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In an aRempt |o define the paramete~ ~ amphiphilic molfcules impo~ant for Ihdr interaction wilh the 
erythrocyte membrane, the effects cf cationi~ anioni~ zwiRerionic and nonionic amphip~l~ agents 
( C ~ - C ~ )  on osmotic ~a~lity and ~anspo~ ~f potassium and phosphate in human erythrocytes were 
studie~ (1) AH the amphiphiles prote~ed lhe erythrocytes ag~n~ hypotonic haem~y~s. H ~ m a x i m u m  
protection occurred at a concen~ation wh~h was about 15% of that indudng 50% h a e m d y ~  The 
concen~afions of amphiphiles required to induce protection or haem~ys~ were rdated to the ~ngth of the 
~k~  ch in  in a way indicating that a membrane/aqueous phase pa~ition is the mechanhm whereby the 
amphiphi~ monome~ interc~ate into the membran~ (2) At antihaemolyt~ concen~ations ~1 the amphiphiles 
increased potassium efflux and pass~e potassium influx. The increase in the fluxes was about the same in 
both dkections through the membrane and there were no dear differences in the effects of the different 
amph~hil~ de~vafives at equi-protecting concen~afion~ (3) Active potassium influx was decreased by 
cationic, zwiRerionic and non-ionic amphiphfle~ The ability of the amphiphiles to inhibit the influx was not 
rdated to the ~ngth of the ~kyl chin.  Anionic amp~phi~s had no or o~y a weak stim~atory effect on the 
influx. (4) Phosphate efflux was reduced by all the amphiphiles. The inhibitory potency of the different 
amphiphiles decreased in the following orde~ an~nic > zwiRe~oni~ non-ionic > cationi~ Sho~-ch~ned 
amph~hiles were more potent inhibRors than long-ch~ne~ (5) The pos~ble pafficipation of non-bflayer 
phases (mixed inve~ed miceiles) in the interc~afion of amphiphiles into the membrane ~ discussed. 

Agents with an amphiphilic chzracter are known 
to interact with the erythrocyte membrane in a 
bipha~c way. At low concentrations they protect 
erythrocytes again~ hypotonic ly~s or mechani- 
cally induced lyfis, whereas at higher concentra- 
tions they induce lysN. This biphasic phenomenon 
has been observed in a great variety of chemically 
unrda~d amphiphiles, including ~mple detergent 
molecules [1-3] and more complex molecules such 
as phenothiazines [<5]. The mechan~m underly- 
ing the antihaemolytic effect of the amphiphiles is 
not fully understood. It is thought that, by inter- 

cNating into the find bflayer of the membran~ 
the ampNphil~ expand the membran~ th~eby 
permitting lhe cell to swell to a g r e ~  v~ume 
before it ~ s  [~. 

For many amphiphil~ locN anaesthetics and 
tranquflfizers it has been shown that he  con- 
centrations produNng nerve b~ckage correspond 
to tho~ ~s~ting in hN~ma~mum pro~cfion 
agNn~ hypotoNc haem~yfis [~. In addition to 
the well-documented d ~ s  of ~cM anaestheti~ 
on membrane p~meabili~ and membrane trans- 
po~, chemically unrda~d ampNpN~s have been 
shown to affect, at sublytic or an t i haemM~ con- 
c e n ~ n ~  sev~M membran~asso~ed  fun~ 
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tions such as endocytofis [6-8], cell spreading [9], 
call adhefion [10], membrane protein mobility 
[11,12], cell agglutination [13], and cell aggregation 
[14,151. 

There are findings in a number of studies indi- 
cating that amphiphiles with a distin~ hydro- 
phobic and polar pa~ are in~rcNa~d in the ~pid 
bHayer of membranes so that the polar group is 
located at the poN~apolar in~rface of the mem- 
brane and the hydrophobic part in the hydro- 
carbon reNon of the b~ayer [16-19]. This in~rca- 
lafion is apparenOy the primary step which tri- 
ggers M~rations in membrane a~oNated func- 
tions. Some event~ such as protection agNn~ 
hypotonic haemolysis, seem to be a result of a 
nonspeNfic infraction between the bHayer and 
the pe~urban~ while other function~ such as 
memrbane ion uanspo~, are presumably more 
sen~tive to particular features of the pe~urbant. 
The assoNafion between amphiphihc chara~er and 
ability to affect membrane functions in a wide 
var i fy  of compounds is hardly merdy coinNden- 
tM. It appears that the membran~pe~urbing abil- 
ity is an intrin~c consequence of the amphiphi~c 
c h a r a c ~  This calls a~ention to the posNbility 
that there is a common ~te and common conse- 
quences of membrane pe~urbation by amphi- 
philes. Howeve~ the details of the infraction of 
amphiphi~s with membranes are still very un- 
c~ar. It is not known how and to what extent 
particular features of the pe~urbant d~ermine or 
influence the consequences of pe~urbation. Our 
approach to this question was to sdect chemically 
~mple amphiphiles with a distinct amphiphilic 
character (su~actant~ and to study the effect of 
these agents on membrane permeabi~ty at con- 
centrations where they stabilized erythrocytes 
agNn~ hypotonic haemolyNs. By r a r i n g  the 
~ngth of the Nk~ chNn and the nature of the 
polar head group in these agents we waned to 
define the roles of the polar and apolar pa~s of 
the perturbant and find out to what extent these 
two param~ers influence the consequences of per- 
turbation. 

M ~ e d f l s  a ~  Methods 

E~rocytes 
~ood  was drawn from h e ~ y  donors by v~n 
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pun~u~  into hepafin~ed tube~ The erythrocytes 
were washed three times in a me~um cont~ning 
145 mM NaC1, 5 mM KC1, 4 mM Na2HPO4, 1 
mM NaH2PO 4, 1 mM MgSO 4, 1 mM CaC12 and 
10 mM ~uco~  (pH 7.4). The erythrocyt~ were 
then suspended in the me~um at a concentration 
of (1.6-1.7)- 10 9 ce l l s /ml  and kept c~d until they 
were used. All expefimen~ were carried out within 
48 h after the b~od was drawm 

Pro~a~n a g a ~  hyp~on~ haemo~s~ 
These experimen~ were carried out in the 

medium diluted to such a toni~ty that about 80% 
of untreated erythrocytes were haemolysed. The 
erythrocytes were added to the diluted medium 
cont~ning various concen~ations of the amphi- 
philes. The fin~ erythrocy~ concen~ation was 
(1.6-1.7)- 108 cdls /ml  and incubation was carried 
out in polyeth~ene tubes in a shaking thermo~at 
bath at 37°C for 60 min. Following incubafio~ 
the tubes were centrifuged and the percentage of 
haemolyfis was de~rmined by comparing the ab- 
sorbance (545 nm) of appropria~ dilutions of the 
supernatants with that of con~ol samples tota~y 
haemolysed by dilution to 20 vol. with distil~d 
w a ~  S~ to ten different concentrations of each 
amphiphile were used in each experiment and the 
concentrations resulting in ma~mum protectio~ 
75, 50 and 25% of the ma~mum protection were 
estimated from dos~response curve~ For every 
amphiphile four to s~ dose-response curves were 
made with blood from two or more different 
donors. 

Haemolys~ ~duced by the amphiphilic agen~ 
Eryffirocyt~ were added to the me ,u rn  con- 

t ~ n g  various concentrations of ~e  amphiphil~. 
The ery~roc~e concentration was (1.6-1.7). 108 
cells/ml and ~cubation was carried out ~ a 
shaking ~ m o ~  bath at 37°C ~ r  60 min. 
F ~ w i n g  incubation the s a m ~  were centri- 
fuged and the percentage of haem~yfis was de- 
termined as described abov~ The concen~ations 
result~g in 50% haem~yfis were d ~ m i n e d  from 
d o s ~ s p o n ~  curv~. For every amphiphil~ three 
to fix dose-~spon~ curves with ~ood from two 
or more ~f f~ent  donors were made. 

Efflux stu~es 
Erythrocytes ((1~-1.7). 109 c d ~ / m ~  were ~- 
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cubated for about 2 h in the medium contNning 
32po~ ~r ~ K  (2-30 ~Ci /ml)  at 37°C in a 
shaking thermostat bath. Following incubation the 
erythrocy~s were rapidly washed five times with 
cold (0 ° C) medium and the call concen~afion was 
readju~ed to (1.6-1.7). 10 9 c e l l s / m l .  The efflux 
studies were started by pipetting 1 vol. of the 
erythrocy~ su~penfion into 9 vol. medium con- 
tNning the amphiphi~s in concen~ations pre~- 
ou~y shown to Nve ma~mum pro~ction agNnst 
hypotonic haemolysi~ and 75, 50 and 25% of 
maximum protection. The incubations were ca~ 
ried out in Eppendoff or polyeth~ene tubes at 
37°C in a shaking thermostat bath. At suitab~ 
in~rvNs the erythrocytes were separaWd from the 
medium by centrifugation at 15 000 × g for 50 s 
and aliquoU of the supernatants were taken for 
determination of radioacti¼ty. The totN content 
of radioacti~ty in the erythrocytes was deo 
termined by lyfing a known amount of washed 
erythrocytes in disti~ed water and the resul~ are 
expressed as the percentage of tracer rdeased. 
Immediat~y before the efflux studies were sta~e& 
supernatant samples of the washed erythrocyte 
suspenfion were collected by centrifugation in 
o~der to determine ex~acdlular radioactivity. The 
exUacellular radioactivity was subtracted from the 
experimentN vNues when cMculating the per- 
centage of tracer re~ased. 

Radioactivity was measured in a fiquid sNntil- 
lafion ~pec~ometer. For every amphiphi~ four 
separaW experimenu were performed with blood 
from two or more different donor~ 

K +-influx s t u ~  
K + ~f lux was measu~d ~ the presence and 

absence of ouabNn (1 • 10 -4  M)  and the sampl~ 
were run ~ paralld. Incubation was carried out in 
Eppendorf robes ~ the meNum p ~ o u s ~  de- 
scribed. OuabNn was fi~t added to the sampl~ 
and then the amphiphi~s. The time lapse b~ween 
ad~tions was 2 min and the s amN~ were aNt~ed  
fcl~wing the additions. The amphipNl~ we~ used 
~ concen~ations corresponding to ma~mum pro- 
mct~n agNn~ hypotoNc haemNyfi~ and to 75, 
50 and 25% of ma~mum protection. 2 min after 
the adNtion of the amphiphil~ ~ K  + was added 
(about 10 ~Ci/ml) .  The f inn erythrocyte con- 
cenuation was (1.6-1.7)- 108 cells/ml and incuba- 

tion was carried out in a shaking thermostat bath 
at 37°C for 30 min. FNlowing incubation 0.3 ml 
of the samp~s were gently p i p p e d  into Eppen- 
doff tubes contNning 1.0 ml phthNate (di-n- 
butylphthMate/dinono~ phthMate; 2:1,  v/v).  
The samples ~ere centrifuged at 15 (00 × g for 1 
min. Following centrifugation the tubes were 
~ozen ( - 7 0 ° C )  and the tips of the tubes, contNn- 
ing the cell pellet, were cut off and placed in 
sdnt i lht ion ¼Ms. 400 ~1 of a solubifizer (Luma 
SoNe, Lumac B.V.) was added and the samples 
were ~gorous~  shaken. FNlowing solubil~Nion 
of the s a m p ~  a tNuen~based sdntiH~ion fluid 
was added and radioacti¼ty was measured in a 
liquid-scintillation spectrometer. 

The amount of extracdluhr  radioa~i¼ty in the 
cell pellet due to the trapped medium was mea- 
sured as follows. A co~  (0°C) erythrocy~ suspen- 
fion was added ~o cNd medium containing 43K+ 
in the same concentration as in the influx expefi- 
menU. Aliquo~ of this sample were then im- 
m e d i a ~  centrifuged through cold phthMaW as 
described above. The radioa~i~ty of these p~lms 
was confidered to represent ex~acellular radioac- 
ti¼ty and it was subtracted from the experimen~l 
vMues. It co~esponded to ~ss than 18% of the 
radioacti~ty in p d ~  of control samp~s after 30 
min incubation at 37°C. 

The difference b~ween the totN K~influx 
(without ouabNn) and the influx in the presence 
of ouabNn was taken to represent the active 
potasfium influx ( K ~ N a ~ p u m p  acti~ty) and the 
influx in the presence of ouabNn was taken to 
represent the passive K~influx.  Four or five sep- 
arate experimen~ with blood from three different 
donors were made with each amphiphil~ 

Chemicab 
A l k ~ t r i m e ~ a m m o N u m  bromides (C10, C12, 

C14 , C16 ) and soNum laurate were purchased 
~om Ngma ChemicM Co. Z w i ~ g e n ~  (3-(al- 
k ~ N m e ~ a m m o N o ) - I  ~ r o p a n ~ n ~ e s )  (Ct0, 
C~2, C~4, Ca6) and dec~ fl-D-Nucop~anoNde w~e  
obm~ed  ~om CNb~chem-Behring, soNum Mk~ 
su~ha~s  (C10, C~:, C~4, C~6) ~om E. Merck 
AG., h e x a d ~ p y r i ~ N u m  chloride ~om FLUKA 
and d o d ~ a m i n e  hydrocMoride ~om E~ tman  
Kodak Co. AH the ampNpNl~ agents used, as 
wall as all other chemicals, were of reagent grade. 



Appropria~ stock s~ufions of the amp~p~les 
were made by dissolfing them in the me&um or ~ 
the h y p o ~ c  med~m ~aem~yfi~pro~ction ex- 
periments). So~um laurate was ~ v e d  ~ a 
me~um from w~ch C~ + and Mg 2+ we~ omitted 
(~  a v i d  p ~ d ~ f i o n  of the amp~p~l~  ~nd in 
~1 experimems with so~um laurate C~ + and 
Mg 2+ w~e omitted from the me&um. 32po~- 
with a ~ & o c h e m ~  purity of 99% was obt~ned 
from New En#and NudeaL ~ K  + (~, fl , tl/2 
22.4 M, wi~ a ~ o n u c l i ~ c  puriff excee~ng 99%, 
was produced in the Accd~mor L a b ~ o ~  of 
Abo Akademi. 

St~istical analys& 
T~a~d  s a m ~  w~e comp~ed with c o n ~  

samp~s by ufing Studenfs ~test for p~red cases. 
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ProbaMfi~ vMues Mss than 0.05 were taken to 
~dic~e stafisficM~ ~g~ficant d i f ~ n c e s .  

R e s ~  

Membrane ~abilizaaon and haemo~s~ 
All the a m p ~ p ~ s  sm~ed p r o ~ e d  the 

~ythroc~es ag~n~ hyp~o~c haem~ysis. The 
concenV~ns  ~sdfing ~ ma~mum pro~ction 
(AHm~) and in 75, 50 and 25% of ma~mum 
pro~cfion (AH75, AH~0 and AH2~ ) are hsted in 
Table I. H~Gma~mum pro~cfion occurred at 
concen~afions w~ch were about 15% of these 
~s~fing ~ 50% haem~y~s (H~) ~ an is~o~c 
me~um (Tab~ I). In t~s ~spec~ ~e  zwia~gents 
• ff~ed slightly from ~e  o ~  amp~philes. They 
~duced h~Gma~mum pro~ction at a s ~ f i -  

TABLE I 

ANTIHAEMOLY~IC AND HAEMOLY~IC CONCENTRATIONS OF AMPHIPHILES IN HUMAN ERYTHROCYTES 

The e ~ t ~ e  con~n~afion w ~  0 ~ -1 .7 ) -~8  cdls /ml  and h e  e ~ s  w~e ~ b ~ e d  ~ the a m p ~ p ~ l ~  ~ r  1 h at 37 o C. 
O ~  ~pe f imem~ detai~ ~ ~ven ~ M~efi~s  and M~hods. The ~fio A H ~ / H ~  h ~  b ~ n  c ~ c ~ a ~ d  o~y ~ r  expefimen~ wh~e 
A H ~  and H ~  w~e de~rmined in par~ld. 

Amp~p~le  Con~mration (~M) 

AH25 A H ~  A H ~  AHm~ H ~  A H ~ / H ~  

So~um a ~  s ~ p h ~  
Clo 75 
C12 10 
C~4 5 
C~6 9 

A l k ~ m e ~ a m m o ~ u m  
~ o ~ s  

C~0 360 
C12 38 
C~4 7 
C~6 4 

3~A~y~im~h~ammo~-  
1 ~ p ~ n a ~ s  
~ w i t ~ t ~  

C~0 700 
C12 50 
C~4 4 
C~6 2.5 

D ~  ~ u ~ p ~ a n ~ e  85 

So~um laurate 70 

D ~ e ~ a ~  hydrochlofide 4 

C e ~ l p y f i ~ u m  c~ofide 4 

153 253 708 1 150 0.13 
20.8 30.5 50 119 0.18 

8 12 23.3 49.3 0.15 
18 24 40 70 0.26 

720 1300 3 300 7 300 0.12 
76.7 123 300 647 0.12 
15.3 25.3 40 79.3 0.19 
7.5 10.2 14.2 40.3 0.19 

1 430 2180 3630 12100 0.11 
103 158 263 1040 0.10 

8 16 27.5 110 0.08 
5 8.6 13.8 41.3 0.12 

170 258 740 988 0.16 

135 190 425 760 0.18 

7.5 13.8 26.8 110 0.08 

9 17.7 32.7 64 0.16 
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cant~ ~wer ~acfion (X = 10%) of the concentra- 
tion ~r  H~ th~n the oth~ amphiphiles ( X = 16%). 
Dodec~amine hydrochlofide and soNum cetyl 
su~ham Mso &ff~ed from the other amphiphil~. 
In these cases, howeveL there were anomali~ in 
the dose-~sponse curves for haem~y~s probab~ 
due to the occurrence of hq~d ~ystMfine phases 
of the ampNpNMs ~ the Mcubation me~um ~ 
lyric concen~afions 0ndica~d by a somewhm 
cloudy solution). For this reason the results ob- 
tMned with thee  two amphiphiMs are unce~Mn. 

The ~abifiNng abiliff of the amphipNl~ c o ~  
la~d pofitivdy with the fize of the hydrophob~ 
mNeff, i.e., the Mngth of the Mk~ chMn. TNs 
apparently reflects the increase ~ the membrane/ 
meNum partition coeffident with an M~ease in 
the leng~ of ~e  Mk~ chMn. When the concentra- 
t~ns ~sulting in AHs0 for the ampNphil~ within 
the thee homo~gue ~ f i ~  (Mk~trimeth~am- 
moNum bromide~ soNum Mk~ s~pha~s and 
zwit~rgents) are plot~d agMn~ lhe chMn Mngth 
of the homNogu~, it can be seen that there ~ an 
appro~m~ely finear relationship up to a chain 
len~h of 14 carbon atoms (Fig. 1). Above this 
chMn lengh the actioff versus chMn lengh fine 
levels offf This is a phenomenon ~equently ob- 
served with aliphatic ampNpNMs [20-23] and it 
seems to inNcMe compfications in the partition of 
Mn~chNned amphiphil~ in ~e  membran~ 

The degree of pro~ction induced by the 
amphiphil~ varied. The C~0, C~2 and C~4 homo- 
logoues of the zwit~rgen~ (Fig. 2M, dec~ fl-D- 
#ucopyrano~de (Fig. 6) and soNum laurate (not 
shown) reduced the degree of haem~y~s from 
about 80% in the contr~ to less than 10% at 
AHmax, whereas the degree of pro~ction ~duced 
by ~e  Mk~trim~h~ammo~um bromides (Fig. 
2b) and sodium Mk~ sdpha~s (not shown) was 
con~d~ab~ M~ ~eduction to 30-50%). No ex- 
~anation for the variation in the degree of p r o ~  
rion co~d be deduced from the m~ec~ar config- 
uration of the amphip~l~. It was ~m~y rda~d 
n~th~  ~ the length cf the Mk~ chMn ncr to the 
nature of the p~ar head of the m~ecd~ .  In case 
of the zwit~rgen~ the degree of pro~ction de- 
creased with the Mn~h of the Mk~ chMn (F~. 
2a), but with the Mk~trimeth~ammon~m 
bromides (Fig. 2b) and sodom Mk~ s~pha~s no 
such rdafions~p was seen. 

i ff~ 

. 

~ 
~ ~ • 

Number  of carbon a t o m s  in alkyl  chain 

~g. 1. The concen~afions for hM~ma~mM pro~cfion agmn~ 
hyp~o~c h~m~y~s ~ H ~ )  ~ot~d agMn~ ~e len~h ~ ~e 
Mk~ chMn of ~e a m p ~ p ~  ~L z ~ t ~  ~ ,  M k ~ -  
~ ~  b ~ s ;  ~), ~ u m  Mk~ ~ h M ~ .  The 
e ~ c ~ e  concen~afion was 0 ~ - 1 ~ .  ~ s  ~ / ~  and ~e 
incubation ~mp~mu~ ~ o ~  E~h p~nt ~w~ems ~e m~n 
of ~ ~ fix ~p~me experiment. 

The dose-response curves for haemolys~ 
showed a characteristic change with the ~ngth of 
the Nk~ chNn. As the alkyl chNn increased, the 
inifiN tenon of the dose-response curves became 
more and more extended (Fig. 2). This did not 
alter the concentration range between AHs0 and 
Hs0. The concentration range between AHma x or 
AH~ and the onset of haemolyfi~ howevec 
changed. For agents with an Nkyl chNn ~ngth of 
16 carbon atom~ and Nso with 14 carbon atoms 
for the sodium Nkyl sulphate~ the concentration 
corresponding to AHm~ ~ coindded with the onset 
of haemolyfis (Fig. 2). This urges caution when 
ufing long-chNned amphiphiles at concen~ations 
corresponding to maximum ~abilization. 

Phosphaw effl~ 
These ~ u ~  and the follo~ng efflux and ~-  

flux studies were carried out at concentrations 
~ p o n N n g  m AHm~, AHb, AHs0 and AHb. 
All the amphiphil~ ~uNed reduced the efflux of 
phosphme ~om the e r y t ~ .  The d o s ~ -  
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Fi R 2. The anohaemolyfic and haemolyt~ acti~ty of (a) zwiuergenu and (b) Nkyltrimethylammonium bromides (O), Ca6; (O), C14; 
(v), Clz; (~), C~0. The determination of the anfihaemolyfic acti¼ty was carried out in a medium of such a tomdty that about 80% of 
untreated erythrocy~s were haemolysed. Cell concenuation and incubation ~mperature as in Fig. 1. Each point represents the mean 
of three to fix separate experiments 

sponse  curves for the different  amphiphi les  had  
essential ly the same appea rance  as that  of sodium 
decyl  sulphate  (Fig.  3), and  efflux kinetics were 
finear for at least 60 min (not  shown). The com- 
par i son  between the amphiphi les  is based  on the 

percentage  of t racer  released fol lowing 30 min 
incubat ion.  The resu l~  are summar ized  in Fig. 4. 
F o r  the sake of  clari ty,  phospha te  r d e a s e  is p lo t ted  
against  equivalent  concent ra t ions  in respect  to 
s tabihzat ion.  
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~g. 3. Do~-~sponse curve ~r  phosph~e r~ease ~ e ~ o -  
cy~s mcub~ed ~th so&urn dec~ s~ph~e for 30 ~n.  Phos- 
pha~ r~ease was ~ r ~ n e d  as described ~ Marr ies and 
M~ho~, C~I concentration and ~cubafion ~mper~ure as in 
~ 1, Each p~nt represents the mean of ~ur ~para~ expcri- 
m c ~  

For ~most  all the amphiphiles phosphate eL 
flux was ~gnificanfly reduced even at concentra- 
tions corresponding to AH~ .  Sever~ dear  di~ 
ferences in inhibitory po~ncy between the differ- 
ent amphiphi~s can be seen. Comparing the diL 
ferent homologues within the three homologue 
sefie~ it is e~dent  that the inhibiting ability is 
r d a ~ d  to the length of the ~kyl  c h i n .  The C~0 
and Caz homologues reduced the efflux ~gnifi- 
cantly more than the C14 and C16 homologues. 
The nature of the polar head ~so had a dear  
influence on the inhibitory po~ncy  of the 
amphiphiles. Amphiphiles with a negafivdy 
charged polar head were more effident than 
amphiphiles with a po~t ivdy charged, n e u ~  or 
zwiuerionic head. If the amphiphiles are com- 
pared at equ~ length of the ~kyl  chain they fall, 
with respect to inhibitory potenc~ in the follow- 
ing order; R-COO > R-SO~ > zwi~ergent~ R- 
~ u c o p y r a n o ~ d e >  R-N+(CH3)3,  R-NH~,  R- 
pyridinium. The C~6 derivatives and the Ca4 de- 
rivative of the sodium alkyl sulphates induced a 
slight increase in phosphate efflux at concentra- 
tions corresponding to AHma x. This is apparently 

due to a rdease of p h o ~ h ~ e  from lysed calls, 
because with these derivatives the concentration 
~ r  ma~mum ~ a b ~ f i o n  c ~ n d d e d  ~ ~ e  o ~  
of h ~ m ~ .  

Potassium efflux 
AH the amphiphiles increased potassium efflux 

at the stabili~ng concentrations. The dose rda- 
tionship was linear and the efflux kinetics were 
hnear for at least 60 min. Potasfium efflux was 
measured following 30 min incubation. The resul~ 
are summarized in Fig. 5. The differences in eb 
fldency between the different amphiphiles were 
small. The ~kyltrimethylammonium derivatives 
were sfighfly more effective than the other 
amphiphiles. They increased fignificanfly the re- 
~ase of potasfium at concentrations co~espond- 
ing to AH25, whereas the sodium ~kyl sulphates 
increased the rdease fignificanfly only at con- 
centrations exceeding those co~esponding to 
AHs0. The zwit~rgen~ were slightly more effec- 
tive than the sodium ~kyl sulphates but less effec- 
tive than the alkyltrimethylammonium bromides. 

At concentrations exceeding that of AH75 the 
non-ionic derivative (decyl fl-D-glucopyranosid~ 
differed markedly from the other amphiphiles. 
Above this concentration it caused a marked con- 
centration-dependent increase in potasfium efflux 
(Fig. 6). At a concentration corresponding to 
AHma X about 45% of the tracer was rdeased and it 
was further r~sed to nearly 60% without any fign 
of haemolysis. No marked ~ r a t i o n  in phospha~ 
efflux occurred at these concentrations (Fig. 6), 
excluding nonspedfic membrane damage as a 
cause of the increase in potasfium efflux. It seems 
unlikdy that a fimilar marked increase in efflux 
~so occurred for other cation~ because such an 
increase in overall cation permeabi~ty should ap- 
parently have led to lyfis of the erythrocytes. It 
thus appears that this amphiphi~ affe~s a path- 
way spedfic topotasfium. 

Potas~um influx 
Influx of potas~um was measured following 30 

min incubation in the absence and presence of 
ouabain (run in parallel). Influx in the presence of 
ouabain represents passive potas~um influx, and 
the difference in influx between samples incubated 
with and without ouabain are taken to represent 
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Fi~ & Rdease of phosphate from erythrocytes following 30 min incubation in the presence of the amphiph i~  The rdease of 
phosphate ~ plot~d ag~n~ eq~-pro~Oing concentrations (the concentrations resulting in mafimum protection, 75, 50 and 25% of 
maximum protection ag~n~ hypotonic haemolyfiO. The molar concen~ations of the amphiphiles at these p r o ~ i n g  ef~cB are ~ven 
in Table L Phosphate rdease was measured as described in Matefi~s and M~hods. Call concen~afion and incubation ~mperature as 
in Fi~ 1. Each p~nt  represenB the mean of four separa~ experiments 

active potas~um influx ~K +-Na + ~pump activity). 
No influx ~udies were made with sodium tetrade- 
cyl sulphat~ cetylpyridinium chloride and the C]6 
homologue of the zwittergents. 

The pas~ve potas~um influx was increased by 
M1 the amphiphi~s (Fig. 7) to about the same 
extent as potas~um efflux. For most of the 
amphiphiles the influx was increased about 2-fold 
at concentrations corresponding to those for 
AH75-AHma x. Dodecylamine hydrochlofide and 
sodium laurate were slightly ~ss effective and 

decyl fl-D-glucopyranofide slightly more effective 
than the other derivatives at lower concentration~ 
At concentrations corresponding to those for 
AH . . . .  dodecylamine hydrochloride and decyl 
fl-D-glucopyranoside induced confiderably higher 
influxes than the other amphiphiles. No other 
dear  differences between the d~ferent amphiphiles 
were seen. 

In the case of active potassium influx there 
were more clear-cut differences between the diffe~ 
ent types of amphiphile (Fig. 8). The alkyltfi- 
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mmh~ammonium bromides, zwittergent& decyl 
fl-~-Nucopyrano~de and dodecylamine hydro- 
chloride inhibited the active potas~um influx. The 
Nk~trimeth~ammonium bromides were the most 
potent inhibitor. They caused about 50% inhibi- 
tion at a concentration corresponding to AH~.  
No rdationship between the length of the Mkyl 
chNn and inhibiting ability was seen. Sodium 
Mkyl sulphates, on the other hand, had no effecL 
while sodium laurate increased the active potas- 
sium influx ~ightly. W~h the amphiphiles used in 
this study there were consequently dear dif- 
ferences due to the nature of the polar head. 

Pofifive~ charged, neutral or zwittefionic 
amphiphiles inhibimd active potasfium influx, 
whereas negativdy charged amphipN~s had no 
effect or produced a slight increase in the influx. 

Discussion 

The m~rca&fion of ~e amphiphilic molecules into 
the membrane 

The appro~ma~ finear rdationship between 
the ~ngth of the ~ k ~  c h i n  and the concentration 
for AH~ or H~ s~on~y suggests a membrane/ 
aqueous phase partition as the mecha~sm whereby 
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~ ~. K~¢as¢ o~ (&) po~s~um and ~ )  phosphatc ~om 
¢ ~ ¢ ~ s  incu~at¢~ ~ r  ~0 ~ n  ~ ~ m ~ ¢  ~ t ~  
~ons of d¢c~ ~ u ¢ o p ~ a n ~ c .  ( ~  r~easc o~ h a ¢ m o ~  
5~  in ~ ~ p ~ o ~ ¢  m¢~um; (e), d ~ e  o~ ~ c m ~ s  in ~ 
is~o~¢ m e ~ u ~  ~ c o n s t r a i n  ~nd m ~ b ~  ~ m p ~  
~ ~ ~ ~ ~. E~h p~m ~eWesen~ ~e m~n  ~ ~ o  to ~ur  
~ p ~ a ~  ~ m ~  

amphiphil~ m ~ e c ~  i n ~ e  into the mem- 
brane and that hydropho~c ~ r a ~ n s  govern 
• e ~ a t i o m  This is o~y what might be e~ 
pected, fince many s ~ e s  have shown that ~e  
fi~d bilay~ is lhe main ~corporation fi~ ~ r  
amphiphilic m ~ e c ~  [4,16-19]. Howev~, ~e  
~velling off in the a~i¼ff vs. ch~n-~n~h profi~ 
(Fig. 1) is puzzling If hydrophob~ character were 
the o~y factor governing ~e  ~ a t i o n  of ~e  
amphiphil~ ~to the b~ay~, a hnear relationship 
b~ween zcti~ff and c h i n  ~nOh is ~ be ex- 
pec~d. A levelfing off in a c t i ~  or partition 
versus ch~n-~ng~ profile at c h i n  ~n~hs of 14 
to 16 carbon atoms has ~equenfly been observed 
with amphiphil~ m ~ e c ~  [1~20-2~, but it has 
not been sati~ac~fily expl~ne& It is not due to 
m~elle f o r m ~ n  in the aqueous s~ufion because 
• e cmc v~u~  reposed for ~e  amphiphil~ ~e  
we~ above the concen~ations co~esponding to 
AHm,~ [24-26]. The ~ve~ng off ~ems to ~ c ~ e  
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compfications in the ~ ~ n  of ~n~ch~ned 
hom~ogu~ in~ the brays .  By hating a polar 
and an ap~ar re ,on  the b~ayer is qui~ ~ff~ent  
from a n o ~ p ~  hydrocarbon phase. Due to this 
the partition ~ n ~ s  may be com~ex and it is 
pos~b~ that ~e  partition of the memb~s in a 
hom~ogue series is not merdy ~ d  to the 
leng~ of ~e  ~k~  chin.  

In the d~cus~on above ~ n ~ m ~ g  the pani- 
t~n of ~e  a m p h i p ~  ~ ~e  memb~ne it is 
~sumed th~ an ~ u ~  e ~  (AH~ or Hs0) means 
an equ~ amount of amp~phific m ~ u ~ s  in the 
memb~n~ This ~ p ~ n  is ba~d on t ~  exten- 
~ve data p reened  by S~man ~], which show 
• ~ ~e  membm~ ~ n ~ m m t i o n  ~ r  a ~ ~ 
of ~ - ~  ~ ~  ~ d  a m ~  at AH~ 
is the same, d e ~ t e  ~ v ~ - f ~ d  variations in the 
ofl/wa~r p a ~ n  ~ f i d ~ .  S~di~  m a ~  ~ t h  
I ~ o p h ~ p h a t i d ~ c h ~  (C~o-C~) have shown 
that the amoum of hom~ogu~ bound at Hs0 is 
appro~m~dy the same [21], ~ & c ~ g  that the 
concept of equ~ effects at equ~ memb~ne con- 
centrations is ~so v~id in the case of M ~  
It seems justified, ~ o ~  over ,end ing  the con- 
cept, to use the concentrations resuRing in AHs0 
~ ~ ~ p m ~ m ~ n  of the membmne/buff~ 
p ~ i ~ n  coeffiden~. Comparison of the three 
hom~ogue series (~g. 1, Ta~e I) shows that the 
neg~Ne~ ch~ged ~k~  sulphates have a greater 
partition coeffident at c h i n  lengths below 16 
carbon atoms than the z ~ ~  and the posi- 
tivdy c h ~ d  a ~ m e ~ a m m o n ~ m  com- 
p ~ s .  

Alterations ~ transpo~ funa%ns reduced by ~e 
amphip~les 

It should first be poin~d out that, since these 
studies were carried out at equi-~abih~ng con- 
cenvations (AH~, AHs0, AH75 and AHm~ ~ the 
effects are studied at appro~matdy equ~ mem- 
brane concen~afions of the amphiphiles. With 
this approach the qualitative and quantitative dif- 
ferences found between the agents should be at- 
tributab~ to differences in the m~ecular config- 
uration of the amphiphiles. 

The common effects shared by ~1 the 
amphiphiles ~udied was a decrease in phospham 
efflux, an increase in pota~ium efflux and an 
increase in pasfive potasfium influx. The increase 
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in the potasfium flux induced by the amphiphi~s 
was quite fimilar in both dire~ions through the 
membrane and there wer~ with one exception 
(dec~ fl-D-glucopyranofide), no distin~ di~ 
~rences b~ween the different amphiphiles. ~nce 
the increase in fluxes was relativdy independent 
of the nature of the polar head and the length of 
Mk~ chain of the amphiphiles, it must be due to 
nonspedfic infractions. The most likdy explana- 
tion is that the amphiphiles, by affecting the dy- 
namos of the fipid bilayer, increase the ground 
permeabifity of the bihyer to potastum (posfibly 

~so to other ion~. This ~ew is supported by 
sever~ studies in which it has been shown that 
amphiphi~s increase the permeability of brayers 
[27-30]. Many amphiphi~s, including surfactant~ 
have been shown to decrease the ~anfition tem- 
perature of fipid bilayers [2L31-33]. It is therefore 
~mpfing to assume that the amphiphiles, by de- 
creating the order or packing of the hydrocarbon 
chains of the ~pids in the bflaye~ increase the 
permeability of the brayer lo small ions. If this is 
the cas~ there should ~so have been an increase 
in phosphate efflux. However, our experimental 
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Fig 8. Active potas~um influx in erythrocytes following 30 min incubation in the presence of the amphiphiles. In~acdlular 
radioacti~ty following incubation with the tracer (~K)  was measured as described in Materials and Methods and the active 
potas~um influx ~ expressed as cpm in the erythrocyte pellet. Active influx ~ plotted agMn~ equi-protecting concentrations as in 
Fig. 4. Cell concentration and incubation temperature as in Fig 1. Each point represents the mean of four or five separate 
experiment. 

defign did not permit detection of a pos~b~ 
increase in the permeabihty of the brayer to phos- 
phate. It may have occurred but have been 
camouflaged by a s~onger inhib~ory effect of the 
amphiphiles on other pathways 

With regard to the phosphate efflux, there were 
clear differences in inhibitory potency between the 
different derivatives. Their inhibitory potency was 
dependent on both the nature of the polar head 
and the ~ngth of the Nkyl chain. The anionic 
amphiphi~s were the most potent inhibitor, and 

sho~-chMned homologues were more potent than 
long-chMned ones. Several different types of 
amphiphile have previou~y been found to inhibit 
the ffanspo~ of phosphate and other anions 
through the erythrocyte membrane [34]. The most 
hkdy explanation to the inhibitory effect of the 
amphiphiles is that they interfere with the func- 
tion of the anion-exchange proton. The mMn an- 
ion-exchange protein in the erythrocyte membrane 
is band 3 [35], and it has been proposed that the 
transport function of this protein is senfitive to 
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the dynamics of the lipid b~ayer [36,37]. Since it is 
quite well establ~hed that amphiphil~ molecu~s 
increase the fluidity of bilayers ~ 3 1  33] and cell 
membranes [38-~0], it is reasonable to assume 
that the amphiphiles, by increafing the fluidity of 
the bilaye~ affect the conformation of the anion- 
exchange protein and thereby reduce the transport 
of phosphate. The differences in potency between 
the different derivatives could be due to di~ 
ferences in thor  ability to affect the state of the 
bilaye~ Alternatively, it might be hypothes~ed 
that, due to differences in the nature of the polar 
head, they intercalate into different lipid dom~ns 
in the plane of the bilayer and thereby diverge in 
their effects on membrane protein~ It is even 
conc~vab~ that the amphiphiles, having a shape 
that differs from that of the bulk lipids in the 
bilayer (the cross-sectional area of the polar head 
is greater than that of the alkyl chain), may have a 
preference for l ipid-proton interfaces in the mem- 
brane. Such an orientation has been suggested for 
some local anaesthetics [41,42] and it seems likdy 
that a location adjacent to the anion-exchange 
protein could ~ve the polar head of the amphiph~e 
an oppo~unity to influence the function~ state of 
the anion-exchange proton.  

The mechanisms suggested above as posfible 
reasons for the inhibition of phosphate ~anspo~ 
may also be valid in explaining the inhibition of 
active potasfium influx induced by the amphi- 
philes. Sever~ authors have reported inhibitory 
effects of amphiphiles on membrane (Na+-K+k 
ATPases [38A3,44] and other membrane-bound 
enzymes [45,46]. This inhibitory effect has been 
proposed to be due to alterations in the state of 
the membrane protons  induced through an al- 
teration of the dynamics of the b~ayer [38,45,46]. 
In the present study, the nature of the polar head 
proved to be a determining factor in the inhibition 
of the (Na+-K*kpump,  since cationi~ zwit- 
terionic and neutral derivatives were inhibitory, 
whereas anionic derivatives had no effect or were 
slightly stimalatory. 

A ~  non-bilay~ s ~ u ~ u ~ s  m~,o~ed m ~ e  ~ a -  
&tion of amphiphiles mm ~ e  membmne? 

It has been proposed that h ~ s ~ u ~ e  and 
a m p ~ p h ~  agents pro~ct  ~ h m c y ~ s  ag~nst 
hypo~nic  haem~ysis by expan~ng the memb~ne  

and thereby increafing the critical haemolyt~ 
volume of the call [4]. This concept may well apply 
to lipid-soluble agents able to rapidly equilibra~ 
between the two leaflets of the bilaye~ However, 
amphiphiles such as the ~k~ t r im~h~ammonium 
derivatives ha~ng a bulky qua~rnary ammonium 
head which is charged at phyfiolo~c~ pH values 
are confidered by many authors to be unab~, at 
~ast  in a short time (the antihaemolyt~ effect is 
dependent on events occurring within secondsL to 
penetrate the b~ayer [47-49]. Such amphiphi~s 
are kinetically ~apped in the outer leaflet of the 
bilaye~ In a pre~ous study with ~at erythrocytes 
[3] it was found that about 2.3.10 7 molecules of 
the C~6 homologue of the Mkyltrimethylam- 
monium bromides (CTAB) were bound per 
erythrocyte at a concentration resulting in AHs0. 
This number is quite close to that calculated by 
Seeman [~ for a variety of hpid-soluble and 
amphiphilic agen~ at AH~.  Assuming the area of 
the ~kyltrimethylammonium group in a mono- 
layer to be 40 ~ [50] the total area of the inte~ 
c ~ a ~ d  molecules at AHs0 will be 9.2 ~m 2. This is 
6.6% of the area of the erythrocy~ (140 ~m 2) and 
at a concentration corresponding to A H ~ ,  it 
would be about 13%. It has been shown that an 
expanfion of the outer leaflet of the bilayer by 
0.4-1.3% is suffi~ent to ~ansform biconcav~ 
shaped erythrocytes to echinocytes [51-53]. In the 
light of these findings, the expanfion calculated 
above seems quite extnefiv¢ and the question is 
wh~her  such an extensive expansion of the outer 
leaflet is at ~1 po~ ib~  without a collapse of the 
bihyer  structure. 

Furthermor~ it has been poin~d out that the 
dynamic shape of the molecules is important for 
the stabifity of the b~aye~ Phospholipid molecules 
with a cylindric~ shape are most eas~y accom- 
modated in the bilayer structure, whereas mol~ 
cules with the shape of cones and inver~d cones 
are thought to combine in a comp~mentary fash- 
ion to arrive at a net bilayer structure [54,55]. In a 
human erythrocy~ the number of phospholipid 
molecules is 1.9.10 s [56]. Assuming that 2.3 • 10 v 
CTAB molecu~s are bound to the outer mono- 
layer at AHs0 [3], the ratio between phospholipids 
and CTAB in the leaflet would be about 4 : 1. At a 
concentration corresponding to AHm~ ~ it would 
be about 2 : 1. It seems very unfikdy that the outer 



~a f l e t  can be loaded  with such a quant i ty  of 
w e d g ~ s h a p e d  molecules  ( i n v e r ~ d  coneO and  still 
survNe as a monolayer .  In  the case of molecules 
u n a b ~  to rap id ly  p e n ~ r a t e  the bHayeL it thus 
seems diff icult  to e x p l ~ n  the i n ~ r c ~ i o n  process  
wi thout  assuming the p a ~ i d p a t i o n  of some mech- 
an i sm a b ~  to c o ~ e c t  the i m b ~ a n c e  between lhe 
two ~ a f l ~  and posf ib ly  ~ s o  an i m b ~ a n c e  in the 
outer  leaflet  due to an u n s u i t a b ~  shape of  the 
i n ~ r c ~ a ~ d  m o ~ c u l ~  

The  works of Cull is  and  De KruOff (for review 
see Ref. 57) have shown that  non-bf layer  struc- 
tures may  occur in b ~ a y e ~ .  These non-b~ayer  
s t ructures  have been i n ~ r p r e ~ d  to be inver ted 

micelles or Hl l  phases located between the two 
leaflets  of the b~ayer  and  they are thought  to be 
involved in membrane  events such as fufion and 
exocytof is  [57]. The po in t  we wish to make here is 
that  such i n v e r ~ d  micelles or HI~ phases  may  be 
involved in the m e m b r a n e  i n c o r p o r ~ i o n  of  
amphiph i les  which, due to the charge of  the po la r  
head,  are unable  to r a p i d ~  p e n ~ r a ~  the b ihye r .  
If  mixed i n v e r ~ d  micelles, conf is t ing of some of 
the in terca la ted  molecules  and l ipid species ~ o m  
the bf laye~ were formed between the two leaflets 
of the b i h y e ~  the imbMance b ~ w e e n  the two 
leaf le~  and the i m b ~ a n c e  within the o u ~ r  leaflet  
could  be coped  with and the b~ayer  could m ~ n -  
t ~ n  its s tabihty.  F u r t h e r m o r ~  such a mechanism 
could  p o s f i b ~  ~ s o  stabifize the b i h y e r  by  equi-  
l ibra t ing  the n o n - p e n e ~ a f i n g  amphiphi les  b ~ w e e n  
the two ~ a f l ~ s  of  the bf laye~ The  energy bar r ie r  
to the ~an f i f i on  b ~ w e e n  the b~ayer  and the non- 
b~ayer  conf igura t ion  is p roposed  to be small  [57], 
so it may  be assumed that  the non-bf layer  struc- 
tures may  be o n ~  ~ a n f i e n ~  Howeve~ the c a p a ~ t y  
of the s tab~izing mechanism is appa ren t ly  h m i ~ d .  
If  the number  cf  amphiphi l i c  m o ~ c u ~ s  in the 
b~aye r  exceeds a cer tain levd ,  the b i layer  col- 
lapses  and the cell will be ~sed .  
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