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TRANSFORMATION AND RESTORATION ()F BICONCAVE SHAPE 

OF HUMAN ERYTHROCYTES INDUCED BY AMPHIPHILIC  AGENTS AND 

CHANGES OF IONIC ENVIRONMENT 

131';I(NHARD I)I';UTICKE* 

1)cparlim'n! ({f Physiology, )Viedical Faculty, Tech;Hcal U;H~,ersity of A ach~ l;, A ache;; ((;crmaJ~y) 

([~ect'ix'ed August T6th, L968) 

SUMMARY 

I. The biconcave discoid shape of nornlal human erythrocytes can lie altered 
reversibly by a great number of amphiphilic agents. Crenated cells are induced, as a 
rule, by anionic or non-ionized compounds; cup-like cells by cationic substances. 
Formation of crenated and cup cells probably is induced by interaction of the trans- 
forming agents with sites charged oppositely within the menlbrane. 

z. Compounds inducing crenation or cup fornlation can be regarded as true 
antagonists, since either group of compounds regularily brings about complete reversal 
of shape transformations induced by the other one. 

3. Suspending erythrocytes in isotonic solutions of non-penetrating anions 
leads to the occurrence of cup cells, the extent of transformation becoming more 
pronounced with lowering of extracellular pH. Restoration of normal shape under 
these conditions is accomplished by addition of penetrating anions. The concentrations 
of these anions necessary to produce 9O°o nornlalisati(m increase with fall of pH. 
This type of cup formation supposedly is induced by the increase above a critical 
value of the pH difference between erythrocyte membrane and adjacent nledia. 

4. The results point to a great lability of the interactions of structural elements 
of the erythrocyte membrane responsible for the nlaintenance of biconcave shape. 
They suggest this shape to result from an equilibriunl between opposite forces directed 
towards formation of crenated or cup cells, respectively. 

INTROI)UCT[ON 

Tile problem of how mammalian red blood cells maintain the shape of biconcave 
discs has been the object of many speculations ever since it was discovered that this 
ability is a property of the membrane itself'. During the last years, evidence has 
accumulated that ATP2, a and probably calcium 4 are involved in the nlaintenance 
of the normal shape. In addition, a nonhomogeneous arrangement of structural 
elements, especially an accumulation of cholesterol around the periphery of the 
biconcave disO, has been suggested to play an important role. The shape of the 

* Present address: Department of Physiology, University of Freiburg, 78 Freiburg i.Br., 
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erythroeyte seems to be the result of a delicate equilibrium between divergent forces. 
Disturbance of this equilibrium principally gives rise to the transformation of bi- 
concave erythrocytes into either crenated or cup-shaped cells, both intermediates 
in the process of sphering ((/'. Fig. I) ~. The present paper deals with some new obser- 
vations on the formation of crenated or cup cells induced by various agents and by 
changes of pH or anion composition of the suspension medium, respectively. 

METHODS 

Experiments were carried out on fresh, washed human red cells, suspended 
either in saline media or in mixtures of saline and plasma (9:1). For analyzing the 
shape of the cells, wet smears were examined microscopically between slide and 
coverslip. These were siliconized prior to use in experiments with red blood cells 
suspended in pure saline media. General silicone coating of slides proved to be un- 
favorable, since silicone has a slight tendency to induce cup formation (see below). Each 
examination of shape was repeated at least three times on different aliquots of a sample. 

RESULTS AND DISCUSSION 

Influesce of amphiphilic sltbstances on cell shape 
Normal biconcave red blood cells, suspended in Locke solution, can be converted 

into erenated discs or crenated spheres not only by fatty acids, alkylsulfonates or bile 
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TABLE [ 
S U B S T A N C E S  I N D U C I N G  S H A P E  T R A N S | ' O R M A T I O N S  O F  H U M A N  R E D  l g L O O D  C E L L S  

Nomenclature of substances according to ref. S. 

Crt Jmled forms Cup [orms 

Fatty acids l)ioxopyrazolidincs Alkylammonium chlorides Hexobendine 
Alkylsulfonates Phenylbutazone Phcnothiazines le.cscrpine 
Dihydroxybenzenes Phenopyrazonc Local anesthetics Prenvlamine 
Substituted benzoates [ndomethazin Cinchocaine Verapamil 

Salicylate Furosemide Tetracaine Papaverine 
( ;entisate Barbiturates I~rocainc PrimaquinO ° 

Ethacrynic acid Phloretine Antihistamines Chloroquine 
2, 4d)initrophenol Phlorrhidzine Pheniramine Benzvdamine 
Saponine Bilirubine !~ Brompheniramine 
Lysolethicine T;tnnic acid Bampine 
Bile acids Thiosemicarbazonc Propranolol 
Alkylpyridinium chlorides [)ipyridanaoh' 

.acids 1, bu t  also by  m a n y  o ther  compounds  (Table I)~, v. Ano the r  group of substances,  
in contras t ,  induces the  fo rmat ion  of cup cells or invag ina ted  spheres.  Both  types  of 
t r ans format ion  are comple te ly  reversible upon removal  of the t rans forming  agent .  
Genera l ly ,  the  ex ten t  of t r ans fo rmat ion  is unequal  at  low degrees and becomes more 
uniform as t r ans fo rmat ion  proceeds towards  the  c rena ted  or the  invag ina ted  sphere 
and  f inal ly the  smooth  sphere.  

The t rans forming  agents  are not  re la ted  to each other  chemical ly.  Their  only 
common p r o p e r t y  is an amphiphi l ic  molecular  s t ructure .  Each  of the two groups 
(Table I), however,  is charac ter ized  by  an add i t iona l  fea ture :  subs tances  inducing 
crenat ion  as a rule are anionic or non-ionized,  whereas  the cup-forming agents  found 
as ye t  are cat ionic  wi thou t  ans' except ion.  

1,'urther s tudies  resul ted  in the  in teres t ing f inding t h a t  c rena ted  cells regular i ly  
regain normal  b iconcave shape upon add i t ion  of sui table  concent ra t ions  of cup- 
forming agents  (Table II) .  Cup cells, on the o ther  hand,  at  all s tages of t r ans format ion ,  
can be rever ted  into b iconcave discs by substances  which br ing about  crenat ion.  This 
reversal  of shape changes, recen t ly  r epor ted  for the  special  case of bile or f a t ty  acids 
and  chlorpromazine  H, is cer ta in ly  different from tha t  descr ibed by  PONDEld. I t  is 
indicat ive  of an ac tua l  an tagon i sm between agents  inducing CUlt format ion  or crena- 
tion. This an tagon i sm suggests,  t ha t  the  biconcave shape of e ry th rocy tes  physio-  
logical ly is the  resul t  of an equi l ibr ium within the  membrane  of oppos i te  forces d i rec ted  
towards  the format ion  of c rena ted  or cup cells, respect ively.  Both these s ta tes  for 
the rmodynanf ic  reasons seem to be more  s table  than  the b iconcave one. 

Mechanisms and sites of ac t ion of the t r ans fo rming  agents  are not  ye t  clear. 
Most p robab ly  these compounds  are adsorbed  by  the outer  layers  or even pene t ra te  
into the in ter ior  of the  membrane  in a react ion comparab le  to the process of fihn 
pene t ra t ion .  In  consequence they  might  br ing about  changes of interfacia l  tensions  
or conformat iona l  changes of melnbrane  i ipoproteins .  Crenat ion p resumably  is induced 
by  an in te rac t ion  of anionic agents  with cat ionic groups,  while the  cationic,  cup- 
forming substances  might  influence anionic sites, p r o b a b l y  interfer ing with  calcium 
binding x2, as some of t hem are supposed  to do in other  membranes  ~a-aS. If one agrees 
t ha t  in terfacia l  tension is low at  the  concavi t ies  of the e ry th rocy t e  '~, cup fo rmat ion  
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might be explained for geometrical reasons by an elevation of interfacial tension in 
that region. This assumption, of course, would be somewhat difficult to reconcile with 
the finding that cup forms have an increased surface area 16. 

Since cup formation is antagonized by agents producing crenation, it may be 
supposed that the latter compounds either act on a different region of the membrane 
or bring about reversal of cup formation by influencing the same elements of the 
membrane in an opposite way, thus abolishing the effects of substances inducing 
cup formation. At any rate this antagonism may be of some importance for the 
interpretation of the effects of cholesterol on red blood cell shape a, ~7 

Influence of anion environment and pH on cell shape 
Additional information on the process of formation of cup cells was derived 

from experiments in which anion composition and pH of the extracellular medium 
were varied. As could be shown, suspension of red blood cells in isotonic (31o mosM) 
solutions of sucrose or the Na + salts of non-penetrating anions (citrate, N-hydroxy- 
ethylpiperazine-N'-2-ethanesulfonic acid)* results in the formation of cup cells. With 

T A B L E  I I  

REVERSAL OF ONE TYPE OF SHAPE CHANGE OF RED BLOOD CELLS (CUP FORMATION OR CRENATION) 
BY ADDITION OF SUBSTANCES CAUSING THE OTHER TYPE OF TRANSFORMATION 

N o m e n c l a t u r e  of  s u b s t a n c e s  a c c o r d i n g  t o  re f .  8. 

Crenated form Cohen.  Normal shape Conch. 
induced by (rnM) restored by (m1VI) 

D i p y r i d a m o l e  0 .05  T e t r a c a i n e  0. 3 
C h l o r p r o m a z i n e  o . o  5 
V e r a p a n l i l  o. 25 

D i p y r i d a m o l e  o .oo  3 P h l o r r h i d z i n e  o .25  
H e x o b e n d i n e  o. 5 

S a t i c y l a t e  IO T e t r a c a i n e  o .5  
C h l o r p r o m a z i n e  0 .05  

2 , 4 - D i n i t r o p h e n o l  i O c t y l a m m o n i u m  c h l o r i d e  4 .0  
F u r o s e m i d e  i o  C h l o r p r o n l a z i n e  0 .55  
S a p o n i n e  i o o  ~ug/inl H e x o b e n d i n e  0 .75  

Cup form Concn.  Normal shape Concn. 
induced by (raM) restored by (raM) 

V e r a p a m i l  o .4  O l e a t e  o .3  
V e r a p a m i l  0 .25  D i p y r i d a m o l e  0 .05  
V e r a p a m i l  o. i D i p y r i d a m o l e  o . o i  
C h l o r p r o m a z i n e  o. 15 D i p y r i d a n l o l e  o .o  I 
H e x o b e n d i n e  I.O D o d e c y l s u l f a t e  o. i 
H e x o b e n d i n e  o .75  O l e a t e  o .5  
( ' i n c h o c a i n e  0. 3 C a p r y l a t e  12.5 

O c t y l s u l f a t e  2 
2 , 4 - D i n i t r o p h e n o l e  2 
D o d e c y l s u l f a t e  o.2 

O c t y l a m m o n i u m  p - N i t r o b e n z o a t e  i 5  
c h l o r i d e  5 C a p r y l a t e  12.5 

T r i t o n  X - i o o  1 5 o / ~ g / m l  O c t y l s u l f a t e  I 

* H E P E S  (cf.) N .  E .  GOOD el al., Biochemistr% 5 (1966) 467) .  
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a decrease of pH, t ransformat ion  proceeds from cup cells to invaginated  spheres. 
Both can be reverted into normal  cells by  agents inducing formation of erenated cells. 
Moreover, normalisat ion of shape under  such condit ions is accomplished by  the 
addit ion of isotonic NaCI solution. To quan t i fy  this lat ter  effect, chloride c(mcen- 
t ra t ions  were determined is in the extracellular medium of red blood (:ells, originally 
t ransformed into cup cells by  suspension in isotonic A'-l lydroxy-ethylpiperazine- 
A; '-2-ethanesulfonate solution and then reverted by addi t ion (7i isotonic NaC1 
solution un t i l  9o?o was normal  again. Front  our results it became evident,  tha t  with 
a lowering of pH, extracellular chloride concentra t ions  necessary to restore normal  
shape increased. The results of three individual  experiments  are sh{m'n in Fig. z. 
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Fig. 2. t~;xtracellular chloride concentrations at 0oc)'o reversal of cup cells formed in isotonic 
N-hydroxyethylpiperazine-N'-_,-cthanesulfonate solution into normal biconcave discs. ])ata of 
three individual experiments. 

Fig. 3. pH differences hetwecn red cell membrane and surrounding medium according to the fixed 
charge concept. Thin lines: changes of pH difference with extracellular pH at different extracellular 
chloride concentrations. Thick lines: pH difference at 9o00 reversal of cup cells into biconcave 
discs. Data of 3 individual experiments (+, O, × ). prim values were calculated front extracellular 
chloride concentrations and pHex values given in Fig. , according to ref. 2o, assuming the total 
concentration and the dissociation constant of fixed dissociable groups within the membrane to 
be 3 M and Io -9, respectively. 

In  confirmation of earlier observations,  formation of cup cells could furthermore 
be induced by  lowering extracellular pH, at normal  chloride levels, below 5.8 (ref. I9) 
and  by  suspension of red blood cells in hypotonic  media 1. Under  these conditions,  
the normal  shape of the cells could also be restored by elevation of extracellular chlo- 
ride concentrat ions .  

The most  likely cause of this type of cup formation seems to be changes of the 
pH difference between the membrane  and the surrounding media. This assumption 
is based on the hypothesis, s t rongly supported by recent findings on the kinetics of 
anion transfer"°, 21, tha t  pH values inside the red cell membrane  (prim) are correlated 
to extracellular pH (pHex) by  a Donnan  equil ibrium, the position of which depends 
on the concentra t ion of positive dissociable fixed charges in the membrane  and on the 
total  concentra t ion  of penet ra t ing  anions 2°. 

By quan t i t a t ive  evaluat ion it can be demonst ra ted  tha t  according to this fixed 
charge hypothesis, pH values should be higher in the membrane  than  in the medium. 
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Moreover, this difference should increase when extracellular pH or total  anion con- 
centration are lowered (Fig. 3). On the basis of these theoretical considerations, pH 
values within the membrane after 90% reversal of cup forms were computed from 
chloride concentrations and pH values given in Fig. 2. Fronl the results of these 
calculations it became evident, that  the hypothetical membrane pH at 9 ° % reversal 
of cup cells would change with extracellular pH. This finding disproved an explanation, 
considered at first, namely that  red blood cells change their shape principally when 
prim exceeds a critical value. 

As could be shown, however, the difference of pH between membrane and 
medium, at which 9o% of cup cells have regained normal shape, is constant and 
independent of extracellular pH according to the fixed charge hypothesis (Irig. 3). 
It therefore seems probable, that  the red cell can only maintain its biconcave shape, 
when the pH difference between membrane and medium is kept below a critical 
value. This explanation of course does not exclude the possibility that  not the H ~'- 
gradient per se, but sonic related gradient, like that  of electrical potential, is in fact 
iest)onsible. 

The alternative hypothesis that  cup formation induced by diminution of extra- 
cellular chloride is due to the concomitant changes of the difference between intra- 
cellular and extracellular pH was also considered. Quantitative evaluation of measure- 
ments of intracellular pH (Fig. 4), however, did not provide results in favor of this 
theory, except that  cup formation in isotonic NaC1 solution at pH values below 5.8 
might be explained more easily on this basis. 

The inechanisms by which changes of the pH difference between nmmbrane 
and medium influence the shape of red cells still remain unclear. In principle, processes 
similar to those discussed in connection with the effects of cup-forming agents should 
be involved. 

Our results can be regarded as new evidence for the importance of physico- 
chemical properties of the membrane, especially of labile interactions of structural 
elements, in the maintenance of the biconcave shape of the red cell. How ATP is 
involved in this process is not understood. Studies concerning the interference of 
shape-changing substances and pH gradients with maintenace of shape by ATP are 
:n progress. 
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Fig. 4. Intracellu]ar  p H  as a funct ion of extracellular pH under  diflerent conditions. Intracel lular  
p H  values were either measured directly after  hemolysing sedimented red blood cells by  digitonine, 
or  computed  from the extracellular pFI and the distr ibut ion ratio of chloride. 
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W A T E R  A N D  E L E C T R O L Y T E  CONTENTS OF RAT R E N A L  CORTICAL 

SLICES I N C U B A T E D  IN MEDIUM C O N T A I N I N G  p - C H L O R O M E R C U R I -  

BENZOIC ACID OR p-CHLOROMER('URIBENZOIC ACID AND OUABAIN 

A. D. C. M A C K N I G H T  

Department of Physiology, University of Otago 31edical School, Da~edin (New Zealand) 

(Receivect J u l y  161h, I968) 

SUMMARY 

I. Slices of rat renal cortex were leached anaerobically at 0. 5 ° and subsequently  
reincubated at 25 ° in either oxygenated  ordinary medium,  oxygenated  med ium con- 
taining o.2 mM p-chloromercuribenzoic  acid (PCMB) or oxygenated  med ium con- 
taining o.2 mM PCMB and Io mM ouabain. 
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