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SUMMARY 

Anion and nonelectrolyte perrneabilities of normal and cholesterol-depleted pig 
erythrocytes were studied by net and tracer flux measurements. In contrast to findings 
reported for other membrane systems, removal of 35% of pig erythrocyte membrane 
cholesterol did not induce notable changes of the normal permeability. Enhancements of 
membrane permeability, however, induced by amphotericin B were partly abolished by 
the cholesterol depletion. The results are discussed in terms of a model involving two 
pools of membrane cholesterol. 

As is well established, the permeability of artificial phospholipid membranes 
diminishes considerably after incorporation of cholesterol. This effect has been 
demonstrated for the permeabilities to water’, nonelectrolytes2-6, anions677 and cation?. 
The concomitant physical alterations of the phospholipid membranes have been discussed 
in detai12y52g. 

In analogy, the cholesterol present in plasma membranes is also thought to 
influence the permeability of these structures. This concept mainly relies on results 
obtained with Mycoplusma Zaidlawii B. The nonelectrolyte permeability of this micro- 
organism diminishes considerably when cholesterol is incorporated into the membrane 
during growth’. Studies using erythrocytes have provided ambiguous results: Glycerol 
permeability of human erythrocytes was reported to increase after partial removal of 
cholesteroli’. A decrease of nonelectrolyte and Na+ transfer was demonstrated in guinea 
pig erythrocytes after dietary elevation of membrane cholesterol”. On the other hand, 
the hydraulic water permeability of human erythrocytes was found to be independent of 
membrane cholesterol content”. 

In a further attempt to elucidate the influence of cholesterol on erythrocyte 
membrane permeability, passive non-mediated transfer of anions and nonelectrolytes was 
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analyzed in cholesterol-depleted pig erythrocytes. In addition it was examined whether 
cholesterol depletion affects the action of amphotericin B on the membrane permeability 
of erythrocytes. 

The membrane cholesterol content of fresh pig erythrocytes was reduced by 
incubation of the cells (24 h, 37 “C, pH 7.35, Hct. lo-IS%) in cholesterol-depleted pig 
serum13. This procedure diminished membrane cholesterol, determinedI in isopropanol- 
chloroform extracts15 of the washed cells, from a mean value (nmoles/@mole hemoglobin 
f S.E.) of 754 rt 15 in fresh ~~11s to 448 f 13 in depleted cells. In control cells, incubated 
in serum (heated to 56 “C for 1 h13) with normal cholesterol level, the cholesterol content 
decreased only slightly to a value of 712 i. 13 nmoles/pmole hemoglobin. Membrane lipid 
phosphorus was also determined l6 in a number of experiments. No significant changes of 
this fraction were observed, values amounting to 850 4 38,839 + 27 and 804 + 37 nmoles 
P/pmole hemoglobin (* S.E., y1= 6) in fresh, control and cholesterol-depleted cells. 
Transfer processes in control and cholesterol-depleted cells were analyzed by measuring 
either the net exchange of extracellular anions with cellular chloride17, or tracer fluxes of 
anions and of nonelectrolytes under equilibrium conditions’8. In both cases the solute 
movements followed first-order kinetics and could be characterized by a rate constant. 
Phosphate influx was measured as described previouslylg. 

Net exchange Tracer efflux 
t (rnin) 

Sulfate 1 chloride 
25-C, Hct. 41% 

3OT, pH 7.55,Hct.4.5% S’C, pH ‘135 ,Hct.45% 

Fig.1. Time course of membrane transfer processes in control and cholesterol-depleted pig erythrocytes. 
Nei exchange was initiated by suspending the erythrocytes in 100 mM sodium sulfaate. The increase of 
chloride in the medium (= Cl,, (mM)) served as a measure for the anion exchange. Tracer efflux was 
studied by following the release of isotope from preloaded cells into the medium (cpm/ml = cpm,,). 
Incubation media (mM): NaCl (70); sodium phosphate (13); glucose (5); glycylglycine (55); sucrose 
(75); Permeant (see figure). Rate constants k (min-I), corresponding to the slope of the regression line 
were calculated from t and In N. N = (Cl,, o. - Cl,, t) / (Cl,, o. - Cl,, 
(CPmex w - CPmex t) / CPmex a3 - 

) for net exchange; N = 
cpm,, J for tracer efflux. Subscripts’o and 00 refer to values 

obtained initially and after attainment of equilibrium. Numbers inharentheses: cholesterol content 
(nmoles/Pmole hemoglobin). 0, control cells; o, cholesterol-depleted cells. 

Typical time courses of the transfer of sulfate, lactate and glycerol across 
membranes of control and cholesterol-depleted erythrocytes are shown in Fig.1, In none 
of these experiments the removal of about 35% of the total membrane cholesterol 
induced relevant changes of the rate constants of transfer, indicating that cholesterol 
depletion of this extent does not alter erythrocyte membrane permeability to the three 

Biochim Biophys Acta, 266 (1972) 726-731 



TA
BL

E 
I 

CH
OL

ES
TE

RO
L 

CO
NT

EN
T 

AN
D 

RA
TE

S 
OF

 
SO

LU
TE

 
TR

AN
SF

ER
 

IN
 C

ON
TR

OL
 

AN
D 

CH
OL

ES
TE

RO
L-

DE
PL

ET
ED

 
PI

G 
ER

YT
HR

OC
YT

ES
 

Ex
pe

rim
en

tal
 

co
nd

itio
ns

 
as

 d
es

cri
be

d 
in 

leg
en

d 
to 

Fig
.1.

 

Pe
ne

tra
nt 

an
d 

Co
ntr

ol 
ce

lls
 

ex
pe

rim
en

tal
 

co
nd

itio
ns

 
(p

re
inc

ub
ate

d 
in 

56
 ‘

C 
se

rum
) 

Ch
ole

ste
ro

l-d
ep

let
ed

 
ce

lls
 

Si
gn

ific
an

ce
 

8 

Ch
ole

ste
ro

l* 

An
ion

s 

Ne
t 

ex
ch

an
ge

 
Su

lja
te

 
(co

 
= 

10
0 

mM
) 

25
 O

C,
 H

ct.
 

41
%

 
Ise

thi
on

ate
 

(c 
- 

15
5 

mM
): 

35
 ‘

C 
Hc

t 
3&

- 
, 

. 
0 

Tr
ac

er 
inf

lux
 

ca
P)

 
Ph

os
ph

ate
 

(1
0 

mM
), 

37
 ‘

C,
 

pH
 7

.35
, 

Hc
t. 

10
%

 

Tr
ac

er 
eff

lux
 

(14
C)

 
La

cta
te 

(5 
mM

), 
30

’ 
C,

 p
H 

7.5
.5,

 
Hc

t. 
4.5

%
 

Gl
yc

ola
te 

(S
 m

M)
, 

5 
OC

, p
H 

8.0
, 

Hc
t. 

4.5
%

 

No
ne

lec
tro

lyt
es

 

Tr
ac

er 
eff

lux
 

( 1
4C

) 
Gl

yc
er

ol 
(1

4 
mM

), 
5 

‘C
, 

pH
 7

.35
, 

Hc
t. 

4.5
%

 
Er

yth
rito

l(3
1 

mM
), 

30
 O

C,
 p

H 
7.5

5, 
Hc

t. 
4.5

%
 

72
0 

+ 
26

 

66
3 

?r
. 28

 

68
1 

f 
34

 

71
8 

f26
 

15
6 

+ 
23

 

73
6 

+ 
26

 

76
2 

k 
21

 

Ra
te 

co
ns

tan
t**

 
or ph

os
ph

ate
 

in&
x*

** 

3.6
9 

+ 
0.1

9 

6.9
9 

+ 
0.4

2 

86
.4 

2 
3.6

 

4.5
0 

f 
0.0

6 

0.9
8 

* 
0.0

5 

1.9
3 

f 
0.0

8 

1.4
3 

+ 
0.0

9 

Ch
ole

ste
ro

l* 

45
1f

18
 

37
8 

+ 
26

 

43
5 

* 
25

 

47
7 

f 
I6 

48
7 

+ 
36

 

46
9 

+ 
13

 

47
9 

2 
16

 

Ra
te 

co
ns

tan
t**

 
or ph

os
ph

ate
&f

lux
***

 

3.9
4 

kO
.16

 

7.6
5 

f 
0.3

9 

88
.6 

f4.
3 

4.5
9 

+ 
0.1

1 

1.0
3 

+ 
0.0

3 

2.0
4 

f 
0.0

8 

1.5
2 

f 
0.0

6 

0.1
 >

P 
> 

0.0
5 

(9
2=

5)
 

0.0
5 

>P
>O

.O
25

 
(n=

6) 

0.2
5 

>P
 

> 
0.2

0 
(n

=1
2)

 

0.1
 >

P>
O.

OS
 

(n=
3) 

0.1
5 

>P
>O

.lO
 

(n=
5) 

0.2
5 

>P
>O

.ZO
 

(n=
4) 

0.1
0>

P>
0.0

5 
E 

(n=
6) 

9 -. 

* 
nm

ole
s/p

mo
le 

he
mo

glo
bin

 
+ 

SE
. 

** 
mi

n-
’ 

XI
Oz

 
k 

S.
E.

 
***

nm
ole

s 
P.

g-
‘. 

mi
ne

1 
f 

S.
E.

 
tsi

gn
ific

an
ce

 
of 

d’i
ffe

re
nc

e 
be

tw
ee

n 
tra

ns
fer

 
rat

es
 

in 
co

ntr
ol 

an
d 

ch
ole

ste
ro

lde
ple

ted
 

ce
lls

, 
ca

lcu
lat

ed
 

by
 

the
 p

air
ed

 
St

ud
en

t’s
 

t t
es

t. 



BBA REPORT 729 

solutes. This finding was confirmed and generalized in further experiments compiled in 
Table I. Thi data support the view that neither the net movements nor the tracer fluxes 
of anions and polyols become enhanced to any notable extent in cholesterol-depleted pig 
erythrocytes. Even the minimal changes observed are only of dubious significance. 

The rate constants determined in our experiments are not a direct measure of 
permeabilities. For converting one into the other, the diffusional area has to be considered. 
Since cholesterol depletion reduces erythrocyte surface area 13y20, identical rate constants 
might be observed in spite of different permeabilities. The uncertainty arising from this 
complication, however, does not invalidate our conclusion, since a 35% reduction of 
membrane cholesterol diminishes erythrocyte surface area only by about 8%“. 

The lack of a response of the pig erythrocyte membrane permeability to a 
decrease of the molar cholesterol/phospholipid ratio from 0.84 to 0.53, i.e. approximately 
from 1: 1 to 1:2, stands in marked contrast to the response of artificial lipid membranes, in 
which similar changes may enhance permeability more than 3-fold3. Moreover, our 
findings concerning nonelectrolyte permeabilities do not agree with results of other 
investigators” reporting a 6-fold increase of glycerol permeability in cholesterol-depleted 
human erythrocytes. This discrepancy may be due to the fact that glycerol transfer 
proceeds by different mechanism in porcine and human erythrocyte? , although other 
explanations cannot be excluded. The reduced permeability of cholesterol-loaded guinea 
pig erythrocytesl’ seems compatible with our results on the basis of the following 
hypothesis: 

Cholesterol in the pig erythrocyte membrane might be localized in two pools. An 
“external” pool, which can be depleted in vitro, is supposed to contain about 40% of the 

Erythritol (30’) Glycolate (5”) 
1.0 

N 
0.5 

L I  I  I  

20 LO 60 80 iO0 20 LO’ 60 80 100 
t (mid t(min) 

Fig.2. Influence of amphotericin B (A*) on the efflux of [ 14C] erythritol and [ t4C] glycerol from 
normal and cholesterol-depleted pig erythrocytes. Amphotericin B (Squibb) was added at the 
beginning of the efflux period. Further experimental conditions as in Fig.1 and Table I. For 
amphotericin-treated cells, k values refer to the linear part of the kinetics. Chol. = Cholesterol content 
(nmoles/pmole hemoglobin). 
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total cholesterol. This assurnption is supported by the finding that only about 40% of the 
pig erythrocyte membrane cholesterol can exchange with lipoprotein-bound serum 
cholesterol22 or with other sterols . r” The other “internal” pool, in contrast, cannot be 
depleted without disruption of the membrane. Additional cholesterol incorporated into 
the membrane” is taken up by both pools. The “internal” pool is supposed to be part of 
the barrier limiting the passive transfer of anions and nonelectrolytes. Additional 
cholesterol increases the resistance of this barrier” which thus behaves like an artificial 
lipid bilayer or a Mycoplusma membrane. The “external” pool of cholesterol, on the other 
hand, has no influence on normal membrane permeability. 

This “external” pool, however, may become involved in membrane permeability 
under special experimental conditions. The action of the polyene antibiotic, amphotericin 
B, which enhances the permeability of artificial and natural membranes23-27 requires the 
presence of cholesterol or other sterols as receptors 24*25927Y28. As is evident from Figs 2A 
and 2C, amphotericin B, in addition to its effects on cation permeability2’, considerably 
increases the permeability of erythrocytes to small anions and nonelectrolytes (for details 
cf ref.18). In agreement with the findings on other membranes, this enhancement of the 
erythrocyte permeability depends on the cholesterol content of the membrane, being 
considerably less pronounced after cholesterol depletion (Figs 2B and 2D). In terms of 
the model outlined above and of present concepts concerning the molecular basis of 
amphotericin B-induced membrane transformations24’28, this finding may indicate, that 
the “external” pool of cholesterol, although not part of the normal pathway of anion and 
nonelectrolyte transfer, may nevertheless contribute to the formation of new “channels” 
of solute transfer24y26 m the presence of amphotericin B. 

This work was supported by a grant from the Deutsche Forschungsgemeinschaft 
(De 168/3). The superior technical assistance of Miss I. Bausch, Mrs A. Daniels and Mrs 
II. Hellmund is gratefully acknowledged. 
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