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Abstract

The broad objective of this study was to document patterns of structural changes following antifungal
treatment, and to determine any relationship with minimum inhibitory concentration (MIC) of an anti-
fungal. Three clinical isolates of Aspergillus fumigatus, with high, intermediate, and low amphotericin B
(AB), itraconazole (IZ), and voriconazole (VZ) MICs were studied in 24-well plates with cover slips. The
fluorescent probes used were Calcofluor White (cell wall), propidium iodide (nucleus), and MitoTracker
Green FM (mitochondria). Fluorescent microscopy as early as 3-h after exposure revealed that AB treated
hyphae had intact cell wall with deformed mitochondria and nuclei while IZ and VZ treated hyphae
revealed no intact cell wall, and deformation of mitochondria and nuclei. At 48 h, AB treated cells revealed
rupture of hyphae and disintegration of mitochondria, and nuclei, IZ treated hyphae were swollen with
disintegration of mitochondria, and nuclei while VZ treated hyphae showed rupture and disintegration of
mitochondria and nuclei. The structural changes for the three strains studied were similar in fluorescent
microscopy as long as the incubation time and their respective MICs were used. Thus, AB, 1Z, and VZ
induced gross organelle defects in A. fumigatus nuclei, mitochondria, and cell wall, which were consistent
with respective MICs of antifungals used.
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Introduction of intravenously administered AB, and poor

bioavailability with IZ. The revised Infectious

Invasive aspergillosis (IA) is recognized as a seri-
ous opportunistic fungal infection in immuno-
compromised patients [1, 2]. The most common
causal agents include A. fumigatus, A. flavus,
A. niger, and A. terreus [1]. The long established
treatment regimens for IA relied upon amphoter-
icin B (AB) and itraconazole (IZ), but with serious
limitations [2]. These include high nephrotoxicity

Diseases Society of America (IDSA) guidelines for
the treatment of IA include voriconazole (VZ), and
caspofungin for refractory disease or drug intoler-
ance in addition to AB and IZ [2]. VZ is an orally
available azole drug with excellent susceptibility
profile against 4. fumigatus in the laboratory and
clinical trial, while caspofungin is administered
intravenously [2]. The Clinical and Laboratory
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Standards Institute (CLSI; formerly known as
National Committee for Clinical Laboratory
Standards) has developed a reference method for
antifungal susceptibility testing of filamentous
fungi [3]. A number of investigators have reported
the results of in vitro susceptibility testing of
Aspergillus spp. using various methodology such as
M38-A broth dilution, E-test, Sensititre YeastOne
colorimetric, disc diffusion, precise flow cytometry
(FCO), rapid susceptibility assay, etc. [3—14]. Most of
these methods require mycelial growth and hence
long incubation time, except for flow cytometry,
where the time required was 3-16 h [4, 12].
However, FC has not been standardized in multi-
laboratory trials [4, 12, 15].

The fluorescent probes are being increasingly
used as useful tools for the microscopic charac-
terization of molds and yeasts [10, 15-25]. Fluo-
rescent microscopy (FM) was previously used to
study  Penicillium  chrysogenum morphology,
growth, and effects of various chemicals [20].
Fluorescent dyes - 3,3’-dihexyloxocarbocyanin and
Calcofluor have been used to detect the level of
metabolic activity and internal organelles in fila-
mentous organisms such as 4. oryzae [16]. Simi-
larly, echinocandidin-A4. fumigatus interactions
have been extensively studied microscopically [17,
22-24, 26]. These investigators used fluorescent
dyes such as 5,(6)-carboxyfluorescein diacetate
(CFDA) and bis-(1,3-dibutylbarbituric acid)
trimethine oxonol (DiBAC), and demonstrated
that echinocandins act at the site of new cell wall
synthesis, and killing the hyphae of A. fumigatus
[17, 22-24, 26]. The broad objective of this study
was to document patterns of structural changes
following antifungal treatment, and to determine
any relationship with minimum inhibitory
concentration (MIC) of an antifungal.

Materials and methods
Antifungal agents and strains

Three A. fumigatus clinical isolates were selected
based on their variable MICs to antifungals tested
by M38-A protocol [3]. AB was purchased from
Sigma Biochemical Company (St. Louis, MO),
while IZ and VZ were kind gifts from Research
Diagnostics Inc. (Flanders, NJ), and Pfizer Inc.
(New York, NY), respectively. All antifungals

were dissolved in dimethyl sulfoxide to yield stock
solutions of 1,600 ug/ml. Broth microdilution
susceptibility testing was performed according to
CLSI (NCCLS) M38-A protocol [3]. MIC deter-
mination was by visual examination of growth
inhibition as described in NCCLS document
M38-A [3].

Phase-contrast microscopy (PCM)

The procedures described by Lass-Florl and
coworkers with modifications were followed [10].
The Aspergillus strains were grown on potato
dextrose agar slants for 3-5 days at 35°C. Inocula
were prepared in 0.85% sterile saline containing
1% Tween 80, and spectrophotometer was used to
adjust the suspension to an optical density at
530 nm of 0.13 to 0.18. One ml of the conidial
solution was added to each well of the 24-well
plates containing sterilized coverslips, and incu-
bated at 35°C for 18-22 h to allow formation of
hyphae. The medium was drained off, and 1 ml of
dilutions ranging from 0.03 pg/ml to 16.0 ug/ml of
AB, IZ, and VZ, (using the same dilution range as
in susceptibility testing protocol,) was added.
Plates were incubated at 35°C for varying periods
of time, ranging from 3 to 72-h. Photomicrographs
were taken with an Olympus AX 70 microscope in
PCM mode at a magnification of 400X (Olympus
USA Inc., Lake Success, NY).

Fluorescent Microscopy (FM)

Specific fluorescent probes were used to assess the
structural changes in the treated and control
hyphae. Calcofluor White (Sigma Biochemical, St.
Louis, MO) was used to stain cell walls and septa.
Propidium iodide and MitoTracker Green FM
(Molecular Probes, Eugene, OR) were used for
staining of nuclei and mitochondria, respectively.
The methods used to grow the culture, and to
determine antifungal susceptibility were the same
as described for PCM. After the stipulated time of
incubation, the medium was drained off from each
well, and the coverslip was rinsed in 0.1M potas-
sium phosphate buffered saline (pH 7.2) for 5 min.
The fungal growth was fixed with fixative (80%
methanol; 4% formamide; 1% glutaraldehyde) for
30 min. The coverslips were rinsed in PBS, and
sodium borohydrate (1 mg/ml) was added to
reduce the autofluorescence for 10 min, then the



coverslips were again rinsed in PBS, and they were
stained with Calcofluor White (0.5 mg/ml) for
30 min. The coverslips were rinsed in PBS for
5 min, stained with propidium iodide (50 pg/ml)
for 5 min, and rinsed twice in PBS for 5 min each.
Finally, they were stained with MitoTracker Green
FM (10 pumol/ml) for 10 min, and rinsed in PBS
for 5 min. One drop of mounting medium (5 mg/
ml of paraphenylenediamine) was placed on a
clean glass slide and covered with a coverslip. It
was then sealed with clear nail polish and stored at
4°C in the dark until observation in a fluorescence
microscope at 400x (Nikon Optiphot, Nikon Inc.,
Melville, NY). Control hyphae were treated with
0.5% TritonX-100 for 30 min before fixation to
facilitate better penetration of fluorescent dyes.
Fluorescent-labeled mycelia were photographed
using a Nikon Optiphot microscope (Nikon Inc.)
equipped with a Quad Fluor epi-fluorescence
attachment and a 100x 1.4-NA objective lens. The
quad-fluor filters used were UV-2E/C for Calco-
fluor, B-2E/C for Mitotracker green, and B-2E/C
for propidium iodide. The color images were
captured digitally using a Spot CCD camera
(Diagnostic Imaging, Sterling Heights, MI). Con-
trast enhancement and montaging were done in
Adobe PhotoShop software, version 6.0 (Adobe
Inc., San Jose, CA).

Results and discussion

Three A. fumigatus isolates with high, intermedi-
ate, and low MICs of AB, 1Z, and VZ were
selected for microscopy (Table 1). Initially, we
compared observation periods from 60 min to
72 h to find optimal time for recording maximum
structural changes using PCM and FM. This
observation period was chosen as representative
of reported measurement of fluorescence for
A. fumigatus antifungal interactions between 0.5

Table 1. MICs (ug/ml) of the three A. fumigatus strains*

Isolates  Antifungals
Amphotericin B Itraconazole = Voriconazole
041-00 4.0 1.0 1.0
817-00 2.0 0.25 0.5
166-00 0.5 0.25 0.25

*Values are from ten replicates
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and 9.0 h [10, 12, 15]. Final results were recorded
at 3 h and 48 h as these time points were optimal
for recording initial and final structural changes.
The microscopic morphology of 4. fumigatus
(isolate #041-00) showed intact vegetative hyphae
in PCM, and hyphae with blue cell walls and septa,
well formed green mitochondria, and discrete red
nuclei in FM (Figure 1 a-b). After 3 h treatment
with 4.0 ug/ml of AB, PCM showed swelling of
hyphae while FM showed intact hyphae with
deformation of mitochondria and nuclei (Figure 1
c—d). IZ (1.0 ug/ml) caused hyphal swelling (Fig-
ure le), and hyphal swelling with no intact cell
wall and deformations of mitochondria and nuclei
(Figure 1f). VZ (1.0 pg/ml) caused shrinkage with
focal dilatations in hyphae (Figure 1g) and swell-
ing with no intact cell wall and deformation of
mitochondria and nuclei (Figure 1h). Further
incubation of isolate 041-00 up to 48 h with AB
showed shrinkage of hyphae (Figure 2c), and
shrinkage and rupture with disintegration of
mitochondria and nuclei (Figure 2d). Similar
incubations for 48 h with IZ and VZ caused
swelling, and disintegration of mitochondria and
nuclei (Figure 2e-h). 4. fumigatus isolate 817-00
following 48 h exposures to relevant MICs of an-
tifungals revealed rupture and disintegration of
mitochondria and nuclei for AB (Figure 3 a-b),
swelling and disintegrated mitochondria and
nuclei for IZ (Figure. 3c) and rupture and disin-
tegration of mitochondria and nuclei for VZ
(Figure 3d). A. fumigatus isolate 166-00, treated
for 48 h with relevant antifungal MICs, showed
rupture and disintegration of mitochondria and
nuclei with AB (Figure 4a-b); IZ treated hyphae
showed swelling and disintegrated mitochondria
and nuclei (Figure 4c), and VZ treated hyphae
showed rupture and disintegration of mitochon-
dria and nuclei (Figure 4d). Evidently, there were
no notable differences in microscopy of the three
strains as long as same incubation time and
respective MICs of antifungals were used for
testing.

The fluorescent probes used in this study were
chosen for their demonstrated usefulness for
demarcation of fungal morphology. Calcofluor
White (CFW) is a stilbene compound that binds to
glucans and chitin in the cell walls and septa of
fungi [16, 27]. Propidium iodide is positively
charged, membrane-impermeable fluorochrome
that can only pass through the membranes of
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Figure 1. A. fumigatus isolate 041-00 following 3 h antifungal exposures (400x). Both phase contrast (PCM) and fluorescent
microscopy (FM) images are shown in adjacent panels. Panels c-d show swelling of hyphae (PCM), and intact hyphae with defor-
mation of mitochondria and nuclei as evident from diffusion of green and red fluorescent dyes (FM). Panels e—f show hyphal swelling
(PCM), and hyphal swelling with no intact cell wall and deformations of mitochondria and nuclei (FM). Panels g-h show shrinkage
with focal dilatations in hyphae (PCM) and swelling with no intact cell wall and deformation of mitochondria and nuclei (FM).

stressed, injured, or dead cells [19]. This dye binds
by intercalating into DNA and RNA, where it
fluoresces red. MitoTracker Green FM is typically
used for visualization of mitochondrial shape,
mass, or swelling by measurement of membrane
potential [18, 21, 25].

FM has been successfully used to characterize
internal morphology of fungi [16, 20]. Candida
albicans treated with several imidazoles showed
swollen mitochondria or amorphous bodies when
visualized with carbocyanine probe DiOCg¢ [25].
Exposure of yeast cells to higher concentrations of
antifungal drug showed deleterious effect on
mitochondria [25]. Fluorescent probe FUN-1 was
used to evaluate the susceptibility of Candida iso-
lates and the results demonstrated that this probe
could be used as an alternative and rapid method

for the differentiation of fluconazole — susceptible
and —resistant clinical isolates [15]. Also, FUN-1
staining was used as a rapid and sensitive method
for assaying the viability of antifungal treated
Aspergillus hyphae. [10]. However, in the present
study, three different fluorescent probes were used
to study the changes caused by various antifungals
in different organelles of A. fumigatus. Also, the
present study uses hyphae as inocula, to demon-
strate the effect of AB, 1Z, and VZ on cell wall,
mitochondria, and nuclei of A. fumigatus hyphae.
Recently, the fluorescent dyes CFDA and DiBAC,
were used to characterize the antifungal activity of
caspofungin and micafungin against A. fumigatus
[17, 22-24]. These studies demonstrated that the
dye staining patterns revealed the active centers of
the cells of A. fumigatus are killed when exposed to
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Figure 2. A. fumigatus isolate 041-00 following 48 h antifungal exposures (400x). Both phase contrast (PCM) and fluorescent
microscopy (FM) images are shown in adjacent panels. Panels c—d show shrinkage of hyphae (PCM), and shrinkage and rupture with
disintegration of mitochondria and nuclei (FM). Panels e—f show hyphal swelling (PCM), and hyphal swelling with disintegration of
mitochondria and nuclei (FM). Panels g-h show focal swelling in hyphae (PCM) and hyphal rupture with disintegration of mito-

chondria and nuclei (FM).
AB
2.0 ng/ml

d
V4 VZ
0.25 ng/mi 0.5 ug/ml

Figure 3. A. fumigatus isolate 817-00 following 48 h antifungal exposures (400x). Panel a — control hyphae; Panel b — AB treated
hyphae show rupture and disintegration of mitochondria and nuclei; Panel ¢ — IZ treated hyphae show swelling and disintegrated
mitochondria and nuclei; Panel d — VZ treated hyphae show rupture and disintegration of mitochondria and nuclei.
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Figure 4. A. fumigatus isolate 166-00 following 48 h antifungal exposures (400x). Panel a —control hyphae; Panel b — AB treated
hyphae show rupture and disintegration of mitochondria and nuclei; Panel ¢ — IZ treated hyphae show swelling and disintegrated
mitochondria and nuclei; Panel d — VZ treated hyphae show rupture and disintegration of mitochondria and nuclei.

caspofungin and micafungin [17, 22-24]. In pres-
ent study, rupture of cell wall along with complete
disintegration of mitochondria and nuclei were
observed for AB and VZ, while swollen cell wall
with disintegration of mitochondria and nuclei
were observed for I1Z at 48 h. Thus, AB, 1Z, and
VZ induced gross organelle defects in A. fumigatus
nuclei, mitochondria, and cell wall, which were
consistent with respective MIC of antifungals
used. This FM method should be further evaluated
as a potential laboratory tool for the study of
antifungal — A. fumigatus interactions.
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