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Abstract. The polyene antibiotic amphotericin B (AmB) centrations above 04m, AmB induced the formation of

is known to form two types of ionic channels acrossaqueous pores across LMVs with a positive cooperativ-
sterol-containing liposomes, depending on its concentraity, yielding Hill coefficients between 2 to 3. Measured
tion and time after mixing (Cohen, 1992). In the presentanion selectivity across such aqueous pores followed the
study, it is shown that AmB only kills unicelluldreish-  sequence: SCN > NO3 >IG | > Br > acetate (S§
maniapromastigotes (LPs) when aqueous pores permebeing impermeable). Cell killing by AmB was followed
able to small cations and anions are formed. Changes dfy fluorescence changes of the DNA-binding compound
membrane potential across ergosterol-containing lipoethidium bromide (EB). At low concentrations<(.1
somes and LPs were followed by fluorescence changegm), AmB was found to be nonlethal against LPs but,
of 3,3 dipropylthiadicarbocyanine (DiS{5)). In KCI-  above this concentration, leishmanias were rapidly
loaded liposomes suspended in an iso-osmotic sucroddlled. The rate and extent of such an effect were found
solution, low AmB concentrations<0.1 um) induced a  to be dependent on the type of cation and anion present
polarization potential, indicating Kleakage, but no in the external aqueous solution. For both Nihd N&
movement of cations and anions was allowed until AmBsalts, the measured rank order of AmB cell killing fol-
concentrations greater than Oulv were added. In |owed the same sequence that was determined for AmB-
agreement with these data, it was found that AmB alteregnduced salt permeation across LMVs. Further, replace-
the negative membrane potential held across LPs in ghent of either extracellular Naby choline or CI by
manner consistent with the differential cation/anion Se'SOE_, orits partia| substitution by sucrose, in iso-osmotic
lectivity exhibited by the channels formed in liposomes. conditions, led to a complete inhibition of the killing
Thus, LPs suspended in an iso-osmotic sucrose solutiogffect exerted by otherwise lethal AmB concentrations.
did not exhibit any AmB-induced membrane depolariza-gina|ly, it was shown that tetraethylammonium (TBA
tion effect brought about by efflux of anions until 1z organic cation that is known to block AmB-induced
or higher AmB concentrations were added. By contrastgsjt permeation across LMVs was able to retard the time
LPs suspended in an iso-osmotic NaCl solution and eXjaq ghserved for EB incorporation across LPs, indicating
posed to 0.0um AmB exhibited a nearly total collapse hat this parameter can be taken to represent the time
of the negative membrane potential, indicatingMatry  ya1en for salt accumulation inside the parasites. The

into the cells. resent results thus indicate clearly that low AmB con-

The concentration dependence of the AmB—lnducedgemrationS £0.1 um) were able to form across LPs,

permeability to different salts was also measured acrosgyjon channels that collapsed the parasite membrane po-
vesicles derived from the plasma membrane of leishman;

. : L . "fential but are not lytic. At high concentrations=@.1
las (LMVs), by using a rapid mixing technique. At con- wM), a salt influx via the aqueous pores formed by the

antibiotic was followed by osmotic changes leading to

cell lysis. This last stage is supported by electron mi-
- _ _ _ croscopy observations of the changes of parasite mor-
* Present addresd:aboratory of Cell Biology and Genetics, National

Institute of Health/NIIDDK, Building 8, Room 304, Bethesda, MD phology Immedlate.ly upon addition of AmB’ which in-
20859 dicated that the typical elongated promastigote cell forms

became rounded and the flagella swells and round up.
Correspondence tdB.E. Cohen The present work is the first demonstration of the in vitro
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sensitivity ofLeishmanigpromastigotes to osmotic lysis effect (Brajtburg et al., 1984). I@andida albicansad-
by AmB. dition of concentrations of AmB as low as Opy/ml
were able to elicit a K efflux as large as that produced
Key words: Amphoterich B — Permeability — Anions by 1.6 ng/ml AmB, but the fungicidal activity of the
— Aqueous pores — Leishmania former concentration was very modest compared with
the lethality of the latter concentration (Beggs, 1994).
This separation between*Keakage and lethality have
Introduction led to the conclusion that the formation of aqueous pores
by AmB is not central to its lethal action, and that other
The polyene antibiotic amphotericin B (AmB) is the mechanisms such as chemical degradation of the mem-
compound most frequently used in the treatment of sysbrane (Brajtburg et al., 1984; Sokol-Anderson et al.,
temic mycosis (for a recent revieweeBrajtburg, et al., 1986) or a physicochemical detergentlike membrane
1990) and visceral leishmaniasis (Croft, 1988), in spitedamage may be primarily responsible for the fungicidal
of its toxic side effects. Clinical visceral leishmaniasis action of AmB (Beggs, 1994).
has a high mortality if untreated. Recent studies have  The complex time and concentration dependence of
shown a significant improvement of the therapeutic in-the interaction between AmB and membrane sterols in
dex of AmB against visceral leishmaniasis by the use othe process of formation of aqueous pores has been stud-
a delivery system in which the antibiotic is bound to ied (Cohen, 1986; Cohen & Gamargo, 1987; Cohen,
liposomes (Croft, Davidson & Thornton, 1991). How- 1992). It was shown in this work that addition of AmB
ever, the cellular basis of the leishmanicidal and fungi-to liposomes — containing or not sterols, always led to
cidal action of AmB remains unclear and understandinghe formation of nonagueous prepore structures; after a
this process is a necessary prerequisite for the develogertain time, depending on the AmB concentration, such
ment of less toxic compounds. structures interact with the sterols in the membrane to
The selective toxicity of AmB against sensitive or- form aqueous channels, having an enlarged diameter
ganisms appears to be the result of the capacity of thi§Cohen, 1992). Thus, the channels formed in liposomes
polyene antibiotic to form aqueous pores by bindingby low AmB concentrations are permeable to urea (Co-
more strongly to ergosterol, the principal fungal sterol,hen, 1986) and monovalent cations (Hartsel et al., 1991,
than to cholesterol, the main sterol of mammalian host.994) but not to anions or glucose (Cohen & Gamargo,
cells seereview by Bolard, 1986). In sterol-containing 1987; Cohen, 1992; Hartsel et al., 1994). In the light of
model membranes such as planar lipid bilayers and lipothese results, the question arises as to whether the obser-
somes, AmB is known to form aqueous pores of 4Avation of separate stages for AmB action on sensitive
radius, which are permeable to monovalent cations andells may simply reflect the AmB capacity to form two
anions, and small nonelectrolytes including glucose (Antypes of channels, differing in its permeability properties.
dreoli, 1974; De Kruijff et al., 1974; Finkelstein, 1987). In the present work, we have tested the pore hypoth-
According to the pore theory of AmB action, the forma- esis of AmB action by usingieishmania mexicanpro-
tion of aqueous pores causes the plasma membrane tnastigotes (LPs), a protozoan parasite which contrary to
become nonselectively leaky to*Kons and essential fungal cells do not have a cell wall. It is shown that at
metabolites and eventually cell death ensues. In parasitiow concentrations, AmB enhanced the cation perme-
protozoa such aseishmania spp.the pore theory of ability across ergosterol-containing liposomes and LPs,
AmB action, has been supported by the finding that aleading to a collapse of the parasite membrane potential
total depletion of desmethyl sterols by ketoconazole efbut the leishmanicidal effects of AmMB may be related
fectively reduced the lytic activity of AmB on these cells, specifically to an osmotic lysis mechanism due to the
by depriving the polyene antibiotic of its capacity to formation — at higher concentrations — of aqueous
form aqueous pores in the cell membrane (Ramos et alpores, simultaneously permeable to both cations and an-
1994). ions.
However, the pore hypothesis of AmB action has
been challenged by several investigators on the basis that
the AmB permeabilizing effects on sensitive cells wereMaterials and Methods
shown to be dissociated from the lethal effects (Chen,
Chou & Feingold 1978; Brajtburg et al., 19801984;
Beggs, 1994). Thus, at low concentrations, AmB in-
duced K Iea.kag.e from erythrocytes but no hemolysig Analytical quality reagents were used whenever possible. Ethidium
occurred unt h|gh§r co_ncentratlons Wgre used (Bra]t_bromide (EB), egg phosphatidylcholine (egg-PC), ergosterol, valino-
burg et al., 1988). Likewise, in mammalian L cells, the mycin and amphotericin B (AmB) were purchased from Sigma. The
K*-permeabilizing effect exerted by AmB occurred at fiyorescent probe 33ipropylthiadicarbocyanine (DiS{5)) was pur-
concentrations lower than those required for the toxicchased from Molecular Probes (Eugene, Oregon). For all experiments,

MATERIALS
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a 1 mu stock solution of AmB in dimethylsulphoxide was used. The
AmB stock solution was used on the same day it was prepared.

PREPARATION OF LIPOSOMES

Large unillamelar liposomes (LUV) were formed by the reverse-phas
evaporation method (Szoka & Papahadjopoulos, 1979). Briefly, 2 ml
of an aqueous solution containing 10{Cl were mixed with 6 ml
diethylether containing 2@wmoles of a lipid mixture (egg-PC + 16

67

compound ethidium bromide (EB) (Cohen et al., 1990; Ruiz et al.,
1991). Fluorescence measurements were performed on a SPEX Fluo-
rolog Il spectrophotometer at 365-580 nm excitation-emission wave-
lengths. Promastigotes at a final concentration of 25 % ddlis/ml

were incubated for 5 min with gentle stirring in the fluorescence cu-
vette with 2 ml of different buffered solutions but always containing 10

Ermm glucose and EB (5@m). After signal stabilization was achieved,

AmB was added and dissolved in dimethylsulfoxide. Maximal EB
incorporation was always obtained by adding digitonin (&g/ml).
All solutions used were buffered with 75MmTRIS (pH = 7.6) and

mol% ergosterol). Liposomes were formed after the organic solventcontain 150 mi NaCl (BN&), 150 ma KCI (BK™), 150 mv choline
was removed under reduced pressure in a rotary evaporator. Thiéhloride (Bcholine), and 100 msucrose + 100 m NaCl (Bsucrose).

preparation of liposomes was filtered through a polycarbonate mem
brane (Nuclepore, pore size Oun).
GROWTH OF LEISHMANIAPROMASTIGOTES

Promastigotes ofeishmania mexicanatrain NR were cultivated in
LIT medium at room temperature, as previously described (Cohen e

The osmolarity of all solutions was always adjusted t6 36 mOsm
using an Advanced instrument SW2 osmometer (Boston, MA).

PREPARATION OF LEISHMANIA MEMBRANE
VESICLES(LMV s)
t

al., 1986). Growth was estimated from turbidimetric measurements at MVs were isolated and purified at 4°C as described previously (Co-
560 nm. The cells in the exponential phase were harvested and washdxn et al., 1986). Briefly, after washing the cells with 16 HEPES

twice by centrifugation at 1,000 g for 10 min, with a Na/K buffer
solution (pH = 7.6) containing Tris-HCI 75 m, NaCl 140 nm and
KCI 11 mm (Buffer A). The cell suspensions were kept under ice until
further use.

MEASUREMENTS OFMEMBRANE POTENTIAL CHANGES

buffer containing 400 m mannitol, 10 nw KCI and 3 mm magnesium
acetate (Buffer B), the ice-cold pellet of cells was mixed in a mortar on
ice with glass beads of 75-1%0m (Sigma) in a 4:1 ratio (w/w). This
mixture was ground by gentle rotation for 5-10 min until no more than
2-3 intact cells per field could be seen under the microscope. After
separation by differential centrifugation of glass beads, unruptured cells
and mitochondria, a fraction enriched in plasma membrane vesicles
was isolated by centrifugation at 40,00@ for 50 min. The enzymatic

AmB-induced membrane potential changes across liposomes (LUV):haracteristics and osmotic properties of LMVs prepared by this

and Leishmaniapromastigotes were measured by using the fluores-
cence changes of 3;8lipropylthiadicarbocyanine (DiS{5)) (Rink et

method were reported previously (Cohen et al., 1986).

al., 1980; Loew et al., 1985). Fluorescence measurements were done

with an SPEX Fluorolog Il spectrophotometer equipped with a mag-
netic stirrer at 620- and 670 nm, excitation-emission wavelengths, re
spectively. In a typical protocol, ergosterol-containing liposomes pre-
pared in a 100 m KCI solution see abovewere added to a fluores-
cence cuvette containing 200mMmsucrose solution (final lipid
concentration 0.05 mn). DiSC4(5) (stock 0.6 mu in ethanol) was then
added at a final concentration ofg2u. The fluorescence of the posi-
tively charged DiSQ(5) is rapidly quenched whenever it concentrates
into the liposomes by the formation of a negative diffusion potential
inside. Thus, by adding valinomycin (@m), a maximum quenching
was always obtained as a result of the movement of interfiahté the
external sucrose medium driven by its concentration gradient.

For the corresponding membrane potential measurements acro
Leishmanigoromastigotes, cells (25 x $@ells/ml) were transferred to
a fluorescence cuvette containing 2 ml of the appropriate buffer solu
tion but always containing 10 mglucose. Gentle stirring ensured the
homogeneity of the suspension during recordings. Upon addition o
DiSC4(5) (3 um final concentration), the fluorescence signal slowly
decreased indicating uptake of the probe into the cells (time constal

SALT PERMEABILITY MEASUREMENTS ACROSEMV s

Volume changes of LMVs were measured by following the 90° light
scattering changes at 450 nm in a Durrum (D-110) stopped-flow spec-
trophotometer (Cohen et al., 1986). A calibration curve was obtained
by suspending LMVs (1.2 mg protein/ml) in hyperosmotic glucose
solutions (80—800 mOsm) prepared in the same buffese® @bove

but without mannitol. In this range, a linear relationship was obtained
between light scattering and the volume changes (Cohen et al., 1986).
Permeability coefficients to different salts induced by AmB were mea-
sured by the “maximum slope” method as described (Cohen, 1986,
1992). For this purpose, LMVs (1.2 mg protein/ml) were rapidly

TRixed in a 1:4 volume ratio with a hyperosmotic salt solution (600

mOsm) prepared in the same buffer B but without mannitol. All mea-

surements were done with water continuously circulating through the

fdrive syringes and mixing cuvette at constant temperature (20 + 2°C).

LECTRON MICROSCOPY

3-5 min), driven by the existence of a negative membrane potential

across LPs (Glaser, Utz & Mukkada, 1992; Vieira, Slotki & Cabant-
chick, 1995). Thus, by disrupting the cell membrane upon addition of
digitonin (50 wg/ml), a maximal increase of fluorescence was always

obtained. In all cases, the traces show fluorescence changes whic
were normalized to 100 arbitrary units. All fluorescence measurement57

were carried out at room temperature.

KINETICS OF CELL DEATH

The kinetics of cell death induced by AmB agaihstishmaniapro-
mastigotes was followed by using fluorometry with the DNA-binding

A sample of promastigotes (§@ell/ml) cultivated as described previ-
ously was incubated during 10 min at a concentration of /b A

mall aliquot of glutaraldehyde 2.5% solution (v/v) was then added to
e promastigote suspension. The cells were collected at 1,8d0rx

min and refixed with 2.5% glutaraldehyde in normal buffer A for 2
hr. Fixed cells were washed three times in normal buffer and post fixed
in 1% OsO4 in the same buffer in the cold for 1 hr. Dehydration was
carried out in a graded series of ethanols and embedded in Epon. Ul-
trathin sections were obtained with LKB Ultramicrotome, stained with
uranyl acetate and lead citrate and observed in a H-500 transmission
electron microscope.

1
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centrations (Fig. 1, top), there is a progressive quenching
AmB of the probe fluorescence, that reached a maximal value
1o0f (M) at 0.1 um AmB. Beyond this concentration, there is a

l rapid reversal of the initial quenching leading in a few
- seconds to an overall enhancement of fluorescence.
s Thus, it can be seen in Fig. 1 (bottom), that the initial
guenching of the fluorescence is now superseded by a
0.05 rapid enhancement which occurred at shorter times, as
S0r the AmB concentration increased. Clearly, the AmB
channels formed at low concentrations are permeable
only to K" ions. However, those AmB channels formed
at high concentrations (>0.jum) became permeable
~— VAL within minutes to both K and CI. A similar behavior
has been observed for other monovalent salts (Valdi-
vieso, 1992).

F(a-u)

251 0.1

100f l/——

- 15 EFFecT oFAMB ON LEISHMANIA MEMBRANE POTENTIAL

751
Figure A shows the fluorescence signals for Disf&) in
an iso-osmoatic sucrose solution after addition of L&e(
501 Materials and Methods). The traces at the bottom of Fig.
2A show that addition of valinomycin (1m) or 0.05
wm AmB did not change the fluorescent signal. By con-
25 trast, by adding 0.Jum AmB or higher concentrations,
an increase of fluorescence was observed (. Zhis
progressive depolarization of LPs by AmB occurred at
0 50 100 150 200 the same concentration range at which liposomes treated
Time (sec) with AmB became permeable to anions (Fi@)1
When LPs were suspended in an iso-osmotic NaCl
e i e oo e luion, AmB depolarized cells (0 a large extentat cor-
liposomes (LUV) ng’e prepared in lgOMrTJKCI and susrflended ina centrations as low as 0.0am (Flg' ). This aerpt.
200 mm sucrose solution. Calibration of polarization changes was al_collapse of the membrane potential by AmB was attrib-
ways performed by adding valinomycin (im). AmB (dissolved in  Uted to a rapid Nainflux across LPs induced by forma-
DMSO) was added at the concentrations indicatedufir). tion of AmB cation channels. Thus, when N the
external solution was replaced iso-osmotically by cho-
line, low AmB concentrations<£0.1 u™m) did not depo-
Results larize cells @ata not show)) but at higher concentra-
tions, membrane depolarization was comparable to that
observed in sucrose-suspended LPs (Fg. Zholine is

F(a-u)

N VAL

FORMATION OF ANION IMPERMEABLE AND ANION a cation that is known to be impermeable across the
PERMEABLE CHANNELS BY AMB ACROSS aqueous channels formed by AmB in liposomes (B.E.
ERGOSTEROL‘CONTA|N|NG L|POSOMES Cohen,unpubllshed Observatlohs

Figure 1 shows the effect of increasing AmB concentra-

tions on the membrane potential of eggPC-ergosterol li-THE EFFECT OF DIFFERENT ANIONS ON THE SALT

posomes as measured by the fluorescence changes of tRERMEABILITY OF LEISHMANIAMEMBRANE VESICLES
membrane probe DiS{5) (seeMaterials and Methods).

The extent of the fluorescence quenching of the memFigure 3 shows the effect of increasing AmB concentra-
brane probe after adding valinomycin to KCl-loaded li- tions on the KNQ and KCI permeabilities across
posomes suspended in an iso-osmotic sucrose solutioresicles prepared from the plasma membranes of leish-
can be observed in Fig. 1 (top). This ionophore rapidlymanias (LMVs). It can be seen in Fig. 3 that for both
formed a negative potential inside the liposomes by alsalts, the onset of AmB-induced relative salt permeabil-
lowing the movement of Kions out of the liposomes, ity (AP/P,) exhibit a threshold concentration near Qui
down its concentration gradient. Upon addition of AmB, AmB. At higher concentrations, a sigmoidal enhance-
two types of behavior were observed. Atlow AmB con- ment of salt permeability was observed. Thus, by fitting
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this data to the Hill equation, cooperativity coefficients
lying in the range 2—3 were calculated (Table).

In the Table are listed calculated values for maximal
relative permeabilitiesAP,,,./Po) induced by AmB for
different potassium salts and corresponding values of
antibiotic concentrations required for half maximal per-
meabilities (Gy). It can be seen in the Table that the 5

rank order of AmB-induced salt permeabilities across Sor

LMVs follows the sequence: SCN> NO; > Br™ > ™ >

CI” > acetate. AmB did not enhance LMVs permeabil-
ity to K,SO,. On the other hand, at the reference con-
centration of 0.§.m (Table), the corresponding rate con-
stants ks calculated for the permeation of KNeénd
NH,NO; across LMVs yield values of 0.22 + 0.05 Séc

100

75

25

69

0.5
AmB
(M) 0.2
| 01
N— 0.05
VAL
1 L 1

B-Sucrose l —

1.0

(4) and 0.8 + 0.1 sé¢ (3), respectively.

100

il

B-NaCl
THE EFFECT OFAMB AT INCREASING CONCENTRATIONS l

ON THE INCORPORATION OFETHIDIUM BROMIDE ACROSS 751
LEISHMANIAPROMASTIGOTES
The lethal action exerted by AmB against LPs was de-::); sob AmB 5
termined by using ethidium bromide-DNA fluorescence, & (M) .
as a measure of cell viability (Ruiz et al., 1991). As l 0.05
reported previously (Cohen et al., 1990), this effect de-

ended on AmB concentration and exhibited a charac- 25
p —_

teristic lag time. When promastigotes were suspended in
a normal buffer A solutiongeeMaterials and Methods)
and 0.5um AmB was added, the lag time measured for 0 l ! .
EB incorporation was 5.4 + 0.4 min (3). Increasing the 100 200 300 400 500
concentration of AmB reduced the lag time down to a Time (sec)

I|m|t|ng value (Flg. 4A) and increased the velocny of EB Fig. 2. Time-dependence of the AmB-induced fluorescence changes of

incorporation (Fig. B). It can _be observed _in Fig.B4 DiSC,(5) acrossLeishmaniapromastigotes. Fluorescence changes
that the threshold concentration for AmB-induced EB were recorded as described in Materials and Methods. Cells (25 x 10

incorporation into LPs was about Oplv. Beyond this  cells/ml) were suspended in iso-osmotic buffered solutions of sucrose

concentration, a sigmoideal, cooperative enhancemertt) and NaCl B), containing 10 m glucose. Maximal DiSQS) in-

was observed reaching a maximal value at abouml corporation was determined by adding digitonin (arroud).

AmB. . .
The data shown in Fig. 4 also indicate that the rateInduced by AmB after replacement of NaCl by KClin

. o the corresponding external solution. By contrast, re-

of EB incorporation into LPs was greater when the NaCl 5i ; A

in the external media was replaced by NajN®ig. 4B). p!ap_ement of N 1ons by chol_me led to a complete in-

In addition, it can be observed in FigAhat the differ- hibition of the AmB-induced incorporation of EB (Fig.

ences in lag time for EB incorporation for promasti otes5A)' On the other hand, replacement of the extemal
g tim P pror 9 NaCl by sucrose, a molecule which is also impermeable
suspended in nitrate or chloride salts (NOCI), were

smaller at increasing AmB concentration, reaching across the AmB aqueous char_mels (Andre_oli, 1974),_a|so

: ' locked completely the AmB-induced EB incorporation
maximal value at Jum. :

(Fig. 5A).

Figure B shows the effect of a gradual iso-osmotic
replacement of NaCl by sucrose on the initial rate of EB
incorporation across LPs. It can be observed that %
blocking of AmB-induced EB uptake into promastigotes
increased with rising sucrose concentrations. Total
Figure 5A shows the effect that iso-osmotic replacementblocking of EB incorporation into LPs was obtained after
of NaCl in the external solution by another salt or solutereplacement of about 50vmsucrose by NaCl (Fig.B).
had on EB incorporation into LPs treated with Qust  This sucrose concentration can be taken as a measure-
AmB. It can be observed in Fig.A5that no significant ment of the external solute impermeants which is re-
changes in the time lag or rate of EB incorporation werequired to equilibrate the intracellular impermeants.

™

THE EFFECT OF PERMEABLE AND IMPERMEABLE SOLUTES
ON THE KINETICS OF KILLING OF LEISHMANIA
PrROMASTIGOTES BYAMB
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5.0

4.0

3.0

AP/Po

2.0F

1.0 ' 20 ' 3.0 ' 4.0
[AMBJUM

Fig. 3. Permeabilization of KCl and KNQacross_eishmaniamembrane vesicles as a function of the AmB concentration. Volume changes were
measured by light scattering by mixing LMVs with hyperosmotic 600 mOsm solutions of ¥i@KCI, containing increasing AmB concentrations
(seeMaterials and Methods). The corresponding relative permeabiliBgR) for salt permeation were calculated from the “maximum slopes”
attained by the vesicles after the minimum volume was reached. The sigmoid curves shown were calculated by fitting the experimental points
the Hill cooperativity equationsgeTable). Experimental points plotted are the average of 3-5 separate determination @BRNQ@; (O) KCI.

Table. Fitting by using the Hill's equatioh of the permeability  of SCN, NO§ and CI were 3.1, 3.8 and 5.5 min, re-
changes to different salts induced by increasing AmB concentration%pectivew_ For promastigotes suspended irﬁNbllts of
acrossL.eishmaniamembrance vesicles SCN’, NO; and CI the corresponding time lags were

Salt n Cao (1) AP,.JP, po 14 3.0and5.2min (Fig.B. In asimilar way, Fig. &
and B show that the rate of EB incorporation across

KSCN 1.7+05 0.7+0.1 6.7+2.4 5.8 promastigotes follows the sequence: SCNNO; > ClI™

KNO, 1.6+0.3 0.7+0.1 43+0.6 3.8 for both Na and NH; salts.

KCI 2.4£0.4 08:0.2 3.0:08 1.0 Figure 6A andB also show that there was no AmB-

E:Br r212 +13 r?ﬁ? £0.1 n3r+]° +09 112-34 induced incorporation of EB when promastigotes were

Kacetate am am am o1 suspended in iso-osmotic solutions of either ammonium

or sodium sulfate. Control experiments carried out in the
1 permeability dataR) as shown in Fig. 3 were fitted to the Hill absence of AmB indicated that incubation (2-3 hours) of
equation:AP = AP, C" /(cte + C"), wheren is the cooperativity ~promastigotes into iso-osmotic solutions of the different
index; C is theAmB concentrationC, is the concentration required for ammonium or sodium salts tested did not induce any
half-maximal effect.AP,,, is the maximal permeability change in- incorporation of EB into cells, including incubation in

duced by the antibiotid?,, are permeability values measured at |8 the very permeable ammonium thiocianate, aIthough un-

AmB and calculated with respect to KC1. All measurements wereder the latter condition. cells became rounded as seen
carried at a constant temperature (20°CknH2-3 separate determi- . . !
under the light microscope.

nations). nm= not measured

THE EFFECT OF DIFFERENT ANIONS ON THE KINETICS OF ~ BLOCKING BY TEA OF AMB-INDUCED INCORPORATION
CELL KILLING BY AMB OF EB ACROSSLEISHMANIAPROMASTIGOTES

The effect of different anions on the kinetics of AmB- We have previously shown that the ionic compound tet-
induced EB incorporation across LPs was also measuredethylammonium (TEA) at millimolar concentrations
(Fig. 6). It can be observed in FigAghat the duration blocked the aqueous channels formed by AmB across
of the time lag for promastigotes suspended irf Balts LMVs (Cohen & Gamargo, 1987). To investigate the
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relationship between the formation of aqueous pores by 20
AmB and the incorporation of EB into LPs, we studied A
the effect of different TEA concentrations on the time lag
and rate of EB incorporation across promastigotes. For is|
this purpose, LPs were suspended in the iso-osmotig-
NacCl solution with a constant amount of AmB (Quw) £
and increasing concentration of TEA (Fig. 7). It can beo
. N . .S <C
observed in Fig. 7 (open circles) that raising the concen-1
tration of TEA up to 10 mu led to a linear reduction of "'gJ )
the time lag for AmB-induced EB incorporation. How- +
ever, the corresponding rates of EB incorporation (filled 5
circles) exhibited a saturation kinetics. In fact, from this
data, a K = 2.0 mv for the inhibitory effect of TEA on
AmB-induced rate of EB incorporation across LPs was : . . - .

® NaCl
O NaNO,3

calculated. w0 B
THE EFFecT oFAMB ON CELL SHAPE % 30k

v
Observations by electron microscopy of LPs showed thes

characteristic elongated shape of this stage of the parasitfg 201

life cycle, with a long slender flagellum, a round nucleus &
and a single mitochondrium which contains the kineto-& ol
plast (Fig. 8, left). After 10 min of incubation with 0.5
wM AmB, few LPs could be seen intact at the electron
microscope but those observed exhibited a marked | 02 04 05 08 10
change of shape (Fig. 8, right), that is cell bodies and [AmBJuM

flagella swell and round up; the mitochondria and the

nucleus remain without visible alterations. A remarkableFig. 4. Effect of AmB on the incorporation of ethidium bromide (EB)
feature of the promastigotes exposed to AmB was thecrossLeishmaniapromastigotes. A) time lag for the onset of EB

appearance throughout the cytoplasm of numerous me _corporatlpn as afupctlon of the AmB concentrationm); (B) Rate
. ) of EB incorporation after the time lag (percent total changes per
brane-bound large vesicles.

minute) as a function of the AmB concentration {um). All points
shown are the average values of experiments carried out in duplicate.

Di . LPs suspended in iso-osmotic buffered solutions of Na®) énd
ISCUssion NaNo, (O).

The permeabilizing effects that are exerted by AmB oncollapse of the negative membrane potential that is main-
ergosterol-containing fungal agishmanianembranes tained across such cells (Vieira et al., 1995). Since
have been generally interpreted on the basis of the forfNa*]; at the cytoplasm of LPs ranges between 30 to 70
mation by the polyene antibiotic of a unique type of mm (LeFurgey, Ingram & Blum, 1990; Felibertt et al.,
channels permeable to monovalent cations and aniong995), this finding indicates that AmB at low concentra-
and nonelectrolytes up to the size of glucose (Andreolitions was able to increase Npermeability across LPs,
1974; Finkelstein, 1987). However, several types of evi{eading to movement of positive charges into the cells
dence have indicated that AmB can form two types ofand membrane depolarization. On the other hand, when
channels in ergosterol and cholesterol-containing memtPs were suspended in a sucrose-containing iso-osmotic
branes, depending on the antibiotic concentration (Cosolution, membrane depolarization by AmB also oc-
hen, 1986, 1992; Cohen & Gamargo, 1987; Hartsel et al.curred, but only by adding concentrations higher than 0.1
1994). In the present work, we have shown that suchum (Fig. 2A). Clearly, under these conditions, AmB in-
channels also differed in their cation/anion selectivity creased anion permeability across LPs, negative charges
(Fig. 1). Thus, at 0.um or lower concentrations, AmB  moved out of the cells and as a consequence, membrane
induced changes of membrane potential across ergostepolarized. These results are fully consistent with re-
terol-containing liposomes indicating'feakage, but not  cent data by Vieira et al. (1995) indicating that the mem-
until higher antibiotic concentrations were added (>0.1lbrane potential of LPs does not depend of) Ka', or

um), could a differential enhancement of the permeabil-CI~ permeabilities, but on an electrogeni¢ pump.

ity to both cations and anions be observed. Further, it  One of the characteristics of AmB action of LPs is
was shown that 0.0fm AmB added to LPs suspended in that at low concentrations (<04m AmB), it is leish-

an iso-osmotic buffered NaCl solution (FigBRledto a  manistatic, as indicated by inhibition of cell growth (Ra-
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Fig. 5A. Effect of the medium composition on the AmB-induced incorporation of ethidium bromide (EB) dceagsnaniapromastigotes. EB
fluorescence changes were recorded as described in Materials and Methods. LPS Gksifil) were suspended in the following iso-osmotic
buffered solutions: NaCl (BNa), KCI (BK), choline chloride (Bcholine) and sucrose (Bsucrose). AmB (arrow) was addegat K&ximal EB
incorporation was always determined by adding digitonirD).
Fig. 5B. Effect of partial replacement of external NaCl by sucrose in the AmB-induced incorporation of ethidium bromide (EBjishimania
promastigites. Abcissa: sucrose concentration (ir) that replaced NaCl in the iso-osmotic buffer; Ordinate: the initial rate of EB incorporation
(% blocking of cell death).
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mos et al., 1988) but at higher antibiotic concentrations,
it is lytic (Ramos, Romero & Cohen, 1988; Ramos et al.,
1995). In this respect, the present data conclusively
demonstrated that it is the formation of AmB aqueous
pores permeable to small cations and anions that leads to
the leishmanicidal action. Thus, (i) the threshold con-
centration at which AmB was able to increase the per-
meability of KCI and KNQ across LMVs was 0.Jum

(Fig. 3), that is, the same concentration beyond which
AmB-induced exerted a lethal effect against LPs, as mea-
sured by EB incorporation (Fig. 4) or cell lysis (Ramos et
al., 1996), (ii) the AmB-induced salt permeation across
LMVs (Table) followed the same rank order that was
determined from the time lags and subsequent rate of
incorporation of EB into AmB-treated LPs suspended in
different salts (Fig. 6), (iii) the AmB-induced incorpora-
tion of EB into LPs was prevented completely by re-
placement of external NaCl by choline chloride,SO,

or Na,SO, (Fig. 5A) or by its partial replacement by
sucrose (Fig. B).

Since the aqueous channels formed by AmB have
been shown to be impermeable to choline, sulfate or
sucrose (Andreoli, 1974; Cohen, 1986; Finkelstein,
1987), it can then be concluded that the formation of
such structures across LPs leads to an increase of the
intracellular salt content and, as a consequence of this,
water moves into the cells and cells lyzed. This colloid
osmotic mechanism for the lytic action of AmB on LPs

Fig. 6. The effect of different anions on the AmB-induced incorpora-
tion of Leishmaniapromastigotes to ethidium bromided)(Na" salts;
(B) NH; salts. For experimental detadgeMaterials and Methods.

is similar to that previously established in erythrocytes,
where AmB-induced hemolysis can also be prevented by
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Fig. 7. The effect of TEA on the AmB-induced incorporation of EB acroksishmaniapromastigotes. @) time lag for the onset of EB
incorporation (in min); @) % rate of EB incorporationMcg) after the time lag (percent total changes per minute). Abscissa: TEA concentration
(in mm).

Fig. 8. (Left) General view of untreateldeishmania mexicanpromastigote forms showing an elongated shape with a long flagellum, kinetoplast,
nucleus and mitochondria. Magnification x7,000. (Right) Promastigotes incubated for 10 min wjilw ®&B. Magnification x5,000.

replacement of external NaCl by choline chloride or su-into the cells. The nonsaturable characteristic of such a
crose (Brajtburg et al., 198). blocking effect was not unexpected since TH&Aknown

The existence of a causal connection between aqude be impermeable across the AmB aqueous pores (Co-
ous pore formation by AmB and its lethal action on LPshen, unpublished resul}s By contrast, the subsequent
was further supported by the measured effect of TBA  AmB-induced incorporation of EB across LPs was in-
the AmB-induced EB incorporation (Fig. 7). As it was hibited by TEA" in a saturable way (K= 2 mm) (Fig.
anticipated from the known blocking effects of TEAn 7). Since ethidium is an organic cation larger than TEA
the agueous channels formed by AmB (Borisova et al.or choliné both of them being impermeable through
1979; Cohen, 1986; Cohen & Gamargo, 1987), TEA AmB channels, such an EB incorporation across AmB-
blocked AmB-induced salt influx across LPs and so re-treated LPs possibly originate from a local fracture of the
tards the initial lag phase during salt and water movesnembrane, occurring as a result of the increased turgor
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pressure generated by water movement. Such fracturesit the cytoplasm of promastigotes treated with AmB

would have a greater diameter than the AmB aqueousnay be part of a regulatory volume decrease (RVD)

pores and so they can be also permeable to TE&  mechanism, activated under the osmotic stress. Never-
sulting in a saturable inhibition of EB incorporation. Itis theless, the rate and extent of the cation and anion per-
interesting to note that the AmB-induced incorporationmeability induced by AmB and its concomitant massive

of EB across LPs has been shown to be strongly inhibitedvater influx rapidly overcomes the capacity of leishman-

by Mg?* (Ramos et al., 1989), a phenomenon whichias to osmoregulate and cells lysed.

appears to depend on the amount of negatively charged In summary, we have demonstrated that low AmB

components present in the cell surface membrane (R&oncentrations are able to form across ergosterol-
mos et al., 1989). Such a protective role of¥ggainst ~ containing liposomes and LPs, prepore structures that
the leishmanicidal action of AmB is common to the €nhance cation permeability and collapsed the parasite
membrane damage exerted by pore-forming hemolyticNembrane potential but are not lytic. By contrast, at

viruses and toxins against a variety of cells (Bashford ehigh AmB concentrations, (_:eII lysis occurred as a direct

al., 1986), including the lethal action of AmB on fungi consequence of the formation by AmB of aqueous pores
(Brajtburg et al., 1986). permeable to small cations and anions. The toxic effects

As far as the nature of the aqueous pores formed b)t;xerted by AmB on the clinically importahieishmania

AmB in LPs is concemned, the observed positive COop_amas;tigote forms residing in the parasitophore vacuole

erativity for salt permeation across LMVs is similar to ©f oSt macrophages, can also be based on the formation

that measured for a variety of solutes permeating acros8 AMB aqueous pores. The oncotic pressure of the pro-

AmB-treated erythrocytes, where cooperativity values ofi€INs present inside the macro_phg_ge vacuole would not
2-3 were calculated (Deuticke, Kim & Zoliner, 1973). be sufficient to balance the significant turgor pressure
Likewise, the anion selectivity sequence across AmBﬁ]rdol:Jg:é ?)bcmtebgntt?beiort]iect intracellular salt accumulation
aqueous pores measured in this work (Table) is also y '
comparable to measurements in erythrocytes where a
greater_ AmB-lnduced. permeabl_llty to SCNhan CI'  This work was supported by CONICIT (Venezuela) Grant No. RP-IV-
was originally determined (Deuticke et al., 1973). The11034 and Commission of European communities, Grant No. C/1-
AmB-induced salt permeation across LMVs as listed in0517-F(CD).
the Table coincides with Eisenman’s sequence | for an-
ion selectivity (Wright & Diamond, 1977). This result is
consistent with the formation of enlarged hyd_ra_lted aqueReferences
ous pores by AmB. However, such a selectivity cannot
be quantitative|y ascribed to the diffusion of anionsAndreoli, T.E. 1974. The structure and function of amphotericin B-
within the AmB agueous channels. The reason is that cholesterol pores in lipid bilayer membranésn. N.Y. Acad. Sci.
anions such as SCNand NG, are chaotropic ions that 5 115:‘;4?:_?68Ald M. Menestrina. 6. Micklem. K.J.. Muroh
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