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SUMMARY 

Z. The effects of mono- and bivalent  cations, local anesthetics, t r ea tmen t  tem- 
perature and phospholipase C t rea tment  on the sodium permeabi l i ty  of n-butanol -  
t reated human  red cells were investigated.  The sodium content  and per cent hemolysis 
of the erythrocytes were measured dur ing and subsequent  to t r ea tment  with 0.4 M 
bu tano l  (final conch.) in otherwise isosmotic media. 

2. I t  was found, with the use of 22Na and under  condit ions precluding a change 
in cellular Na + concentrat ion,  tha t  o. 4 M butanol  effected a 2o- to 4o-fold increase 

of Na + influx at 15 °. 
3. The bivalent  cations, Ca 2+, Sr 2+ and Ba 2+, part ial ly reversed the subsequent  

increase of Na + permeabi l i ty  of butanol - t rea ted  cells. This protective effect was in 
the order Ca 2+ > Sr 2+ > Ba 2+. Mg 2+ had no effect. The monovalent  cations, Li +, Na +, 
K +, NH4+ , Rb + and Cs +, showed no meaningful  effects. 

4. The local anesthetics,  te t racaine and procaine, part ial ly reversed the effects 
of butanol  in a manner  similar to Ca 2'. 

5. Ca2+ part ia l ly  reversed the Na + hyperpermeabi l i ty  of butanol - t rea ted  erv- 
throcytes which were also t reated with phospholipase C. However, the bivalent  cation 
did not  re turn  the Na* permeabi l i ty  to the non-phospholipase-treated control level. 

6. It  was shown that  the Na + permeabi l i ty  and the abi l i ty  of Ca 2+ to reverse 
the effects of bu tanol  were dependent  on the incuba t ion  temperature  during butanol  

t rea tment .  
7. The results were discussed in terms of the mechanism of action of n -bu tano l  

and the role of calcium in preserving the in tegr i ty  of the erythrocyte  membrane.  

INTROI)UCTION 

The exposure of h u m a n  or rabbi t  erythrocytes to o. 4 M n-butanol  in an other- 
wise isosmotic salt solution causes these cells to become hyperpermeable to Na~ and 
K + (refs. I -3) .  Although PARPART AND GREEN 2 suggested that  the pr imary  effect of 
the alcohol is to alter surface components  of the erythrocyte membrane  such as the 
l ipoprotein complexes, few experiments  have since been published which were designed 
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to elucidate the exact  nature  of the butanol  effect. SLOVITER AND TANAKA 4 t reated 
human  red cells with approx. 0. 5 M n-butanol  (final conch.) at 20 ° but  could detect  
no decrease in the amount  of cholesterol or total  phospholipid in the membranes.  
However,  no conclusion regarding rearrangement  of membrane  components  can be 
made from such studies. 

This s tudy  was under taken to investigate the influence of Ca 2+ upon the Na + 
permeabil i ty of n-butanol- t reated red cells and tile role Ca 2+ may  play in the struc- 
turing of the membrane.  I t  will be shown tha t  exogenous Ca 2+ partially reverses the 
butanol- induced hyperpermeabi l i ty  to Na + and tha t  this effect is localized at the 
cell menlbrane. 

During the initial phase of this investigation, the authors proposed that  the 
entrance of butanol  into the microstructure of the membrane  induced the red cell 
membrane  to imbibe water. Since the effective dielectric constant  within the mem- 
brane is quite low relative to tha t  of aqueous solutions ~, the entrance of water mole- 
cules with their high dipole moments  would increase the dielectric constant  within 
the lnembrane. Therefore, the forces of a t t ract ion between oppositely charged groups 
would decrease (i.e. between Ca 2+ and membrane negative groups, possibly phospho- 
lipid moieties). 

Recent physicochemical studies of artificial phospholipid membranes 6-s and of 
phosphol ipid-water  dispersions 9 11 indicated tha t  the relative amounts  of Ca 2+ and 
water in the artificial membranes  controlled their permeabil i ty and the temperature  
and amount  of water determined the liquid-crystalline phase of the phospholipid dis- 
persions, respectively. In  view of these investigations, studies were undertaken,  here, 
to determine the effect of the bivalent cations and temperature  on the butanol- induced 
hyperpermeabi l i ty  of human erythrocytes  to Na +. 

METHODS 

Collection and storage of ervthrocytes 
Venous blood was collected from healthy,  male graduate  students into ac id-  

c i t ra te-dextrose  medium. The erythrocytes  were washed three to four times with a 
cold, sterile salt solution: 133 mM KC1, I2 mM NaC1, I I  mM potassium phosphates 
(pH 7.4 at 7°). If the red cells were to be used more than 5 h after collection, they  
were stored at 4-5 o as a 20 % (v/v) cell suspension in a sterile medium consisting of : 
50 mM KC1, 12 mM NaC1, 45 mM K2HPO 4, IO mM KH2PO ~, IO mM MgC12, i i . I  mM 
glucose, and 1.12 mM adenosine (pH 7.4 at  4°). S t reptomycin  and penicillin were 
added at final concentrat ions of 50/~g/ml and 50 units/ml, respectively. 

Bttla~zol treatment 
The method of t reat ing the cells was similar to tha t  of RINEHART AND GREEN 3 

with the following exception, i vol. of 5 ° °o cell suspension was t reated with 4 vol. 
of 0.4825 M ~,-butanol t rea tment  medium:  12 mM NaC1, I38 mM KC1, o.4825 M 
.n-butanol, 22.5 ideal milliosmolar Tr is -phosphate  (pH 7.4 at  the temperature  of t reat-  
ment). In  experiments determining the effect of calcium during butanol  t reatment ,  
the Tr is -phosphate  was replaced with 12 mM Tris. The final concentrat ion of butanol  
in the suspension was calculated using published values for the osmotically active 
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water  in h u m a n  e ry th roey tes  ~2,1a since bu tano l  is known to d i s t r ibu te  itself rap id ly  
and  equal ly  across the  h u m a n  red  cell membrane  1~. 

Butano l  t r e a t m e n t  was t e rmina t ed  by  the add i t ion  of I vol. of ice-cold, butanol -  
free wash solut ion s imilar  in e lec t ro ly te  composi t ion  to t ha t  of the  t r ea tmen t  medium.  
The cells were centr i fuged in the  cold and washed several  t imes  unt i l  the  concentra t ion  
of bu tano l  had  been reduced  more than  2oo t imes.  

In  each exper iment ,  except  those shown in Figs. I and  2a, all the  red cells 
were t r ea t ed  toge ther  in the  same flask. The washed cells were then spl i t  into separa te  
vessels such tha t ,  for each exper imenta l  and  control  condi t ion,  there  were quadrupl i -  
cate  incuba t ion  flasks. 

The day  to d a y  var ia t ions  in the  effect of n -bu tano l  on red cell pe rmeab i l i ty  
could not  be sa t i s fac tor i ly  expla ined  nor control led  to a low level. However ,  in separa te  
bu tano l  t r e a tmen t s  using the  same ba tch  of e ry th rocy tes  and per formed at  the  same 
t ime,  this  va r i ab i l i t y  was found to be min ima l  : mean  ~ 4.7 % of the  mean.  Therefore,  
in order  to compare  exper iments  per formed at  different t imes,  control  incubat ions  
were rou t ine ly  carr ied out. 

Incubation 
The app rop r i a t e  volume of loosely packed,  washed red  cells was t ransfer red  to 

an incuba t ion  med ium at  37.5 ° in si l iconized pyrex  bot t les .  The final hematoer i t  did 
not  exceed 5 %. The incuba t ion  med ium had  a high Na  + concent ra t ion  in cont ras t  
to the  t r e a t m e n t  and  wash media :  135 mM NaC1, 5 mM KC1, I I . I  mM glucose, and  
1.12 nlM adenosine.  The buffer was ei ther  Tris  (15 raM) or T r i s - p h o s p h a t e  (27.S ideal 
mil l iosmolar)  (pH 7.4 at  37.5°). Biva len t  ca t ions  (as the  chlorides) were added  from 
isotonic s tock solut ions;  the  app rop r i a t e  volume of isosmotic  choline chloride was 
added  to control  media.  The local anesthet ics ,  t e t raca ine-HC1 and procaine-HC1, were 
added  from freshly p repared  s tock solut ions;  both  were recrys ta l l ized  several  t imes  
from water  before use. 

Analytical procedures 
After  the  add i t ion  of bu t ano l - t r ea t ed  e ry th rocy te s  to the  incubat ion  medium,  

sampl ing  for hemolys is  and  Na  + de te rmina t ions  was done over  a per iod from o to 5 h. 
Fo r  cellular sodium de te rmina t ions ,  the  red  cells were r ap id ly  washed in ice-cold, 
isosmotie  choline chloride, lysed in 4 mM Tris  (pH 9.4), and  ana lyzed  with  a Na +- 
sensi t ive e lectrode (Coming No. 476210). No interference from cellular  subs tances  
was found. I m m e d i a t e l y  af ter  the  sodium analysis ,  an a l iquot  of the  hemolysa te  was 
d i lu ted  with  Drabk in ' s  solut ion for the  de t e rmina t ion  of hemoglobin  15. 

When  the up t ake  of rad ioac t ive  22Na+ was de te rmined  dur ing bu tano l  t r ea tmen t ,  
t i le r ad ioac t i v i t y  of ceils and  media  was measured  in a NaI(Th)  crys ta l  wel l -counter  
using a Ba i rd -Atomic  spec t rometre .  

The phosphol ipase  C p repa ra t ion  used in th is  s t u d y  was judged  to be free of 
con t amina t i ng  pro tease  a c t i v i t y  according to the  me thod  of McDONALD AND CHEN 16. 
No t r ichloroacet ic  acid  soluble pep t ides  were de tec tab le  in phosphol ipase  C t r ea t ed  
red cell ghosts.  

The significance of differences between exper imenta l  means  was eva lua ted  ac- 
cording to the  " S t u d e n t ' s  t" tes t  iv. All  differences r epor t ed  are significant to, at  least,  
the  5 °o level. 
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RE S U LTS 

0 2 5 .  

The uptake of 2aNa÷ during butanol treatment 
Incuba t ion  of e ry th rocy te s  in the  presence of 0. 4 M bu tano l  and  2eNa+ resul t s  

in an increased influx of Na  ÷ (Fig. I). Between t ime  zero and 20 rain, the  influx was 
approx.  20 t imes  grea te r  t han  in the  control  cells. A fur ther  increase was observed 
be tween 20 and 80 rain, when the influx was abou t  4 ° t imes  t ha t  of the  control.  
Under  the  condi t ions of t r ea tmen t ,  cel lular  Na  + concent ra t ion  did not  change 
th roughou t  the  exper iment .  
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Fig. I. The  re l a t ive  r a t e  of e n t r y  of Na  + in to  e r y t h r o c y t e s  in the  presence and  absence of o. 4 3I 
n -bu tanol .  Fresh  e r y t h r o c y t e s  were suspended  in r ad ioac t ive  media  ( labeled w i t h  22Na+) c o n t a i n i n g  
i2  m e q u i v  Na  +, 15o m e q u i v  K +, and  55 mmoles  p h o s p h a t e  per  1 e i the r  in the  presence of o. 4 M 
n-bu tano l  or in i ts  absence.  Samples  were removed  a t  the  t imes  ind ica ted ,  washed,  and  cen t r i fuged  
a t  3oooo × g for I5 rain a t  4 °. o. i  ml of cells and  whole suspens ion  were s epa ra t e ly  assayed  
for r ad ioac t i v i t y .  O, o.4 M b u t a n o l ;  ~k, no bu tano l .  The f rac t ion  of equ i l ib r ium r a d i o a c t i v i t y  = 
coun t s /min  in ce l l s / to ta l  counts / ra in .  

The effects of bivalent cations on hemolysis and Na + uptake 
When  e ry th rocy tes  were t r ea t ed  with  bu tano l  in the  presence of 4 mM CaC12 

and  then  incuba ted  wi th  or wi thou t  4 mM CaC12, the  cells which were exposed to Ca 2+ 
th roughou t  gained less Na  + (Fig. 2a). Red  cells t r ea t ed  and incuba ted  in Ca2+-free 
med ia  ga ined  the  most  Na  +, while those which were exposed to Ca 2+ only dur ing  
one of the  procedures  were in t e rmed ia te  in the  up take  of Na  ÷. 

Other  b iva len t  cat ions  tested,  wi th  the  except ion of Mg 2+, pa r t i a l l y  reversed 
the d i s rup t ion  of the  e ry th rocy te  membrane  caused by  pr ior  t r e a t m e n t  wi th  n -bu tano l  
(Figs. 2b and 2c). The order  of effectiveness wi th  regard  to inhib i t ion  of hemolys is  
was Ca 2+ > Sr 2+ > Ba 2÷. As the  concent ra t ion  of the  b iva len t  ca t ion increased,  the  
amoun t  of hemolys is  decreased.  This  effect t ended  towards  sa tu ra t ion  between 4 and  
IO mM for Ca 2+ and  Ba 2+ and  at  abou t  IO mM for Sr 2+. The po in t  for IO mM Ca 2+ 
was omi t t ed  because IOO % hemolys is  was cons is ten t ly  ob ta ined  at  t h a t  concent ra t ion .  
The  b iva len t  ca t ion  concent ra t ion  dependence  of Na  + u p t a k e  (Fig. 2c) showed the  
same qua l i t a t ive  effects as were seen upon hemolysis .  At  2, 4 and 6 mM, the differences 
between the  effects of calcium, ba r ium and magnes ium were significant (0.05). There  
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Fig .  2. (a) T h e  effect  of Ca 2~ { lur ing  b u t a n o l  t r e a t m e n t  a n d  d u r i n g  i n c u b a t i o n  a t  37 ~ on  t h e  u p t a k e  
of N a  + b y  r ed  ce l l s  a t  37 °. E r y t h r o c y t e s  w e r e  t r e a t e d  in  " l o w  N a  + ' '  b u t a n o l  t r e a t m e n t  m e d i a  
a t  15 ' for  3 ° ra in  w i t h  a n d  w i t h o u t  4.o m M  Ca 2+. A f t e r  t h e  t r e a t m e n t  w a s  s t o p p e d  e a c h  p o p u l a t i o n  
of b u t a n o l - t r e a t e d  ce l l s  was  i n c u b a t e d  a t  37" in  a m e d i u m  c o n t a i n i n g  13o m e q u i v  N a  + p e r  1 
a n d  e i t h e r  4.o m M  or  no  CaC12. C e l l u l a r  s o d i u m  w a s  m e a s u r e d  a t  t h e  i n d i c a t e d  t i m e s  d u r i n g  
i n c u b a t i o n  a t  37°- C o n d i t i o n s  ( b u t a n o l  t r e a t m e n t ,  i n c u b a t i o n ,  r e s p e c t i v e l y ) :  O ,  Ca2+-free, Ca  2+- 
f ree ;  [ ] ,  Ca2+-free, 4 m M  Ca2+; Q ,  4 m M  Ca e+, Ca2+-free;  I ,  4 m M  Ca 2+, 4 m M  Ca 2+. (b) B i v a l e n t  
c a t i o n  i n h i b i t i o n  of h e m o l y s i s  of e r y t h r o c y t e s  t r e a t e d  w i t h  b u t a n o l .  T h e  t r e a t m e n t  c o n d i t i o n s  
a n d  i n c u b a t i o n  c o n d i t i o n s  a re  t h o s e  d e s c r i b e d  in  METHODS. S a m p l e s  w e r e  t a k e n  a t  4.5 h. T h e  
r a t i o s  of °/o h e m o l y s i s  w e r e  d e t e r m i n e d  f r o m  t h e  4 .5-h  s a m p l e s .  I , ,  Mg2+; O ,  Ba2+;  A ,  Sr2+; 
©,  Ca 2 L (c) B i v a l e n t  c a t i o n  i n h i b i t i o n  of N a  + u p t a k e  b y  b u t a n o l - t r e a t e d  r ed  cel ls .  The  t r e a t m e n t  
a n d  i n c u b a t i o n  c o n d i t i o n s  w e r e  t h e  s a m e  as  for (a). T h e  N a  + c o n c e n t r a t i o n s  of t h e  r ed  ce l l s  w e r e  
d e t e r m i n e d  a f t e r  3 h of i n c u b a t i o n .  I ,  Mg2+; A ,  Ba2+;  [71, Sr2+; ©,  Ca 2+. (d) T h e  effect  of loca l  
a n e s t h e t i c s  a n d  c a l c i u m  on  s o d i u m  u p t a k e  b y  b u t a n o l - t r e a t e d  r ed  cells .  A f t e r  b u t a n o l  t r e a t m e n t ,  
e r y t h r o c y t e s  were  i n c u b a t e d  a t  37 ° in  m e d i a  c o n t a i n i n g  s e v e r a l  c o n c e n t r a t i o n s  of loca l  a n e s t h e t i c  
or  c a l c i u m .  T h e  e r y t h r o c y t e  s o d i u m  c o n c e n t r a t i o n  w a s  m e a s u r e d  a f t e r  3 h a t  37". I ,  P r o c a i n e ;  
Q ,  t e t r a c a i n e ;  7J, Ca2+; A ,  no a d d i t i o n .  
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was no significant difference between the effects of Ca 2+ and Sr 2+ at 4 and 6 mM. 
In an a t tempt  to determine the role of Ca ~+ in erythrocyte  membranes ,  the 

phospholipids of butanol-treated red cells were altered in two ways:  reaction with  
local anesthetics  and treatment  with phospholipase C. There is good evidence that 

T A B L E  1 

T H E  E F F E C T S  O F  P H O S P H O L I P A S E  C O N  g a  4 P E R M E A B I L I T Y  A N D  M E M B R A N E  P H O S P H O L I P I D  C O N T E N T  

R e d  cel ls  w e r e  t r e a t e d  w i t h  o. 4 M n - b u t a n o l  a t  15 ° f o r  3 ° m i n .  A f t e r  t e r m i n a t i o n  of  b u t a n o l  t r e a t -  
w e n t ,  t h e  cel ls  w e r e  d i v i d e d  a n d  t r e a t e d  a t  15 ° in  o n e  o f  t h e  f o l l o w i n g  m a n n e r s :  ~o f ig  p e r  m l  
of  p h o s p h o l i p a s e  C ( V v ' o r t h i n g t o n  B i o c h e m i c a l  C o r p . ,  F r e e h o l d ,  N . J . )  plus 85 u n i t s / m l  ~ , - a n t i t o x i n  
( c o n t r o l ) ;  IO f f g / m l  p h o s p h o l i p a s e  a l o n e  ( p h o s p h o l i p a s e  C). E n z y m e  t r e a t m e n t  w a s  s t o p p e d  b v  
w a s h i n g  t h e  ce l l s  4 t i m e s  w i t h  i c e - c o l d  i s o t o n i c  b u f f e r  c o n t a i n i n g  2 o o o  t i m e s  as  m u c h  ~z -an t i t ox in  
as  e n z y m e .  T h e  cel ls  w e r e  t h e n  i n c u b a t e d  a t  37.5  ° in t h e  h i g h  N a  + m e d i u m  in  t h e  p r e s e n c e  o r  
a b s e n c e  of  C a  2+. A t  1. 5 h c e l l u l a r  s o d i u m  (Na+e)  ( m e q u i v / 5  m m o l e  h e m o g l o b i n )  w a s  m e a s u r e d ,  
a n d  a t  2 .25 h m e m b r a n e  p h o s p h o l i p i d  p h o s p h a t e  w a s  d e t e r m i n e d  b y  t h e  m e t h o d  of  DODGE AND 
PHILLIPS ~° (P) .  T h e  v a l u e s  g i v e n  in  t h e  t a b l e  a r e  t h e  m e a n  ~_ S .D .  T h e  v a l u e s  f o r  t h e  p h o s p h o l i p i d  
p h o s p h a t e  a r e  g i v e n  in  m m o l e s / 5  m m o l e  of  h e m o g l o b i n .  

Treatment Parameter drier treatment with: 
measured 

Butanol Lipase 

Ca"* concn. After incubation in 
(raM) high Na + medium 

C o n t r o l  

P h o s p h o l i p a s e  C 

N a + e  7-4 ~ o . l  7-4 ± o . I  o 63 .0  ± 0 .9  
4 49 .0  ± 0 .6  

P 3 .6  ~ o.1 3.5 -~ 0 .2  o 3-5 ± 0.2 
4 3-5 ~- 0 .3  

N a + e  7 .4  i o . l  7 .4  ~- O.I O 88 .6  ~ 0. 7 
4 50-2 4 1.1 

P 3 .6  =c o . I  2. 7 - -  0.2 o 2. 5 -~ 0. 4 
4 2. 5 ~ o.2 
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F i g .  3. (a) T h e  e f f ec t  of  b u t a n o l  t r e a t m e n t  t e m p e r a t u r e s  o n  t h e  C a 2 * - i n h i b i t e d  N a  + p e r m e a b i l i t y  
of  e r y t h r o c y t e s .  E r y t h r o c y t e s  w e r e  t r e a t e d  a t  v a r i o u s  t e m p e r a t u r e s  f o r  3 ° m i n ,  a t  w h i c h  t i m e  
t r e a t m e n t  w a s  s t o p p e d  a n d  t h e  ce l l s  w e r e  i n c u b a t e d  a t  37 ° fo r  2 h in  a m e d i u m  c o n t a i n i n g  
13o  m e q u i v  N a  + p e r  1 a n d  e i t h e r  o o r  4 .o  m M  C a  2+. T h e  b u t a n o l  t r e a t m e n t  m e d i u m  w a s  12 mNl  
NaC1,  138 m M  KC1, 22 .5  i d e a l  m i l l i o s m o l a r  T r i s - p h o s p h a t e ,  a n d  o. 4 M (f inal  c o n c n . )  n - b u t a n o l  
( p H  7-4 a t  t r e a t m e n t  t e m p e r a t u r e ) .  0 ,  4 m M  Ca2+;  O ,  o m M  C a  2 . .  (b) T h e  e f f ec t  of  b u t a n o l  
t r e a t m e n t  t e m p e r a t u r e  o n  t h e  C a ~ + - i n h i b i t e d  h e m o l y s i s  of  e r y t h r o c y t e s .  T h e  c o n d i t i o n s  w e r e  t h e  
s a m e  as  f o r  (a).  
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b o t h  local  anes the t i c s  a n d  Ca 2+ che la t e  phospho l ip id  molecu les  in a s imi la r  m a n n e r  18, ~a. 

There fo re ,  t he  effects  of p roca ine -HC1  and  t e t r a c a i n e - H C 1  were  s tud ied  and  c o m p a r e d  

to those  of Ca + (Fig. 2d). T h e  eff ic iency of r educ ing  the  N a  ÷ u p t a k e  was t e t r a c a i n e  

> Ca 2+ > proca ine ,  wh ich  is the  s a m e  o rde r  of b ind ing  to phospho l ip ids  ~8. 

T r e a t m e n t  of b u t a n o l - t r e a t e d  red  cells w i th  phospho l ipase  C (phospha t i dy l -  

chol ine ,  c l l o l i nephospbohydro la se ,  EC 3.1-4.3) (an e n z y m e  which  h y d r o l y z e s  phospho-  

l ipids to  d ig lyce r ide  and  the  p h o s p h o r y l a t e d  n i t r o g e n o u s  base) r e su l t ed  in a 24 % loss 

of m e m b r a n e  phospho l ip id  (Table  I). No changes  occu r r ed  w i t h  respec t  to cel lular  

N a  + c o n c e n t r a t i o n  du r ing  b u t a n o l  or  e n z y m e  t r e a t m e n t  because  the  t r e a t m e n t s  

were  ca r r i ed  ou t  in a m e d i u m  c o n t a i n i n g  12 m e q u i v  N a  +. A l t h o u g h  t h e  abso lu t e  de-  

crease  b r o u g h t  a b o u t  w i t h  4 m M  Ca 2+, was  g r e a t e r  in t he  p h o s p h o l i p a s e - t r e a t e d  cells, 
Ca 2+ was n o t  able  to  b r ing  the  N a *  p e r m e a b i l i t y  back  to con t ro l  levels .  

The effects of butanol treatment temperature on subsequent Na + uptake 
Ca 2+ was able  to inh ib i t  N a  + u p t a k e  in to  those  red  cells t r e a t e d  a t  t e m p e r a t u r e s  

be low 17. 5 ° (Fig. 3a). Ca 2+ sh i f t ed  t h e  c u r v e  to t he  r i g h t ;  i.e. t h e  t e m p e r a t u r e  r e q u i r e d  

to  ach ieve  the  s a m e  a m o u n t  of m e m b r a n e  d a m a g e  was inc reased  in t he  p resence  of 

4 mM Ca 2÷. S imi la r  resu l t s  were  o b t a i n e d  w h e n  hemolys i s  was m e a s u r e d  (Fig. 3b), 

e x c e p t  t h a t  t he  Ca 2+ effect  here  was also seen a t  20 °. The  d i f ference  b e t w e e n  t h e  

two  figures m a y  well  ref lec t  the  d i f fer ing  sizes of the  p e r m e a t i n g  subs tances ,  the  N a  + 

a n d  the  h e m o g l o b i n  molecu le .  

T=\ I~LI~; I1 

T H E  E F F E C F S  O F  A L K A L I  M E T A L  C A T I O N S  O N  ~ ' a "  P E R M E A B I L I T Y  

All crythrocytes were treated together in 0. 4 M n-butanol at ~5  for 3 ° rain. After treatment, 
the cells were preincubated at 15 • for ~ h in media containing o, 3, or 6o mM alkali metal chlorides. 
(The cells which were preincubated in the absence of all of the above cations gained Na + to the 
level of 47.o _4 o. 5 mequiv/5 mmole of hemoglobin.) The cells were then incubated at 37.5 ~ for 
2.25 h at which time the sodium content of the erythrocytes was determined. 

Cation Cclhtlar N a  
(mequiv/5 mmole of hemoglobi;~) 

Concm of alkali 
metal cation: 3 ~3I 60 m31 

Li 49.0 _4 I. 3 47 .3~  o.5 
Na~ 47.0 ~ 0. 5 48.o_4o. 5 
l(+ 45.4 ~ 0.5 45.8 ~ o.0 
NH~ ~ 47.3 t_ 0.3 39 .5~  o.5 
l¢,b- 45.I _4 o.0 44.4 _4 0.5 
Cs- 45.8 -- 0.9 45.4 ~_ o.3 

The effect of preincubation of butanol-treated erythrocytes in media containing the alkali 
metal cations on subsequent Na + uptake 

KAVANAU21, 22 sugges t ed  t h a t  t he  q u a n t i t y  a n d / o r  q u a l i t y  of w a t e r  in b io logica l  

m e m b r a n e s  p lays  a dec i s ive  role in t he  ove ra l l  s t r u c t u r e  and  f u n c t i o n  of t he  m e m -  
brane .  There fore ,  t he  effects  of t h e  m o n o v a l e n t  ca t ions ,  wh ich  are  k n o w n  to a l t e r  
t he  s t r u c t u r e  of wa te r ,  were  s t u d i e d  (Table  II). There  were  no s igni f icant  d i f ferences  
b e t w e e n  the  effects  of t he  m o n o v a l e n t  ca t ions  e x c e p t  t h a t  NH4+ at  60 m M  caused  
s ign i f i can t ly  less u p t a k e  of s o d i m n  t h a n  the  o thers  (I % level  of s ignif icance) .  
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DISCUSSION 

Tile fact  t ha t  the  influx of Na  + into h u m a n  e ry th rocy te s  in the  presence of 
o. 4 M n-bu tano l  is approx.  4 ° t imes  t ha t  of the  controls  (Fig. i) and  t ha t  immed ia t e ly  
af ter  washing the cells free of bu tano l  the  influx decreased to 3 to 4 t imes  control  
values  2a indicates  t h a t  the  effect of bu tano l  is pa r t i a l l y  reversible  under  the  condi t ions  
of these exper iments .  A large por t ion  of the  increased pe rmeab i l i t y  is due to the  
presence of the  alcohol, bu t  a m e m b r a n e  lesion does remain  af ter  the  remova l  of 
butanol .  I t  is not  possible to conclude whether  bu tano l  causes two different types  of 
membrane  lesions, one of which is pa r t i a l l y  repa i red  by  t i le r emova l  of bu tano l  and  
the  other  which is repa i red  b y  exogenous calcium or one type  of damage  which is 
pa r t i a l l y  reversed  b y  bu tano l  r emova l  and  fur ther  reduced by  exogenous Ca 2+. 

Ca 2+ and  ti le o ther  b iva len t  cat ions,  Sr 2+ and Ba 2~ , reduced the Na  + pernle-  
ab i l i ty  of bu t ano l - t r e a t ed  red  cells. Tile poss ib i l i ty  t ha t  these cat ions  are exer t ing  
thei r  effects on the  e ry th rocy te  membrane  is suppor t ed  by  two exper imen ta l  findings. 
F i rs t ,  Ca e+, Sr 2+ and Ba 2+ also inhibi t ,  in an exac t ly  analogous manner ,  the bu tano l -  
induced  hemolysis  of red cells. Second, the  effects of the  local anes thet ics  para l le l  
those of the  d iva len t  cat ions.  I t  has been recent ly  shown by  KWANT AND SEEMAN 24 
t h a t  the  local anes the t ic  ch lorpromazine  in te rac ts  wi th  the  membranes  of h u m a n  
e ry throcy tes .  Chlorpromazine,  a t e r t i a r y  amine like the  local anes thet ics  ment ioned  
above,  inh ib i ted  hypo ton ic  henlolysis.  I t  was also shoum tha t  chlorpromazine  dis- 
places Ca 2+ from the red  cell membrane  25. 

In  addi t ion,  the pe rmeab i l i t y  of m a n y  exci table  cells to the  monova len t  cat ions,  
Na  + and K +, are known to be reduced in the  presence of Ca 2+ (refs. 26, 28). Tha t  
b iva len t  ca t ions  do b ind  to the  e ry th rocy te  membrane  was shown in s tudies  of hemo- 
globin-free red cell ghosts.  Ca 2+ bound  to the  s t roma  such t ha t  the  membrane  was 
9o °o s a tu r a t ed  at  4-5 mM biva len t  ca t ion ~9. The b inding  of b iva len t  cat ions  to the  
ghost  was in the  order  Ca 2+ > Sr 2+ > Mg 2+ (ref. 3o). In  bo th  s tudies  significant 
amoun t s  of Mg 2+ were found to bind.  

Studies  b y  LEITCH AND TOBIAS al on Ca 2+ in phosphol ip id  membranes  led them 
to suggest  t ha t  Ca 2+ cross-l inks ad jacen t  phosphol ip id  molecules at  thei r  po la r  
head  groups causing shr inkage of the  membrane  and  ext rus ion of water .  The possi-  
b i l i t y  t ha t  Ca 2+ reacts  wi th  the  e ry th rocy te  membrane  in a s imilar  manner  is sug- 
ges ted  b y  the act ion of the  local anes thet ics  on bu t a no l - t r e a t e d  red cells. Like Ca 2+, 
the  local anesthet ics ,  te t racaine ,  butacaine ,  and  procaine,  form 1:2 complexes wi th  
phosphol ip ids  in wate r  dispers ion 18. Moreover,  the  sequence of decreasing ease of 
s a tu ra t ion  of the  phosphol ip ids  ( te t racaine  > bu taca ine  > Ca 2+ > procaine) is the  
same as the  sequence for revers ing the bu tano l  damage  of whole red  cells ( te t raeaine  
~> Ca 2+ > procaine).  I t  is thought  tha t  Ca 2+ and  the local anes thet ics  compete  for 
the  same m e m b r a n e  sites in nerve and muscle 27, a2, a~ 

In order  to confirm the role of phosphol ip id  phospha te  as the  group which binds  
m e m b r a n e  Ca 2+, the  effects of phosphol ipase  C were studied.  Two effects on Na  + 
pe rmeab i l i t y  were observed.  F i rs t ,  in the  l ipase - t rea ted  cells, when placed in a Ca 2+- 
free medium,  the  Na + pe rmeab i l i t y  was much higher  than  in the  controls  wi th  or 
wi thou t  Ca 2+. Second, the  add i t ion  of Ca 2+ re tu rned  the Na  + pe rmeab i l i t y  of l ipase-  
t r e a t ed  cells only  to the  level found for control  cells wi thou t  Ca 2+. The fact  t ha t  Ca ~+ 
p roduced  an effect wi th  l ipase - t rea ted  cells does not  lead to a s t r a igh t - fo rward  con- 
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clusion. If phospholipase had removed only that small fraction of phospholipid phos- 
phate from which butanol effects the removal of calcium and had not exposed ad- 
ditional phospholipid to tile aqueous nledium, then the addition of Ca 2+ would have 
had no effect on the cells. The analysis of human erythrocytes for membrane lipid 
phosphate gave a value of 3.9 ° ¢,moles/ml of packed cells 2°. The most recent analysis 
of the calcium content of hmnan red cell membranes gave a value of only o.oi6 
,ugatom/ml packed cells a*. Therefore, only about 1% of the phospholipids could be 
cross-linked by Ca ~+ at one time in normal red cells if two molecules of phospholipid 
are chelated for each Ca 2-. It is possible that, in butanol-treated cells, more 
phospholipid molecules become available to Ca 2+ and additional treatment with the 
enzyme further increases the fraction of total phospholipids remaining that can bind 
Ca 2+ or that the effects of n-butanol and phospholipase C are mediated through 
lnodifications of the forces involved in Ca2+-dependent lipid-protein, protein-protein, 
or lipid-dependent protein-protein binding (see ref. 35 for review). The present 
data do not allow meaningful speculation about the relative importance of each of 
the above binding-types in mediation of the effects of butanol. 

CHAPMAN el al. 9 found that, upon addition of water to phospholipids, the tran- 
sition temperature between the solid crystalline phase and the liquid-crystalline state 
decreased and additional mesomorphic phases appeared between the liquid-crystalline 
phase and ti~e liquid-melt phase. Further addition of water (up to 20 % water) de- 
creased the transition temperature to near biological temperature (4I°). Therefore, 
the effect of the butanol treatment temperature upon subsequent Na + permeability 
and hemolysis was investigated in the present study. There was a sharp increase in 
the degree of membrane disruption as treatment temperature was increased. It may 
be that n-butanol, having penetrated the membrane, caused the membrane to absorb 
water molecules, priming it for a phase transition of the phospholipids upon transfer 
to butanol-free incubation media at 37 ° . The shifting of the membrane "melting" 
curve to higher temperatures by Ca 2+ may indicate that such phase changes are 
strongly dependent on the degree of complexing of adjacent membrane molecules 
by Ca 2+. 

CHAPMAN a6 has suggested that membrane-bound water may vary "either in its 
properties or in its total a m o u n t " . . ,  which "in turn may alter transport and diffusion 
properties across the membrane". Therefore, the effects of incubating butanol-treated 
erythrocytes in media containing alkali metal cations upon subsequent Na + perme- 
ability were studied. These cations are known to alter the structure of water in a 
sequential manner 2~. However, under the conditions of these experiments, no meaning- 
ful differences between the effects of the different monovalent cations were observed. 

Since Ca 2+ decreases the permeability of many cells for which transitions within 
the membrane are known to occur (excitable tissues), it is proposed that Ca 2+ may 
have a similar role in erythrocytes which have undergone a transition as a result of 
treatment with ~-butanol. 
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