
Gratzer, 1978; Liu and Palek, 1980). When the distri- 
bution of spectrin in intact cells was analyzed by indi- 
rect immunofluorescence, aggregation of fluorescence 
was observed in lidocaine-treated cells, possibly indi- 
cating spectrin aggregation. In contrast, diffuse im- 
munofluorescence was observed in untreated, acetazol- 
amide-treated and PBS-washed lidocaine-treated cells 
(data not shown), presumably due to the normal ball- 
shaped multi-protein network (Liu et al., 1987). Spec- 
trin dimers isolated from human red blood cells and 
incubated with PBS at various pHs followed by SDS- 
PAGE analysis showed an increase in the proportion 
of spectrin oligomers with decreasing pH. From these 
results, we consider that spectrin aggregation is in- 
duced by the acidic intracellular environment in human 
red blood cells as a result of increased H + concentra- 
tion in response to lidocaine, presumably mediated by 
carbonic anhydrase and activation of V-ATPase. 

In conclusion, we propose that the mode of action 
of lidocaine is related to conformational changes in the 
cytoskeletal protein network as a result of spectrin 
aggregation. 

Acknowledgments 

We wish to thank Dr. Naotaka Hamasaki of Kyushyu 
University, Dr. Yuichi Takakuwa of Tokyo Women's 
Medical College, Dr. Gen Matsumoto of Electrotech- 
nical Laboratory and Dr. Yasuo Kagawa of Jichi Medi- 
cal College for their cooperation and helpful sugges- 
tions. 



8 E. Nishigt,chi et al./European Journal of Pharmacology 286 (1995) 1-8 

References 

Angelides, K.J., L.W. Elmer, D. Loftus and E. Elson, 1988, Distribu- 
tion and lateral mobility of voltage-dependent sodium channels in 
neurons, J. Cell Biol. 106, 1911. 

Bean, B.P., C.J. Cohen and R.W. Tsien, 1983, Lidocaine block of 
cardiac sodium channels, J. Gen. Physiol. 81,613. 

Beaven, G.H. and W.B. Gratzer, 1980, Imteraction of divalent cations 
with human red cell cytoskeletons, Biochim. Biophys. Acta 600, 
140. 

Bowman, E.J., A. Siebers and K. Atendorf, 1988, Bafilomycins: a 
class of inhibitors of membrane ATPase from microorganisms, 
animal cells, and plant cells, Proc. Natl. Acad. Sci. USA 85, 7972. 

Branton, D., C.M. Cohen and J. Tyler, 1981, Interaction of cy- 
toskeletal proteins on the human erythrocyte membrane, Cell 24, 
24. 

Bright, G.R., G.W. Fisher, J. Rogowska and D.L. Taylor, 1987, 
Fluorescence ratio imaging microscopy: temporal and spatial 
measurements of cytoplasmic pH, J. Cell Biol. 104, 1019. 

Cabantchik, Z.I. and A. Rothstein, 1974, Membrane proteins related 
to amino permeability of human red blood cells. 1. Localization 
of disulfonic stilbene binding sites in proteins involved in perme- 
ation, J. Membr. Biol. 15, 207. 

Cahalan, M.D. and W. Almers, 1979, Interactions between quar- 
ternary lidocaine, the sodium channel gates, and tetrodotoxin, 
Biophys. J. 27, 39. 

Cantiello, H.F., C.R. Patenaude, J. Codina, L. Birnbaumer and D.A. 
Ausiello, 1990, G regulates epithelial Na + channels by activation 
of phospholipase A 2 and lipoxygenase pathways, J. Biol. Chem. 
265, 21624. 

Catchlove, R.F.H., 1972, The influence of CO z and pH on local 
anesthetics action, J. Pharmacol. Exp. Ther. 181,298. 

Chan D.S. and H.H. Wang, 1984, Local anesthetics can interact 
electrostatically with membrane proteins, Biochim. Biophys. Acta 
770, 55. 

Clarkson, C.W., C.H. Follmer, R.E. Ten Eick, L.M. Hondeghem and 
J.Z. Yeh, 1988, Evidence for two components of sodium channel 
block by lidocaine isolated cardiac myocytes, Circ. Res. 63, 869. 

Cohen, C.M., 1983, The molecular organization of red cell mem- 
brane skeleton, Semin. Hematol. 20, 141. 

Courtney, K.R., J.J. Kendig and E.N. Cohen, 1978, The rate of 
interaction of local anesthetics with sodium channels in nerve, J. 
Pharmacol. Exp. Ther. 207, 594. 

Ehring, G.R., J.W. Moyer and L.M. Hondeghem, 1988, Quantitative 
structure activity studies of antiarrhythmic properties in a series 
of lidocaine and procainamide derivatives, J. Pharmacol. Exp. 
Ther. 244, 479. 

Hille, B., 1977, Local anesthetics: hydrophilic and hydrophobic path- 
way for the drug-receptor reaction, J. Gen. Physiol. 69, 497. 

Laemmli, U.K., 1970, Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4, Nature 227, 680. 

Lindskog, S., and J.E. Coleman, 1973, The catalytic mechanism of 
carbonic anhydrase, Proc. Natl. Acad. Sci. USA 70, 2505. 

Liu, S.C. and J. Palek, 1980, Spectrin tetramer-dimer equilibrium 
and stability of erythrocyte membrane skeletons, Nature 285, 586. 

Liu, S.-C., L.H. Derick and J. Palek, 1987, Visualization of the 
hexagonal lattice in the erythrocyte membrane skeleton, J. Cell 
Biol. 104, 527. 

Matsumoto, G., M. Ichikawa, A. Tasaki, H. Murofushi and H. Sakai, 
1984, Axonal microtubules necessary for generation of sodium 

current in squid giant axons: 1. Pharmacological study on sodium 
current and restoration of sodium current by microtubule pro- 
teins and 260 K protein, J. Membr. Biol. 77, 77. 

Morrow, J.S. and V.T. Marchesi, 1981, Self-assembly of spectrin 
oligomers in vitro: a basis for a dynamic cytoskeleton, J. Cell Biol. 
88, 463. 

Morrow, J.S., W.J. Speicher, W.J. Knowles, C.J. Hue and V.T. 
Marchesi, 1980, Identification of functional domains of human 
erythrocyte spectrin, Proc. Natl. Acad. Sci. USA 77, 6592. 

Musgrove, E., C. Rugg and D. Hedley, 1986, Flow cytometric mea- 
surement of cytoplasmic pH: a critical evaluation of available 
fluorochromes, Cytometry 7, 347. 

Narahashi, T., and D.T. Frazier, 1971, Site of action and active form 
of local anesthetics, Neurosci. Res. 4, 65. 

Narahashi, T., J.W. Moor and R.N. Poston, 1969, Anesthetic block- 
ing of nerve membrane conductances by internal and external 
applications, J. Neurobiol. 1, 3. 

Narahashi, T., D.T. Frazier and M. Yamada, 1970, The site of action 
and active form of local anesthetics. 1. Theory and pH experi- 
ments with tertiary compounds, J. Pharmacol. Exp. Ther. 171, 32. 

Nishiguchi, E., S. Manno, Y. Sasakura and J. Shindo, 1989, Factors 
of tile shape change of human erythrocytes induced with lido- 
caine, Cell Struct. Funct. 14, 569. 

Nishiguchi, E., J. Sindo and N. Hamasaki, 1993, Requirement of 
cytoplasmic components for lidocaine-induced shape change in 
human erythrocytes, Biochim. Biophys. Acta 1176, 95. 

Pocker, Y. and J.T. Stone, 1968, The catalytic versatility of erythro 
cyte carbonic anhydrase. VI. Kinetic studies of noncompetitive 
inhibition of enzyme-catalyzed hydrolysis of p-nitrophenyl ac- 
etate, Biochemistry 7, 2936. 

Schwartz, W., P.T. Palade and B. Hill, 1977, Local anesthetics. Effect 
of pH on use-dependent block of sodium channels in frog muscle, 
Biophys. J. 20, 343. 

Shimizu, T., Y. Takakuwa, H. Koizumi, T. Ishibashi and A. 
Ohkawara, 1990, lmmunohistochemicaI analysis of human skin 
using antispectrin and anti- -fodrin antibodies, Arch. DermatoI. 
Res. 282, 274. 

Srinivasan, Y., L. Elmer, J. Davis, V. Bennet and K. Angelides, 1988, 
Ankyrin and spectrin associate with voltage-dependent sodium 
channel in brain, Nature 333, 177. 

Swallow, C.J., S. Grinstein and O.D. Rotstein, 1990, A vacuolar type 
H+-ATPase regulates cytoplasmic pH in murine macrophages, J. 
Biol. Chem. 265, 7645. 

Thomas, J.A., R.N. Buchsbaum, A. Zimniak and E. Racker, 1979, 
Intracellular pH measurements in ehrlich ascites tumor cells 
utilizing spectroscopic probes generated in situ, Biochemistry 18, 
2210. 

Ungewickell, E. and W. Gratzer, 1978, Self-association of human 
spectrin: a thermodynamic and kinetic study, Eur. J. Biochem. 88, 
379. 

Verpoorte, J.A., S. Mehta and J.T. Edsall, 1967, Esterase activities of 
human carbonic anhydrase B and C, J. Biol. Chem. 242, 4221. 

Yeagle, P.L., W.C. Hutton and R.B. Mortin, 1977, Molecular dynam- 
ics of the local anesthetic tetracaine in phospholipid vesicles, 
Biochim. Biophys. Acta 465, 173. 

Yoshimori, T., A. Yamamoto, Y. Moriyama, M. Futai and Y. Tashiro, 
1991, Bafilomycin A 1, a specific inhibitor of vacuolar-type H +- 
ATPase, inhisits acidification and proton degradation in lyso- 
somes of cultured cells, J. Biol. Chem. 266, 17707. 


