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We have shown previously that high-dose lipid amphotericin preparations are not more efficacious than lower doses in aspergil-
losis. We studied toxicity, drug concentrations and localization, and quantitative infection concurrently, using a 4-day model of
central nervous system (CNS) aspergillosis to assess early events. Mice given Aspergillus fumigatus conidia intracerebrally, un-
der a cyclophosphamide immunosuppressive regimen, were treated for 3 days (AmBisome at 3 or 10 mg/kg of body weight, Abel-
cet at 10 mg/kg, amphotericin B deoxycholate at 1 mg/kg, caspofungin at 5 mg/kg, or voriconazole at 40 mg/kg). Sampling 24 h
after the last treatment showed that AmBisome at 3 but not at 10 mg/kg, as well as Abelcet, caspofungin, and voriconazole, re-
duced brain CFU. All regimens reduced renal infection. Minor renal tubular changes occurred with AmBisome or Abelcet ther-
apy, whereas heart, lung, and brain showed no drug toxicity. Amphotericin B tissue and serum concentrations did not correlate
with efficacy. Endothelial cell activation (ICAM-1 and P-selectin in cerebral capillaries) occurred during infection. Amphotericin
B derived from AmBisome and Abelcet localized in activated endothelium and from Abelcet in intravascular monocytes. In 10-
day studies dosing uninfected mice, minor renal tubular changes occurred after AmBisome or Abelcet at 1, 5, or 10 mg/kg with
or without cyclophosphamide treatment; nephrosis occurred only with Abelcet in cyclophosphamide-treated mice. Hepatotoxic-
ity occurred with AmBisome and Abelcet but was reduced in cyclophosphamide-treated mice. Marked CFU reduction by
AmBisome at 3 mg/kg occurred in association with relatively more intense inflammation. Abelcet renal localization ap-
pears to be a precursor to late nephrotoxicity. Hepatotoxicity may contribute to high-dose Abelcet and AmBisome failures.
Our novel observation of endothelial amphotericin localization during infection may contribute to amphotericin mecha-
nism of efficacy.

Central nervous system (CNS) aspergillosis is a common site of
dissemination in invasive disease (12). Therapy for this man-

ifestation of disease is, however, relatively ineffective, and there is
a high risk of mortality. We have examined various potential ther-
apies, including azoles, echinocandins, amphotericin B prepara-
tions, and combination therapy, for efficacy using a murine model
of CNS aspergillosis (4–6, 21, 22, 36). Although in each of these
studies one or more regimens have shown efficacy, none of the
tested regimens has proven curative. Interestingly, lipid-carried
amphotericin B preparations showed a flat dose-response curve.
High dosages were not more efficacious than lower doses and in
some instances could show deleterious effects (5, 6).

In the current study, we sought to further examine possible
reasons for the observed efficacy profile of the lipid-carried am-
photericin B preparations. We felt that several possibilities existed.
The induction of nonlethal toxicity in the organs could influence
drug efficacy, as could differences in accumulation or distribution
of amphotericin B in the tissues. We also felt that severity of host
response could influence treatment outcome. Thus, our aim was
assessing comparative drug toxicity by histological methods and
determining concentrations of amphotericin B in tissues and cor-
relating these with drug efficacy. Although accumulation of am-
photericin B in the tissues is important, we believe that where the
drug is in the tissues in relationship to the infecting organisms is
more important and thus examined amphotericin B localization
in tissues by an immunohistochemistry method. Furthermore, we
examined the expression of inflammatory markers, ICAM-1 and
P-selectin, by the cerebral vascular endothelium to focalize the
inflammatory response and compare with localization of ampho-

tericin B. We chose to examine these various aspects early in the
course of disease to reduce the confounding effects animals dying
from infection might have, and we compared them with unin-
fected mice treated in the same manner.

MATERIALS AND METHODS
CNS model and therapy. A murine model of CNS aspergillosis was used
in these studies. Five-week-old male CD-1 mice (Charles River, Hollister,
CA) were used. Two days prior to infection, all mice were dosed intraperi-
toneally with 200 mg of cyclophosphamide/kg of body weight; additional
doses were given every 5 days thereafter. Prior to infection, Aspergillus
fumigatus strain 10AF from long-term storage was grown, and conidia
were collected as previously described (11, 18). Infection was initiated by
direct intracerebral inoculation of 3.26 � 106 conidia of A. fumigatus
strain 10AF as previously described (3, 5, 6). All animal studies were done
under an approved protocol and following the guidelines of the Institu-
tional Animal Care and Use Committee of the California Institute for
Medical Research.

Treatments began 1 day after infection and were administered for 3
days. AmBisome (AmBi; Gilead Sciences), Abelcet (ABLC; Enzon), de-
oxycholate-formulated amphotericin B (AMBd), and 5% dextrose water
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(D5W) were prepared per the manufacturers’ instructions and given in-
travenously. Voriconazole (VCZ; Pfizer) was administered orally in 4%
polyethylene glycol 400 (PEG 400) (5, 6); mice receiving VCZ were pro-
vided 50% grapefruit juice in lieu of normal drinking water (5, 6). Caspo-
fungin (CAS; Merck) was given subcutaneously. Groups received AmBi at
3 or 10 mg/kg of body weight, ABLC at 10 mg/kg, AMBd at 1 mg/kg, CAS
at 5 mg/kg, or VCZ at 40 mg/kg. Doses and routes of administration were
selected from previous efficacy observations (3, 5, 6, 21, 22, 36). Addi-
tional groups of uninfected mice were also studied, with the cyclophos-
phamide treatment and all drug treatments given on the same schedule as
in the infection part of the study.

Sample collection. All mice were preassigned for CFU, pharmacology,
histopathology, or immunohistochemistry studies to eliminate possible
sampling bias.

One day after the last treatment (day 4 postinfection), surviving mice
were anesthetized using inhaled isoflurane and exsanguinated for serum
collection. After euthanasia, CFU determinations for drug efficacy were
done on brain and kidneys as previously described by homogenization of
the organ and plating of serially diluted samples (5, 6, 18). For those mice
preassigned for histopathology and pharmacologic studies, the brain was
removed intact. For histopathology studies, tissue samples were fixed in
10% neutral buffered formalin (NBF). A second sample of the tissue was
frozen at �20°C for determination of amphotericin B concentration. Se-
rum samples were also submitted for serum chemistry analysis.

Amphotericin B determination. The concentration of amphotericin
B in the serum or tissues (lung, liver, heart, brain, kidneys) was deter-
mined by bioassay using Paecilomyces variotii as the indicator organism (8,
18, 19, 39). Tissue samples were homogenized and extracted in 100%
methanol and clarified by centrifugation (13,000 � g for 5 min), and
aliquots were taken to dryness using a SpeedVac (Savant Instruments,
Inc., Farmingdale, NY). After extraction and drying, each sample was
reconstituted with pooled human serum for bioassay. Serum samples
were extracted with 100% methanol (2 ml per 0.1 ml serum) and taken to
dryness using a SpeedVac (Savant), and residue material was suspended in
pooled human serum; these samples were then assayed directly. Unex-
tracted serum was also assayed. The lower limit of the amphotericin B
bioassay was 0.031 �g/ml; limits of detection for tissues are indicated in
each figure.

Histopathology and immunohistochemistry. Formalin-fixed tissues
were trimmed, processed, and embedded in paraffin, and approximately
5-�m sections were prepared and stained with hematoxylin and eosin
(H&E). Gridley-stained sections (for organism visualization) were also
prepared from brain from all infected mice and from liver, lung, heart,
and kidney from some. Five sections from the CNS tissues were examined;
2 cerebrum, 1 midbrain, 1 cerebellum, and 1 brainstem. All brain sections
(infected and uninfected animals) were stained immunohistochemically
for amphotericin B, ICAM-1, and P-selectin. Primary antibodies against
amphotericin B (affinity-purified rabbit anti-amphotericin B antibody,
customized antibody produced by Antibodies Inc., Davis, CA), mouse
ICAM-1 (biotinylated goat anti-mouse ICAM-1 antibody; R&D Systems,
Minneapolis, MN), and mouse P-selectin (goat anti-mouse P-selectin;
Santa Cruz Biotechnology, Santa Cruz, CA) were used. Immunohisto-
chemistry to detect amphotericin B was performed as previously de-
scribed (37). To detect ICAM-1 and P-selectin, tissues were placed in
citrate buffer (0.01 mol/liter citrate buffer, pH 6) and heated for 15 min in
a pressure cooker for antigen retrieval. Endogenous peroxidase activity
was blocked with 3% hydrogen peroxidase (Sigma, St. Louis, MO) for 10
min at room temperature. A protein block (0.5% casein, 1% bovine serum
albumin, and 1.5% goat serum) designed to reduce nonspecific binding
was used. Following the protein block, sections were incubated with the
primary antibody dilutions (1:25 dilution for biotinylated goat anti-
mouse ICAM-1 and 1:50 for goat anti-mouse P-selectin) for 1 h at room
temperature. Biotinylated secondary antibody (1:500 dilution of donkey
anti-goat IgG, heavy and lights chains; Jackson ImmunoResearch, West
Grove, PA) was applied to P-selectin-stained slides for 30 min. All slides

were reacted for 30 min with ABC Elite reagent (Vector Laboratories,
Burlingame, CA), and diamino benzidine chromogen substrate (Fast
DAB tablets, Sigma-Aldrich, St. Louis, MO) was applied for 10 min as a
substrate for the peroxidase reaction. All slides were counterstained with
hematoxylin (Richard-Allan Scientific, Kalamazoo, MI) in saturated lith-
ium carbonate (Sigma), dehydrated through alcohols, and cleared in xy-
lene (EMD, Gibbstown, NJ), and coverslips were applied. Sections incu-
bated with isotype-matched irrelevant antibodies served as negative
controls in each technique. Appropriate positive controls were included
in all experiments.

For the amphotericin B studies, amphotericin B deoxycholate (X-Gen
Pharmaceuticals, Northport, NY) prepared as a 20-�g/ml solution in wa-
ter and parathyroid hormone-related protein (nonspecific background
control) (Sigma) at a 20-�g/ml solution in water were spotted onto UV-
activated resin slides (Instrumedics, Inc., St. Louis, MO) and UV adhered
to the slide prior to fixation. The slides were air dried and immunostained
as described for the cryosections. These slides served as positive and neg-
ative controls, respectively. Kupffer cells containing abundant phagocy-
tized intracytoplasmic amphotericin B (mouse liver from an uninfected
animal that received a total cumulative AmBi dose of 225 mg/kg) were
used as an additional positive control for all immunohistochemistry lo-
calization of amphotericin B. Mouse kidney was used for the positive
control of the inflammatory marker ICAM-1, since vascular endothelium
in the mouse kidney constitutively expresses ICAM-1. Because circulating
platelets, as well as megakaryocytes in the spleen, constitutively express
P-selectin, these tissue elements were used as positive controls for P-se-
lectin staining.

All slides were evaluated microscopically by a board-certified veteri-
nary pathologist without reference to the study group. Each slide was
examined for the presence and intensity (strength) of labeling, as well as
the distribution and frequency (relative density) of positive cells or posi-
tive tissue elements for each antibody. The intensity was graded on a
semiquantitative, 1� (minimal) to 4� (marked), basis.

Meningoencephalitis grading scheme. Fungal meningoencephalitis
was graded in severity using the following semiquantitative scoring sys-
tem: 1� (minimal) was given to animals with one to two foci of inflam-
mation, necrosis, and hemorrhage identified in the cerebrum only; 2�
(mild) was given to animals with �2 sites of inflammation, necrosis, and
hemorrhage in the cerebrum only; 3� (moderate) was given to animals
with multiple sites of inflammation, necrosis, and hemorrhage in the ce-
rebrum plus similar lesions in one or more of the midbrain, brainstem, or
cerebellum; 4� (marked) was given to animals with multifocal sites of
inflammation, necrosis, and hemorrhage in the cerebrum plus similar
lesions in one or more of the midbrain, brainstem, or cerebellum and
extensive inflammation and fungal invasion throughout the ventricular
system. The average lesion severity score was calculated for each group.

Subacute toxicity study. Five-week-old male CD-1 mice were used,
with groups of 5 mice for each treatment arm. Mice were either dosed with
cyclophosphamide using the schedule and dose described above or re-
ceived no suppressive pretreatment. Mice were not infected.

Treatment with antifungals began 3 days after the first cyclophospha-
mide treatment. Mice were given one of the following regimens: no treat-
ment; AMBd at 1 mg/kg; AmBi at 1, 5, or 10 mg/kg; or ABLC at 1, 5, or 10
mg/kg. AMBd, AmBi, and ABLC were given in D5W intravenously. Treat-
ments were given for 10 consecutive days. Four days after the cessation of
therapy, mice were anesthetized and exsanguinated for serum collection.
The liver, kidney, and brain were placed in 10% NBF and processed to HE
slides for histological examination. Sera were sent to Charles River Labo-
ratories, Pathology Associates—Maryland (Frederick, MD), for determi-
nation of serum chemistries using a Research Chem 01 panel. This panel
includes tests for the determination of cholesterol, alkaline phosphatase,
alanine amino transferase, aspartate amino transferase, creatinine phos-
phokinase, bilirubin, blood urea nitrogen (BUN), creatinine, albumin,
total protein, globulin, phosphorus, potassium, chloride, sodium, glu-
cose, and bicarbonate.
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Statistics. For statistical purposes, to account for occasional missing
data points due to death from infection, an arbitrary value of log10 6 was
assigned as the CFU in the organ, ensuring that death was ranked more
severely than survival with a lower CFU burden (23, 34). This assignment
assumes that death is due to a high burden of infection and does not
address death possibly being due to drug toxicity. CFU values were com-
pared using a Mann-Whitney U test. Mean lesions scores were compared
using a Mann-Whitney U test.

RESULTS
Drug efficacy. Because the study was designed to use CFU in the
organs as the parameter for therapeutic efficacy, the model was
ended 1 day after the third treatment, on day 4 of infection. This
was done to have a significant number of animals survive the
infection. In spite of this, 4 of 10 D5W-treated mice and 2 of 10
mice given 1 mg/kg AMBd succumbed to infection on day 4 prior
to sampling; no organs were taken from the dead mice. All mice in
the other treatment regimens survived to day 4 and there were no
statistical differences in survival among the various treatment
groups. Thus, CFU remaining in the organs was used as the pa-
rameter of drug efficacy.

Brain. Comparison of fungal burdens in the brain showed that
ABLC at 10 mg/kg, AmBi at 3 mg/kg, CAS, and VCZ were effica-
cious with lower CFU than the diluent control D5W treatment
(P � 0.04 to 0.009, depending on comparison), whereas AmBi at
10 mg/kg and AMBd at 1 mg/kg were not (P � 0.05) (Fig. 1).
Among the various treatment groups, AmBi at 3 mg/kg was supe-
rior to all other regimens (P � 0.04 to 0.0001, depending on com-
parison) except CAS (P � 0.05). CAS was statistically more effi-
cacious than AMBd at 1 mg/kg (P � 0.009) but equivalent to the
other drug treatments (P � 0.05).

Kidney. All drug regimens were efficacious in reducing fungal
burden recovered from the kidneys compared to that of D5W
treatment (P � 0.05 to 0.002, depending on comparison) (Fig. 1).
However, all drug treatments were equivalent to each other (P �
0.05).

Of note, AmBi at 10 mg/kg was not superior to AmBi at 3
mg/kg, and neither of the lipid amphotericin B preparations was
superior to conventional AMBd. Although all regimens showed
significant efficacy in one or both organs, no single treatment
regimen proved superior in reducing fungal burden from both
organs. However, as this is a model of CNS disease, with only
secondary spread to the kidney, AmBi at 3 mg/kg could be con-
sidered the most efficacious, based on the superior reduction of
brain CFU.

Amphotericin B in tissues and serum. Determination of am-
photericin B concentration in various tissues and serum was done
on infected and uninfected mice for comparison. As shown in Fig.
2, liver and serum had detectable concentrations 24 h after the last
treatment with ABLC, AmBi, or AMBd. ABLC at 10 mg/kg also
resulted in substantial concentrations of amphotericin B in kid-
neys and lungs and in brain in one animal each, infected and
uninfected. In contrast, AmBi- and AMBd-treated mice had un-
detectable or very minimal amphotericin B concentrations in
brain, kidneys, or lungs. No animal had detectable concentrations
of amphotericin B in the heart, regardless of dose or amphotericin
B formulation. AmBi at 10 mg/kg resulted in higher concentra-
tions of amphotericin B in liver and serum than the lower dose and
higher serum levels than the ABLC at the 10 mg/kg dose.

Comparisons between infected and uninfected mice showed
for uninfected mice that ABLC at 10 mg/kg had significantly

higher levels in the liver (P � 0.02). The amphotericin B levels in
other tissues or for other drug doses were not significantly differ-
ent for infected or uninfected mice. AmBi at 10 mg/kg resulted in
higher serum concentrations of amphotericin B than did those
given ABLC at 10 mg/kg in infected and uninfected mice (P �
0.016 and 0.008, respectively). Uninfected mice given ABLC at 10
mg/kg had higher concentrations of amphotericin B in kidney and
lung than mice given AmBi at 10 mg/kg (P � 0.008), and ampho-
tericin B concentrations trended higher in kidneys of infected
mice given ABLC at 10 mg/kg (P � 0.08).

Of note, ABLC produced the highest amphotericin B concen-
trations in the kidney and yet was not superior to AmBi or AMBd
in reducing kidney infection. AmBi at 10 mg/kg produced the
highest serum levels and was not superior to AMBd or ABLC in
reducing infection in brain or kidney.

The concentrations of amphotericin B in the serum were also
determined on unextracted sera (data not shown), and none of the
conclusions in the section would have been altered if those values
had been used for comparisons.

Histopathology assessment and correlation with CFU. A. fu-
migatus infection in the brain and kidney was characterized by

FIG 1 CFU of A. fumigatus recovered from the brain and kidney of mice on
day 4 of infection. Mice were given 3 days of treatment, and all surviving mice
were euthanatized on day 4 for CFU determination. A value of 6 indicates that
the animal died of infection. Abbreviations: D5W, 5% dextrose water; ABLC
10, Abelcet at 10 mg/kg; AmBi 3, AmBisome at 3 mg/kg; AmBi 10, AmBisome
at 10 mg/kg; AMBd 1, deoxycholate amphotericin B at 1 mg/kg; Caspo 5,
caspofungin at 5 mg/kg; VCZ 40, voriconazole at 40 mg/kg. Each group had 10
mice.
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extensive necrosis, hemorrhage, histiocytic and neutrophilic in-
flammation, thrombosis, and fungal vascular invasion. In the
brain, microscopic findings consistent with fungal meningoen-
cephalitis were identified in all treatment groups (Fig. 3, Table 1).
Assignment of semiquantitative scores for CNS lesion severity
showed a decrease in mean severity score in the treatment groups
of AmBi at 10 mg/kg and AMBd at 1 mg/kg compared to that of
the D5W controls (Table 2); however, the decrease was not statis-
tically significant. CFU findings did not correlate with lesion se-
verity scores. Interestingly, treatment groups with the lowest fun-
gal burden by CFU (AmBi at 3 mg/kg and ABLC at 10 mg/kg had
significantly reduced burdens compared to controls) had elevated

mean lesion severity scores. Thus, these results demonstrate that
conclusions regarding therapeutic benefit should not be based
solely on histopathology.

In the kidneys, necrotizing, neutrophilic, histiocytic inflam-
mation consistent with fungal nephritis was noted only in animals
treated with D5W or AmBi at 3 mg/kg (Table 1). In contrast, all
animals had recoverable CFU in the kidneys regardless of treat-
ment regimen, and no regimen was superior to another (Fig. 1).
AmBi at 3 mg/kg was associated with more inflammation in the
kidney compared to the other drug regimens. A. fumigatus infec-
tion was also identified in the lung (D5W control group only) and
liver (D5W control and ABLC at 10 mg/kg groups only); however,

FIG 2 Amphotericin B concentrations in the tissues or serum of mice infected (i) (surviving mice of 5 designated for serum collection or 10 designated
for tissue collection) with A. fumigatus and in uninfected mice (u) (n � 5). Data are presented by tissue or serum, with results for infected mice plotted
beside those of uninfected mice for comparative purposes and changes. Amphotericin B was extracted from the whole organ for brain, kidney, lung, and
heart and from a sample of the liver, which accounts for the differing baselines indicated; the baseline represents the lowest concentration (�g/g) of tissue
detectable using the bioassay; serum was also extracted, and amphotericin B concentrations were determined in �g/ml of serum. Abbreviations for drugs
are as described in the legend to Fig. 1.

Clemons et al.

4442 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


the infection was less extensive compared to those in other organs
with only random multifocal areas of inflammation and necrosis
evident. CFU were not determined in these organs.

Organs from infected and uninfected mice also were evaluated
for evidence of drug-related toxicity. Minimal to mild drug-re-
lated microscopic findings were identified in the kidney and liver
in the drug treatment groups studied (AmBi, ABLC, and AMBd).
No such changes were noted in the control group, affirming that

the changes described in the treatment groups were drug related.
There was also no pattern of difference between infected and un-
infected mice. Kidney findings were limited to minimal to mild,
focal to multifocal, tubular dilation with intraluminal protein
casts, and/or concurrent tubular regeneration (Table 3). The tu-
bular changes were slightly increased in incidence in the treatment
groups receiving AmBi or ABLC at 10 mg/kg or AMBd at 1 mg/kg
compared to those in the treatment group receiving AmBi at 3
mg/kg (infected and uninfected).

Similarly, minimal liver changes (random mononuclear cell
infiltrates and/or individual hepatocyte necrosis) were identified
in uninfected and infected animal groups treated with AmBi or
ABLC at 10 mg/kg or AMBd at 1 mg/kg but not in the treatment
group receiving AmBi at 3 mg/kg (data not shown). These changes
were considered to be of limited biological effect. The other organs
examined (i.e., brain, heart, lungs) showed no drug-related mi-
croscopic changes.

Immunohistochemistry and localization of amphotericin B
in the CNS. Capillaries within and surrounding areas of inflam-
mation, malacia (necrosis), and fungal infection were more prom-

FIG 3 Brain, cerebrum at the level of the hippocampus. (A) Marked fungal meningoencephalitis characterized by variably sized, random areas of necrosis,
inflammation, hemorrhage, and periventricular edema (arrows). (B) Higher magnification of area inside the box, H&E stain. Areas of necrosis were often
surrounded by mixed neutrophilic and histiocytic inflammation (i). Intralesional fungal hyphae were abundant, located in the neuropil, blood vessels, and
ventricles. (C) Gridley stain demonstrating abundant intralesional fungal hyphae (magenta); the inset shows a higher magnification. V3, third ventricle; VL,
lateral ventricle; AQ, cerebral aqueduct.

TABLE 1 Incidence and severity of histopathology findings associated
with A. fumigatus infection in cyclophosphamide-immunosuppressed
CD-1 mice

Organ and histopathology
finding observed

No. of animals positive/total no. of animalsa in
antifungal treatment group:

D5W
control

AMBd at
1 mg/kg

AmBi at
3 mg/kg

AmBi at
10
mg/kg

ABLC
at 10
mg/kg

Brain
Meningoencephalitis,

necrotizing
(3/3) (5/5) (4/4) (6/6) (7/7)

Minimal to mild 1/3 4/5 1/4 4/6 4/7
Moderate to marked 2/3 1/5 3/4 2/6 3/7

Intralesional fungi, vascular
invasion

2/3 3/4 3/6 4/7

Kidney
Nephritis, necrotizing,

minimal to marked
2/3 2/4

Intralesional fungi,
parenchyma and/or
vascular

2/3 2/4

a Numbers in parentheses represent the number of animals with this finding over the
total number of animals examined microscopically.

TABLE 2 Mean severity score for CNS inflammation in Aspergillus
fumigatus-infected cyclophosphamide-immunosuppressed CD-1 mice

Treatment Mean lesion severity scorea

Control D5W 2.67
AMBd at 1 mg/kg 1.80
AmBi at 3 mg/kg 2.75
AmBi at 10 mg/kg 1.83
ABLC at 10 mg/kg 2.57
a Differences between groups were not statistically significant by a Mann-Whitney U
test.
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inent, often dilated, and lined by hypertrophic (activated) endo-
thelium. Amphotericin B localized in the activated (hypertrophic)
endothelial cells found in these areas of inflammation/infection
(Fig. 4, Table 4). Endothelial cell staining for amphotericin B was
identified in each amphotericin B formulation treatment group
(i.e., AmBi at 3 mg/kg, AmBi at 10 mg/kg, AMBd at 1 mg/kg, and
ABLC at 10 mg/kg) of infected animals and was increased in inci-
dence in the ABLC treatment group compared to that in the AmBi
and AMBd treatment groups. Positive endothelial cells had 2� to
3� diffuse to granular cytoplasmic staining. Fungal hyphae, neu-
trophils, monocytes/macrophages walling off and surrounding
areas of malacia, endothelium lining the blood vessels in unaf-
fected areas of the brain, and the capillary endothelium in the
brain of all uninfected drug-treated animals consistently showed
no staining for amphotericin B.

Additionally, anti-amphotericin B staining was identified in
intravascular mononuclear cells (presumptive monocytes) in the
brains of all infected and uninfected mice treated with ABLC
and in one infected mouse treated with AmBi at 3 mg/kg (Fig. 4,

Table 4). These intravascular mononuclear cells had intense
amphotericin B (4�) cytoplasmic staining.

Expression of ICAM-1 and P-selectin in activated endothe-
lium. Capillary endothelium in areas of inflammation and imme-
diately adjacent to areas of inflammation had increased intensity
and frequency of ICAM-1 staining in all infected groups, drug
treated and control (Fig. 5, Table 5). In uninfected brain or areas
distant to the site of infection, only rare capillaries had faint- to
mild (1 to 2�)-intensity ICAM-1 staining that is likely due to
low-level constitutive expression, whereas ICAM-1 staining was
increased in intensity to 3� to 4� in capillaries within and adja-
cent to areas of inflammation. In areas of necrosis, ICAM-1 stain-
ing was decreased or absent.

P-selectin is not constitutively expressed in the mouse cerebral
vasculature, which differs from ICAM-1 expression. Therefore,
P-selectin was included for study as potentially a more sensitive
indicator of endothelial cell activity. P-selectin staining was iden-
tified rarely in capillaries and only in areas of inflammation in
some infected animals, both in control mice and in all treatment

TABLE 3 Four-day study: incidence and severity of histological changes in infected and uninfected CD-1 mice given pretreatment with
cyclophosphamide

Histopathology finding in kidney

No. of animals positive/total no. of animalsa by antifungal treatment group, without (�) or with (�) A.
fumigatus infection

No-treatment
control

AMBd at 1.0
mg/kg

AmBi at 3.0
mg/kg

AmBi at 10.0
mg/kg

ABLC at 10
mg/kg

� � � � � � � � � �

Tubular regeneration, minimal to mild 0/5 0/3 3/5 1/5 1/5 0/4 3/5 2/6 1/5 1/7
Tubular dilation, minimal to mild 0/5 0/3 1/5 1/5 1/5 1/4 3/5 2/6 3/5 2/7
a The numerator represents the number of animals with this finding, and the denominator represents the number of animals examined microscopically.

FIG 4 Brain, A. fumigatus infected. Immunohistochemistry staining to localize amphotericin B. Amphotericin B-positive staining identified in reactive (hyper-
trophic) endothelium lining blood vessels in and surrounding areas of inflammation and intravascular mononuclear cells, presumptive monocytes (arrows). (A)
Negative staining of inflammatory infiltrates (i) and capillary endothelium (arrowheads) in the D5W control group. Amphotericin B-positive endothelial cells
lining dilated capillaries in 1 mg/kg AMBd (B), 3 mg/kg AmBi (C), and 10 mg/kg ABLC (D) treatment groups. V, blood vessel; i, inflammatory cell infiltrates.
Faint nonspecific background staining was present in areas of inflammation in both drug-treated and control groups.
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groups, except for the group receiving AmBi at 10 mg/kg (Fig. 6,
Table 5). P-selectin-positive capillaries had very faint 1� granular
cytoplasmic staining. The reason for the lack of P-selectin staining
in the treatment group receiving AmBi at 10 mg/kg is unknown
and warrants further investigation.

Subacute toxicity: 10-day study. To better understand the po-
tential for drug-induced toxicity, we compared drug treatment in
cyclophosphamide-treated or untreated uninfected mice. Drugs

were administered for 10 consecutive days, and blood and tissue
samples were collected 4 days after the last treatment. In the course
of treatment, deaths occurred only in groups given an amphoter-
icin B preparation and cyclophosphamide; 3 of 5 given ABLC at 10
mg/kg and none given ABLC at 5 mg/kg died, whereas 2 given
AmBi at 5 mg/kg died and other treatments had 1 mouse die
(Table 6). The liver and kidney histopathologic studies suggested a
toxicologic explanation for these deaths.

AMBd, AmBi, or ABLC treatment with or without cyclophos-

TABLE 4 Immunohistochemical localization of anti-amphotericin B
staining in the central nervous systems of infected and uninfected mice

Treatment group

No. of animals with amphotericin B staining/total
no. of animals examined

Endotheliuma

Intravascular
monocytes

Evidence of
infection/
inflammation
in tissue
section

Infected
D5W control 0/3 0/3 2/3
AmBi at 3 mg/kg 3/4 1/4 3/4
AmBi at 10 mg/kg 4/6 0/6 6/6
AMBd at 1 mg/kg 2/5 0/5 4/5
ABLC at 10 mg/kg 7/7 7/7 7/7

Uninfected
D5W control 0/2 0/2 0/2
AmBi 3 at mg/kg 0/2 0/2 0/2
AmBi at 10 mg/kg 0/2 0/2 0/2
AMBd at 1 mg/kg 0/2 0/2 0/2
ABLC at 10 mg/kg 0/2 2/2 0/2

a Endothelium staining was observed only in the infected areas.

FIG 5 Brain, A. fumigatus infected. Immunohistochemistry staining for ICAM-1. Increased intensity and frequency of ICAM-1 endothelial cell staining in areas
of inflammation identified in all animals, drug treated and control. In areas of necrosis, ICAM staining was decreased or absent. Marked ICAM-1 staining of
capillary endothelium in 10 mg/kg ABLC (A), 10 mg/kg AmBi (B), and D5W control (C) treatment groups. Inset, higher magnification of ICAM-1-positive
capillary endothelium, D5W control. N, necrosis; i, inflammatory cell infiltrates.

TABLE 5 Increased ICAM-1 and P-selectin staining of capillary
endothelium associated with inflammation in the CNS (infected
animals only)

Infected treatment group Marker

Incidence of capillary
endothelium staining
in areas of
inflammation (no.
positive/total no.)

D5W control ICAM-1� 2/2
P-selectin� 1/2

AmBi at 3 mg/kg ICAM-1� 3/3
P-selectin� 2/3

AmBi at 10 mg/kg ICAM-1� 5/5
P-selectin� 0/5

AMBd at 1 mg/kg ICAM-1� 3/3
P-selectin� 1/3

ABLC at 10 mg/kg ICAM-1� 7/7
P-selectin� 5/7
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phamide treatment was associated with renal tubular changes
(Table 6). In general, changes were minimal in survivors and in-
cluded tubular regeneration, dilatation (degenerative change),
and protein cast formation. However, nephrosis, defined as exten-
sive tubular damage with accompanying interstitial fibrosis, was
identified in 1 of 2 surviving animals treated with ABLC in com-
bination with cyclophosphamide and in none of the 5 survivors
treated with ABLC at the same dose without cyclophosphamide,
suggesting that cyclophosphamide may accelerate the develop-
ment of nephrotoxicity.

Average BUN and creatinine values were within normal limits

in all groups except the group receiving AmBi at 10 mg/kg and
cyclophosphamide. However, data for the treatment group receiv-
ing ABLC at 10 mg/kg and cyclophosphamide were biased due to
early deaths in this group, which left only 2 animals for evaluation
and sampling at day 14; one animal that survived to the time of
terminal euthanasia had normal BUN and creatinine values, and
the other had a mild increase in BUN, compared to the controls, in
the absence of an increase in creatinine (i.e., prerenal azotemia).
This finding was suggestive of, but not conclusive for, acute renal
impairment.

Liver enzyme values in all drug-treated groups were compara-
ble to the controls and within normal limits for this age and strain
of mouse. However, localized hepatic toxicity, characterized by
hepatocellular necrosis, degeneration (hydropic), and inflamma-
tion, was identified primarily in association with AmBi and ABLC
treatment at 5 or 10 mg/kg without cyclophosphamide treatment.
The incidence of these hepatocellular changes was greater with
AmBi treatment than with ABLC treatment; however, the severity
was the same. Overall, the hepatic lesions were decreased with
cyclophosphamide treatment, suggesting that the liver injury may
be associated with inflammatory mediators, with immunosup-
pression by the cyclophosphamide reducing the drug-associated
injury. In both the AmBi and ABLC treatment groups, hepatocel-
lular inflammation tended to increase in incidence in a dose-de-
pendent fashion. Kupffer hyperplasia and vacuolization occurred
with both AmBi and ABLC treatment and increased in incidence
and severity in a dose-dependent fashion. In higher-dose groups
(i.e., 5 and 10 mg/kg of AmBi or ABLC), the incidence and/or
severity of Kupffer cell hyperplasia/vacuolization were increased
with AmBi treatment compared to those with ABLC treatment.
This suggests that AmBi was more readily phagocytized and se-
questered in the hepatic reticuloendothelial cells (Kupffer cells)
than was ABLC.

DISCUSSION

Our aims in the current study addressed the observed efficacy
profiles of lipid-carried amphotericin B preparations and how re-
lated toxicity and tissue distribution might affect these profiles.
Overall, our results indicate that each of the drugs tested showed
some efficacy against CNS aspergillosis. However, efficacy as
judged by quantification of fungal burden versus pathological as-
sessment did not necessarily correlate. For example, AmBi at 3
mg/kg was judged most effective by reduction of CFU in the or-
gans, whereas by pathological assessment AmBi at 10 or AMBd at
1 mg/kg appeared to be the most effective. Determining efficacy
solely on the basis of histologic assessment should be cautioned,
since in this study, e.g., kidneys judged to be free of infection by
histology were shown infected by culture.

Interestingly, treatment groups (e.g., AmBi at 3 mg/kg) show-
ing fewer CFU in the tissues (i.e., an indicator of drug efficacy) also
tended to show the most severe inflammatory response and a
higher mean lesional severity score. The reasons for this are not
clear. It may suggest that an accompanying inflammatory re-
sponse is a necessary component of an effective therapeutic re-
sponse.

Recovery of A. fumigatus from the brain showed once again
that treatment with high doses of AmBi are not necessary for effi-
cacy and may be less efficacious, as AmBi at 3 mg/kg was superior
to AmBi at 10 mg/kg. These data are similar to those from previ-
ous experimental studies, where high dosages of AmBi were less

FIG 6 Brain, A. fumigatus infected. Immunohistochemistry staining for P-
selectin. Rare, faint positive P-selectin endothelial cell staining in capillaries
adjacent to the area of inflammation in the D5W control (A) and 10 mg/kg
ABLC (B) treatment groups. Boxes indicate areas of P-selectin staining. Insets
show high magnification of positive capillary staining in areas demarcated by a
box (A, B). (C) Negative P-selectin staining in the 10 mg/kg AmBi treatment
group. N, necrosis; i, inflammatory cell infiltrates.
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effective than lower dosages in CNS disease due to A. fumigatus or
Coccidioides posadasii (5, 8) or pulmonary aspergillosis (24). Sim-
ilar results have been demonstrated in clinical trials for the treat-
ment of opportunistic infections, where higher doses offered no
demonstrable benefit but did increase deleterious effects of AmBi
(28). We have noted similar results in dose escalation studies of
ABLC for treatment of CNS aspergillosis (6). In addition, the con-
centrations of amphotericin B in the tissues or serum in our study
did not correlate with the efficacy results. For instance, ABLC
treatment resulted in the highest concentration of amphotericin B
in the kidneys but was not the most efficacious and was equivalent
to the other treatment groups. This finding may reflect availability
of drug in an organ for antifungal effect. Thus, dose escalation of
lipid-carried amphotericin B formulations may not be necessary,
or even beneficial, for optimal treatment of some fungal infec-
tions. In studies using different strains of mice, different immu-
nosuppressive regimens, more doses (six), and a longer interval
till sampling than were used in our study, AmBi was detected in
kidneys and lungs after doses of 5 or 10 mg of AmBi/kg (30), which
is in contrast to our current results, where levels were below the
limit of detection in those organs.

Lipid formulations of AMB were developed to overcome the
dose limiting nephrotoxicity of conventional amphotericin B de-
scribed in rodents (38) and humans (15). The safety profile has
been significantly improved with lipid formulations, but as we
push the dosing limits, toxicities become apparent. Other studies
have reported dose-dependent renal toxicity with amphotericin B
in mice (38), as well as renal and hepatic toxicity of AmBi in rats
(2). Previously, we showed the occurrence of renal nephrosis and
hepatic cell necrosis and inflammation in mice treated with AmBi
or ABLC and that these toxicities were more severe in conjunction
with corticosteroid treatment (7). We found similar nephrotoxic-
ity in this study. We noted that at day 4, high ABLC concentrations

were present in the kidney, but significant morphological changes
were not. Nephrotoxicity was noted after 10 days of treatment in
the ABLC and cyclophosphamide treatment group but not in an-
imals given ABLC alone or AmBi with or without cyclophospha-
mide. This finding suggests that ABLC-related nephrotoxicity
may have been accelerated with cyclophosphamide treatment.
Thus, renal toxicity may have contributed to the poor survival in
the high-dose ABLC groups. Although prominent morphological
changes were not evident in the kidney after 4 days of treatment,
high concentrations of amphotericin B as ABLC were present and
may be a precursor to late nephrotoxicity.

Hepatotoxicity could also have contributed to the inefficacy of
high-dose ABLC and AmBi. Interestingly, hepatotoxicity was de-
creased when AmBi and ABLC were given in combination with
cyclophosphamide, and liver enzymes fell within a normal range.
These results are suggestive that renal toxicity was the more im-
portant factor.

We demonstrated, by immunohistochemistry, that amphoter-
icin B localizes in activated cerebral capillary endothelium in areas
of inflammation and infection, as well as in circulating mononu-
clear cells in the brain. Our study is the first to demonstrate the
cellular distribution of amphotericin B in vivo in a model of CNS
aspergillosis. Multiple studies have shown relative higher concen-
trations of AMB in the brain in animals with fungal disease than in
uninfected controls (17). For example, Groll et al. (17) noted rel-
atively higher concentrations of amphotericin B given as ABLC or
amphotericin B colloidal dispersion (ABCD) in the brain of rab-
bits with CNS disease due to Candida albicans than in uninfected
rabbits; concentrations of AMBd or AmBi were not different be-
tween infected and uninfected mice. Those authors also proposed
that infection-caused leakiness of the capillaries allowed for diffu-
sion of the amphotericin B, at least when given as ABLC, into the
tissues, resulting in concentrations sufficient to be efficacious,

TABLE 6 Ten-day study: incidence and severity of histological changes observed in uninfected CD-1 mice given no cyclophosphamide or pretreated
with cyclophosphamide

Organ and histopathology

No. of surviving animals, with finding indicated, by antifungal treatment group (mg/kg/day), without (�)
or with (�) cyclophosphamide treatment

No tx
control AMBd 1.0 AmBi 1.0 AmBi 5.0

AmBi
10.0 ABLC 1.0 ABLC 5.0

ABLC
10.0

� � � � � � � � � � � � � � � �

Surviving animals (of 5 per group) 5 5 5 4 5 4 5 3 5 4 5 4 5 5 5 2
Kidney

Any abnormality 0 0 3 3 0 1 1 1 0 3 0 1 2 1 2 0
Tubular regeneration, minimal to mild 0 0 3 2 0 1 1 1 0 1 0 0 1 1 2 0
Tubular dilation, minimal 0 0 0 1 0 0 0 0 0 2 0 0 1 0 0 0
Nephrosis, moderate 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0

Liver
Any abnormality 0 0 1 1 4 0 5 3 5 4 3 2 5 3 5 2
Hepatocellular degeneration, minimal 0 0 0 0 0 0 3 0 3 0 0 0 1 0 1 0
Hepatocellular necrosis, mild 0 0 0 0 0 0 5 0 4 1 0 1 2 0 2 0
Inflammation, mixed, minimal 0 0 1 1 4 0 5 1 5 2 3 1 3 1 3 2
Kupffer cell hyperplasia and vacuolizationa (0) (0) (0) (0) (1) (0) (4) (3) (5) (4) (0) (1) (0) (3) (2) (1)

Minimal 0 0 0 0 1 0 4 3 2 0 0 1 0 1 2 0
Mild 0 0 0 0 0 0 0 0 2 1 0 0 0 2 0 1
Moderate 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0
Marked 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0

a Minimal, mild, moderate, and marked severity modifiers were included: minimal, �25% of tissue affected; mild, 25 to 50%; moderate, �50 to 75%; marked, �75%. The numbers
in parentheses represent the total number of animals with the histopathology finding (all severity scores).
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whereas the mechanism of penetration by AMBd and AmBi re-
mains unknown (17). Although we found amphotericin B to be
taken up by specific cells, we were unable to definitively detect
amphotericin B in neuropil by immunohistochemistry. The topo-
graphically limited AMB signal identified could explain why drug
concentrations of amphotericin B in the brain were below a de-
tectable level, as determined by bioassay of the whole organ. Our
novel finding of amphotericin B in activated endothelium clearly
demonstrates that AMBd, AmBi, or ABLC could cross the blood-
brain barrier and reach the areas of infection, and although effi-
cacious, these concentrations were not curative.

Interestingly, circulating amphotericin B-positive mononu-
clear cells were identified in infected animals in higher prevalence
in animals treated with ABLC than in those treated with AMBi;
they also were identified in uninfected animals treated with ABLC
but not those treated with AmBi. ABLC and AmBi are known to be
recognized by the mononuclear phagocyte system. However,
ABLC-formulated amphotericin B distributes differently in tissue
than does AmBi-formulated drug. In a recent study in rats, ABLC-
derived amphotericin B was found in significantly greater concen-
trations in the spleen than AmBi-derived amphotericin B, which
was found in higher concentration in the liver (16). Others have
shown similar differences in biodistribution in the mononuclear
phagocytic system (37). Phagocytosis of ABLC and AmBi has typ-
ically been thought of as a means of clearance of drug from the
bloodstream. However, perhaps amphotericin B within mononu-
clear cells is delivered to the site of CNS infection via systemic
recruitment of mononuclear cells. Additional studies are needed
to assess mononuclear cell recruitment and entry of drug-laden
mononuclear cells into the CNS in areas of infection and inflam-
mation.

The mechanism by which AMBd and its lipid formulations are
taken up by activated endothelial cells is unknown. One possibility
is that of amphotericin B binding to serum albumin. Serum albu-
min can act as a chaperone protein to move hydrophobic mole-
cules, including drugs, across the endothelial cell barrier, which
may be an important mechanism of drug transport to specific
organs (27). Using an in vitro model of invasive pulmonary asper-
gillosis, Lestner et al. (25) showed that amphotericin B derived
from deoxycholate or lipid formulations had a higher affinity for
endothelial cells than for the fluid-phase compartment or the ex-
tracellular compartment. Our study is in agreement and demon-
strates amphotericin B uptake by cerebral endothelial cells in vivo
at the site of infection. In addition, amphotericin B-positive en-
dothelium had no evidence of cell injury by light microscopy.
Vascular necrosis was identified only in areas of active fungal in-
fection, and amphotericin B was not detected in these vessels. The
lack of endothelial cell staining in areas of necrosis, or in abscesses
containing many aspergilli, may be indicative of why there is a lack
of cure by these formulations in that the drug is not able to pene-
trate established fungal abscesses.

Immediately after CNS injury, cell adhesion and selectin mol-
ecules on the luminal surface of activated endothelial cells are
upregulated. These adhesion molecules make it possible for their
ligand counterparts on leukocytes and platelets to tether to the
endothelial surface and eventually for transendothelial cell trans-
port of sensitized leukocytes to occur (31). ICAM-1 is a cell adhe-
sion molecule expressed by several cell types, including endothe-
lial cells. This molecule is induced by a variety of factors (e.g.,
cytokines, steroids, etc.) and plays a role in leukocyte migration in

general but notably into the brain through the blood-brain barrier
(13, 40). Furthermore, upregulation of ICAM-1 expression on
CNS vascular endothelial cells occurs during brain inflammation
(13, 20). P-selectin (CD62P) is an adhesion glycoprotein that is
stored in Weibel-Palade bodies of endothelial cells and platelets,
which are released upon activation. Both adhesion molecules are
nonspecific markers of inflammation but have potential utility in
monitoring vascular injury or maintenance of the blood-brain
barrier in CNS injury due to noninfectious or infectious processes.
Although E-selectin is a sensitive, specific marker for endothelial
cell activation, it was not assayed in these studies, because it is not
expressed (or expressed below detectable levels) by endothelial
cells in the CNS of mice. However, E-selectin may have utility as a
marker of endothelial cell activation in humans. Our ICAM-1 and
P-selectin results suggest the expression of ICAM-1 during exper-
imental CNS aspergillosis plays an important role in recruitment
of leukocytes to the area of infection. In contrast to the increased
expression of ICAM-1 by activated endothelial cells, upregulation
of P-selectin was less prevalent and is likely indicative that it plays
a much less significant role in CNS aspergillosis.

Amphotericin B is known to have immunomodulatory activi-
ties, including the upregulation of ICAM-1 expression by human
monocytes (32, 33). Although we showed localization of ampho-
tericin B in capillary endothelium with upregulation of ICAM-1, it
is unclear whether or not amphotericin B played a role in the
upregulation. Induction of ICAM-1 by the endothelial cells may
promote leukocyte migration to sites of infection; however, am-
photericin B also inhibits chemotaxis of neutrophils and possibly
depresses the initial immune response. Tumor necrosis factor al-
pha (TNF-�) and interleukin-1	 (IL-1	), which are induced by
amphotericin B (10, 26, 32, 35), could aid in the recruitment of
mononuclear cells to the CNS through ICAM-1 expression by
endothelial cells (9, 29) and induction of MCP-1 (14). These cy-
tokines have also been implicated in amphotericin B infusion-
related toxicities (1, 41), probably a result of promoting leakiness
of the endothelial vasculature (e.g., kidneys or brain).

Overall, our data are indicative that efficacy of an amphotericin
B preparation in the CNS does not correlate with tissue or serum
concentrations or histopathology. Although immunohistochem-
istry staining showed that amphotericin B can be demonstrated
locally at the sites of infection in the brain, it was not found in close
proximity to fungal hyphae or within more severe lesions. Thus,
the lack of curative efficacy is likely a result of failure of the am-
photericin B to reach viable organisms present in areas of necrosis
or abscess. Various degrees of nephrotoxicity occurred with all
three of the amphotericin B preparations tested and thus would
remain a concern when treating CNS aspergillosis. Interestingly,
the concurrent administration of cyclophosphamide apparently
decreased hepatic toxicity, which is in contrast to the increased
renal damage noted in those same animals. The contribution of
the immunomodulatory effects of amphotericin B to the toxicity
profile and to the overall efficacy of the drug should be examined
in future studies.
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