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Abstract-The effects of amphotericin B (AmB) on four established animal cell lines UC‘I-c comp;~rcd. 
measuring cell viability, inhibition of uridine incorporation Into RNA. leakage of the en/) mc lactate 
dehydrogenase, and leakage of RNA. In all assays. cell susceptibilities, in decreasing order, were: 3T.i. 
L. BHK and HeLa. The cells. which were more sensitive. had significantly lower cholcsteral:phospholi- 
pid ratios (c:p) than the less sensitive cells. Furthermore. 3T3 and L cell lines adapted to growth 
on higher levels of AmB had higher c:p molar ratios than did nonresistant cells. AmB binding to 
the cell was similar for all of the cell lines tested. These observations suggest a possible relationshIp 
between c:p ratios and sensitivity of cells to polyenea. 

Polyene antibiotics interact with sterols present in the 
membranes of eukaryotic cells and increase cell mem- 
brane permeability [I, 21. Considerable evidence indi- 
cates that the activity of these agents against cells 
depends on the type of sterol incorporated into the 
biomembranes. For example, the development of re- 
sistance in yeast to amphotericin B is accompanied 
by changes in the sterol composition of the cells 
[3,4]. Also, fungi are more sensitive to amphotericin 
B (AmB) than are animal cells, and this is probably 
linked to the more avid binding of this polyene anti- 
biotic to the ergosterol found in fungal cell mem- 
branes than to the cholesterol characteristic of animal 
cell membranes [5,6]. 

Several reports, and a further number of unpub- 
lished trials in our own laboratory. have indicated 
that different animal cell lines containing the same 
sterol also differ extensively in sensitivity to AmB 
[7-~93. Here we report a study in which relative sensi- 
tivity of four cell lines to AmB was established by 
four different assays. The order of sensitivity of the 
cell lines tested, in decreasing order, was consistently 
3T3, L. BHK and HeLa cells. An attempt was also 
made to look for the basis of the different sensitivities. 
We found that the sensitivity of the cells to AmB 
appeared to be correlated with the molar ratio of 
cholesterol:phospholipid in the cells. 

* Some of these results were presented at the American 
Society for Microbiology Meeting in Atlantic City. NJ. 
U.S.A.. May 1976. 

Chcr~ictr/a. Amphotericin B in the form of Fungi- 
zone was purchased from E. R. Squibb & Sons. Inc., 
Princeton. NJ. It was dissolved in sterile water bcforc 
use. The concentrations of the AmB solutions bverc 
calculated on the basis of the amounts of AmB in 
the Fungizone. as stated by the manufacturer. Filipin. 
in the form of the unfractlonated antibiotic complex 
which was 86 per cent pure. was donated by the 
Upjohn Co., Kalamazoo. MI. The amounts noted 

refer to the crude product. Miconazole was a gift from 
Janssen Pharmaceutical N.V. (Beerse:Belgium/. I-ili- 
pin and miconazole were dissolved in dimcthylforma- 
mide before use. 

[“Hluridine (sp. act. 8 Ci, m-mole) wxs purchased 
from Schwarz-Mann. Orangeburg, NY. 

Cc// CU/~LITC. HeLa, L 929 and Balb 3T3 cells \+crc 
maintained in monolayer in Eagle‘s minimum eshcti- 
tial medium supplemented with 0.2 mM of noncssen- 
tial amino acids. 2 mM glutamine, IO”,, fetal calf 
serum. 100 units/ml of penicillin and 100 Ifg’nil of 
Kantrex (growth medium). The same medium \r.as 

used for BHK cells except that the glutaminc concen- 
tration was doubled and 6”,, fetal calf strum was used. 
All experiments were done with cells cultured in the 
growth medium. Treated cells were removed from 
monolayer cultures using glass beads or a rubher 

policeman. 
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for I hr at 37 was delcrmincd by three dill‘crent 

tllcrtloti\: 

(II Try~xtn hluc cuclusion [IO]. c’clls (3 x IO’) in 
3 ml of go-owth medium were plated in plastic dishes 

35 mm in diameter and gown ~OI- 17 hr. The medium 

\\;ts rcmo\ed and (he cells \\erc incubated with I ml 

of frc?h medium containing AmB. The incubation was 

tcrniinatcd b! a\pirntion of medium. The cells were 

rinsed I\zice with 7 ml of fresh medium. incubated for 

l5min at -37 aith ().I”,, trypan blue. rcnioved from 

monola)cr\ with ;I truhhcr policeman and counted in 
;I hcnioq tonictcr. 

(2) fni/niatii hydrolyst5 of diacctylfluoresccin 

1 I I]. Thib a\~! i\ hzxxi on hydrolysis of diacetql- 
Iluoresccin b! li\ing cells and an intracellular ac- 

cumulatton of Iluoresccin which could be visualized 

t~ncict- ;L micro\copc. Glass slides were placed in plas- 

tic dishes Mmm tn diameter and the cells were 

%x&d . grown and cxpowd to AmB as in the trypan 

blue assa\. i2lier the AmB-containing medium w;ts 

aqltratcd. cells \vcrc rinsed t-o titncs with 3-ml ali- 

qttolx of phosl’hnt~-httR‘er~~~ saline (PBS) and inctt- 
hated for 5niin at 37 \\ith I ml PBS containing 

S 11: ml of diacct\Itlttoresccin. The slides were then 

remo\cd and rinsed with PBS and the number of 
Httorczccd cells WI’\ counted under an inverted flttor- 

csczncc microscope. Nihon model M. 

(3) Growth of clones [I?]. Cells were freed from 

monolayer by ().3”,, trqsin. centrifuged for 4 tnin at 

200 g. the trypsin \\a\ rcmo\ed. md the cells were 
dihpcnsed in pro\\th medium at 5 x IO’ cclls~nil. Ali- 

cluots (I ml) Lvcrc then incubated \vith AtnB for I 111 

and then diluted 1, ith medium to 29 cellstnl. Aliqttots 

(5 nil) wcrc platcd on plastic dishes 60 mm in dia- 
meter. After 8 days macroscopic colonies bcrc stained 

\\ ith methylone blue and counted. 

The sample containing the highest AmB conccn- 

tration (10 ;tg ml) onl\i contained 1.6 Icg;rnl when 

dihttrd to ;I cell concentration of 20 cells/ml. AmB 

at this concentration did not affect the growth of 

clones. 

I iohili/,v of t/i//crcwt cc// lirm. Cell viability after 

exposure to AmB was cxatnined by trypan blue cxclu- 
sion [IO]. Cells wc‘rc assayed in suspension or in 

tnonola~c~- formed by I7 hr growth of 8 x lOi cells 

~cdcd 111 plastic dishcx 35 mm in diameter. 
I’rol~~‘i~r ~lt(‘tt.\tl/‘(‘llt~‘l~r. A modilied F‘olin method 

M;IX used [I 31. with bo\ ine serum albumin as a stan- 

dard. 

/,otr!,o~gc~ o/ /wIo~~, tlc/t~.tl,.o(/c,~~~~,\~,. Lactate dchydro- 

gcnase (LDH) (EC I I, 1.37) was measured colorimc- 

tricall) [IJ]. In the prcsencc of NADH. LDH reduced 

added pyrttkate acid to lactic acid: the remaining pyr- 

IIYIC acid was con\ertcd to the colored 1.4.dinitro- 
phenylhydrn/oil~. The absorption of the sample 

depcndcd on rsninining pyruvatc and was inversely 
proportional to the amount of LDH released. 

The cells (X x IO’) were seeded in 5 ml of growth 

medium in plastic flashs of 25 cm’ arca and grown 

for l?ht-. The medium was then removed. and the 
cells \jc‘rc rinsed three times with j-ml portions of 

Hanh‘s solution and incubated in 3ml Hank’s solu- 

tton \jith 3.3 itg ml of AmB at 37 Samples (50 ;tl) 

I;thcn al \;triott4 lime inter\~tls were rcxtcd with pyr- 
II\ ate reagent containing I50 nmoles pyrtn ate and 

M ith h\ dt-Lrlinc reagent. The developed color was read 

at 390 nm on ;I C‘olcnian Junior II spectrol,hotoiii~t~l. 

and compared with ;I \tandat-d cur\c for pyru\:ttc 

concentration to dctcrminc niiiole~ 01‘ p! ru\ ;ttc 

reduced. 
[‘HI I’~itl/,t~, i,~c~o/.l~~~/.~//ic~~t. Incorporatton 01 radtcj- 

acti\ tty into trichloroucetic acid-insoltthle ni;itcrt;iI 

has mcasurcd by ;I slight modilication of a p~-c~tou~l~ 

described method 1157. Cell5 (2.5 x lOi alI\ pl:t\tic 

dish. 35 mm in diameter) wcrc inctthatcd in .3 ml 

medittm for IX hr 2nd then rc-fed with 3 ml of ft.t‘\h 

growth medium containins [ ‘Hluridtnc (0.03 /c<‘i ml1 

and the drugs being \tttdicd. Eighteen hl- l;ttcr the 

medium was renio\ cd. Cells wcrc \\a\hcd three times 

with Z-ml aliqttots of Hanh‘z \oltttion. then rcmo\cd 

[roni the monolayer 2nd pit1 intO 5”,, tt.tchloroacctic 

acid. filtered onto ;I glas\ libcr liltci- and cottntcd III 

;I liquid scintillation countzr. 

Lco&c, of /i~ic~it/o/YJi/c <,t;c. 111 it/-i,t.\o/lf/1/c~ lrrtrl~‘i’i,,/ 

(RI!’ 3) /~OIJI w//s. The Ic;tkagc of prclabelcd RNA ~:t\ 

dctcrmtncd b! comparing the amount\ of RN.\ 

remaining in AmB-trcatcd cells u tth amcjunts in tt~ 

treated control cells. (‘ell\ in tiionol;i~ei- (4 i IO’ 

cells dish. 35 mm in diamctcr) MCI-C lirst tncttbxtccl tn 

3 ml of growth medium with radioactt\e ttrtdtnc 

(0.3jtC‘i). After IS hr the niedittni \\;I\ rcnio\ai. 111~ 

cells were rinsed t\ro times lvith Z-nil alicluot\ (11 

Hank‘s \oltttion. :ind I ml of fresh growth niediuni 

with graded AmB cc,ncentrations WI> xldcd. Allen- 

I hr 07 incubation at 37 the mcdittm \i;is a~ptratal. 
the cells wcrc washed three times with ?-nil alicluot\ 

of Hank’h solution. ;111d the r:tdioactt\ it\ rcmaininF 

in the cell\ w;t\ nica\urcd. 

-lritr/1rorio,t o/ (,0/I\ [iJ :l,,tW. ,l-: (3 1 IO” alI\ III 

I5 ml medium) and I. cells (2 * IO” cell\ IS ml 01 

medium) Mere setxicti in plastic Ilash\ 75 cm‘ 111 ;trc;t. 

Aftcr 3 hr on monolayer. 4tnH was added in the fo- 

lowing final conccntraticlns: 7 jig ml (!T1-R). h /~g ml 

(L-R) and I2 /tg~ml (L-R, ). The cells \+erc re-fed ever\ 

day with fresh medium containing the same’ COIIW- 

trations of AmB. 3Ti-R cells approached contlucnq 

(5.X x IO“ cells~ilazh) on daq 3 d were hx\cstcd 

at this time: L-R cells approached confluence on da\ 

3 (6.0 x IO” cells Ilash) and wet-c har\estcd. fhc L-R, 

cell5 \\crc also har\chted on da!, 4 although thq \\c‘rc 

not contlttent (3 x IO“ cells ‘llask). 

The har~csted 3T.q.R. L.-R and L-R, cells wcrc II- 

plated in plastic itask< at lov,cr density (0.5 x IO” to 

I x IOh cells ilask) and grown in the prcscncc of ,AmH 
concentrations prc‘\ iousl! norcd for another 4 5 dav\. 

after which they we‘re h;tr\e5tcd and sccdcd ;,n 

35mm-diamrtcr plastic dishes 111 -3 ml 01‘ grwth 
medium containins AmB. Adaptation of the cell\ 10 

AmB was measured I~\ detcrmininp the amount 01 
radioactive uridine incorpcxated into RNA in the‘ 

presence of increastn, 0 conccntrution5 01‘ AmB. The 
cholesteroI:phospholipid cc,ntent of thcsc cells \\‘I\ 

also measured iit this time. 
.4mB hirdirxq. AmB bindin, 0 to cells was nieasttrcd 

Huorometricall\i. cs~cntiallj as rcportcd prckioitsl! rot 
strong binding to yeast cells [ICI]. (‘cl1 suspension\ 
(I ml) lbcrc incubated with AmB in the growth 
medium. diluted with IO ml medium and-centrifttreci 
for 3 min at 200 11. The pcllcts \\c‘rc rinhcd tv+icc l\tth 
5-nil aliquotz of growth nicdlttm. and cutractcd at 
60 65 \\ ith t\vo conxcuti\ c :tliqttot\ 01‘ I ml of !o”,, 
isopropanol (ptl a<liu\ted to IO.5 I~\ NaOtl I. ,\(I- 
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ditionnl trmsing with growth medium or additional 

extraction with isopropanol did not change the 

rrsults. The values from mock-assay samples (assay 

fubcs without cells) were subtracted from the results 

of an actual assay. 

I:.\-r~~~c~riorr try/ or~c//~z\i.\ of lipit/.\. The cells wcrc 
wwn in monolaycrs almost to cc~niluenq in I?lastic c 
Ilxks of 75 cm’ area. The medium wax then remo\cd. 

and the cells were washed three times with IO ml 01 

I’hosphLltc-buf~crcd saline. removed from the mono- 

la!ci- I+ ith ;I rubber pohccman. counted in a hemocyt- 

omrtcr. and extracted with chloroform~~mcthanol 

(2: I) at room temperature [I 71. 
The samples were divided and portions of the 

extract for lipid phosphorus measurements were 

washcd by the mcrhod of Folch (‘I (I/. [IX] with 0. I N 
KCI in the uppcr phase. Lipid phosphorus was dctcr- 

mined 111 the Biochemical Laboratory of the Jen ish 
Hospital of St. Louis. After the lipid extract was sub- 
iccted to hot acid digestion. an automated colori- 

metric molybdic acid~stannous chlorids procedure for 

phosl~h~ltc cv;ls Lls~d [I 91. 
For cholc<terol and cholcstcrol ester mcasuremcnts. 

portions of the chloroform ~mcthanol lipid extract 

were concentrated under ;I How of nitrogen. applied 
to Silica gel Ci thin-layer chromatography plates and 

developed in ;i miuturc of petroleum ether ethyl ether 

(7: 3). Zones corresponding to free and estcriticd cho- 
leslcrol wcrc separated and extracted se\cral limes 

\virh ethyl acctatc. Estcrificd cholesterol was saponi- 

lied with 15”,, cthanolic KOH. extracted with ether 

and finally sub.jccted to thin-layer chromatography to 
rcco\er all of the cholesterol bq appropriate solvents. 

Samples of cholesterol Mere assa) cd by gas- liquid 
chromatography and qu;mtitati\el! compared \I ith a 

standard cholesterol peak. This procedure cnablsd us 
to dctcct cholesterol or cholesterol cstcr in amounts 

a\ lo\\ as 0.1 l/g. Duplicates wcrc reproducible to + I 
pt” cell(. 

(‘OII~IYI/ c,xpc,riwut.s. Because Fungironc contain5 
31”,, sodium deosycholatc hy weight. all experiments 

dcsipncd to investigate AmB effects on cells wcrc 

rcpcated with appropriutc control amounts of dcoxy- 
cholatc. The control c.xperimcnts for iilipin and 
miconwo1c cll’ecls wet-c run with dimcthylform3mldc 

at ;I concentration equal to that used in expcrimcnts 

I\ ith drugs (0.X” ,, or less). WC found that deoxycholate 
and dimcthl Iformamide at these Icwls produced no 

detectable Cll’CCIS 011 cells. 

(‘C/I cid~i/i/~~ str~li~vl /I!. t/if/cwur trwc~‘s. After L 
ccllz were exposed to AmB. the number of cells 

remaining viable was dctcrmincd by trypan blue 

csclusion and by cnrq,matic hydrolqzis of diacetyl- 
fuorcsccin. Using the viable cell number after incuba- 

tion without AmB as the 100 per cent \ alue. the per 
cent of L cells remaining viable after incubation \vith 
IO. 20 or 40icg.ml of AmB was. respectively. X7, 69 

and 49 when assayed by trypan blue exclusion. and 
96. 67 and 46 by diacetylfuorescein technique. 

AmB also decreased the abilitv of L cells to form 
maxoxopic colonies on plastic dMishes (cloning assay). 

AmB (IO /lg;ml) decreased the number of macroscopic 
colonies lo 67 per cent of control; 40 /tg ml of AmB 

decreased the number to 5X per cent of controls. The 

cloning efficicnq of controls was SO per cent. 
The similarity of our results on cell Liability 

obtained with trypan blue ;md with diacctylfluores- 
win suggests that both measured a similar kind of 

ccl1 damage. The cloning assay mcasurcd the ability 
of cells to multiply in culture after AmB cxposurc. 

and its results wcrc similar to those of (1-j pan blue 

and diacct~lfluoresccin. Therefore. in this GW. slmilur 

concentrnt&ns of AmB all’ectcd cell \iahililJ and abi- 
lity to multip1y in culture. 

.?lwR .scw\i/irit\‘ of’ few w/I /irw\. The etl’ccls 01 

AmB on cell \ iabilitk. RNA hynthesis and leakage 

of lactate dchydrogenase wwe compared for each of 

four cell lines. Each assay was done under the same 
conditions for all the cell Iypcs. c‘cll \ iabilit). 

menzured by rr!IJaii blue exclusion. ~21s estimated as 

the per cent of cells remaining viable after incubation 
with different AmB concentrations in suspension (Fig. 
I A) or in monolayer (Fit. I B). The rclatlw cell SLIS- 

ceptibility was in dccreasmg order: 3Ti. L. BH K and 

HeLa. 
Cells incubated with AmB became fragile. and sub- 

sequent centrifugation or detachment from monolayer 

by rubber policeman disrupted ccIIs with the number 
dcpcnding on the extent of previous da~nagc. For 

example. when 5 x IO’ cells’ml were incubated in 

100 /~g:tnl of AmB for 30 min. no pellet was formed. 

.4l’ier centrifugation of 7 x IO” cells ml under the 

same conditions. the number of cells in the pellet was 

70 per cent of the cell number in the control pcllct. 
The same order of cell scnsiti\ itp \+;Is found when 

inhibition of radioactive uridinr incorporation into 

the RNA of actively growing cells was mcahured (t ig. 
2). though RNA synthesis 1~;~s all’ectcd at Iowcr cow 

centrations of AmB than was cell viability. This diffcr- 

ence could be caused by experimental differences in 
the assays such as lower cell number and dill’erent 

incuballon times (see Materials d Methods). or it 

Amphotericln B, ug/ml 

Fig. I. Toxicity of amphotericin B against (0) HcLa. (Cl) 
BHK. (0) L and (LI) 3T3 cell lines. (A) Per ccn( of cells 
remaining viable after incubation of 3 x IO” cells ml in 
suspension Mith amphotcrlcin B for 15 min ;II 37 (B) Per 
cent of cells remaining ~iahle after incubation of cell mono- 

layer with amphotcricin H for 20 min at 37 
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z 
.k 60 

Ok%h+ 80 
Amphotericin B, ug/ml 

Fig. 2. Etkct of different amphotericin B concentrations 
on [‘Hluridine incorporation Into RNA of (0) HeLa. (0) 

BHK. (@I L and (& 3T3 cells. 

of two other membrane-active agents: tilipin. another 
polyene antibiotic. and miconazole. an imidazole deri- 
vative. In conditions identical to those in the corre- 
sponding assays with AmB. filipin was toxic for both 
cell lines at lower concentrations than AmB. but L 
cells were again more sensitive than were HeLa cells. 
When miconazole was tested, the results were differ- 
ent. For example, HeLa cells were more sensitive to 
miconazole than L cells, and miconazole was a more 
potent inhibitor of RNA synthesis in Heta cells than 
was AmB (data not shown). 

k possible that the Amy-induced effects measured 

occurred with d&rent thresholds. Experiments 
designed to resolve this question are now in progress. 

When cells were incubated in Hank’s solution they 
released a variable amount of LDH into the medium. 
No pyruvate was released by the cells. The amount 
of enzy,me released could be measured by determining 
the ability of the medium to reduce added pyruvate. 
Standardized aliquots of medium from HeLa mono- 
layers reduced 70 or 80 nmoles pyruvate after 1.5 or 
2 hr of incubation. For BHK, L and 3T3 cells, the 
amounts of pyruvate reduced were 10nmoles after 
I.5 hr and 14 nmoies after 2 hr. When the cells were 
incubated with 3.3 jrgirnl of AmB. the nmoles of pyru- 
\atc reduced by the medium from each cell type in- 
creased to X7 (HeLa), 40 (BHK). 55 (L) and 120 (3T3) 
;tfter I.5 hr of incubation and 90 (HeLa), 50 (BHK), 
72 (L) and 14X (3T3) after 2 hr of incubation. The 
ditl’erence in the amount of pyruvate reduced after 
incubation in the presence or in the absence of AmB 
increased for each cell type in the same order as was 
observed with other assays (3T3 > L > BHK > 
HcLa). 

~~i~~~~~ of AmB fo t.o//s. 3T3 cells were lysed at 
an AmB concentration that was lower than the limit 
of our binding assay. and therefore binding could not 
be measured. The AmB binding to L. BHK and HeLa 
cells. however, could be assayed under conditions 
which did not cause cell lysis. The results presented 
in Table I show that the binding of AmB at two 
different concentrations in the growth medium was 
similar in all three cell lines. 

Cells adapretl to AmB. Cells grown in the presence 
of AmB for 10 days became relatively resistant to 
AmB as measured by [‘Hluridine incorporation into 
RNA (Fig. 3) and viability (data not shown). In addi- 
tion to the increased resistance of these cells to AmB. 
several other changes were apparent. The L cells 
adapted to growth with the low AmB concentration 

We also measured the amount of pyruvate reduced 
by equal numbers (1 x 105) of each cell type after 
complete lysis (caused by incubation of cells in 
Hank’s solution with 30pg!ml of filipin for 30min). 
The Iysed HeLa. BHK, L and 3T3 cells reduced 2.0. 
1.2. (I.0 and 1.2 mnoles pyruvate respectively. When 
the data on pyruvate reduction after AmB exposure 
were adjusted by correcting them for these different 
values, the order of sensitivity did not change. 

In order to cstimatc AmB-induced leakage of RNA 
from cells preincubated with radioactive uridine, we 
compared the amounts of acid-insoluble radioactivity 
remaining in untreated and AmB-treated cells. L and 
HeLa cells incubated with 6Opgjml of AmB retained 
55 and X7 per cent of radioactivity remaining in un- 
treated cells. Therefore. in this assay the order of sen- 
sitivity of the cells to AmB again appeared to be the 
same. 

01 I I / ! I 

0 20 40 60 

Amphotericin B, ug/ml 

rifjtw of {i}~of~~~~ i~~~~~~n~. .~~i~~~z. trrril t$ ~i~~n~i~[)le Fig. 3. Effect of different ~mph@tericin B c~n~entr~ti~~ns 
OS thr ~i~~~~,r~~nr crlf r~yw.s. The AmB effects on HeLa on [3H]uridine incorporation into RNA of IG) 3T3. (A.) 
and L cells were further compared with the effects 3T3-R cells, (0) L. (0) L-R and (01 L-R, cells. 

Table I. Binding of amphotericin B to cells* 

* Cells (3 x IO’!mll w-ere incubated in suspension at 37 
for 15 min with two c~)ncentrations of AmB in the growth 
medium: Expt. A, 4O~g;ml; and Expt. B, XOjcg;ml. 
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Table 2. Cholesterol. phospholipid (as P) and cholesterol ester content of whole cell extracts 
-- 

Cdl line 

* SE. was calculated from paired ratio values. 

developed long processes and intracellular vacuoles 
not seen in normal L cells. The resistant cells also 

decreased in size. as estimated morphologically by 
light microscopy and by comparison of protein. chol- 
esterol and phospboiipid content. 

The resistance of these cells was reversible, for 
when L-R and L-R1 cells were transferred to AmB 
free growth medium. AmB sensitivity returned to the 
level of control cells after 4 days. 

Cell&x lipid content. The content of cholesterol. 
cholesterol ester and phospholipid (as P) in whole 
ceil extracts was determined to see if there was a cor- 
relation between the AmB sensitivity of the various 
cell types and the cellular lipid content. 

Table 2 presents the levels of cholesterol, choles- 
terol ester and phospholipid and the calculated chol- 
esterol:phospholipici molar ratio of the four investi- 
gated cell lines and of AmB-resist~t cells. We found 
that HeLa and BHK, the two cell lines relatively re- 
sistant to AmB, had a higher cholesterol:phosphofi- 
pid molar ratio (0.30) than L and 3T3, the two cell 
lines relatively sensitive (molar ratios 0.16 and 0.20). 

The AmB-resistant L and 3T3 cells had an in- 
creased ratio compared to control ceils, and the 
extent of the increase correlated with the degree of 
resistance (see Table 2. L, L-R and L-R,). 

Table 2 also shows the content of cholesterol ester 
in whole cell extracts of the cells. The cholesterol ester 
level correlated positively with the cholesterol : phos- 
pholipid molar ratio and with cell resistance to AmB. 
The net loss from the cell of the cholesterol was 
nearfy matched by a gain in cholesterol ester. 

DISCUSSION 

The four cell lines examined differed si~n~ficantiy 
in their susceptibility to AmB. In all of the assays, 
the relative cell sensitivity decreased in this order: 
3T3. L. BHK and Heta cells. These results confirm 
previous observations of the different AmB sensitivi- 
ties of cultured cell lines, and the parallel actions of 
polyene antibiotics on cells as reflected by changes 
in membrane permeability to the enzyme lactate de- 
hydrogenase, inhibition of nucleoside incorporation 
into nucleic acids, and the lethal and inhibitory 
actions of the drugs [ 15.20]. 

The relative sensitivity of the cells was the same 
for filipin, the other poiyene antibiotic studied. Also. 
as expected, the effect of filipin was always more pro- 
nounced than AmB activity. The same order of sensi- 
tivity was not observed, however, for another type 
of membrane-active agent. In two assays, inhibition 

of uridine incorporation and drug-increased leakage 
of RNA, miconazole [21,22] was more potent against 
HeLa than against L cells. Its inhibition of uridine 
incorporation into HeLa cells surpassed AmB toxi- 
city, whereas it was less active than AmB against L 
cells. Another nlernbraxle-active agent. croton oil fac- 
tor TPA. has also been described [23] as a more 
potent iilhib~tor of [~~~~thyrnidil~e irlcorporatioi~ into 
Heta than L ceils. Therefore, the order of cell sensi- 
tivity to AmB and filipin appeared to reflect a charac- 
teristic response of the cells to polyene antibiotics. 

Neither the cellular content of free cholesterol nor 
the amount of AmB bound to cells appeared to corre- 
late directly with the sensitivity of the cells to the 
polyene antibiotics. AmB-resistant HeLa cells bound 
amounts of AmB similar to the more sensitive BHK 
and L cells. Similar results were obtained by Amati 
and Lago 12441. who showed that transformed 3T3 
cells, AmB resistant and AmB sensitive, bound equal 
amounts of radio~abeled AmB. 

However, cells more sensitive to AmB effects (3T3 
and L) had a lower cliolesterol:phosph~~l~pid molar 
ratio than did the more resistant cell lines (HeLa and 
BHK). This suggests that. rather than sterol content 
itself, the sterol content in relation to phospholipid 
levels was critical. The hypothesized correlation 
between AmB sensitivity and cholesterol : phospholi- 
pid molar ratio was supported by the experiments 
with the AmB-adapted cells. which show that AmB 
resistance increased along with the cellular choles- 
ter~~l:ph~~spholipid molar ratio. 

We cannot explain at present why the di&rences 
in sensitjvity between 3T3 and L cells or BHK or 
HeLa cells were not correlated with differences in the 
cholesterol:p~iosp~~olipid ratios. It may be that our 
analytical methods were not sensitive enough to 
detect small differences in lipid content. nr that the 
cellular cholesteroi:pliospholipid ratios we measured 
do not reflect small differences in membrane ratios. 
The latter is unlikely because when our results on 
the determination of cellular cholcstelol:phospholipid 
ratios arc compared with the membrane cholesterol: 
phospholipid ratios determined by others [.?S- 291. the 
same relative order is seen. 

We think it is probable, as an alternative. that other 
factors also play a role in the cell sensitivity to AmB 
and may explain these discrepancies in our results. 
For example. Huschen and Feingold [30] have shown 
that the fatty acid compositiot~ of the phospholipids 
in cells was a ~ietcrminant of sensitivity to AmB. 
Plasma or serum also influences cell sensiticity to 
polyene antibiotics C31.321. The extent of influence 
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in one study 1311 depended not only on unesterified 
cholesterol content in plasma but also on the plasma 
phospholipid to cholesterol ratio. and various lots of 
commercial fetal bovine sera have shown a high 
degree of variability in content of cholesterol and 
other components 1331. Although each of our assays 
was conducted under the same conditions using the 
L;amc serum lots for all cell types. we cannot com- 
pletcly exclude the possibility that some serum com- 
poncnts aflected AmB action differently for different 
cell types. 

In addition to these variables. the nature of AmB 
binding. the transport rate of the polyene. and the 
biochemical characterization of the AmB effects all 
require further study. and prevent an unequivocal in- 
terpretation of the results. However. it is tempting 
to speculate that the correlation between AmB sensi- 
tivity of diirerent cell lines and the cholesterol:phos- 
pholipid molar ratio is real. and reflects the relation- 
ship between cell sensitivity and the fluidity of the 
lipid in the surface membrane. Changes in the ratio 
of cholesterol to phospholipids affect the internal vis- 
cosity and molecular motion of lipids within mem- 
brancs [34.35] and this may somehow result in the 
dilfcrences in sensitivity of cells to AmB. 
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