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ABSTRACT

GALE, GLEN R. (Veterans Administration Hos-
pital, Durham, N.C.) Cytology of Candida albi-
cans as influenced by drugs acting on the cyto-
plasmic membrane. J. Bacteriol. 86:151-157.
1963.-An electron microscopic comparison was
made of the cytological responses of Candida albi-
cans to benzalkonium chloride, amphotericin B,
and filipin, all of which are thought to exert their
primary pharmacological actions on the cyto-
plasmic membrane of susceptible microorganisms.
After 5 to 15 min of exposure to benzalkonium
chloride, most of the cytoplasm became less dense,
and intact nuclei, mitochondria, or intracytoplas-
mic membranes were not observed. The remain-
ing dense cytoplasm contained numerous small
holes. The polyene antifungal agents, amphoteri-
cin B and filipin, caused a reductioni in cytoplas-
mic density, but had no observable effect on
nuclei or mitochondria. The intervals before onset
of changes induced by the polyene agents corre-
lated with the known time-dependent binding of
these drugs by cells, and the decreased electron
scattering induced by all three agents was com-
patible with their known abilities to cause a loss
of integrity of the cytoplasmic membrane with
resultant leakage of cytoplasmic components. No
consistent morphological effect of any of these
drugs on the cytoplasmic membrane could be
shown.

Polyene antifungal agents appear to exert their
primary action at the cytoplasmic membrane of
susceptible microorganisms. Evidence leading to
this conclusion first appeared several years ago in
investigations of the effects of nystatin on gly-
colysis and respiration of yeast and fungi (Lam-
pen, Morgan, and Slocum, 1957; Bradley, 1958).
Since drug concentrations inhibiting those aspects
of metabolism approximated fungistatic concen-
trations, inhibition of gas exchange per se was

thought to be a possible lethal mechanism. Gale
(1960) found that amphotericin B, another poly-
ene agent, had a similar effect on yeast, and
suggested that the permeability of the cell was al-
tered. Subsequent work with nystatin has shown
that the primary site of action is at the cytoplas-
mic membrane, and that death of the cell is due
to leakage of low molecular weight substances
after a time-dependent binding of the drug to the
membrane (Lampen, 1962). This time dependence
seems to be a function of the physiological state of
the cell, possibly owing to differences in cell-wall
permeability of young cells as compared with old
cells; stationary-phase cultures bind nystatin
slowly, whereas log-phase cells bind it rapidly.
The demonstration that heat-treated cells rapidly
bind the drug (Lampen, 1962) excludes an en-
zymatic mechanism. All antifungal polyene com-
pounds so far investigated cause a rapid loss of
integrity of fungal protoplasts (Kinsky, 1962),
but not of bacterial protoplasts (Shockman and
Lampen, 1962).

Certain differences may exist in the mechanisms
of antifungal actions of the various polyene
agents. The inhibitory action of some (nystatin,
amphotericin B3) against yeast glycolysis can be
overcome by the addition of potassium ion; that
of others (pimaricin, filipin) cannot be so reversed.
Reversal by K+ appears to be via replacement of
an ion necessary for enzymatic activity, and not
through a drug-ion interaction (Lampen, 1962).
Reversal by sterols of the fungistatic (Lampen,
Arnow, and Safferman, 1960; Schneierson et al.,
1962) and Leishmanicidal (Ghosh and Chatter-
jee, 1962) actions of polyene agents has been dem-
onstrated. Lampen et al. (1960) showed no evi-
dence of a metabolic interrelation between sterols
and polyene agents; a physicochemical interac-
tion between the two, similar to the well-known
cholesterol-digitonin precipitation (Ransom,
1901), was considered a better explanation of the
reversal of action. Phospholipids, which com-
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pletely overcome the antimicrobial action of the
synthetic surface-active detergents (Baker, Har-
rison, and Miller, 1941; Weinberg, 1961; Gale,
Welch, and Hynes, 1962), do not reverse the ac-
tion of polyenes (Ghosh and Chatterjee, 1962;
Schneierson et al., 1962).

Since metabolic studies and investigations with
protoplasts have thus indicated different mecha-
nisms of action for various agents acting on the
cytoplasmic membrane, this study was initiated
to determine whether detectable cytological
changes also differ in response to each drug.

MATERIALS AND METHODS
The organism used was a stock laboratory

strain of Candida albicans maintained on Sabou-
raud agar slants. For each experiment, a loopful
was transferred to 100 ml of Sabouraud broth and
incubated stationary at 37 C for 16 hr. The
polyene antibiotics, amphotericin B and filipin,
were dissolved in dimethyl formamide and added
to samples of the broth culture. Control samples
and those receiving benzalkonium chloride con-
tained the same final 0.8% concentration of di-
methyl formamide as the samples receiving the
polyene compounds.
Tube dilution assays showed the organism to be

sensitive to benzalkonium chloride, amphotericin
B, and filipin at concentrations of approximately
3.0,0.7, and 1.2,ug/ml, respectively. Owing to the
difference in cell density in the tube dilution assay
as compared with the experimental situation, the
drug concentrations were increased by about two
orders of magnitude to 100 ,ug/ml. The adequacy
of this concentration of each drug was tested by
removing part of each sample prior to fixation for
electron microscopy, washing it with a large ex-
cess of saline, and streaking the cells on Sabou-
raud agar plates. In four separate experiments,
the time periods after which no viable microor-
ganisms could be shown were 5 to 15, 30 to 60,
and 60 to 120 min with benzalkonium chloride,
filipin, and amphotericin B, respectively.
For reasons not at all clear, osmium tetroxide

proved to be an unsatisfactory fixative for C.
albicans when used by the method of Palade
(1952) or Kellenberger, Ryter, and S6chaud
(1958). Control cells, when treated by either
method, showed large, electron-thin areas with no
evidence of mitochondria or nuclei. It is interest-
ing to speculate that the thick cell wall may be
wholly or partly responsible. The formalin fixa-
tion method of Conti and Gettner (1962) was also

used, with equally poor results. Permanganate
(1.5%) in Michaelis buffer (Kellenberger et al.,
1958) at either pH 6.1 or 8.0 failed to preserve
cytoplasmic detail satisfactorily. Aqueous 1.5%
potassium permanganate gave the most satisfac-
tory results, aside from the quite marked granu-
larity usually associated with this fixative, and it
was used in all experiments. Duration of fixation
was 1 hr at 0 C. After this, the cell pellets obtained
by centrifugation of each suspension were dehy-
drated through a graded ethanol series, and poly-
merized at 50 C in methacrylate (30 parts ethyl
to 70 parts butyl monomers) containing 0.2%
uranyl nitrate to attempt to reduce polymeriza-
tion damage (Ward, 1958). Sections were cut with
a Porter-Blum microtome, picked up on carbon-
stabilized, Formvar-coated 200-mesh grids, and
examined in an RCA EMU3-F electron micro-
scope using 100-kv accelerating voltage through a
30-,u objective aperture.

RESULTS

Control cells. Cells not exposed to any drug
showed a consistent cytology over the 4-hr
sampling period. A typical example is shown in
Fig. 1. An ovoid cell roughly 3 by 4 ,u was sur-
rounded at its periphery by a relatively elec-
tron-dense area of the cell wall about 400 A in
thickness; this was followed by a relatively elec-
tron-thin area of about 2,000 A. No structural
detail of significance could be differentiated. The
cytoplasmic membrane just within the cell wall
appeared to be a three-layered unit membrane,
with occasional invaginations into the cytoplasm.
Even though the precise limits of this membrane
system could seldom be followed around the en-
tire periphery of the cytoplasm, probably owing
to artifacts of fixation, its thickness was approxi-
mately 100 A. Depths of the invaginations were
up to 1,500 A.
Within the cytoplasmic membrane were found

the usual cytoplasmic organelles, the normal cy-
tology of which did not differ meaningfully from
the electron micrographs of Saccharomyces cere-
visiae and Rhodotorula glutinis published by others
(Hashimoto, Conti, and Naylor, 1959; Vitols,
North, and Linnane, 1961; Thyagarajan, Conti,
and Naylor, 1961, 1962), except that a definite
nucleolus was not seen, and vacuoles were not
seen as frequently as reported by Vitols et al.
(1961). Cytoplasm was relatively homogeneously
granular, as is usually unavoidable with perman-
ganate fixation; granules ranged in size from
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FIG. 1. Electron micrograph of Candida albicans fromn 16-hr broth culture. T'his is a control cell, utnex-
posed to any druyg. The following abbreviations are used throuighout: CW', cell wall; CM, cytoplasuiic iuemti-
brane; 3I, iitochondrion; N, nucleus; ETA, electron-thin area. T'he line in each figuire represents 1.0 gu.

about 50 A down to the lower limits of resolution
of the microscope. Nuclei were slightly irregular
in outline and frequently ovoid. AMitochondria
were observed near the periphery of the cyto-
l)lasm and in close proximity to the nucleus.
Occasional electron-dense intracvtoplasmic bodies
were seen, somewhat suggestive of Golgi bodies
but failing to be resolved adequately for a definite
answer. Intracytoplasmic membrane systems
other than those surrounding the nucleus and
mitochondria were observed occasionally.

Benzalkoniu mn chlGride-treated cells. The most
ralid and marked alteration in cytology was ob-
served in cells exposed to benzalkonium chloride.
AW ithin a period of 5 to 15 min, the changes shonn
in Fig. 2 had been incurred consisting of the
development of a rather large central area with
relatively less electron-scattering lprol)erties, in
which several smaller areas of approximately
normal density were noted. Peripheral cytoplasm
contained numeious small holes, ranging in size
from about 100 to over 600 A in diameter. Nuclei,
mitochondria, or intracytoplasnmic ivembranes

could not he (lemonstrated. The cytoplasmic
membrane, when it could he visualized, was sim-
ilar to that of control cells, but occasionally
seemed to reveal more lamellations.

Polyene-treated cells. Changes in cytology of
cells exposed to amphotericin B1 and filipin were
similar, with the exce)tion of time of onset. After
30 to 60 min, cells exposed to filipin showed areas
of lower electron scattering in the cytoplasm,
quite similar to those resulting from exposure to
benzalkonium chloride. Nuclei and mitochondria
alppeared normal even after this change in the cy-
toplasm, with slight if any differences in charac-
teristics as comlpared with control cells. The
numerous small holes, so conspi)cuous in cells
treated with benzalkonium (chloride, wvere not
present in the denser cyto)lasIn (Fig. 3). At this
30- to 60-min sampling l)eriod, a cytoplasmic
memlbrane was note(l at certain areas of the cy-to-
plasmic periphery but, as with control cells, could
seldom be seen in its entirety. WIhen observed, it
displayed no striking differences from the mem-
brane of control cells.

VOI,. 86, 1963 15-3

f.

:-

CM"



J. BACTERIOL.

W .~~~~ ~~~~~~~4,'.;.

4K

,. j,%W~~~Z4' 'Q'S ;7;SAI

CM>D
FIG. 2. Election mlicrograph of Candida albicans after exposure to benzalkonium chloride (100 jig/mi)

for 15 wlin. Areas of cytoplasmiu membrane are still evident. The electron-thin area of the cytoplasm is the
predom2inant area; the remaining electron-dense cytoplasml shows numerou0ts small holes. No nucleus or
mitochondrion can be seen.

Changes caused by amphotericin B were similar
to those with filipin, but were noted after 1 to 2 hr
of exposure to the drug (Fig. 4). More subtle
differences may be inferred, but conclusions would
be tenuous. There were suggestions of a better-
maintained cytoplasmic membrane system than
was obtained with filipin, and a possible difference
in the texture of the electron-thin area induced in
the cytoplasm. With both these polyene drugs,
onset of changes correlated well with irreversible
damage to the cells, as shown by the plating ex-
periments described in M\Iaterials and Methods.

After 4 hr of incubation of cells with either
filipin or amphotericin B, nuclei and mitochondria
were seldom evident. However, since this sam-
pling period was 2 hr or more p)ast the time at
which 100% of the cells had been damaged irre-
versibly by the drugs, it seems reasonable to as-
sume that autolytic changes may have been in
part responsible.

DISCUSSION

Chapman (1962), in his study of the effect of
colistin sulfate on the cytology of Escherichia coli,
discussed in part the necessary criteria for choos-
ing representative cells in any comparative study.
In the present study, the population represented
older cells, some of which were a part of the orig-
inal inoculum, and certainly a number of cells no
more than a few minutes old. Despite such an age
distribution, little, if any, cytological variation
was observed in control preparations. However,
when any drug is added to such a population, the
response of the population as a whole will be in
the form of a Poisson distribution, as concerns
time of response and dosage at which response
occurs. A certain number of cells will show a re-
sponse to a low dosage in a relatively short time,
regardless of the response being measured,
whereas others will show a response only at higher
drug concentrations and after a longer time inter-
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FIG. 3. Electron micrograph of Candida albicans after exposure to filipin (100 Ag/lnl) for 60 min. Nucleus
and mitochondria are evident; the discrete electron-thin area occupies a large part of the cytoplasm.

val. The survival experiments reported herein
show that dosage was not a limiting factor in re-
sponse, since the drug concentrations employed
were adequate to effect 100% killing of the cells
after adequate exposure. Cytological response was
therefore a function primarily of time and the
more obscure inherent individual variations in de-
gree of potential morphological change under the
influence of the drugs investigated. There is no
reason to believe that this change would be of the
same degree in all cells within the population ex-
amined.

Being cognizant of these difficulties, every at-
tempt was made to record the changes most rep-
resentative of the cells in each experimental
group. Replication of the experiment four times
bolsters the likelihood that the reported changes
are consistent under the experimental conditions
employed.
The progress of damage to the cells correlates

rather well with the biochemical data regarding

the time dependence of the binding of polyene
agents to susceptible cells (Lampen, 1962).
Whereas benzalkonium chloride, known to be
fungicidal and bactericidal within a few minutes,
produced the maximal recordable change within
5 to 15 min, cells exposed to the polyene antibio-
tics appeared indistinguishable from control cells
for up to 1 hr or more. It is to be regretted that
fixation techniques did not result in better pres-
ervation of the cytoplasmic membrane, for it was
thought that characteristic changes in it might be
noted.

Of interest was the complete absence of intra-
cytoplasmic organelles after 5 to 15 min of ex-
posure to benzalkonium chloride. The original
observation by Baker et al. (1941) that phospho-
lipids antagonize the bactericidal surface-active
compounds and the more recent demonstration
that lecithin firmly binds certain such agents
(Gale et al., 1962) suggest that these compounds
may combine with virtually any phospholipid
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FIG. 4. Electron miiicrograph of (Candida albicans after exposure to amtiphotericin B (100 glg/ml) for 120
min. Nuclei and mitochondria are intact; electron-thin cytoplasml predomtiinates. Note invaginations of
cytoplasmtiic membrane into cytoplasmii. Wide separation of cytoplasmtt froml cell wall (arrow) is probably
artifact of embedding, since this was noted occasionally even in control cells.

coml)onent of the cell. If this is the case, injury to
the cytoplasmic membrane by the surfactant may
alter its selective permeability to the extent that
the drug would be free to diffuse intracellularly to
combine with phospholipid moieties of the nuclear
and cytoplasmic membranes, leading to dissolution
of these structures. The presence of intact nuclei
and mitochondria in cells exposed to amphotericin
B and filipin, even after cytol)lasmic changes were
evident, suggests a specificity of these agents for
some component of the cytoplasmic membrane
not present in the nuclear and mitochondrial
membranes. Considering the evidence which has
al)peared regarding reversal of lpolyene inhibition
(Lampen et al., 1960; Schneierson et al., 1962;
Ghosh and Chatterjee, 1962), there seems every
reason to believe that the receltor for the polyene

drug will ultimately be shown to be a sterol of
some type, and perhal)s be limited to the cyto-
plasmic membrane.

Cytoplasmic changes observed in C. albicans
are entirely coml)atible with chemical events as-
sociated with exposure of susceptible cells to each
type of drug (Hotchkiss, 1946; Lampen, 1962).
Decreased electron scattering can be explained
only on the basis of decreased density of the cell;
such a decrease in density can occur only through
loss of material through a cytoplasmic membrane
which has lost its selective permeability or energy-
dependent membrane-transfer mechanisms. The
more subtle differences in the mechanism of action
of the two polyene agents were not resolvable with
certainty under the conditions employed, excelt
as pertains to time of onset.
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