
The Effect of Amphotericin B 

on the Water and Nonelectrolyte 

Permeability of Thin Lipid Membranes 

T H O M A S  E. A N D R E O L I ,  V I N C E N T  W. DENNIS,  and 

ANN M. W E I G L  

From the Department of Physiology and Pharmacology (Division of Clinical Physiology) and 
the Department of Medicine (Division of Nephrology), Duke University Medical Center, 
Durham, North Carolina 27706 

ABSTRACT This paper reports the effects of amphotericin B, a polyene anti- 
biotic, on the water and nonelectrolyte permeability of optically black, thin lipid 
membranes formed from sheep red blood cell lipids dissolved in decane. The 
permeability coefficients for the diffusion of water and nonelectrolytes (PD~) 
were estimated from unidirectional tracer fluxes when net water flow (J~)'was 
zero. Alternatively, an osmotic water permeability coefficient (P~,) was com- 
puted from J,~ when the two aqueous phases contained unequal solute concen- 
trations. In the absence of amphotericin B, when the membrane solutions con- 
tained equimolar amounts of cholesterol and phospholipid, Pf  was 22.9 -4- 
4.6 /~sec -1 and PD~2 o was 10.8 ± 2.4 /a,sec -t.  Furthermore, PD~ was < 0.05 
#see -x for urea, glycerol, ribose, arabinose, glucose, and sucrose, and ~q, the 
reflection coefficient of each of these solutes was one. When amphotericin B 
(10 -6 M) was present in the aqueous phases and the membrane solutions con- 
tained equimolar amounts of cholesterol and phospholipid, PDH~ o was 18.1 4- 
2.4 #sec-t; Pf  was 549 4- 143 #see -~ when glucose, sucrose, and raffinose were 
the aqueous solutes. Concomitantly, PD~ varied inversely, and ¢~ directly, with 
the effective hydrodynamic radii of the solutes tested. These polyene-dependent 
phenomena required the presence of cholesterol in the membrane solutions. 
These data were analyzed in terms of restricted diffusion and filtration through 
uniform right circular cylinders, and were compatible with the hypothesis that 
the interactions of amphotericin B with membrane-bound cholesterol result in 
the formation of pores whose equivalent radii are in the range 7 to 10.5 A. 

I N T R O D U C T I O N  

T h e  charac te r ized  po lyene  antibiotics comprise  a g roup  of cyclic, amph i -  
pa th ic  lactones,  which  conta in  a n u m b e r  (usually 4 -7)  of  con juga ted  
--C~--~G-- doub le  bonds  in the r ing s t ructure ,  and  have  molecu la r  weights in 
the range  500 to 1300 (1). Wi th  few exceptions,  the biologic effects of  these 
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drugs have been attr ibuted to the increased cellular permeabili ty to a variety 
of solutes which results from the interaction of the polyene compounds with 
membrane-bound sterols (2, 3). However,  the detailed nature of such inter- 
actions is not clear. 

Previous reports from this laboratory (4, 5) indicated that certain polyene 
antibiotics (nystatin and amphotericin B, but  not filipin) strikingly reduced 
the DC resistance (R,0 of thin lipid membranes separating two aqueous 
phases, but  only when the mole fraction of cholesterol in the lipid solutions 
used to form membranes exceeded 0.2 (5). Under  these conditions, the 
reduction in DC membrane  resistance was proportional to a high power 
(approximately 4.5) of the nystatin concentration in the aqueous phases. 
Consequently, it seemed likely that the primary unit responsible for the 
increases in the conductance of individual ions comprised a multimolecular 
aggregate of polyene antibiotic with membrane-bound cholesterol (4, 5). 
Furthermore,  if such multimolecular units participated directly, rather than 
cooperatively, in the reduction in DC membrane  resistance, it was inferred 
that they might form fixed sites, or pores, within the membrane  phase (5). 
In order to gain additional information concerning this question, we have 
evaluated the effects of amphotericin B on the permeabili ty of thin lipid 
membranes to water and nonelectrolytes. The  experimental da ta  provide 
support  for the hypothesis that, in these membranes,  the interaction of 
amphotericin B with membrane-bound cholesterol results in the formation of 
aqueous channels, or pores. Furthermore,  if the pores are treated opera- 
tionally as uniform right circular cylinders (6), in which the frictional inter- 
actions (7) between water and solutes are the same as in bulk solution, their 
effective radii can be estimated to be in the range of 7 to 10.5 A. 

A preliminary report  of the osmotic studies reported in this paper has ap- 
peared elsewhere (8). 

METHODS 

Lipids were extracted from high potassium (HK) sheep red blood cells (9), and 
depleted of cholesterol by acetone treatment (5). Unless otherwise indicated, the lipid 
solutions used to form membranes (membrane solutions) contained equimolar amount 
of cholesterol (Calbiochem, Los Angeles, Calif.) and H K  sheep red blood cell lipids 
(92 % phospholipid [5]) dissolved in decane at a concentration of 35--45 mg total 
lipid per ml decane (5, 9). The membrane solutions were applied with a brush tech- 
nique (10) to an aperture (see below) separating two aqueous phases. As in previous 
studies (5, 9), all experiments were carried out at room temperature (22-24°C), and 
the aqueous phases were unbuffered (pH N 5.8). Amphotericin B (batch No. 91368- 
001) was kindly furnished by Miss Barbara Stearns, Squibb Institute for Medical 
Research, New Brunswick, New Jersey. On the day of an experiment, a stock solution 
of the antibiotic dissolved in methanol (1-2 X 10 -4 M) was prepared and stored at 
4°C, and diluted in the aqueous phases immediately prior to use (5). Thus, the aque- 



T. E. Am~l~OlJ ET AL. Amphotericin B and Thin Lipid Membranes I35 

ous amphotericin B solutions contained 0.5-1.0 % methanol. In control experiments, 
aqueous solutions containing 1.5 % methanol did not modify the water, electrolyte, 
or nonelectrolyte permeability properties of the membranes. Tritiated water ( T H O )  
and t4C-tagged nonelectrolytes (purity > 98.5 %) were obtained from New England 
Nuclear Corp. (Boston, Mass.). The electrical and analytical determinations, tech- 
niques, and reagents were the same as in previous studies (5, 9), except for the modi- 
fications to be described below. 

Unidirectional Tracer Fluxes 

A schematic representation of the "isotope chamber" apparatus used in the unidirec- 
tional tracer flux experiments is shown in Fig. 1. The aqueous chambers (Fig. I, 
front and rear) were symmetrical, open, square Lucite cells, 1.27 cm on a side and 
1.2 cm deep, with input apertures (Fig. 1, i) for electrodes and fluid infusion. One 

,t 5.08cm m' f Rear Chamber 

• [ r - ~ - r - - - i  | " U "  Tube 

• O ' R i n ~ ~ t  ~ D~cone ]71 
• l___l em ra   II 
I " ~ ' 1 " ~ -  ] Aperture 

' - - "  I I I 
I 14-Front Chamber 

FIou~ 1. Schematic top view 
of isotope chamber apparatus. 
Details are in the text (Meth- 
ods). 

face of each chamber was open and guarded by a rubber " O "  ring. The partitions 
containing the apertures (1.5 mm diameter) on which the membranes were formed 
were inserted between the two O rings and the entire apparatus was bolted together 
(the bolts are not pictured in Fig. 1). Two types of partitions were employed: stainless 
steel, either 0.125 mm (11) or 0.025 mm thick, and polyethylene, 0.125 mm thick. 
An area of the partitions surrounding the membrane aperture was abraded slightly 
and the partitions were washed initially with detergent and 50 % ethanol and rinsed 
exhaustively with deionized water (9). Subsequently, the partitions were passed 
through acetone and stored under petroleum ether. Prior to use, the partitions were 
air-dried for approximately 1 hr. 

Perfusion of one or both chambers, simultaneously or independently, at rates of 
2-10 ml/min, was carried out by infusing fluid with a peristaltic pump into the input 
apertures, and aspirating through constant vacuum needles set at exactly the same 
height (0.3-0.6 cm) from the top of each chamber. Thus, the vacuum needles main- 
tained nearly constant and identical upper limits to the volumes of fluid in the two 
chambers. Small magnetic stirring bars were placed at the floor of each chamber, 
and both aqueous phases were stirred vigorously (11) during the course of all isotope 
exchange experiments. It should be noted that the stirring rates could not be rigor- 
ously regulated, but were adjusted to provide maximal stirring (approximately 50-60 
rpm) and visible oscillation of the membranes without rupturing the latter. To mini- 
mize heating of the aqueous phases from the magnetic stirrer, the chambers were set 
on rubber mounts 1.0 cm above the stirrer. 
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In  order to maintain equal hydrostatic pressures in the two aqueous phases, both 
chambers were connected with a horizontal " U "  tube (Tygon tubing, approximately 
0.48 cm I.D.). A portion of the tube (a length of approximately 0.5 cm near the en- 
trance to each chamber) was filled with decane, and the remainder was filled with 
water. This arrangement insured mechanical stability of the membranes despite con- 
siderable manipulation (i.e., perfusion or sampling) of the solutions in either chamber. 
In  practice, shifts of the decane columns during frequent, intermittent perfusion and 
sampling of both chambers resulted in less than a 5 % change in the aqueous volumes 
of the chambers during, for example, a typical 2 hr experiment. 

Whenever isotopes were added to one aqueous phase, both chambers were covered 
with Parafilm lids to minimize contamination of the "cold" chamber by evaporation 
(12) or surface adsorption. To  test for the absence of electrical or isotopic shunt path- 
ways between the two chambers, an unperforated polyethylene partition was clamped 
between the two chambers. Under these conditions, the De resistance between the 
two aqueous phases was > 10 TM ohms, and, when one aqueous phase contained approx- 
imately 5 X 106 counts min -1 m1-1 of either T H O  or 14C-urea, no radioactivity above 
background levels was detected in fluid samples from the other aqueous phase, even 
after 12 hr periods. In  addition, the electrical properties of membranes formed in this 
apparatus were the same as those observed when the front and rear chambers were 
isolated from one another (5, 9). 

The unidirectional tracer flux experiments were carried out in the following man-  
ner. Thin lipid membranes were formed in the "isotope" chamber. The  aqueous 
phases contained identical, dilute solutions (0.01 M; for T H O  flux experiments, the 
solute was urea or sucrose; for the flux of 14C-nonelectrolytes, the solute corresponded 
to the isotope). 30 min after formation of a membrane,  0.1-0.15 rnl background sam- 
ples were taken from both chambers (using micropipettes), the aqueous volumes were 
readjusted, and T H O  or 14C-tagged nonelectrolyte (final concentration ~ 1 - 9  X 106 
counts min -1 m1-1) was added to the rear chamber.  After approximately 5 min, a 
20 #1 sample was taken from the rear chamber. At the end of a flux period (15-90 
rain), a 0.1-0.15 ml sample was withdrawn from the front chamber. Subsequently, 
the front chamber was flushed completely (5 rain; 8 ml /min)  and the volumes of both 
chambers were readjusted. The  flux periods were then repeated for the duration of 
the membrane,  before and after the addition of amphotericin B to both aqueous 
phases. In  practice, on any given day, at least one control flux period was carried 
out before the addition of amphotericin B to the aqueous phases. This procedure 
minimized the possibility that, for a given experiment, the observed effects were due 
to "shunt"  pathways in the apparatus. The  samples were adjusted to a uniform 
volume (0.1-0.15 mi), placed in 10 ml of Bray's phosphor (13), and counted for 10 
min in a Tr icarb (Packard Instrument  Co., Downers Grove, Ill.) liquid scintillation 
counter. For a 10 rain period, the average background counting rate was 400 -t- 60 
counts. Sufficient isotope was added to the rear chamber  so that  a counting rate of 
at least 400-500 counts above background per 10 rain in a front chamber  sample 
would correspond to a solute or water  diffusion permeability coefficient (see below) 
of approximately 0.09-0.1 X 10-4 cm sec-k Accordingly, we could expect to detect 
reproducibly a min imum solute or water diffusion permeability coefficient of approxi- 
mately 0.05 X 10 -4 cm sec -1. Consequently, when the counts in the front chamber  
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were not significantly greater than background, the results were reported as diffusion 
permeability coefficients <0.05 × 10 -4 cm sec -1 (Table II),  although the actual 
values may have been considerably lower. 

A representative experiment illustrating the properties of the system is shown in 
Fig. 2. I t  should be noted that the rates of isotope exchange (Fig. 2, open symbols) 
were independent, within experimental error, of the duration of the membrane, and 
that the isotope concentration in the front chamber at the end of the flux period was 
negligible ( <  1%) with respect to the isotope concentration in the rear chamber. 
Furthermore, the absence of significant counting rates greater than background in 
samples taken from the front chamber after the latter was flushed (Fig. 2, closed 
symbols) indicates the effectiveness of the rinsing procedure. 

800 

THO added to 
tear chamber 

0 
0 

0 

~'J ;o 6; 9'0 ,2o 
Membrane Duration (rain) 

Fmum~ 2. A representative tracer flux experiment. Ordinate, total counts rain - l  (cpm) 
above background (front chamber) per 105 cpm (rear chamber); abscissa, membrane 
duration. The membranes were formed in 0.01 M urea; at 30 rain, THO (~4  X 106 
cpm/ml) was added to the rear chamber. Samples were taken from the front chamber 
before (open symbols) and after (closed symbols) flushing the front chamber for 5 rain 
(8 ml/min). Experimental details are in Methods. 

In these experiments, the two aqueous phases bathing the membranes contained 
the same volumes of dilute solutions, which were identical except for the concentration 
of isotope. Furthermore, the volumes of both aqueous phases were nearly constant 
(see above), the isotope concentration in the front (cold) chamber was zero at zero 
time (i.e., the start of any flux period), and negligible, during any flux period, with 
respect to the isotope concentration in the rear (hot) chamber (Fig. 2), which was 
very nearly constant. Accordingly, J*~, the unidirectional flux of the ith isotope 
across membranes per unit time during a given flux period, is: 

j ,  = C*~sV1 (1 )  
At 

where C* 9 = concentration of isotope (counts rain -I  m1-1) in the front chamber 
aqueous phase, At = duration of the flux period, and V1 = volume of front chamber 
aqueous phase. In addition, under these conditions, ~ ,  the unidirectional flux of 
water or of the ith solute across the membranes per unit time, is: 

~7~ - J*~ ( 2 ) 
X, 
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where X, = specific activity of the ith isotope (counts min -1 mole -~) in the rear 
chamber aqueous phase. In view of the experimental conditions: 

J . = o ; J ~ J o  ( ~) 

where J~ and J ,  = net water or volume flow, respectively, per unit area of membrane 
per unit time. As a consequence, it is a reasonable assumption that, in this situation, 
the unidirectional flux of water or of the ith solute may be described by Fick's first 
law. Thus, if the membrane is homogeneous, the aqueous phases are uniform, and 
the two membrane surfaces are in equilibrium with their adjacent aqueous phases: 

~1, = DA A , . C .  (4) 
£Xx 

where D~ = apparent, or restricted (14, 15) diffusion coefficient of water or of the 
ith solute, A,, = membrane area (measured experimentally by a calibrated reticle in 
the eyepiece of a low-power stereomicroscope), Ax = membrane thickness, C, = 
concentration of water or the ith solute in the rear chamber  aqueous phase, and, 

PD, ---- D~ (5 )  
Ax 

where PD~ = permeability coefficient (cm sec -1) for diffusion of water or the ith 
solute. Kedem and Katchalsky's 0~, the solute permeability coefficient when J~ = 0 
(16) is, to a sufficient approximation (17): 

PD, ( 6 )  
~o~ --  R T  

where R = gas constant and T -- absolute temperature. Alternatively, assuming 
restricted diffusion of water or of the ith solute through a number of sites in the 
membrane: 

P'D, - PD, _ A , , A - ~  _ Ae, (7)  
D~ Ax Ax 

where D~. = free diffusion coefficient of water or of the ith solute, A ~  --- the restricted 
area of the membrane available for diffusion of water or of the ith solute, Aa~ = the 
restricted area per 1 cm 2 membrane area for diffusion of water or of the ith solute, 
and P'D~ (cm -1) = restricted area per unit membrane thickness available for diffusion 
of water or the ith solute in a 1 cm 2 membrane. 

Osmotic F lux  Experiments 

The experimental apparatus used in the osmotic flux experiments was similar to those 
described previously by other workers ( 11, 18, 19), and is illustrated schematically in 
Fig. 3. The rear chamber was formed from joined lengths of polyethylene tubing (11). 
One end of the tubing (1.8 mm I.~.) was sealed into a single front isotope chamber 



T. E. _ANVgEOLI ET AL. Amphotericin B and Thin Lipid Membranes z39 

and constituted the membrane aperture; the narrow end (0.29 m m  I.D.) of the tubing 
was attached to a 10 #1 syringe (No. 701N; Hamilton Co., Whittier, Calif.), and the 
shaft of the syringe was attached to a micrometer ( 18, 19). Both chambers were filled 
with the same aqueous phase (solute concentration --- 0.01 molal), and the membranes 
were formed on the membrane  aperture. 30 rain after membrane formation, solutions 
containing higher solute concentrations were introduced into the front chamber,  and 
the net water  flux was estimated by measuring the micrometer displacement (i.e., the 
volume of fluid injected into the rear chamber) required to maintain an optically 
planar  membrane  (11, 18, 19). In  these experiments, the total micrometer scale was 
1000 units, and one micrometer unit corresponded to 4.8 X 10 -6 nil. In  practice, 
micrometer readings were taken every 1-2 rain for a 15-30 rain period, and the volume 
flow of water  was estimated from the slope of the line relating micrometer displace- 
ment  to time. Subsequently, the original, dilute solution was flushed into the front 

Polyethylene, Oiput Syringe Tubing L 
0o~1) 

q, I 
~ - - - -  <--- Membrane r-7----.~_ Aperture 

17 
(mm) °'e6~4 ~l, [ Front Chamber 

1.81.8 I 
R e a r  Chamber [ (volume ~ 1.0 ml) 

(volume- 25A,1) lI~1 
Input 

Fiom~ 3. Schematic iUustra- 
don of "osmotic" chamber ap- 
paratus. Details are in the text 
(Methods). 

chamber and  the flux periods were repeated for the duration of the membrane.  For a 
given osmotic gradient, these slopes were independent, within the limits of experimen- 
tal error, of the duration of the membrane.  

Under  these experimental conditions, mechanical hydrostatic pressure differences 
were negligible with respect to osmotic pressure differences. Accordingly, J . ,  the net 
volume flow of water per unit area of membrane  per unit time, is given by (16): 

J~ = -- a ,  LpA1r, ( 8 )  

where a~ = reflection coefficient of the ith solute (20), L~ = coefficient of hydraulic 
conductivity (16, 21), and A~-, the difference in osmotic pressure in the two aqueous 
phases bathing the membrane is: 

A~- = RT(g,,cr~ -- gf,c/~) ( 9 ) 

where cr~ and c h = osmolal solute concentration of the ith solute in the rear and front 
chambers respectively, and g,~ and g/,  their respective osmotic coefficients. As illus- 
trated in Fig. 4, J~ was linear, within experimental error, with respect to A~r, in the 
range 2.5 to 20 atm. For any given experimental condition, Jw/A~r was estimated 
from a minimum of two solute concentration differences in the two aqueous phases 
bathing the membranes. For comparison with the tracer flux experiments, the re- 
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stilts were  expressed in terms of an  osmotic pe rmeab i l i t y  coefficient, P f  ( c m  see- l ) ,  
given by :  

RT 
71 = ( l O )  

where l?~ = partial molar v o l u m e  of water. Thus, when ~ for a given solute was one 
(a~ was assumed to be one when Pf was independent of the effective hydrodynamic 
radius of the aqueous solute), Lp could be computed from Equation 10, and, con- 
comitantly, a~ for more permeable solutes. 

*.o 

E 

} 

I° ] 

.~ ,6 ,~ 2b 25 
A~r {olin.) 

F I c u ~  4. Net water flow (ordinate) as a function of the difference in osmotic pressure 
(A~-) in the two aqueous phases bathing the membrane. The membranes were formed in 
0.01 molal sucrose; solutions of increasing sucrose concentration were introduced into 
the front chamber, and J,,  was estimated as described in the text. A total of five mem- 
branes from one lipid preparation was used. Experimental details are in Methods. 

R E S U L T S  

The Permeabili~ C.ff~i~t for Diffusion o/ Water 
The  results of the tracer flux studies with T H O  are summarized in Table  I. 
Under  "s tandard"  conditions (i.e., partition thickness = 1.25 X 10 -~ cm, 
vigorous stirring in the aqueous phases, and equimolar amounts of cholesterol 
and phospholipid in the membrane  solution), the value of P v ,  was 10.8 4- 
2.4 X 10 -4 cm sec -1. This corresponds closely to the P , ,  value observed by 
Cass and Finkelstein (11) under quite similar experimental conditions (in 
particular, with a partition thickness = 1.25 X 10 -~ cm and equimolar  
amounts of cholesterol and phospholipid in the membrane  solutions) and is 
two to four times greater than the values originally reported by  Huang  and 
Thompson (18) or Hanai  and Haydon  (19), who did not utilize stirring in 
the aqueous phases. More  recently Everitt, Redwood,  and H a y d o n  (22), 
employing thermal convection and /o r  mechanical stirring to produce mixing 
in the aqueous phases, have obtained P ,~  values for lecithin-cholesterol- 
decane membranes in the range 8.2 to 12.3 X 10-* cm sec-L Cass and Finkel- 
stein (11) have shown that P~ .  is reduced when the thickness of the partition 
on which the membranes are formed is __> 2 X 10 -1 cm, presumably because, 
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at such thicknesses, mixing of boundary layers (24-26) in the aqueous phases 
adjacent to the membranes is diminished. However, as indicated in Table I, 
the values of P~,  and, by inference, of any unstirred aqueous regions adjacent 
to the membranes, were independent of partition thickness (in the range 
of 0.25 to 1.25 X 10 -2 c m ) .  

T A B L E  I 

T H E  P E R M E A B I L I T Y  C O E F F I C I E N T  
F O R  D I F F U S I O N  O F  W A T E R  (PDw) I N  

T H I N  L I P I D  M E M B R A N E S  

Mere- Partition 
branes thickness 

Membrane solution 

Cholesterol (M) Ampho- 
Phospholipid (M) tcricin B PD t0 Ad¢ 

(No.) (on X 10 ~) M on sec -x X 104 X IOt 

7 1.25 1.0 0 10.8-4-2.4(10) 2 .8  
3 0 .25  1.0 0 10.1-4-1.0(6) 2 .62  

11 1.25 1.0  10 - e  18.1-4-2.4(16) 4 .68  
I0 1.25 0 .05  0 14.0-4-4.1 (18) 3 .63 
3 1.25 0 .05  10 - °  11.9-4-1.3(6) 3 .08 

Thin lipid membranes were formed in the isotope chambers. The aqueous 
phases contained 0.01 • urea or 0.01 ~ sucrose and the indicated concentra- 
tions of amphotcricin B. The thickness of the partitions and the composition 
of the membrane solutions arc listed in the table. PD,~ was computed from 
Equation (4) and is expressed as the mean 4- standard deviation (SD) for the 
indicated number of membranes. The numbers in parentheses indicate the 
number of observations (i.e., flux periods). Adi , the restricted area per I 
cm s membrane area for the diffusion of water was computed from Equation 
(7) and the mean values of PD~, assuming Ax, the membrane thickness, to 
bc 60 A 02), and D% = 2.36 X I0 -s cm 2 scc -I (23). 

The Effect of Amphotericin B on Pp,  

As indicated previously, amphotericin B strikingly reduces the pc resistance 
of these thin lipid membranes, and concomitantly renders them anion-se- 
lective, if the membranes are formed from lipid solutions containing a sub- 
stantial fraction of cholesterol (5). Similarly, as illustrated in Table I, the 
drug increased by N70% the values of Pp ,  when the membranes were formed 
from lipid solutions containing equimolar amounts of cholesterol and phos- 
pholipid. P~,  was also increased approximately 30% by reducing the molar 
ratio of cholesterol to phospholipid in the membrane solutions to <0.05 
(see below). In this instance, the presence of amphotericin B (10 -e M) in 
the aqueous phases did not increase P ~ . .  Although the values of Pp .  in the 
presence of amphotericin B (when the molar ratio of cholesterol to phos- 
pholipid in the membrane solutions was 1.0) and in the absence of the anti- 
biotic (when the molar ratio of cholesterol to phospholipid in the membrane 
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solutions was <0.05) reflect differences of small statistical significance, the 
data  are consistent with the cholesterol requirement for the amphotericin 
B--dependent increases in PDure~ (Table I I I )  and P1 (Table V). 

T A B L E  I I  

THE PERMEABILITY COEFFICIENT 
F O R  D I F F U S I O N  OF NONELECTROLYTES 

IN T H I N  LIPID MEMBRANES 

Amphoteriein B (M) .) = 0 Amphotericin B (~) = 10 -e 

Mera- Mere* 
Solute r~ B t  branea P D i  branea PD¢ ¢~i 

mole 

A X 10' (No.) on sec -~ X 10~ (No.) on see-1 X 10' cm see arm. 

Urea  1.8 0.15 4 <0.05 (6) 4 10.4±0.9 (10/10) 41.6 
Acetamide 2.5 0.83 3 0.83±0.17 (6) 4 5 .48±1.42 (9/9) 21.9 
Glycerol 3.1 0.07 2 <0.05 (4) 5 3.28±1.12 (11/11) 13.1 
Ribose 3.6 - -  - -  - -  5 0 .61±0.16 (9/9) 2.44 
Arabinose 3.8 - -  2 <0.05 (4) 4 0 .53±0.15 (10/10) 2.12 
Glucose 4.2 - -  3 <0.05 (5) 8 0 .14±0.02 (8/16) 0.56 
Sucrose 5.2 0.03 3 <0.05 (6) 13 ~-o0.09 (4/22) <0 .5  

- -  X lOg  

Thin lipid membranes were formed in the isotope chambers.  The aqueous phases contained the 
indicated solute (0.01 ~), and the corresponding 14C-tagged isotope (1-9 X 106 cpm/ml)  was 
added to the rear aqueous phase. Amphotericin B, when present,  was in both aqueous phases. 
The part i t ion thickness was 1.25 X 10 -2 cm, and the membrane solutions contained equimolar 
amounts of cholesterol and phospholipid. The effective hydrodynamic radius, r i  ~ of each of the 
solutes except acetamide was obtained from Sehultz and Solomon (27), and that  of aeetamide 
from Soil (28). The olive oil-water part i t ion coefficients, B i ,  of the solutes were obtained from 
Collander and Barlund (29). Pg~ was computed from Equation (4) and is expressed as the mean 
-4- sv for the indicated number of membranes.  As discussed in the text, the PD~ values listed as 
<0.05 represent maxima, and the actual values may have been substantially lower. The single 
numbers in parentheses (in the absence of amphotericin B) indicate the number oI flux periods. 
When amphotericin B was present the denominator  in parentheses indicates the number  of flux 
periods, and the numerator,  the number of periods in which significant radioactivity was de- 
tected in the front chamber samples, from which the values of PDi were computed.  The values 
of 0~i (16, 17) were computed from the mean P v i  values and Equation 6. 

The Permeability Coefficient for Diffusion of Nonelectrolytes 

Table  II  lists the apparent  diffusion permeabili ty coefficients (Pro and w~) 
of certain nonelectrolytes for these thin lipid membranes.  When  amphotericin 
B was not present, P m ,  for each of the solutes tested, except acetamide, was 
less than the minimum value (approximately 0.05 X 10 -4 cm see -1) which 
could be detected under the present experimental circumstances, and neg- 
ligible with respect to P ~ .  These data  are in accord with the studies of 
Vreeman (30), who observed P ~  values of 0.042 × 10 -4 cm sec -1, 0.045 X 
10 -4 cm see -1, and 0.007 × 10 -4 cm sec -~, for, respectively, urea, glycerol, 
and erythritol, in lecithin-cyclohexane-carbon tetrachloride membranes.  
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Thus it is likely that the actual values of Pm (particularly for ribose, glucose, 
and sucrose) were substantially less than 0.05 X 10 -~ cm sec -1. In contrast, 
PD~0o~mide in the native membranes was at least 10 times greater than Pm 
for the other solutes tested (Table II).  In this regard, it is of interest to note 
that  the effective hydrodynamic radius of acetamide is intermediate between 
that of urea and glycerol. However, the oil-water partition coefficient is sub- 
stantially higher for acetamide than for the other solutes listed in Table II. 
Similarly, Bean et al. (31) observed that  the introduction of ionizable groups, 
such as acetic acid, into a neutral  molecule such as indole drastically reduced 
the permeability coefficient of the parent  solute in similar thin lipid mem- 
branes. Thus, for the native membranes,  the presence of significant degrees of 
nonelectrolyte permeability (with reference to water) seemed related, for the 
most part, to the lipid solubility of the solute in question (for the solutes 
listed in Table II).  

The Effect of Amphotericin B on PD~ 

When amphotericin B (I0 -e M) was present in the aqueous phases bathing 
the membranes,  the results were quite different. It  is evident from Table  II  
that  the polyene drug produced striking increases in the apparent  perme- 
ability coefficients of urea, acetamide, glycerol, ribose, and arabinose (in 
descending order), and that the magnitude of PD~, in these instances, was 
inversely related to the effective hydrodynamic radius of the solute tested. 
As indicated in Table II,  clearly detectable counting rates greater than 
background were obtained in the front (cold) chamber  samples from all the 
flux periods in which these solutes were tested. In  contrast, when glucose and 
sucrose were the aqueous solutes, significant counts in the front chamber  
samples were present in only 50% and 18°/o, respectively, of the total number  
of flux periods (Table II).  Since the values of PD,~ ..... and Pv  ....... listed in 
Table II  (in the presence of amphotericin B) were computed from the results 
of the "positive" flux periods, it is likely that  they represent maxima. Never- 
theless, a comparison of Tables I and II  indicates that, under  the same ex- 
perimental  conditions (equimolar amounts of cholesterol and phospholipid 
in the membrane  solutions, and 10 -6 M amphotericin B in the aqueous phases), 
PD~ was less than twice as great as P ,  . . . . .  approximately 30 times greater 
than PDrib .. . .  and more than 100 times greater than either P,,~ ..... or 
PD ....... . Consequently, even in the presence of amphotericin B, the relative 
permeabilities of the latter two solutes were negligible with respect to water 
(cf. Fig. 6 and Table V). 

It  is particularly relevant to relate the amphotericin B-dependent  in- 
creases in the permeability of these membranes to water (Tables I and IV, 
Fig. 6) and nonelectrolytes (Table II) to the increases in electrical conduct- 
ance, and, pari passu, membrane  anion selectivity produced by this drug, or 



I44 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  ° V O L U M E  5 3  " x 9 6 9  

nystatin, in these thin lipid membranes (4, 5, 8). For this purpose, it was 
assumed that the changes in nonelectrolyte permeabili ty at tr ibutable to 
amphotericin B were dependent  on a common mechanism, and that estimates 
of P-u,o, adequately reflected this phenomenon. 

I£ 

0.~ 

o, -0.. 

-LC 
-¢,~T 

-8.5 

/" 
-=81o -71o -6'.5 -6.o 

Log Amphoterici,n B (M) 

Fmm~ 5. The relationship of the log diffusion permeability coefficient of urea (PDu~=, 
ordinate) to the log amphotericln B concentration in the aqueous phases bathing the 
membranes (abscissa). The membrane solution contained equimolar amounts of chol- 
esterol and phospholipid. Experimental details are in Methods. 

T A B L E  I I I  

THE CHOLESTEROL R E Q U I R E M E N T  
OF THE A M P H O T E R I C I N  B-DEPENDENT 

INCREASE IN P m , , ~  

Membrane =oludon 

Chole=terol (M) 
Membrane Pho=pholipid (5)"  Amphotericin B PDurea 

(No.) (M) =,n ~ X 10' 

3 <0.05 10 -6  <0.05 
(a) 

Thin lipid membranes were formed in the isotope chamber.  The aqueous 
phases bathing the membranes contained 0.01 ~ urea and 10 -8  M amphotericin 
B; 14C-urea (approximately 8 X 106 cpm/rnl) was added to the rear chamber.  
The composition of the membrane solution is indicated in the table, and the 
value of PDure~ was estimated according to Equation 4, from the results of 
the number of flux periods indicated in parentheses. Experimental  details are 
in Methods.  

First, as illustrated in Fig. 5, the increase in P v  . . . .  was dependent  on a high 
power of the concentration of amphotericin B in the aqueous phases bathing 
the membranes.  P-u~, was unaffected by 10-7 M amphotericin B; in the 
concentration range 10 -7 u to approximately 3 X 10 -7 ~a amphotericin B, 
the slope of the relationship between the logarithm Pgu~, and the logarithm 
of amphotericin B concentration was approximately 3.5. Similarly, with ref- 
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erence  to Fig. 5, app rox ima te ly  1.6 X 10 -7 ampho te r i c in  p roduces  a striking 
reduc t ion  in the  PC m e m b r a n e  resistance of these m e m b r a n e s  (5). Such  a 
r educ t ion  in DO resistance is also p ropor t iona l  to a h igh  power  (approxi-  
ma te ly  4.5 [5]; see also [32]) of  the  concen t ra t ion  of  nystat in ,  a po lyene  ant i -  
biotic s t ruc tura l ly  similar to ampho te r i c in  B, in the  aqueous  phases. Second,  
in ag r eemen t  wi th  the hypothesis  t ha t  the p r i m a r y  effects of  such po lyene  
antibiot ics  on  these m e m b r a n e s  (5, 8; T a b l e  I) ,  as on  o the r  m e m b r a n e  

I000 
800 ~ 1  
60C 

4O0 
B=IO-6M Ampholericin 

~ lO(l .-~ 

--60 ~ ~ ~ o ~ ~ 
40 ~ ~: ~ ' ~  ~ ~ c= 

T T  ~ - 1 2 )  7: .-r T 
2c J_ ~) (6) (~) ~) 

{is) 
IO I 1 I 1 NO An]photericin B 

I 2 3 4 5 6 
Solute Radius (A) 

FIotmE 6. The relationship of the osmotic water permeability coefficient (Pf, ordinate) 
to the effective hydrodynamic radius (abscissa) of the solute in the aqueous phases bath- 
ing the membrane. Thin lipid membranes were formed in the osmotic chambers from 
membrane solutions containing equimolar amounts of cholesterol and phospholipid. 
The initial aqueous phases contained the indicated solute (0.01 molal) in the presence 
(squares) or absence (circles) of amphotericin B. For each solute, solutions containing at 
least two different, higher concentrations of that solute were introduced into the 
front chamber, so that As", the osmotic pressure difference in the two aqueous phases 
bathing the membranes, was in the range 5 to 16 area. (Fig. 4)..I~/ATr was estimated 
from the slope of plots such as those in Fig. 4, and Pf from Equations 8-10. The values 
of Ps are indicated as the mean 4- SD for the number of observations given, in parentheses. 
The effective hydrodynamic radius of each of the solutes listed in the figure, except for 
NaC1 and raffmose, is from Schultz and Solomon (27). The effective hydrodynamic radii 
of NaC1 and raffmose are from Pappenheimer et al. (14). 

systems (2, 3), are  d e p e n d e n t  on an  in te rac t ion  wi th  m e m b r a n e - b o u n d  cho-  
lesterol, ampho te r i c in  B (10 -6 M) did no t  p r o d u c e  de tec tab le  changes  in 
PD .... when  the  mola r  ra t io  of  cholesterol  to phosphol ip id  in the m e m b r a n e  

solutions was <0 .05  (Tab le  I I I ) .  

Osmotic F lux  Experiments 

T h e  re levan t  observat ions on  the osmotic  flux exper iments  (8) are  i l lustrated 
in Fig. 6 and  Tab les  I V  and  V. For  all the  exper iments  shown in Fig. 6, 
the  l ipid solutions used to fo rm m e m b r a n e s  con ta ined  equ imo la r  amoun t s  of  
cholesterol  and  phosphol ipid .  In  the absence of ampho te r i c in  B, the va lue  of  
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T A B L E  I V  

A M P H O T E R I C I N  B - D E P E N D E N T  S O L U T E  
R E F L E C T I O N  C O E F F I C I E N T S  

1969 

Solute P$ a¢ 

on seem X 104 

Glucose ,  sucrose ,  raff inose 5494-143 ~ 1  
R i b o s e  340-4-110 0.62-4-0.25 
Glycero l  2264-30.8  0 .43  4-0.02 
A c e t a m i d e  80 .84 -6 .8  0 .154 -0 .04  
U r e a  42.2-4-5.4 0 .08  4-0.02 

T h e  va lues  ot P I  for  e ach  o f  the  solutes ,  in t he  p re sence  of  a m p h o t e r i c i n  B, 
were  o b t a i n e d  for t he  i nd i ca t ed  solutes  f r om Fig.  6. T h e  P$ va lues  of  g lucose ,  
sucrose,  a n d  raffinose were  t r ea t ed  as a s ingle  set.  T h e  va lues  ofo ' i  for t he  re -  
m a i n i n g  solutes  were  c o m p u t e d  f rom E q u a t i o n  10, a s s u m i n g  t h a t  ~ri was  u n i t y  
for g lucose ,  sucrose ,  a n d  raffinose,  a n d  t h a t  Lp was cons t an t .  T h e s e  va lues  a r e  
expressed  as t he  m e a n  4- SD (35). 

Ps was independent, within experimental error, of the effective hydrody- 
namic radius of the solute (in the range 1.4 to 6.0 A) in the aqueous phases 
bathing the membrane  (Fig. 6). Thus, under  these experimental conditions, 
~ ,  the reflection coefficient of the ith solute, was probably one for each of the 
solutes shown in Fig. 6 (8, I 1, 18, 19, 32) and P I ,  computed from Equation 
8 and all the observations in Fig. 6 (in the absence of amphotericin B) was 
22.9 4- 4.6 X 10 .4 cm see -1 (Table V). This value is in reasonable agreement 

T A B L E  V 

T H E  E F F E C T S  O F  C H O L E S T E R O L  A N D  A M P H O T E R I C I N  B O N  P /  

Membrane Jolution 

Cholesterol (•) Ampho- 
Phospholipid (M) Aqueoui solute tericin B P f 

(M) on see -a X 10 -4 

1 All so lu tes ,  Fig.  6 0 22.9-4-4.6 (64) 
1 Glucose ,  sucrose,  raff inose 10 - 6  5494-143 (22) 
0 .05  U r e a  0 3 3 ± 3 . 9  (6) 
0 .05  U r e a  10 - 6  29 .24 -5 .0  (6) 
0 .05  Raff inose  0 25 .5  (3) 
0 .05  Raff inose  10 - 8  25 .54 -2 .5  (7) 

T h e  va lues  of  P f  for m e m b r a n e s  f o r m e d  f rom l ipid so lu t ions  c o n t a i n i n g  equ i -  
m o l a r  a m o u n t s  of  choles te ro l  a n d  p h o s p h o l i p i d  a re  the  m e a n  -4- SD of all  t he  
o b s e r v a t i o n s  (l isted in  pa ren theses )  s h o w n  in Fig.  6 for t he  i n d i c a t e d  solutes .  
W h e n  the  m e m b r a n e s  were  f o r m e d  f rom l ip id  so lu t ions  h a v i n g  a m o l a r  ra t io  
of  choles te ro l  to p h o s p h o l i p i d  <0 .05 ,  the  a q u e o u s  phases  c o n t a i n e d  t he  ind i -  
ca t ed  solute ,  and ,  w h e n  l is ted,  a m p h o t e r i c i n  B. P f  was  e s t i m a t e d  as des -  
c r ibed  in  M e t h o d s  a n d  Fig.  6, a n d  is expressed  as the  m e a n  -4- SD for t h e  
n u m b e r  of  obse rva t ions  l i s ted in  pa r en the se s .  
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with the PI  values reported by Price and Thompson (33) and by Everitt 
et al., (22), and approximately twice as great as the values reported by Finkel- 
stein and Cass for membrane  solutions containing equimolar amounts of 
cholesterol and phospholipid (11, 32, 34). 

However, as reported previously (8), when amphotericin B was present in 
the aqueous phases bathing the membranes,  and the membrane  solutions 
contained equimolar amounts of cholesterol and phospholipid, the net  flux 
of water, and consequently the observed value of P f ,  varied with the aqueous 
solute. In  the presence of glucose, sucrose, and raffinose, PI was constant, 
within the limits of experimental error, and was 549 4- 143 X 10 .4 cm sec -1 
(Fig. 6, Tables IV and V). Although the results are not shown in Fig. 6, 
PI  had approximately the same value (607 4- 85 × 10 .4 cm see -1) when 
NaC1 was the aqueous solute, in agreement with the observations of Finkel- 
stein and Cass (32). Assuming that ~ for glucose, sucrose, and raffmose 
was unity (cf. Table II) ,  Lp (Equation 10) under  these conditions was 4.1 4- 
1.05 X 10 .6 cm see -1 atm. -1 Furthermore,  in agreement with the tracer 
flux measurements (Table II) ,  the net  flux of water and the observed value 
of PI  were reduced (Fig. 6, in the presence of amphotericin B) when solutes 
whose effective hydrodynamic radii were less than that of glucose were present 
in the aqueous phases. Table IV lists the values of ~ which were computed 
from Equation 10 for the various solutes illustrated in Fig. 6, assuming that 
L~ was constant. The  reported values for ~ in the presence of nystatin (32) 
are in reasonable agreement with the data  shown in Table  IV. 

Table  V indicates that the value of P s ,  like the value of PD~, was somewhat 
greater when the amount  of cholesterol in the membrane  solutions was re- 
duced (34). Under  these conditions, the addition of amphotericin B to the 
aqueous phases did not produce either a reduction in ~ .... below one (i.e., 
PI  was the same when either urea or raffinose was the aqueous solute) or an 
increase in Pf  (Table V). Thus, to the extent that the composition of the 
membrane  solutions reflects the composition of the membranes (5, 8, 31, 34, 
36), these data  indicate clearly that  the amphotericin B-dependent  increases 
in the permeability of these membranes to water (Tables I, IV, and V, Fig. 
6) and nonelectrolytes (Tables II  and I I I )  were dependent  on an interaction 
with membrane-bound cholesterol. 

D I S C U S S I O N  

With reference to the dissipative transport of water across membrane  sys- 
tems, two different factors may  contribute, singly or in unison, to the produc- 
tion of P I / P D ~  ratios in excess of unity. One such mechanism, suggested origi- 
nally by Prescott and Zeuthen (37), Koefoed-Johnson and Ussing (38), and 
Pappenheimer,  Renkin, and Borrero (14), and discussed in detail by others 
(6, 15-17, 21, 2426 ,  39-46), depends upon the occurrence of varying degrees 



148 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  • V O L U M E  5 3  " 1969 

of laminar, or Poiseuille, water flow (i.e., water flow varying with the fourth 
power of the effective pore radius) through aqueous pores within mem- 
branes. The  relationship between effective pore radius, laminar water flux, 
and diffusion water flux is, after Pappenheimer (39) and Robbins and Mauro 
(21): 

M~ # R T  
= M----d = "8*? o - D~V~ 

(11) 

where r = equivalent pore radius, ~/ = coefficient of viscosity, and M~ and 
Md are the net fluxes of water due to Poiseuille flow and diffusion flow, re- 
spectively. Accordingly, 

M ,  = MI, + Ma ( 1 2 )  

where Ms is the total water flux. In these experiments, where ¢~ was one, 

Mt = ~ X 1 cm ~ = ~ - ~ X  lc rn  2 (13) 

where Ms ,  the total flux of water across a 1 cm ~ membrane = moles sec -1 
atm. -1 Similarly, 

M d  P D m o  
- -  R T X 1 c m  2, (14) 

where Md,  the diffusional flux of water across a 1 cm 2 membrane = moles 
sec -1 atm.-1 

In the absence of membrane pores, or when water traverses a membrane 
solely by diffusion, the presence of unstirred layers in aqueous phases adjacent 
to the membrane (24-26) may impede isotopic diffusion (when J~ = 0) to a 
substantially greater degree than net water flux (24), and consequently 
result in P I / P v , ,  ratios in excess of one. I f  such unstirred layers are sym- 
metrical, their total thickness may be related to PD, by (26) : 

1 1 
po,= v,, + (15) 

where Pq = the true permeability coefficient for diffusion of water on the 
ith solute and a = the sum of the effective thicknesses of the unstirred layers in 
both aqueous phases adjacent to the membrane. 

In  the native membranes, despite stirring of the aqueous phases during 
the T H O  exchange experiments, the mean ratio PI/PD~, was slightly in ex- 
cess of two, when the molar ratio of cholesterol to phospholipid in the mem- 
brane solutions was either <0.05 or 1.0 (Tables I, V, and VI). Under  similar 
experimental circumstances (i.e., partition thickness = 1.25 X 10 -2 cm, 
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equimolar amounts of cholesterol and phospholipid in the membrane  solu- 
tions, and stirring of the aqueous phases in the T H O  exchange studies), 
Cass and Finkelstein (11) obtained values of 10.6 X 10 -4 cm sec -1 and 
11.4 X 10 -4 cm sec -1, respectively, for PD~ and P I ,  and suggested that  
previously reported values of P v ,  < 5 X 10 -4 cm sec -~ (18, 19) were at- 
tributable to unstirred layers in the aqueous phases. Notably, the Pf/PD, 
ratio of approximately two observed in the present experiments, in comparison 
with the studies of Cass and Finkelstein (11), is not attributable to a reduced 
value for P ~ , ,  but  rather to an appreciably higher value for P t  (Fig. 6, 

T A B L E  VI  

N A T I V E  MEMBRANES"  T H E  D I F F E R E N C E  BETWEEN PD~ AND P /  

Membrane solution 

Cholesterol (~) 

Phospholipid (M) P D ~o P..¢ P f / P Dw 

on sec -1 X 10 4 cm sec "-t X 10 4 cm X 10 2 A 

1.0 10.8-1-2.4 22.9-4-4.6 2.12 1.15 3.8 
<0 .05  14.0-4-4.1 31.5-I-4.2 2.24 0.84 4 .0  

T h e  values of Pv~ are f rom Table  I. T h e  values of P !  are from Tab le  V (all 
solutes, when  the molar  rat io of cholesterol to phospholipid in the m e m b r a n e  
solutions was one, and  for urea  and ratfinose, when  this rat io was <0.05). 
a ,  the  thickness of the  unst i r red layers, was computed  from Equa t ion  15, 
assuming Ptw = P I ,  f rom the me a n  values of P$ and  Pv,~ , and using D% = 
2.36 X 10 -5  cm 2 sec -1 (23). The  value of r, an  equivalent  pore radius,  was 
computed  from the mean  values of P!  and  PD~ and  Equat ions  11-14. 

Tables V and VI).  Similarly, Everitt et al. obtained PI  = 19 X 10 -q cm 
sec -1 and P~,  = 12.8 X 10 -4 cm sec -1, when the latter was estimated using 
both thermal convection and mechanical stirring in the aqueous phases (22). 
By assuming that  P t  ~ Pt ,  (Equation 15), these workers computed the total 
thickness of the unstirred layers in their experiments to be approximately 
0.07 X 10 -~ cm (22). In  the present studies, the max imum thickness of the 
unstirred layer (i.e., if PI = Pt , )  was in the range 0.84 to 1.15 × 10 -~ cm 
(Table VI). Alternatively, pores having equivalent radii close to 4.0 A would 
be required if the difference between PI  and PD, were solely referable to 
Poiseuille type flow through aqueous channels (Table V I ) .  However, as 
estimated both from the net water flux experiments (Fig. 6) and the tracer 
flux studies (Table II),  these thin lipid membranes are considerably less 
permeable to hydrophilic solutes than would be expected for restricted 
diffusion through such equivalent pores (6, 14, 15, 42). Thus, it is likely 
that, in these membranes,  the differences between Pf and P~ ,  are largely 
attributable to unstirred layers in the aqueous phases adjacent to the mem-  
branes (11, 19, 22), and /o r  experimental error. Stated in another way, these 
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data are compatible with the hypothesis that the predominant mode of water 
transfer across such membranes is by a solubility diffusion mechanism (11, 
19, 22). Similarly, it is likely that, for the solutes listed in Table II, appreci- 
able degrees of membrane permeation with reference to water (i.e., aceta- 
mide), are largely dependent on the lipid solubility of the molecule. 

When amphotericin B was added to the aqueous phases, the permeability 
properties of the membranes were modified to a striking degree. PD~ was 
increased by approximately 70% (Table I), and the value of PI was increased 
25-fold (Fig. 6, Tables IV and V). Accordingly, the ratio P j / P g ~ ,  in the 
presence of amphotericin B, was approximately 30. Concomitantly, the drug 
increased the permeability of these membranes to certain nonelectrolytes, 
in inverse relationship to solute size (Tables II  and IV, Fig. 6). Furthermore, 
each of these polyene-dependent effects required the presence of substantial 
amounts of cholesterol in the membrane solutions (Tables I, III ,  and V), 
and, by inference, in the membranes themselves. Accordingly, a reasonable 
hypothesis is that the interaction of polyene antibiotics, such as amphotericin 
B (5, 8) or nystafin (5, 32), with membrane-bound cholesterol results in the 
formation of the equivalent of aqueous channels, or pores, within the mem- 
branes. 

Since the permeability of the membranes to glucose, and possibly sucrose, 
was somewhat increased by amphotericin B (Table II), it is likely that the 
effective pore radius was > 5.5 A. However, the possibility of unstirred layers 
in the aqueous phases adjacent to the membrane, which might have produced 
erroneously low values of P p . ,  precluded the direct application of Equations 
11-14 to the calculation of an equivalent pore radius. Rather, estimation of 
the effective pore radius by the method of Goldstein and Solomon (42) 
seemed more feasible, since the effects of the unstirred layers on osmotic flow 
experiments (i.e., Fig. 6) are relatively small with reference to isotope ex- 
change experiments (24). According to Renkin (15), the ratio of the apparent 
area for filtration of the ith solute (A~j) to that of water (A~I), during bulk 
flow through aqueous channels, is: 

- - ÷ ( yl 

( ,  - ~ ) ' - ( 1  _ ? ) ' ]  E 1 _ 2.1047-1-9.09(?)  8 -  0--~95 (~)5~ (16) 

where r = equivalent pore radius, a~ = effective hydrodynamic radius of 
the ith solute, and a~ = effective hydrodynamic radius of water (1.5 A [6, 
42]). In addition, for solute filtration through aqueous pores (44) : 

A~f _ 1 -- ~r~ -- - -  (17) 
A~j L v 

where V,, is the partial molar volume of the ith solute, and only c0~ is' deter- 
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mined when J~  = 0. In Fig. 7, the values of A, : /Aw: ,  computed from Equa-  
tion 17 and the experimental data in Tables II  and IV (in the presence of 
amphotericin B), are plotted in relationship to the theoretical curves com- 
puted from Equation 16 and assigned values of 7 A and 10.5 A for the equiva- 
lent pore radii. Except for acetamide, which is somewhat anomalous, there 
is good agreement, within experimental error, between the experimental 
da ta  and an effective pore radius in the range of 10.5 A. 

1.0 

0.8 

0.6 

0.4 

0.2 00.51 Pore Radius (A} 

2 4 6 8 I0 12 
$olufe Rodius(A) 

FIGUR~ 7. A Goldsteln-Solomon (42) plot ofA,s/A,~ / (ordinate) as a function of solute 
radius (abscissa). The two curves were computed from Equation 16, assuming aw -- 
1.5 A, for equivalent pore radii of 7 A and 10.5 A. The experimental points were com- 
puted from Equation 17, using the mean ~0¢ values in Table II (in the presence of 
amphoterlcin B), the mean 4- SD values of ul in Table IV, and a mean Lp value of 
4.1 X 10 -5 cm sec -1 arm. -I The latter was computed as indicated in the text (cf. Results). 

I t  should be noted that assigning a value of one for the reflection coefficient 
of glucose, sucrose, or raffinose (Table IV) represents an approximation, 
since the range of experimental values in the osmotic flux experiments (Fig. 6) 
did not permit detection of ~r~ values slightly less than one. As indicated by 
the isotope exchange experiments (Table II) ,  it is likely that  o-,1 ...... and 
possibly ~r ........ were somewhat less than one. In this regard, Finkelstein and 
Cass (32) have reported ¢, values, estimated from osmotic flux studies with 
nystatin-treated thin lipid membranes,  and have suggested that the effective 
pore radius for such membranes is approximately 4 A. However,  the values 

c0P, term) and the of A,: /Awz ,  computed from Equation 17 (neglecting the 

~ values reported by these authors (32), are in reasonable agreement with 
the curves (from Equation 16) for pore radii of approximately 12 A, in the 
case of urea, ethylene glycol, glycerol, and propionamide, or approximately 
8 A, in the case or erythritol. 

When Jw = 0, the equation given by  Renkin (15) for restricted diffusion is: 

Aw~ [ 1 _ ~ 1 2 E I _ 2 . 1 0 4 ~ _ t _ 2 . 0 9 ( ~ ) 3 0 . 9 5 ( ~ )  5] 
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where A~g/A,~g (or, from Equation 7, P'D,/P'D,,, in a 1 cm ~ membrane)  is 
the ratio of the apparent  area for diffusion of the ith solute to that of water. 
In  Fig. 8, the experimental values of P'9~/P'9,, (Equation 7; Tables I and 
II ,  in the presence of amphotericin B, when the membrane  solutions con- 
tained equimolar amounts of cholesterol and phospholipid) are plotted in 
relationship to the theoretical curves computed from Equat ion 18 for effec- 
five pore radii of 7 A and 10.5 A. Within experimental error, the values for 
the more permeable solutes (urea, acetamide, glycerol, Table  II)  are in the 
region of the curve for a pore radius of 10.5 A, while the values for the less 

O.E 

,o ~0 ,4  

n2 (10.5) Pore F 

2 4 6 
Solute Radius(A} 

~52 

Rodios(A) 

9 I~) 12 

FIG~U~ 8. The relationship ofA~a/A,~ d (ordinate) to solute radius (abscissa); the curves 
were drawn from Equation 18, assuming a~ = 1.5 A, for equivalent pore radii of 7 and 
10.5 A. The experimental points are the mean -4- SD (35) of the ratio P'v~/P'v,~, com- 
puted from the mean -4- sD values of Pv,, and Psi in, respectively, Tables I and II 
(when the aqueous phases contained amphotericin B, and the membrane solutions con- 
tained equimolar amounts of cholesterol and phospholipid), and Equation 7. 

permeable solutes (ribose, arabinose, glucose, Table  II)  are in good agree- 
ment  with the curve for a pore radius of 7 A. The  reasons for the apparently 
bimodal  distribution of the experimental values are not clear. In addition to 
experimental error, the phenomenon might relate to a heterogeneous 
population of pores with varying radii. Alternatively, the factors considered in 
Equat ion 18 which restrict diffusion include steric hindrance at the entrance 
to the pore (14, 15) and the frictional effect of the diffusing molecules within 
the pore (15). Consequently, if there are additional restrictions to the diffu- 
sion of water and /o r  solute through narrow pores in these membranes,  
Equat ion 18 might not  be directly applicable. Lastly, the presence of unstirred 
layers in the aqueous phases adjacent to the membranes might have reduced 
the actual value of PD~, and, to a lesser extent, of P 'm for the more permeable 
solutes (i.e., urea, acetamide, or glycerol). However,  taken together, the data  
in Figs. 7 and 8 suggest that, to a rational approximation, the equivalent 
radius of the amphotericin B-dependent  pores within these membranes is 
in the range 7 to 10.5 A. 
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Assuming these values for the pore radii, certain additional inferences are 
possible. PoiseuiUe's equation for laminar flow in aqueous channels is: 

a o  _ g ,8n# .  
Ax r 

(19)  

where r 2 = pore radius and Ao/AX = actual pore area per unit membrane  
thickness (centimeters) for a 1 cm 2 membrane.  When  a, is one, substituting 
from Equations 11-13, we have: 

(20) 

T A B L E  V I I  

P R O P E R T I E S  OF A M P H O T E R I C I N  B - T R E A T E D  
T H I N  L I P I D  M E M B R A N E S  

r~ Ao/Ax P'  ¢ w pt  Dw a 

A o n  o n  o n - *  o n  X 10 ~ 

7 485 171 76.8 0.72 
10.5 242 126 76.8 0.50 

Ao/~ ¢  was computed from Equat ion  20, using Pf  = 549 X 10 -4 cm see -1 
(Table  V) for pore radi i  of 7 and  10.5 A. The  corresponding values of P ' t .  
were computed from Equat ion  21. The  values of P'D~ were obta ined  using 
PD .  -~ 18.1 X 10 -4 cm sec -1 (Table I) and  Equat ion  7; the  values of ct, the 
thickness of the unst i r red layer, were computed from the indicated values of 
P ' t .  , P ' ~ . ,  and  Equat ion  15. 

Furthermore,  for restricted diffusion through aqueous pores, the effective 
area per unit  membrane  thickness (P',,~, for a 1 cm 2 membrane)  for water  
diffusion is, according to Renkin (15): 

I 
Table  VI I  lists the values of Ao/Ax  (Equation 20) and P',~ (Equation 21) 
computed for pore radii of 7 and 10.5 A, using P t  = 549 X 10 -4 cm see -1 
(Table V);  i.e., the value for membranes formed from lipid solutions con- 
raining equimolar amounts of cholesterol and phospholipid, when amphoteri-  
cin B was present in the aqueous phases. I t  is reasonable to suppose that  the 
differences between P ' t .  and the corresponding values of P'D. (Tables I 
and VII )  are attr ibutable to unstirred layers in the aqueous phases. Applying 
these values to Equation 15, the thickness of the unstirred layers is in the range 
0.5 to 0.72 X 10 -~ cm (Table VII) ,  in reasonable agreement with the value 
of Everitt et al. (22), and less than the maximal values calculated for a in 



x54 T H E  J O U R N A L  OF GENERAL P H Y S I O L O G Y  • V O L U M E  53 " ~969 

Table  VI. Lastly, assuming a membrane  thickness of 60 A (12), the frac- 
tional pore areas (from Ao/Ax) would be 1.03 × 10 -4 or 0.76 X 10 -4, re- 
spectively, for pore radii of 7 A or 10.5 A. 

The  nature  of the interactions between amphotericin B and membrane-  
bound cholesterol which may  result in the formation of aqueous pores in these 
membranes  is not known, nor is it understood whether  such interactions are 
directly or cooperatively (i.e., by interaction with membrane-bound phos- 
pholipids) responsible for the changes in membrane  permeability. In  mono- 
molecular lipid layers, Demel et al. (47) have provided evidence that the 
3-OH group of cholesterol may  have a pr imary role in the interaction with 
polyene drugs. Hopefully, structure-function studies with different sterols 
and  polyene antibiotics, currently in progress in our laboratory, may provide 
some information concerning the molecular requirements for sterol-polyene 
interactions which result in pore formation in these membranes.  
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