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SUMMARY
Previously, it has been shown that incorporation of the mem-
brane channel-forming pdyene antibiotic, amphotericin B (AMB),
into liposomes composed of dimyristoyl phosphatidyicholine/
dimyristoyl phospha (7:3 ratio) results in reduced
drug toxicity to animals with full retention of therapeutic activity
against systemic fungal infections. In this report we explore the
cellular and biochemical bases of the enhanced therapeutic index
of liposomal amphotericin B (L-AMB). AMB and L-AMB are
equally potent and both promptly induce rapid cation effiux from
Candida albicans cells. By contrast, AMB, but not L-AMB, in-
duces cation efflux and cell lysis in mammalian erythrocytes,
demonstrating the selectivity of L-AMB at the cellular level. The
characteristics of the lipid of the membrane seem to
be the most i t determinant of cellular sensitivity, since
AMB, but not L-AMB, induces cation release from large unila-
mellar composed of red cell membrane kipids, thus
the observations on intact celis. The ability of L-AMB
to induce cation release and cause toxicity to erythrocytes,

the liposome carier. Thus, liposomes com-
posed of phospholipids with saturated acyl chains are nontoxic,
whereas AMB liposomes composed of phospholipids containing
unsaturated acyl chains are almost as toxic as AMB itself. The
acyl chain composition rather than the head group

however, mbeumnmdbydwmmehideomposiﬁmof
AMB-containing

paramagnetic

copy, shows that the drug is incorporated in the lipid bilayer but
produces only modest disruptive effects on bilayer structure.
Current resuits are interpreted in terms of a selective transfer of
AMB from “donor” liposomes to “target” cell membranes. The

AMB, a polyene antibiotic, is the drug of choice for therapy
of systemic fungal infections (1). Diseases of this type occur
primarily in individuals with defective immune responses and
thus are becoming more prevalent as the population of immu-
nosuppressed AIDS, cancer, and transplant patients increases
(2). The mechanism underlying the toxicity of AMB to fungal
cells has been intensively investigated. The drug is an amphi-
philic compound which binds to membranes and, in the pres-
ence of sterols, forms transmembrane channels or pores which
allow the egress of ions and small metabolites from the cells (1,
3, 4). Although some investigators have found that AMB-
induced ion fluxes are not closely correlated with cellular tox-
icity (5, 6), much of the literature suggests that the ionic and
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osmotic alterations produced by the formation of AMB chan-
nels contribute to the cytotoxic effects of the drug (7-9). In any
case, AMB-induced ion fluxes provide the investigator with a
convenient means for monitoring the interaction of AMB with
cellular membranes and its possible toxicity to cells.

The ability to employ AMB as a therapeutic agent probably
rests on the fact that the drug binds somewhat more strongly
to ergosterol, the primary fungal sterol, than to cholesterol, its
mammalian cell counterpart (1, 3, 10-12). However, the clini-
cally utilized formulation of AMB (Fungizone), in which the
drug is administered as a deoxycholate micelle, has a number
of serious adverse side effects, most especially a severe neph-
rotoxicity (1, 13). The adverse actions of the drug in humans
are likely to be due, at least in part, to the ability of AMB to
interact with cholesterol and form pores in the cellular mem-
branes of critical organ systems such as the kidney and cardio-
vascular system.

ABBREVIATIONS: AMB, amphotericin B; DMPC, dmyristoyl phosphatidycholne; DMPG; dimyristoyl phosphatidyiglyoerol; L-meipoeonu

phosphatidyicholine; , dioleoyl C
buffered saline; DMFA, M\Wumide TEMPO, 2266—mwnmua-1-axy!.l’5 phosphatidylwm LUVs Iagemlamels

vesicles; PG, phosphatidyiglycerol.
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Recently, it has been shown that the incorporation of AMB
into certain types of phospholipid vesicles (liposomes) can
markedly reduce the toxicity of the drug, including its nephro-
toxicity, without loss of antifungal potency (14). Studies in
infected animals (15) and in patients (16) support the idea that
AMB in multilamellar liposomes composed of DMPC and
DMPG remain therapeutically effective while being much less
toxic than Fungizone. The reduced toxicity of L-AMB in vivo
might be due to a variety of causes including slow or sustained
release of the drug, altered tissue kinetics and distribution, or
effects on the immune system (17, 18). However, we have
observed that incorporation of AMB in liposomes has a very
direct effect in terms of reducing the toxicity of the drug to
mammalian cells in vitro. Thus, erythrocytes (19) and macro-
phages (20) are protected against the lytic and cytotoxic effects
of AMB by incorporation of the drug into DMPC/DMPG
multilamellar liposomes. By contrast, fungal cells remain
equally susceptible to AMB or L-AMB (21). Thus, the incor-
poration of AMB into certain liposomes seems to increase the
selective cellular toxicity of the drug; that is, its ability to
discriminate between host cells and pathogens. We suspect that
the selective toxicity of L-AMB at the cellular level may be an
important determinant of the reduced toxicity of this agent in
vivo. In this communication, we explore the mechanistic basis
for the selective toxicity of L-AMB in vitro. It is hoped that
this will provide insights which may eventually be used to
further improve the therapeutic actions of AMB and of other
membrane-active antibiotics.

Experimental Procedures

Materials. Amphotericin B (Squibb Pharmaceuticals) and its de-
oxycholate micellar form (Fungizone) were obtained courtesy of Dr. G.
Lopez-Berestein, M. D. Anderson Hospital (Houston, TX). The drugs
were assayed for purity by reverse phase high pressure liquid chroma-
tography in a methanol/water solvent and were 95-97% pure. Synthetic
and natural phospholipids were obtained from Avanti Biochemicals
(Birmingham, AL) and were tested for purity by thin layer chromatog-
raphy. The following components were used: DLPC, DMPC, DMPG,
dimyristoyl phosphatidyl ethanolamine, DPPC, DSPC, DOPC,
DPOPC, dioleoyl phosphatidylglycerol, dioleoyl phosphatidyl ethanol-
amine, and egg lecithin (egg PC). *Rb* as RbCl was obtained from
Amersham (specific activity = 1-8 mCi/mg). Yeast agar and yeast
inoculate (Candida albicans strain 336) were obtained from Dr. R.
Hopfer, M. D. Anderson Hospital.

Liposome preparation. Multilamellar lipid vesicles containing
AMB were prepared essentially as previously described (15). The initial
drug/lipid mixture was usually 3.5 mg of AMB and 50 mg of total
phospholipid (10-50 mg/ml in chloroform); this was suspended in 7 ml
of methanol and dried as a film in a round bottom flask by rotary
evaporation. Buffer (8 ml of isotonic PBS, pH 7.2) was added to the
flask and liposomes formed by swirling and vortexing during 30 min
incubation. Unincorporated AMB was removed by washing the vesicles
several times with 8 ml of PBS and sedimenting the vesicles at 20,000
rpm for 15 min in a JA20 rotor (Beckman J21 centrifuge). In some
cases, vesicle populations were made more homogenous in size by high
pressure filtration through straight channel polycarbonate membrane
filters (0.6 um) (Unipore), as described elsewhere (22). Liposome for-
mation and filtration were always performed above the phase transition
temperature of the relevant lipidg. Based on previous experience with
amphiphilic drugs, it was anticipated that AMB would intercalate into
the bilayer membranes of the liposomes (23).

Assay of AMB and stability studies. The AMB content of
liposomes was determined by dissolving an aliquot of the lipid/drug
complex in methanol and measuring the AMB absorbance at 410 nm

versus AMB standards in methanol; the absorbance blanks consisted
of equivalent amounts of lipid dissolved in methanol. AMB content in
some samples was confirmed by HPLC; the two methods gave close
agreement. The stability of liposomes in terms of AMB loss was
evaluated as follows. Samples of L-AMB were divided in two. The first
sample was immediately assayed for AMB content. Thesecond sample
was incubated for various periods in a 10-fold excess of PBS. This
sample was then centrifuged at 20,000 rpm for 15 min and the pellet
of AMB liposomes was resuspended in PBS at the original sample
volume; the AMB content of the incubated, washed sample was deter-
mined as above and compared to the original AMB content. In most
cases a 3-hr incubation at 25° was used; in some cases L-AMB samples
were reassayed after several weeks of storage at refrigerator tempera-
ture.

Ion fluxes in yeast. Procedures for measuring cation fluxes in yeast
cells are adapted from those described by Gale (8), by McDonald-
Armstrong and Rothstein (24), and others (25). C. albicans 336 cells
were loaded with *Rb* (RbCl) by incubating 3.5 % 10® colony-forming
units/ml of cells in sterile saline with 1 uCi/ml of isotope for 3 hr at
37°. The cells were pelleted by centrifugation at 1400 X g and washed
three times in 10 volumes of PBS to remove unincorporated isotope.
For efflux experiments, dilutions of f-AMB or L-AMB were made in
3.5 ml of PBS in a series of Microfuge tubes. The f-AMB was main-
tained as a stock solution in DMFA and then diluted in DMFA, and
equal aliquots were added to each assay tube. The DMFA concentration
was kept below 5% in all assays. Fungizone and L-AMB were diluted
directly into the assay tubes. To the 3.5 ml of AMB solution was added
0.5 ml of *Rb*-loaded Candida cells and the samples were then incu-
bated at 37° for 90 min. The samples were then centrifuged at 1500
rpm, the supernatant was recovered by careful aspiration, and the
pellet was lysed with 1% sodium dodecylsulfate; thereafter both pellet
and supernatant were transferred to counting vials and the radioactiv-
ity was determined. The percentage efflux was determined according
to the formula

S-B x
S+P-2B

where S = supernatant cpm, P = the pellet (cell) cpm, and B = the
blank cpm. All determinations of *Rb* efflux were done in triplicate.

Ion fluxes in erythrocytes. The procedures generally follow those
described by Kotyk and Janacek (26). Blood from normal volunteer
donors was collected into Alsever’s solution and centrifuged at 1100 X
£ for 10 min, and the red cells were washed twice in Alsever’s and once
in PBS. The packed cells were resuspended in a 4-fold volume of PBS
plus 1% glucose with 100 xCi of ®*Rb* (RbCl) and incubated overnight
at 37°. The isotope-loaded cells were washed four times with 20 ml of
PBS. Dilutions of L-AMB, f-AMB, or Fungizone were made in PBS;
2.0 ml of each dilution were placed in a centrifuge tube; at the outset
of the experiment 100 ul of *Rb*-labeled red cells were added to each
tube and the incubation was allowed to proceed for various periods
(usually 60 min) at 25°. Samples were then diluted to 10 ml with PBS
and centrifuged at 1100 X g for 5 min, and the pellet (cells) and
supernatant were collected and assayed for radioactivity. The percent-
age efflux was calculated using the formula given above. Generally, the
isotope-loading procedures described here for yeast cells and red cells
provided 10°-10° cpm/sample, thus permitting very accurate determi-
nation of ion efflux, with replicate samples usually agreeing to within
5%. In all ion flux experiments involving L-AMB, increased doses of
AMB also imply increased amount of lipid. In general, all lipid com-
positions tested were nontoxic for yeast cells. However, very large
amounts of certain liposome types caused a modest degree of ion leakage
and hemolysis in red cells; this was controlled for by keeping the
amount of lipid below the toxic level.

Preparation of large unilamellar liposomes composed of
erythrocyte lipids. Total red cell membrane lipids were extracted
with chloroform/isopropanol (7:11) according to the procedure of Rose
and Oklander (27). The thin layer chromatographic pattern of this

% efflux = 100
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extract was comparable to those reported previously (28), with the
predominant components being PC, sphingomyelin, phosphatidyl ser-
ine, phosphatidyl ethanolanine, and cholesterol; the lipid extract was
pale yellow, indicating only minor contamination with heme pigments.
These lipids were used to form large unilamellar liposomes employing
the reverse phase procedure of Szoka and Papahadjopoulos (29) with
CHC; as a solvent; ®Rb* was encapsulated by inclusion of the isotope
in the aqueous phase.

Ion fluxes in liposomes. The incorporation of *Rb* into liposomes
composed of RBC lipids was accomplished using standard techniques
for LUV preparation and loading as described above (23, 29, 30). The
release (efflux) of ®*Rb* from lipid vehicles was monitored by separating
released and retained isotope via passage of the sample through Dowex
cation exchange columns as described (31). In preliminary experiments,
this procedure was shown to result in the retention of 99.9% of the free
8Rb* by the column while greater than 95% of the liposome material
passed through.

Phase transition studies. EPR spectroscopy was used to measure
the effect of incorporated AMB upon its lipid host matrix. TEMPO
was synthesized as described by Rozantsev (32). Liposome suspensions
in saline were mixed with (TEMPO) spin label at a lipid-to-spin label
molar ratio of 125:1 (spin label added from a 5 X 10~ M aqueous stock
solution). These were sealed in Corning 50-ul microsampling pipettes
and held in the Dewar insert of a Varian E12 EPR spectrometer
equipped with Tm,, cavity using an insert described by Gaffney and
McNamee (33). Sample temperature was monitored with a copper/
constantan thermocouple in the Dewar insert. Data treatment was as
recommended by Shimshick and McConnell (34).

Electron Microscopy. Samples of liposomes to be studied by
freeze-fracture electron microscopy were handled in normal saline.
They were rapidly quenched from 20° by plunging suspension droplets
on gold discs into liquid freon cooled in liquid nitrogen. The frozen
specimens were fractured at —105 to —110° in a Balzers BAF 300 high
vacuum coating unit equipped with electron beam guns. Replicas were
cleaned initially in bleach, rinsed with distilled water, and picked up
from 1:1 acetone/ethanol. Replicas were examined using a Phillips 300
electron microscope.

Results

Dose-effect relationships for f-AMB and L-AMB. Fig.
1A depicts the release of %Rb* from Candida cells caused by
various concentrations of AMB, during a fixed time interval.
Thus, AMB incorporated in DMPC/DMPG liposomes and
AMB-deoxycholate micelles (Fungizone) were equally potent,
with approximately 0.03 ug/ml of either form of drug causing
50% release of the radioactive marker. Interestingly, “free”
AMB, that is, a DMFA stock of AMB diluted into buffer, gave
a concentration-effect curve somewhat right shifted from the
curves for Fungizone and L-AMB. This suggests that not all of
the “free” AMB is available for interaction with the cells; this
may be due to the low solubility of AMB in aqueous buffers
and its tendency to form multimeric complexes under these
conditions (35, 36). By contrast, the results with L-AMB and
Fungizone suggest that the AMB incorporated in liposomes is
as readily and as completely available to interact with Candida
cells as the AMB in Fungizone.

The AMB-induced release of %*Rb* from erythrocytes is
depicted in Fig. 1B. In contrast to Candida cells, there are
marked differences in the potency of f-AMB and L-AMB in
this system. Thus, the concentration of “free” AMB producing
50% release of the radioactive marker was approximately 0.5
ug/ml, whereas concentrations of L-AMB of 10 ug/ml or more
produced no discernable release of *Rb* (note that Fungizone
is even more potent than “free” AMB in inducing ion release

Mechanism of Selective AMB Toxicity in Liposomes 3

in red cells; data.not shown). Fig. 1B also shows data for
hemolysis of red cells induced by “free” AMB. As reported by
others, (5, 37) the curve for lysis is right shifted with respect
to the curve for cation release, indicating that effects other
than ion channel formation may be of importance in the
cytolytic mechanism of AMB.

The results of Fig. 1, using *Rb"* release as a measure of
cellular cytotoxicity, clearly illustrate the characteristic selec-
tive toxicity of the liposomal form of AMB. Thus, L-AMB is
at least as toxic as “free” AMB or Fungizone to fungal cells,
but is much less toxic to mammalian cells. This suggests that
the AMB in liposomes can completely and effectively interact
with fungal cell membranes but is not available to interact with
mammalian cell membranes.

Kinetics of interaction of f-AMB or L-AMB with fun-
gal cells. A possible explanation for the reduced toxicity and
useful therapeutic effects of L-AMB in vivo is that the inclusion
of the AMB in liposomes results in a slow or sustained release
of drug. We wished to explore this possibility with experiments
in vitro which were designed to indicate how quickly either
“free” AMB or L-AMB could act to form ion channels in fungal
cell membranes. Fig. 2A depicts the spontaneous rate of *Rb*
release from Candida cells and the drug-induced rate of *Rb*
release for the case of f-AMB. Fig. 2B depicts identical studies
for L-AMB. The basal rate of cation efflux from yeast cells is
very low (24); thus, one can establish a basal rate and then
treat cells with drug to determine how quickly the efflux in-
creases to a higher rate. The time required for the conversion
from the slow basal rate to the faster drug-induced efflux rate
will presumably reflect both the time needed for the AMB to
transfer from solution (or from the liposomes) to the cell
membrane and the time needed for AMB channel formation
within the membrane. The latter aspect, the time for channel
formation within the membrane, should be identical in Fig. 2,
A and B, and, thus, the change in efflux rate should reflect the
transfer of AMB to the membrane.

As seen in Fig. 2, both f-AMB and L-AMB rapidly increased
the #*Rb* efflux rate from Candida cells. In both cases, approx-
imately 5 min were required to convert the cells from the slow
basal rate to the faster drug-induced rate. The concentrations
of “free” AMB (0.3 ug/ml) and of L-AMB (0.03 ug/ml) used in
these experiments were selected since they both resulted in
approximately 50% release of 3Rb* during a long (90-min)

incubation (see Fig. 1). These results strongly suggest that *

L-AMB does not constitute a slow release form of the drug.
Rather, AMB seems to transfer with equal rapidity from lipo-
somes or from solution to the fungal cell membrane.
Membrane lipids as a determinant of the selective
toxicity of L-AMB. The results of Fig. 1, as well as our
previous findings (19, 20), suggested that the membranes of
erythrocytes and of other mammalian cells are not susceptible
to the actions of AMB when the drug is presented in liposomal
form. We wished to determine whether the relative resistance
of the erythrocyte membrane to L-AMB as compared to f-AMB
could be accounted for by the properties of the membrane
lipids, or whether membrane protein components played a role
in conferring resistance. To this end, we prepared extracts of
total red cell plasma membrane lipids (RBC lipid), as described
in Experimental Procedures, and used this material to form
LUVs containing entrapped *Rb*. We then tested the ability
of f-AMB and L-AMB to induce %*Rb* efflux from the RBC

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

4  Julianoet al.

AMB Effects on lon Fluxes in Yeast Cells
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lipid LUVs. Fig. 3A illustrates that the electron microscopic
characteristics of the RBC lipid liposome preparations are
consistent with a population mainly comprised of LUVs. As
seen in Fig. 3B, f-AMB induced 50% release of **Rb* at a
concentration of 42 ug/ml, whereas L-AMB failed to induce
appreciable cation release at concentrations of 160 ug/ml. Thus,
LUVs composed solely of red cell lipids and devoid of any cell
protein are more affected by f-AMB than by L-AMB, just as is
the case with intact cells. This suggests that the physical
characteristics of the red cell lipid bilayer are the prime deter-
minants of the lack of susceptibility of the red cell membrane
to L-AMB. The observation that far more f-AMB is required
to produce ®Rb* leakage from red cell lipid LUVs than from
red cells themselves is probably accounted for by the much
higher concentration of total cell lipid present in the experi-
ments using LUVs as drug “targets” than in those using red
cells as targets. Although it would be of considerable interest,
we have not attempted the reciprocal experiments of testing
f-AMB and L-AMB on lipid vesicles prepared from Candida
lipids. The reason for this lies in the fact that, unlike the case
of the red cells, it is quite difficult to prepare pure yeast plasma

Fig. 1. AMB effects on ion fluxes in yeast cells and erythrocytes.
A. For Candida (yeast) cells, the release of ®Rb* during a 90-min
interval at 37° caused by various concentrations of -AMB or L-
AMB was measured as described in Experimental Procedures.
Points are means of triplicate determinations. ®, L-AMB; A, Fungi-
zone; O, -AMB. B. For erythrocytes, the release of **Rb* and the
hemolysis induced by various concentrations of f~AMB or L-AMB
during 60 min incubation at 25° were determined as described in
Experimental Procedures. Points are means of triplicate determi-
nations. O, -AMB *Rb release; A, f-AMB hemolysis; ®, L-AMB
%Rb release; A, L-AMB hemolysis.

membranes. Thus, lipid extracts of whole yeast cells or of
partially fractionated membranes would be severely contami-
nated with components derived from intracellular membranes
and from lipid storage droplets and, therefore, might not be
relevant to our investigations of the actions of AMB on plasma
membranes.

The role of donor liposome composition in determining
the effects of L-AMB. Most of the experiments thus far with
liposome-incorporated AMB (15, 16, 19, 20) have utilized a
single liposome form and composition, namely, multilamellar
vesicles composed of a 7:3 molar ratio of DMPC/DMPG. We
wished to investigate the question of whether changes in the
composition of the donor liposome would alter the effects of
L-AMB on cells. Thus, we incorporated AMB into liposomes
composed of PCs of differing acyl chain types; as well, we
examined mixtures of PCs with PEs and PGs. We tested the
ability of AMB containing multilamellar liposomes of differing
compositions to induce #¥Rb* efflux from red cells. As seen in
Fig. 4, there are wide variations in the potency of different
preparations of L-AMB in terms of the induction of cation
fluxes in the red cell. Thus, AMB incorporated into vesicles
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ONSET OF AMB INDUCED 86Rb*
FLUXES IN YEAST CELLS
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Fig. 2. Onset of ®Rb* flux induced by AMB in Candida. The basal flux
of ®Rb* and the AMB-induced flux were determined as described in
Experimental Procedures. The ordinate is a log scale. ---, basal
fluxes;—, the flux subsequent to AMB addition 1, the point at which
AMB was added. The doses of f-AMB and L-AMB selected were ap-
proximately equally effective in inducing %Rb* loss from yeast cells
during a 90-min incubation (see Fig. 1). Upper panel, effect of 0.3 ug/mi
1-AMB; lower panel, effect of 0.03 ug/ml L-AMB.

composed of saturated PCs (DMPC, DLPC) caused little ion
efflux from red cells, whereas AMB incorporated into unsatu-
rated DOPC vesicles was almost as potent as f-AMB in inducing
ion fluxes.

The role of donor liposome composition in determining AMB
effects on erythrocytes is explored in more detail in Table 1,
where the AMB concentration required for 50% leakage of
%Rb* from the cells is shown for various types of AMB lipo-
somes. In general, vesicles composed of saturated PCs protect
red cells against AMB actions while vesicles composed of
unsaturated PCs do not protect as well. The acyl chain com-
position rather than the head group seems to be the more
important determinant. Thus, partial substitution of PE for
PC of similar acyl chain type seems to have little effect.
However, the partial substitution of anionic PG derivatives for
PC seems to increase somewhat the ability of unsaturated
liposomes to protect red cells against AMB toxicity. Equal

Mechanism of Selective AMB Toxicity in Liposomes 5

AMB Effects on lon Fluxes in LUVs
Composed of RBC Lipids
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Fig. 3. AMB effects on *Rb* efflux in LUVs prepared from red cell lipids.
A. Freeze-fracture electron mi of LUVs composed of red celt
lipids. B. Release of ®Rb* from LUVs composed of red cell lipid was
determined as described in Experimental Procedures. Results are means
of triplicate determinations. O, -AMB; @, L-AMB. s, the value for this
point was less than that of the control.

mixtures of saturated and unsaturated PCs behave like the
saturated compound in terms of red cell protection. It should
be noted that all of the compositions of L-AMB tested in Table
1 effectively inhibited growth (21) of C. albicans 336 with
minimum inhibitory concentrations ranging from 0.4 ug/ml to
0.8 ug/ml as compared to 1.0 ug/ml for “free” AMB. Thus, the
various L-AMB preparations of Table 1 show dramatic differ-
ences in toxicity for mammalian erythrocytes while displaying
similar toxicities to fungal cells.

Stability of AMB liposomes. The toxicity of various prep-
arations of AMB liposomes to red cells does not correlate in
any way with the stability of the AMB-liposome complexes in
aqueous solution. Thus, in Table 2, one sees that all of the
liposomes used display only minimal release of AMB during
incubation in buffer solutions. Moreover, the liposome prepa-
rations showing the greatest loss of AMB during incubation
(DLPC, DSPC) are both very efficient in protecting red cells.
Finally, we have maintained preparations of L-AMB of various
compositions at refrigerator temperature for many weeks with-
out appreciable loss of AMB, indicating that the drug is asso-
ciated with the liposomes in a very stable form (data not
shown). These data suggest that the effects of various prepa-
rations of L-AMB on red cells and on yeast cells are not simply
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Effect of Lipid Composition on AMB Induced
86Rb* Fluxes in Erythrocytes
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Fig. 4. Effect of donor lipid composition on AMB-induced %Rb* release
from red cells. The release of %Rb* from red cells during 60 min
incubation at 25° was determined as described in Experimental Proce-
dures. Points represent the means of triplicate determinations. The
brackets (]]) indicate the range of ®Rb* release caused by various
compositions of “empty” liposomes. O, f-AMB; B, AMB in DPLC lipo-
somes; ®, AMB in DMPC liposomes; A, AMB in DOPC liposomes.

TABLE 1

Concentration of L-AMB required for 50% leakage of **Rb* from
erythrocytes

Vesicles were passed through 0.6-um filters to promote size uniformity in the
different preparations. The values given are estimated from concentration response
curves similar to those of Fig. 4 for the various lipid compositions and represent
means of duplicate experiments differing by less than 5%. We have not expiored
toxicities of all preparations of L-AMB at concentrations greater than 30 ug/ml
since, with some vesicle preparations, higher AMB doses require correspondingly
large amounts of lipids which are themseives toxic to red cells.

Liposome composition (molar [AMB]
ratio)
ug/mi
(Fungizone) (0.5)
DLPC >30
DMPC >30
DPPC >30
DSPC >30
DMPC/DMPE (4/1) >30
DMPC/DMPE (1/1) >30
DMPC/DMPG (7/3) >30
Egg PC >30
DPOPC 10
DOPC 7
DOPC/DOPE?* (4/1) 5
DOPC/DOPE (1/1) 3
DOPC/DOPG (4/1) 26
DOPC/DOPG (1/1) 14
DPOPC/DPPC (1/4) >30
DPOPC/DPPC (1/1) >30

* Abbreviations not defined elsewhere are: DOPE, dioleoyl phosphatidy! etha-
nolamine; DOPG, dioleoy! phosphatidyiglycerol.

due to instability of the liposome and consequent release of the
drug.

Diffusional versus collisional transfer. An important
question in this study was whether the AMB was transferred
from donor liposomes to cells by means of vesicle-cell collisions
or whether the transfer process involved diffusion of AMB
monomers or oligomers through the solvent phase. If a colli-
sional process were operating, then, for a fixed amount of AMB,

TABLE 2

Stability of L-AMB preparations

L-AMB samples were incubated for 3 hr at 25°, diluted 10-fold, and centrifuged at
20,000 rpm. The AMB content in the pellets was compared to the original AMB

content. Values represent the means of duplicates differing by less than 5%. See
Table 1, Footnote a, and text abbreviations footnote for lipid abbreviations.

Vesicle composition (molar Percentage of
ratio) AMB retained
DLPC 87
DMPC 108
DSPC 89
DMPC/DMPE (1/1) 104
DMPC/DMPG (4/1) 98
DOPC 92
DPOPC 98
DOPC/DOPE (1/1) 101
DOPC/DOPG 90
DOPC/DPPC (1/1) 102

TABLE 3

Retention of *Rb* in erythrocytes treated with L-AMB: effect ol
varying the number of liposomes

Liposomes (multilamellar vesicles) were prepared using three different ratios of
phospholipid (DOPC) to AMB and passed through 0.6-um Unipore filters. The
incorporated AMB in each sample was determined as described in Experimental
Procedures. The liposomes were diluted in Tris-NaCl buffer so as to provide
concentrations of AMB in the final assay mixture of either 10 ug/mi or 20 ug/mi.
The lipid content of the diluted samples was measured by organic phosphorus
determination and the AMB/lipid ratio was calculated. Erythrocytes loaded with
%Rb* were then exposed to the AMB liposomes for 60 min at 25° and the
percentage of release of isotope was determined. Varying the AMB/lipid ratio at
fixed AMB concentration and fixed liposome size entails a variation of the total
number of liposomes in the preparation. Data represent means and standard errors
for triplicate determinations.

% of ™Rb* retained by cels with
AMB/DOPC ratio (AMB]
10 ug/mi 20 pg/mi
ng/mg
46 240+ 16 7.0+ 0.6
21 190+ 24 6.0+ 0.6
44 15.0+09 11.0+2.0

Control (no treatment) = 100%

increasing the number of carrier vesicles should increase the
rate of AMB transfer, since the collision probability should be
proportional to particle number. If transfer occurred primarily
by diffusion, then the transfer rate would depend on the con-
centration of AMB but would not directly depend on particle
number. To test these alternatives, we prepared liposomes
having three different AMB/lipid ratios. Erythrocytes, pre-
loaded with ®*Rb*, were then treated with these liposomes at
fixed AMB concentrations of 10 ug/ml or 20 ug/ml and the
percentage of isotope release was determined. Thus, the cells
were exposed to two fixed concentrations of AMB, but the drug
was contained in different amounts of lipid; assuming that size
profiles of the liposome populations are similar in all cases, the
treatment at high AMB/lipid ratios implies fewer carrier vesi-
cles, whereas low AMB/lipid ratios imply more numerous car-
rier vesicles. As seen in Table 3, varying the AMB/lipid ratio
(and, thus, the number of carrier liposomes), over a 10-fold
range had only modest effects on AMB-induced cation leakage
from red cells. This experiment has been repeated several times
at different AMB concentrations with qualitatively similar
results. Thus, the data suggest that AMB transfer from lipo-
somes to cells does not involve a collisional mechanism. There
are, however, inherent limitations in this type of study since it
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is only feasible to vary the donor particle number over a limited
range and it is technically quite difficult to vary the target
particle (cells) over a wide range. Both of these parameters
should be carefully evaluated prior to reaching firm conclusions
on the transfer mechanism. Thus, the preliminary data here
tentatively support a noncollisional mechanism as the rate-
limiting step in AMB transfer.

Phase behavior of AMB-containing liposomes. The
lipid bilayer membrane is crystalline in nature (or so-called
“liquid crystal” in the case of fluid membranes). The mode of
assembly of AMB into such ordered lattices is relevant to this
work since it might be expected to influence the rate of drug
transfer from liposome membranes. In particular, we were
interested in the possible disruptive effect of the drug upon its
various host matrices, and whether there might be some related
peculiarity of the DMPC/DMPG matrix. To this end we mon-
itored the melting behavior of these matrices with and without
AMB at the concentration employed for liposomal drug deliv-
ery—the reasoning being that AMB-induced changes in lattice
energies would show up in bilayer phase behavior. Our approach

" was to monitor, as a function of temperature, the EPR spectrum

of a small amphiphilic spin label (TEMPO) that partitions
reversibly between lipid and aqueous phases. This is a widely
recognized technique for studying membrane thermodynamic
properties since the partition coefficient has been shown to be
a sensitive function of lipid order, with the EPR spectrum
permitting quantitative assessment of the amount in each
environment (34). The parameter generally plotted is the height
ratio of a peak assigned to spin label in lipid, to total spin label
present. For DOPC, whose phase transition temperature is
below 0°, we have plotted the ratio of highfield to midfield line
width. This ratio would normally decrease with increasing
temperature, hence its abrupt increase at the phase transition,
due to growth of the incompletely resolved peak arising from
label in lipid, is quite recognizable. The phase transition tem-
peratures determined for 7:3 DMPC/DMPG, DMPC, DSPC,
and DOPC were 23.9°, 24.6°, 53.2°, and —19.4°, respectively.
Corresponding values found for the liposomes with AMB are
slightly shifted to lower temperatures, giving 23.9°, 23.5°, 52.5°,
and —21.2°, respectively. In the presence of 2 mM Ca®*, mem-
branes containing the acidic phospholipid, DMPG, are known
to become measurably more rigid (38, 39); and, indeed, the
measured membrane melting curves were smoothly shifted to
higher temperatures by 2.7° and 2.1° for the samples without
and with AMB, respectively. Typical experimental data are
plotted in Fig. 5 for the above phospholipid bilayers together
with data derived at the same time for the mixtures with AMB
for comparison. The phase behavior plots for all of the lipid
mixtures tested were affected very similarly by the presence of
AMB in the concentration range of our experiments.
Liposome examination by electron microscopy. Freeze-
fracture electron microscopy employs a sample preparation
technique in which a droplet of sample suspension is rapidly
frozen to liquid nitrogen temperatures and fractured prior to
platinum shadowing. The fracture plane exposes membrane
hydrophobic interior. In this work, a short period of etching
has also preceded the shadowing step in order to expose a thin
rim of liposome outer surface. The technique resolves features
down to 2.5 nm. This is the technique of choice for visualizing
lipid bilayer membranes—providing 100 times higher resolu-
tion than light microscopy and avoiding the need for organic
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solvent extraction, drying, and staining characteristic of other
electron microscopy procedures. Results are presented in Figs.
3A, 6, and 7. Fig. 3A is a low power view of the liposomes made
from extracted red blood cell lipids and used as a target for
drug-induced leakage. Figs. 6 and 7 are detailed views of lipo-
somes used in the biological experiments. Bilayers of rigid
DMPC (Fig. 7C) are well known to have a rippled appearance
characteristic of the P, phase (40). This same pattern is present
in most of the liposomes of 7:3 DMPC/DMPG (Fig. 6A). Van
Dijck et al. (39) observed that liposomes of 1:1 DMPC/DMPG
are typically smooth in freeze-fracture preparations. Indeed,
the ripple pattern in our 7:3 DMPC/DMPG samples is absent
in some liposomes or portions of liposomes. Presumably, this
reflects the fact that the 7:3 ratio is close to the concentration
of DMPG that converts the DMPC P, phase to L. phase (40),
and that there is some minor heterogeneity of liposome com-
position. Incorporation of 5 mol % AMB largely converted the
ripple structure to a smooth bilayer appearance characteristic
of the L, phase (e.g., Fig. 6B). The rest of the liposome types
studied were seen to be (smooth) L, phase. Note that the
liposome preparation technique produced multilamellar struc-
tures as anticipated (Figs. 6 and 7).

There is the question as to whether AMB in these prepara-
tions incorporates into the bilayers, or whether it may simply
coexist with them as free drug and/or non-bilayer mixtures
with phosphatidylcholine. However, extensive scrutiny of nu-
merous preparations showed no evidence of non-bilayer or
amorphous structures. All liposomes have the classic fracture
face and etch face appearance unique to the lipid bilayer.
Nevertheless, there is evidence that AMB is a significantly
disruptive force within the bilayer. For instance, fracture faces
are less extensive than those seen for lipid without drug, the
fracture plane having jumped back and forth between concen-
tric lamellae rather than remaining within the same bilayer
from one side of a liposome to the other. Also, the bilamellar
sheets are less smoothly continuous than in the absence of
drug. Similar features are observed in all the preparations (Figs.
6 and 7).

Discussion

We have demonstrated that the inclusion of AMB in certain
types of liposomes can markedly protect mammalian erythro-
cytes against AMB-induced ion efflux and cytolysis (Fig. 1B,
Table 1). This protective effect may underlie the reduced in
vivo toxicity of L-AMB observed previously (15, 16). Liposome
compositions such as DMPC/DMPG, which are quite nontoxic
to red cells, remain effective in promoting ion fluxes and
cytotoxicity in Candida (Fig. 1A); thus, they display a high
degree of selective toxicity to fungal cells as compared to
mammalian cells. The interaction of the liposomal form of
AMB with fungal cell membranes is rapid and complete. Thus,
both free and liposomal drug induced ion fluxes in Candida
with equal rapidity (Fig. 2); furthermore, AMB in liposomes is
as potent as or more potent than “free” AMB or the deoxycho-
late micelle of AMB (Fungizone) in its actions on Candida cells
(Fig. 1A). Thus, the liposomal form of AMB does not seem to
owe its reduced toxicity to a slow or limited release of drug
from the liposomal carrier; rather, the drug transfers selectively
from the liposomes to fungal cell membranes but not to mam-
malian cell membranes.

The relative resistance of mammalian erythrocyte mem-
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Fig. 6. Freeze-fracture electron micrographs of liposomes formed by
hydration in normal saline of a 7:3 (molar ratio) mixture of DMPC/DMPG
without (A) and with (B) 5 mol % AMB. Samples were quenched from
20°. The large liposome in A shows the ripple pattern characteristic of
some synthetic PCs below their phase transition temperatures. The
arrow in B points to a rim of each face (liposome outer surface), which
is of normal morphology as is the etch face/fracture face junction. There
is some evidence of bilayer disruption by the presence of drug (compare
A and B). Shadow direction is from bottom to top. Magnification x
100,000.

branes to the effects of L-AMB seems to be determined by the
chemical and physical characteristics of the cell membrane
lipids themselves. Thus, as shown in Fig. 3, f-AMB, but not L-
AMB, can induce cation fluxes in LUVs prepared from eryth-
rocyte lipids. We have not fractionated the mixed lipids of the
red cells to see if any of the components were particularly
important in controlling the interaction with the liposomal
form of AMB. A more precise definition of the chemical and
physical characteristics of the “target” membrane that confer
sensitivity or resistance to the effects of L-AMB will clearly be
of interest for future investigations.

In this study we have partially delineated the characteristics

Fig. 7. Freeze-fracture electron micrographs of liposomes of DOPC (A),
DMPC (C), and DSPC (E) formed by hydration of dry fiims with normal
saline. The accompanying micrographs show DOPC with 4.9 mol %
AMB (B), DMPC with 3.05 mol % AMB (D), and DSPC with 2.7 mol %
AMB (F). Samples were quenched from 20°. Shadow direction is from
bottom to top. Magnification x 71,333.
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of the “donor” liposome membranes which determine ability to
transfer AMB to erythrocytes. Thus, Fig. 4 and Table 1 show
that AMB incorporated into unsaturated PC liposomes is much
more potent in inducing ion fluxes in red cells than AMB
incorporated into saturated PC liposomes. These experiments
suggest that saturation rather than fluidity seems to be impor-
tant, since liposomes of either DLPC, which is fluid at 25°, or
DSPC, which is in solid phase at 25° (29), can confer protection
against AMB-induced cation efflux. However, one should keep
in mind that the fluidity of a DMPC liposome above its phase
transition will be quantitatively different from that of a lipo-
some composed of unsaturated PC. Thus, additional, more
quantitative studies will be required to evaluate the role of
fluidity. The fatty acyl chain composition rather than the polar
head group seems to be the most important determinant of the
protective effect; thus, AMB liposomes prepared from mixtures
of PCs and PEs were similar to AMB liposomes prepared solely
from PC, so long as the acyl chain compositions were similar.
However, the inclusion of anionic PG into vesicles seemed to
confer some additional protection, perhaps via interaction with
the polar mycosamine moiety of AMB. In the case of PC/PE
vesicles, there is a possibility that the initial PC/PE liposome
structure may have undergone a phase separation because of
the marked differences in phase transition temperatures for
PCs and homologous PEs (29), thus allowing the AMB to
segregate into a PC-rich phase and escape effects of the PE.
The relative toxicities of AMB liposome preparations did not
correlate with any measure of overall instability; most prepa-
rations of L-AMB retain the drug for long periods of time
during storage in buffer solutions at 25° or 0°. Thus, the ability
of liposome formulations containing unsaturated PCs to cause
ion fluxes in red cells seems due to their ability to transfer or
“donate” AMB to the red cells rather than to any overall
instability.

We compared the effects of AMB, at the concentrations used
in flux studies, upon liposomes composed of different phospho-
lipids. Dufourc et al. (41) have recently reported a study, by
NMR spectroscopy, of DMPC bilayers bearing AMB at high
concentrations. They concluded that, above the phase transi-
tion temperature, an aggregate phase of 1:1 AMB/DMPC co-
existed with a phase of DMPC. The aggregate phase was
relatively more ordered, and the phase transition temperature
for the bulk matrix was lowered 5-10° by the inclusion of 30
mol % AMB. Our approach involved monitoring the EPR
spectra of samples in the presence of small amounts of the spin
label, TEMPO, whose partition coefficient between membrane
and surrounding water is a sensitive function of membrane
order. The temperature profiles obtained in each case showed
a decrease in host matrix transition temperature by less than
2° in the presence of AMB. Such a lowering of lipid bilayer
phase transition temperature by incorporation of small
amounts of some other lipid (AMB in this case) is generally
attributed to minor crystal lattice disruption due to imperfect
“fit” of the new species. A comparison of the temperature
profiles of the various lipid types showed no obvious differences
that might form a basis for the demonstrated differential tox-
icities. This latter observation argues against the possibility
that AMB simply has a more disruptive fit into bilayers such
as DOPC that leads to greater transfer to other membranes.
The DMPC/DMPG mixture is an interesting one in terms of
phase behavior in that the transition temperature of each pure

Mechanism of Selective AMB Toxicity in Liposomes 9

species is some 23-24° and, when combined, a mixture is formed
that also melts sharply in this range (38, 39). It also is known
to be measurably rigidified by Ca®*, as already mentioned (39).
Fig. 5 demonstrates that neither of these phenomena altered
the effect of AMB significantly, relative to other phospholipids
studied.

The freeze-etch approach lends itself particularly well to the
problem of liposome structure determination, affording views
of features related to molecular interactions. We were able to
demonstrate that the bilayer nature of liposomes used is fully
preserved in all cases. Both fracture and etch faces had normal
morphology in the presence of 5 mol % AMB. Signs of drug-
related alterations in host matrix crystal packing were evident
in some liposomes. However, no amorphous masses or particles
were identified that would indicate f-AMB or local drug con-
centrations so high as to totally disrupt the host bilayer matrix.

The behavior of L-AMB illustrates that the selectivity, tox-
icity, and therapeutic efficacy of polyene antibiotics can be
modulated through use of appropriate lipid vesicle carriers. The
high degree of selective cellular toxicity displayed by certain
forms of L-AMB can probably be best described in terms of a
rapid and extensive transfer of AMB from “donor” liposomes
to fungal cell membranes and consequent formation of trans-
membrane channels or pores; by contrast, transfer from donor
liposomes to mammalian cells is less rapid and/or less exten-
sive. The selective transfer of AMB from liposomal membranes
to cell membranes can probably be understood in the context
of previous investigations of the characteristics of AMB-in-
duced membrane channel formation (42-44), the binding of
AMB to sterols and to phospholipid membranes (11, 35, 45, 46)
and the characteristics of membrane to membrane transfer of
AMB (36) and other amphiphilic molecules (47-49).

The transmembrane channels or pores formed by AMB-
sterol complexes are not static entities. Rather, pore formation
is a dynamic process involving assembly and disassembly steps
and the transient opening and closing of the pore; these proc-
esses have been clearly discerned via single-channel conduct-
ance measurements of AMB acting on planar lipid membranes
(43, 44). These kinetic processes are also reflected in a compli-
cated series of forms of the AMB-sterol complex, as indicated
by studies using NMR or CD (35, 41). Since the rate of ion
translocation mediated by a conducting AMB channel is ex-
tremely high (44, 50), the kinetics of ion loss through a mem-
brane exposed to AMB is not limited by the conductance of the
AMB pore per se, but rather by the relative rates of pore
assembly/disassembly. This process in turn depends, in a highly
cooperative manner, on the content of AMB and of sterols
within the membrane, and on the physical characteristics of
the membrane environment (42, 45). Since AMB pore forma-
tion is highly cooperative, the formation of such pores will not
occur unless a “threshold” level of AMB is reached in the
membrane (37, 43). In the present experimental situation, the
characteristics of the “target” membranes are fixed; they are
the ergosterol-rich membranes of fungal cells or the cholesterol-
rich membranes of erythrocytes. Thus, the extent of pore
formation in either of these two membranes, under differing
experimental circumstances, will depend largely on the amount
of AMB available in the membrane. This in turn will depend
on the net transfer to AMB, either from solution or from donor
liposomes, to the target membrane. Thus, the nature of the
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AMB transfer processes for f-AMB and for L-AMB are critical
to an understanding of the selective toxicity of L-AMB.

It is well known that AMB binds strongly to phospholipid
membranes as well as to membranes containing both phospho-
lipid and sterol (10). As an amphiphilic compound, AMB is
almost totally insoluble in aqueous solution and, thus, in the
presence of lipid membranes, most of the drug probably rapidly
becomes membrane associated, with a small residual soluble
pool in the form of AMB monomers and multimers (35). It is
also clear that the rate of transfer of AMB from solution to
sterol-containing membranes depends on both the stereochem-
istry of the sterol and on the characteristics of the surrounding
phospholipid (42, 45); in other words, the transfer rate of “free”
AMB from solution will depend on the physical characteristics
of the “target” membrane. In the case of membrane-to-mem-
brane transfer of AMB, the situation is even more complex.
The studies of Bolard et al. (36) strongly suggest that AMB can
transfer from one liposome population to another. Under some
circumstances, this transfer can be extremely rapid (¢, = 30
sec). However, rapid transfer does not take place in all cases;
thus, at 22°, AMB could readily transfer between two popula-
tions of fluid egg PC vesicles, between two populations of gel
phase DPPC vesicles, or from egg PC to DPPC vesicles; transfer
from DPPC to egg PC vesicles was not detected. This suggests
that the physical characteristics of both donor and target
(acceptor) liposome populations are important in determining
AMB transfer.

The nature of membrane-to-membrane transfer processes for
amphiphiles has been addressed most clearly in the case of
phospholipid molecules. Some of the concepts derived in those
studies can probably be applied to an understanding of transfer
processes for AMB. Thus, Nichols and Pagano (47) and Rose-
man and Thompson (48) have both demonstrated that phos-
pholipids transfer between two vesicle populations, not by
collisional processes, but, rather, as monomers (or multimers)
diffusing through aqueous solution. However, although the
process occurs via diffusion, the physical characteristics of both
the donor and the acceptor vesicles determine the net rate of
transfer. This is due to the fact that the vesicle physical
properties determine both the rate of association and the rate
of dissociation of the monomer from the bilayer membrane.
Thus, the equation describing net transfer contains terms
which reflect the physical characteristics of both donor and
acceptor vesicle populations (47).

These concepts can readily be applied to the present case of
AMB transfer from lipid vesicle membranes to cell membranes.
The data of Table 3 suggest that the rate-limiting step of the
AMB transfer process seems to proceed not by a collisional
process, but probably by diffusion of monomers, in agreement
with previous observations on transfer of lipids (47, 48). Fur-
thermore, the physical characteristics of both the donor mem-
brane (liposome) and the acceptor membrane (cell) determine
the extent of the transfer process. Thus, manipulation of the
composition of the donor liposome can alter the degree of AMB
transfer, as shown in Table 1. It seems likely that the striking
differences in the toxicity of L-AMB to fungal or mammalian
cells may also depend on the attainment of a “threshold” level
of AMB transfer (42, 50) before AMB pore function can occur.
So long as the transfer does not exceed the threshold, the ion
fluxes and cytolysis will be minimal; once the threshold is
exceeded, then AMB pore formation and toxicity will ensue.

Thus, the cellular selective toxicity of L-AMB can probably be
understood in terms of a selective transfer process, which likely
occurs by diffusion, but which is regulated by the physical
characteristics of donor and target membranes.
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