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Amphotericin B (AmB) and fluconazole (FLU) are the major antifungal drugs used in the treatment of
cryptococcosis. Both drugs are believed to exert their antifungal effects through actions on cell membrane
sterols. In this study we investigated whether AmB and FLU had other, more subtle effects on C. neoformans
that could contribute to their therapeutic efficacy. C. neoformans cells were grown in media with subinhibitory
concentrations of either AmB or FLU and analyzed for cellular charge, phagocytosis by macrophages with
antibody and complement opsonins, appearance by scanning electron and light microscopies, and release of the
capsular polysaccharide glucuronoxylomannan into the culture medium. Growth in the presence of either AmB
or FLU resulted in major reductions in cellular charge, as measured by determination of the zeta potential.
Phagocytosis studies demonstrated that exposure of C. neoformans to subinhibitory concentrations of AmB or
FLU enhanced phagocytosis by macrophages. Scanning electron microscopy revealed that a large proportion
of cells had an altered capsular appearance. Cells grown in medium with either AmB or FLU were smaller and
released more glucuronoxylomannan into the culture medium than cells grown without antibiotics. The results
suggest additional mechanisms of action for AmB and FLU that may be operative in body compartments where
drug levels do not achieve the MICs. Furthermore, the results suggest mechanisms by which AmB and FLU can
cooperate with humoral and cellular immune defense systems in controlling C. neoformans infections.

Cryptococcus neoformans is an opportunistic fungal patho-
gen that causes life-threatening meningoencephalitis in 5 to
10% of AIDS patients (11, 36, 61). Amphotericin B (AmB)
and fluconazole (FLU) are the most common antifungal agents
used in the treatment of infections caused by C. neoformans.
Despite treatment, AIDS patients frequently relapse (54, 61),
and therefore, antifungal agents are used for life-long prophy-
lactic suppression (14). AmB is a polyene antibiotic that is
thought to mediate antifungal effects by binding to cell mem-
brane sterols and damaging the cell membrane (2). AmB may
also function as an immunomodulator because it has been
shown to promote nitric oxide release (38), reduce virulence
(56), enhance superoxide production (57, 58), and affect cyto-
kine secretion (59). However, levels of AmB in the tissue and
the cerebrospinal fluid of humans are frequently below fungi-
cidal levels (10, 18, 35). FLU inhibits ergosterol synthesis and
is usually fungistatic for C. neoformans (51). Nevertheless, ad-
ministration of either AmB or FLU can usually control cryp-
tococcosis.

We postulated that AmB and FLU have other, nonclassical
mechanisms for their activity. The relationship between cellu-
lar charge and phagocytosis in microbial pathogens is complex
and poorly understood (12, 43). C. neoformans cells are nega-
tively charged (47). Since antibiotic administration reduces
bacterial cell charges (13, 37), we hypothesized that exposure
of C. neoformans to AmB or FLU would decrease the magni-
tude of the negative charge and thus lessen the electrostatic
repulsion between the yeast and phagocytic cells. Zeta poten-

tials were calculated for cryptococcal cells with and without
exposure to subinhibitory concentrations of AmB or FLU.
Phagocytosis assays were performed on these cells to evaluate
whether these changes in cellular charge resulted in differences
in the ability of macrophages to engulf the organisms. Mor-
phological analysis of cells grown with and without AmB or
FLU was accomplished by light and scanning electron micros-
copies. In addition, supernatants from cultures grown with or
without these drugs were tested for cryptococcal polysaccharide.

MATERIALS AND METHODS

C. neoformans strains. C. neoformans serotype D strains ATCC 24067 and
ATCC 3501 were obtained from the American Type Culture Collection (Rock-
ville, Md.). CAP67 is an acapsular mutant (3) obtained from E. Jacobson (Rich-
mond, Va.). Strain ATCC 24067 was selected for study because it is an extremely
well characterized isolate which is used by many investigators (21). Strain ATCC
3501 is the parent of CAP67, and CAP67 can be restored to virulence and the
encapsulated state by complementation with a single gene (7). Serotype D
isolates are pathogenic for humans and are common in Europe (17).

The MICs of AmB (Boehringer Mannheim Inc., Mannheim, Germany) and
FLU (Roerig-Pfizer, New York, N.Y.) were determined by the macrodilution
method proposed by the National Committee for Clinical Laboratory Standards
(45). RPMI 1640 medium (Sigma Chemical Co., St. Louis, Mo.) supplemented
with L-glutamine, without bicarbonate, buffered to a pH of 7.0 with 0.165 M
MOPS (morpholinepropanesulfonic acid; Sigma) was used for the assays. Poly-
styrene plastic tubes containing 0.1-ml aliquots of each drug at 10 times the final
concentration were inoculated with approximately 2,500 cells/ml in 0.9 ml of
RPMI 1640 medium. Final drug concentrations ranged from 0.03 to 128 mg/ml
for FLU and 0.03 to 2 mg/ml for AmB. The cells were incubated at 35°C for 72 h,
and the MICs were the lowest concentration that achieved 80% growth inhibition
compared to the growth of the drug-free control for FLU and the lowest con-
centration at which there was absence of growth for AmB. The MICs of FLU for
ATCC 24067, ATCC 3501, and CAP67 were 1, 0.5, and 1 mg/ml, respectively.
The MICs of AmB for the three strains were 0.25, 0.125, and 0.25 mg/ml,
respectively.

Strains were grown in Sabouraud broth (SAB; Difco Laboratories, Detroit,
Mich.) or 10% fetal calf serum (FCS; Bioproducts for Science, Indianapolis,
Ind.) alone and supplemented with AmB or FLU. Cultures with antifungal
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agents were grown in the presence of drug at concentrations that were either
0.0125, 0.25, or 0.5 the MIC for the strain. The cultures were inoculated with 3 3
103 cells/ml and were incubated at 30°C with shaking for 48 h.

Measurement of cellular charge. The zeta potential (z) is a measurement of
cellular charge (in millivolts) that is defined as the potential gradient that de-
velops across the interface between a boundary liquid in contact with a solid and
the mobile diffuse layer in the body of the liquid (50). It is derived from the
equation z 5 (4phm)/D, where D is the dielectric constant of the medium, h is
the viscosity, and m is the electrophoretic mobility of the particle (50).

Cells grown in SAB as described above were collected and washed three times
in 0.01 M sodium chloride (pH 7.0). The zeta potentials of suspensions of 106

cells/ml were measured with a Pen Kem model 501 Lazer Zee meter (24). The
Lazer Zee machine determines the zeta potentials of the suspended cells by
analyzing 20 to 30 cells simultaneously. This method provides an accurate mea-
surement of the mean cellular charge for a suspension of cells (24) and has
previously been used to measure cellular charge for C. neoformans (47).

Phagocytosis assays. J774.16 is a well-characterized murine macrophage-like
cell line (6) that has been extensively used to study C. neoformans-macrophage
interactions. The J774.16 cells were maintained at 280°C prior to use and were
prepared for the phagocytosis assays as described previously (9). C. neoformans
cells were grown in SAB as described above with or without 0.5 the MIC of either
AmB or FLU, collected, and washed three times in 10% heat-inactivated FCS.
Cells were added to the J774.16 monolayer in a macrophage-to-yeast ratio of 1:1.
The plates were incubated for 2 h at 37°C with either 20% FCS (not heat
inactivated) or 10 mg of the monoclonal antibody (MAb) 18B7 per ml. MAb
18B7 binds to cryptococcal glucuronoxylomannan (GXM) (4). The monolayer
was washed three times with phosphate-buffered saline (PBS; 0.137 M NaCl,
0.003 M sodium phosphate [pH 7.4]) to remove nonadherent cells, fixed with
cold methanol, and stained with Giemsa (Sigma). The phagocytic index is the
number of internalized yeast cells per number of macrophages per field. Inter-
nalized cells were differentiated from attached cells by their presence in a well-
defined phagocytic vacuole. These measurements were determined by light mi-
croscopy (Nicon Diaphot; Nikon, Inc., Instrument Division, Garden City, N.J.) at
a magnification of 3600. For each experiment three wells were examined, and
the numbers of ingested cryptococcal cells and macrophages in three fields were
counted, with approximately 200 macrophages per field.

Electron microscopy. C. neoformans cells were grown in SAB or 10% FCS with
or without either AmB or FLU at a concentration of 0.5 the MIC. Additionally,
strains ATCC 3501 and CAP67 were grown in 10% FCS at concentrations of
0.125 and 0.25 the MIC of AmB. The cells were collected, washed three times
with PBS, and then incubated in 2.5% glutaraldehyde for 1 h at room temper-
ature. The samples were then applied to a polylysine-coated coverslip and serially
dehydrated in alcohol. The samples were fixed in a critical-point drier (Samdri-
790; Tousimis, Rockville, Md.), coated with gold-palladium (Desk-1; Denton
Vacuum, Inc., Cherry Hill, N.J.), and viewed with a JEOL (Tokyo, Japan)
JSM-6400 scanning electron microscope. Two separate sets of cultures were
prepared. Cells from strains ATCC 3501 and ATCC 24067 were considered
abnormal if the capsule was significantly distorted or absent. CAP67 is typically
lemon shaped, and round cells were considered abnormal.

Cell and capsule measurements. In addition to evaluation by electron micros-
copy, strains ATCC 3501 and ATCC 24067 that had been grown in SAB were
also evaluated by light microscopy. India ink preparations were made and viewed
with an Olympus AX70 (Melville, N.Y.) microscope under oil immersion at a
magnification of 31,000 with a grid with resolutions to 0.1 mm. The measure-
ments for the capsule and the organism were averaged (n 5 20). Capsule
thickness was defined as the distance from the cell wall to the outer capsular
border, and organism size was defined as the cell diameter inclusive of the
polysaccharide capsule.

Measurement of capsular polysaccharide. Supernatants from 48-h cultures of
strains ATCC 3501 and ATCC 24067 grown in SAB or 10% FCS with and
without 0.5 the MIC of AmB or FLU were analyzed by enzyme-linked immu-
nosorbent assay for GXM. GXM is the major component of C. neoformans
polysaccharide (8). The cell density for each culture was determined with a
hemacytometer. Samples were spun to pellet the cells, and a 1/50 dilution of
supernatant was made in Tris-buffered saline (25 mM Tris, 126 mM NaCl, 2.6
mM KCl [pH 7.2]). GXM levels in the sample supernatants were determined by
capture enzyme-linked immunosorbent assay relative to the levels in the super-
natant of the strain ATCC 24067 GXM standard (5). The GXM determinations
were normalized by dividing the GXM concentrations by cell density.

Statistics. Data were analyzed by using analysis of variance, independent
Student’s t test, and chi-square test with Primer for Statistics, version 3.0
(McGraw-Hill, Inc., New York, N.Y.). All data are expressed as averages 6
standard deviations.

RESULTS

Cellular charge. The measured potentials for ATCC 24067,
ATCC 3501, and CAP67 cells grown with and without subin-
hibitory concentrations of AmB or FLU are listed in Table 1.
The cellular charges for these strains in the absence of drug

were similar to previous determinations (47). Growth of these
strains in the presence of AmB or FLU resulted in cells with
significantly reduced cellular charges. AmB had a more pro-
nounced effect than FLU in reducing cellular charge for strains
ATCC 3501 and CAP67. For strain ATCC 24067, the drugs
acted similarly at 0.5 the MIC, but FLU at 0.25 the MIC had
a greater effect than 0.25 the MIC of AmB. Hence, for all
strains, growth in the presence of sub-MICs of AmB and FLU
reduced the magnitude of the negative cell charge.

Phagocytosis. Significantly more cryptococcal cells grown in
the presence of the sub-MIC of either AmB or FLU were
phagocytosed compared with the numbers of phagocytosed
cells grown in the absence of antifungal drugs (Fig. 1). In the
presence of MAb 18B7, AmB significantly enhanced the
phagocytosis of ATCC 3501 and ATCC 24067 compared to the
level of phagocytosis of cells grown with FLU. However,
phagocytosis of cells grown with either antifungal drug were
engulfed by macrophages more frequently than control cells.
With complement-derived opsonins, there was no significant
difference in the level of phagocytosis of cells grown in FLU
compared to the level of phagocytosis of cells grown in AmB,
but more cells grown in the presence of antifungal drug than
control cells were phagocytosed. Thus, for all strains, cells
grown in the presence of the sub-MIC of AmB or FLU were
more likely than control cells to be phagocytosed with either
antibody or complement opsonins.

Scanning electron microscopy. Scanning electron micros-
copy was used to analyze the shapes of the cells and the state
of the polysaccharide capsule. Abnormal cells were seen in all
samples of each strain, but atypical forms were significantly
more common in cultures grown in SAB or 10% FCS with
either FLU or AmB (Table 2). Atypical cells of encapsulated
strains ATCC 24067 and ATCC 3501 consisted of organisms
that were shedding or that had lost their capsules. Whereas
CAP67 cells usually appear lemon shaped, atypical cells were

TABLE 1. Cell charge of C. neoformans with or
without AmB or FLU

Strain Drug
(fold MIC)a

Zeta potentialb

(mV)b
%

Changea P valued

ATCC 24067 B 225.8 6 0.20
FLU (0.25) 220.8 6 0.40 24 ,0.001
FLU (0.5) 220.8 6 0.53 24 ,0.001
AmB (0.25) 222.4 6 0.49 15 ,0.001
AmB (0.5) 220.5 6 0.26 26 ,0.001

ATCC 3501 B 225.7 6 0.72
FLU (0.25) 223.9 6 0.64 8 0.032
FLU (0.5) 222.3 6 0.95 15 0.008
AmB (0.25) 221.6 6 0.53 19 0.001
AmB (0.5) 221.3 6 0.50 21 0.001

CAP67 B 23.43 6 0.50
FLU (0.25) 22.70 6 0.35 27 0.106
FLU (0.5) 21.90 6 0.30 81 0.011
AmB (0.25) 22.23 6 0.32 54 0.025
AmB (0.5) 21.57 6 0.32 119 0.006

a Absence of drug (B) or either AmB or FLU at concentrations of 0.25 or 0.5
the MIC for the individual strain is indicated.

b The values are the means 6 the standard deviations of three measurements.
c The percent change is calculated by subtracting the zeta potential of cells not

exposed to drug from that of cells grown in the presence of drug, dividing by the
zeta potential of the drug treated cells, and multiplying by 100.

d After analysis of variance determinations showed significant differences be-
tween groups, P values were calculated by Student’s t test by using measurements
of zeta potential for a drug-treated strain relative to those for the same strain
without drug exposure.
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round. Figure 2 shows representative normal and abnormal
cells. For strain ATCC 3501, growth in SAB with AmB re-
sulted in more abnormal cells than growth in SAB with FLU
(P 5 0.025). For strains ATCC 24067 and CAP67 there were
no significant differences in the number of abnormal cells
found after growth in either SAB or 10% FCS with AmB or
FLU. A greater incidence of abnormal cells was seen with or
without antifungal agents in the cultures grown in 10% FCS.
Decreasing the concentration of AmB to 0.125 and 0.25 the
MIC resulted in fewer abnormal cells (Table 3).

Cell and capsule measurements. Measurements of the en-
capsulated strains ATCC 24067 and ATCC 3501 grown with
and without 0.5 the MIC of AmB or FLU were performed. For
both strains, cells were larger in size, with bigger capsules when
they were grown without antibiotics relative to the capsule size
when they were grown with either drug (Table 4). Since the
capsule has been shown to be the primary factor in determin-
ing the large negative cellular charge of C. neoformans (47),
the measurements were normalized for capsule size and total
organism size, and the normalized values were significantly
different between cells grown without antibiotics and those
grown with AmB or FLU. Capsule size was reduced to a
greater extent by AmB than by FLU; however, there was no
significant difference for the normalized values.

GXM shedding. The concentration of soluble polysaccha-
ride in the form of GXM was measured in the culture super-
natants of cells grown in SAB with or without 0.5 the MIC of
AmB or FLU. Supernatants from cultures grown with either
drug contained higher concentrations of GXM than superna-
tants from cultures grown without antibiotics (Table 5). AmB
had the greatest effect on capsular release. Similar results were
obtained when cells were grown in 10% FCS, and the magni-
tude of the effect diminished with decreasing concentrations of
either antifungal agent from 0.5 to 0.25 and 0.125 the MIC
(data not shown).

DISCUSSION

The major antifungal effects of AmB and FLU are consid-
ered to be mediated via binding of cell membrane sterols and
alteration of sterol formation, respectively. However, there is
also considerable evidence that AmB can function as an im-
munomodulator (28, 38, 56–59). In this study, we demon-
strated that growth of C. neoformans in the presence of sub-
inhibitory levels of either AmB or FLU had a wide range of
effects on the organism, including (i) reduced negative cell
charge, (ii) decreased antiphagocytic properties, (iii) altered
cell morphology with a reduction in cell and capsule size, and
(iv) increased levels of release of capsular GXM into culture
supernatants.

Antibiotic administration has been shown to significantly
and rapidly alter bacterial cell surface charges (13, 37), and
these changes can enhance bacterial uptake by phagocytes (42,
49). Subinhibitory concentrations of macrolides have been
shown to diminish the production of extracellular polysaccha-
ride in Staphylococcus aureus (48). In C. neoformans, the re-
duction of cell charge and the more avid phagocytosis of cells
grown in the presence of sub-MICs of AmB and FLU are
probably related, at least in part, to the observation that these
cells have smaller polysaccharide capsules. The C. neoformans
capsule is antiphagocytic (31) and confers a large negative
charge on the cell (33, 47). An inverse association between
capsule size and cell phagocytosis has been documented for
several cryptococcal strains (1, 19, 26, 53, 60). Furthermore,
poorly encapsulated and acapsular cells are rapidly phagocy-
tosed and are nonpathogenic (3, 7, 22, 34). The increased
concentration of GXM in the supernatants of cells grown with
subinhibitory concentrations of AmB or FLU suggests that the
drugs promote capsule shedding. Thus, the diminution in cell
and capsule sizes observed for cells grown with AmB or FLU
correlates with the alteration in cell charge measured for
strains ATCC 24067 and ATCC 3501. However, despite the
lack of a polysaccharide capsule, strain CAP67 was also noted
to have a profound change in cellular charge after growth in
the presence of these drugs. This indicates that additional

FIG. 1. Phagocytic index (number of organisms engulfed divided by number
of macrophages) for strains of C. neoformans grown with or without antifungal
agents. MAb, MAb 18B7; comp, complement from 20% FCS (not heat inacti-
vated). Each bar represents the results for three wells. p, P # 0.001 for compar-
ison of the results for either AmB- or FLU-treated cells with those for the PBS
control for each group of experiments.

TABLE 2. Scanning electron microscopy of C. neoformans
with and without exposure to AmB or FLU

Strain Druga

SAB 10% FCS

No. of atypical
cells/total no.

of cellsb
P valuec

No. of atypical
cells/total no.

of cellsb
P valuec

ATCC 24067 B 12/80
FLU 34/80 ,0.001
AmB 47/80 ,0.001

ATCC 3501 B 10/80 7/40
FLU 26/80 0.005 17/40 0.026
AmB 40/80 ,0.001 23/40 ,0.001

CAP67 B 18/80 24/40
FLU 53/80 ,0.001 38/40 ,0.001
AmB 57/80 ,0.001 40/40 ,0.001

a Absence of drug (B) or either AmB or FLU at concentrations of 0.5 the MIC
for the individual strain is indicated.

b The ratio represents the number of atypical cells relative to the total number
of cells counted by scanning electron microscopy. For ATCC 24067 and ATCC
3501, this describes the number of cells with aberrant or absent capsules versus
the total number counted. For CAP67, this represents the number of round cells
compared to the total number of cells evaluated.

c P values were calculated by the chi-square test by using the results of an
analysis of a drug-treated strain relative to the results of an analysis of the same
strain without drug exposure.
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alterations in other cellular structures are occurring, resulting
in a net reduction in cellular charge.

Although the antiphagocytic properties of the C. neoformans
capsule are probably related to its high negative charge, the
relationship between cell charge and phagocytosis is not well
understood for microorganisms. Studies with polysytene and
polyacrolein microspheres have demonstrated a dependence
of macrophage phagocytosis on the charge, size, and hydro-
phobicity of the microspheres (27, 29, 55). However, phagocy-
tosis of bioactive microspheres is also highly dependent on the
milieu in which the interaction occurs (25). In our study, both
encapsulated and nonencapsulated cryptococcal organisms
grown in medium with sub-MICs of AmB or FLU were more
avidly phagocytosed by macrophages than were cells from the
same strain grown in medium without drug. The effect was
observed with both complement-derived and antibody opso-
nins. Presumably, the decreased magnitude of cell charge ob-
served in the cells grown with antibiotic facilitated increased
interactions with macrophages. For Candida albicans, growth
of the yeast with antifungal drugs, including AmB, has been
shown to diminish the cellular charge and increase the adher-
ence of the cells to acrylic surfaces (37). Another factor in the
efficiency of phagocytosis is cell size. Large cryptococcal cells
are difficult for macrophages to ingest. Hence, the reduction in
cell size observed for cells grown with AmB or FLU may have
increased the level of ingestion independently of the effects of
cellular charge.

The observation that complement-derived and antibody op-
sonins were significantly more effective in promoting phagocy-
tosis of cells grown in the presence of AmB or FLU suggests a

mechanism by which these drugs could cooperate with the
immune system to promote containment of the fungal infec-
tion. The combination of antibody and either drug has been
shown to be more effective than either agent alone in vivo and
in vitro (16, 40, 41). Our observations suggest that drug ad-
ministration may result in fungal cell changes that enhance the
efficacy of antibody in promoting the clearance of infection
through phagocytic cells. Human serum can inhibit multiplica-
tion of C. neoformans and can enhance the activity of FLU
(44). In addition, exposure of C. neoformans to human serum
results in the deposition of C3 fragments via activation of the
alternative pathway (30). The increased incidence of cells that

FIG. 2. C. neoformans cells grown in the presence of subinhibitory concentrations of AmB or FLU vary morphologically. Encapsulated cryptococcal cells of strain
ATCC 24076 grown in medium with 0.5 the MIC of AmB can appear normal (A) or have shed part or all of their capsules (B and C, respectively). Acapsular strain
CAP67 typically appears in the shape of a lemon (D) but more commonly appears round when it is grown with 0.5 the MIC of AmB or FLU (E). Magnifications, 32,000.

TABLE 3. Effect of different subinhibitory concentrations of AmB
on cell morphology as detected by scanning electron microscopy

Strain Fold AmB
MICa

No. of abnormal cells/
total no. of cells P value

CAP67 0 24/40
0.125 25/40 NSb

0.25 33/40 0.004
0.5 40/40 ,0.001

ATCC 3501 0 7/40
0.125 9/40 NS
0.25 16/40 0.048
0.5 23/40 ,0.001

a The concentration of AmB used in each culture (10% FCS).
b NS, not significant.
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appear to be abnormal in the cultures grown in 10% FCS
compared to their incidence in the SAB cultures suggests that
normal components of serum can affect cell characteristics and
may augment the effects of AmB and FLU.

We previously demonstrated that both antibody and AmB
can enhance nitrogen oxide production in macrophages (38,
39). Thus, the effect of AmB on antibody-mediated phagocy-
tosis may be additive or synergistic. Furthermore, the obser-
vation that MAb 18B7 promoted phagocytosis, despite a re-
duction in capsule size, indicates that the epitopes recognized
by this antibody are expressed in cells exposed to these drugs.
This finding is important given that MAb 18B7 is planned to be
used as an adjunct to antifungal therapy in patients with cryp-
tococcosis (4).

The mechanisms by which growth in AmB or FLU alters cell
and capsule size and cell shape are unknown. Exposure of cells
to subinhibitory concentrations of AmB or FLU has been
shown to alter their lipid profiles (20, 23), and these changes
may affect the shape of the yeast cells. Regulation of cell shape
is a complex process influenced by factors such as osmotic
pressure, temperature, and nutrition. Specific genes have been
shown to regulate cell shape in some types of yeast (15, 52).
Exposure of cryptococcal cells to either AmB or FLU may
constitute a stress that induces changes in gene expression that
consequently results in alteration in cell size. The mechanism
by which these drugs increased the level of polysaccharide
shedding is also not understood. Little is known about the
attachment of the polysaccharide capsule to the cell wall ex-
cept for the fact that it is reversible (32). Like the changes in
cell size, the increased release of GXM may reflect alterations

in the cell wall and/or changes in gene regulation as a conse-
quence of cell stress.

Two previous studies in the literature are relevant to the
findings reported here. In 1974, Borowski et al. (1) reported
that growth of C. neoformans in the presence of low concen-
trations of AmB could reduce the size of the capsule and
promote serum-mediated phagocytosis by murine macro-
phages. To our knowledge, that report was never followed up
by further studies. In 1991, Dromer and Charreire (16) did
investigate the binding of an anticapsular MAb to C. neofor-
mans cells exposed to AmB and showed that the average flu-
orescence intensity increased and that AmB-treated cells were
more avidly phagocytosed by murine macrophages. Although
the mechanism of action of this effect was not investigated, the
investigators suggested that AmB might alter the capsular
structure. Our observations are consistent with these prior
reports and also extend these findings to FLU. Furthermore,
we demonstrated that the differences in capsule size are ac-
companied by changes in cellular charge, cell size, and the
amount of polysaccharide that is shed.

Our results suggest a potential explanation for the common
clinical observation that antifungal agents can be effective
when their concentrations in tissue are below the MIC for
C. neoformans (10, 35, 46). Our results indicate that exposure
to a sub-MIC of AmB or FLU can alter C. neoformans cells in
a manner that could reduce their virulence and/or increase
their susceptibility to host immune mechanisms. The changes
in C. neoformans resulting from exposure to drug at levels
below the MIC may represent additional mechanisms of drug
action that contribute to the effectiveness of these medications.
Studies of the effects of drugs at subinhibitory levels may be a
fertile area for investigation into the mechanism of drug action.
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polysaccharide capsule).

TABLE 5. Determinations of polysaccharide shedding for
cryptococcal strains ATCC 24067 and ATCC 3501

Strain Druga GXM/organism densityb

ATCC 24067 B 9.2 3 1026

FLU 8.5 3 1025

AmB 1.1 3 1024

ATCC 3501 B 5.3 3 1026

FLU 2.4 3 1025

AmB 7.3 3 1025

a Absence of antibiotics (B) or presence of either AmB or FLU at 0.5 the MIC
is indicated.

b Normalized value of GXM (in micrograms per milliliter) divided by the
number of organisms per milliliter in the culture from which the supernatant was
collected.
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