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Increased intracranial pressure (ICP) plays an important role in the morbidity and mortality of cryptococcal
meningoencephalitis. The microbial and host factors that contribute to the development of increased ICP are
poorly understood. We found that phenotypic switch variants of Cryptococcus neoformans (smooth and mucoid)
differed in their abilities to promote increased ICP in a rat model of cryptococcal meningitis. Rats infected with
the mucoid variant developed increased ICP, whereas rats infected with the smooth parent did not. This trend
correlated with a shorter survival time and a higher cerebrospinal fluid (CSF) fungal burden for mucoid
variant-infected rats, although brain fungal burdens were comparable between mucoid variant- and smooth
parent-infected rats. Magnetic resonance imaging revealed enhanced T2 signal intensity over the surfaces of
the brains of mucoid variant-infected rats. In addition, more polysaccharide accumulated in the CSF and
brains of mucoid variant-infected rats. The accumulation of glucorunoxylomannan was associated with ele-
vated levels of MCP-1 (CCL2) and, accordingly, a more pronounced but ineffective monocytic inflammatory
response in the meninges of mucoid variant-infected rats. In summary, these findings suggest that strain-
specific characteristics can influence the development of increased ICP and indicate a manner in which
phenotypic switching could influence the outcome of a central nervous system infection.

Cryptococcus neoformans is an encapsulated yeast that
causes disease primarily in patients with impaired immunity
(13, 38, 42, 45). Cryptococcosis usually presents as chronic
meningoencephalitis that is difficult to eradicate, despite anti-
fungal therapy (3, 45). Cryptococcal meningoencephalitis is
associated with high morbidity and mortality, especially among
immunocompromised hosts (26). Several laboratory indices
and symptoms that predict poor outcome have been identified;
these include altered mental status at presentation, markedly
elevated cryptococcal antigen titers in cerebrospinal fluid
(CSF) or blood, and fewer than 20 leukocytes/�l in the CSF
(11, 26). In patients with AIDS, significant morbidity and mor-
tality are often a result of increased intracranial pressure
(ICP), which can persist even when the cryptococcal infection
is controlled. In a large study, elevated ICP (�250 cm of H2O)
was found in about 50% of patients with AIDS in whom this
parameter was measured (12, 26, 41).

To date there have been no conclusive studies in humans
that relate elevated ICP in cryptococcal meningitis and mor-
tality to the infecting strain of C. neoformans. The variability of
the inflammatory responses to cryptococcal meningoencepha-
litis in patients with comparable levels of immunosuppression
suggests that pathogen-related factors contribute to the patho-
genesis of cryptococcal disease (33, 37). In animal models,
differences in virulence among clinical strains have been de-
scribed for pulmonary infections (2, 17, 19). In addition, the
results of several studies have supported the concept that the

virulence of a C. neoformans strain can be altered by in vitro
and in vivo passaging through a process referred to as micro-
evolution (5, 7, 9, 16).

One mechanism for rapid microevolution is phenotypic
switching, a phenomenon that generates macroscopically dis-
tinguishable colony switch variants which can exhibit differ-
ences in virulence from the parent strain (20, 24). We previ-
ously described phenotypic switching in several C. neoformans
strains, including RC-2, a variant of ATCC 24067 (21). The
smooth (SM) parent strain generates mucoid (MC) colony
phenotype variants at a rate of 0.5 � 10�4 colonies plated.
Phenotypic switching of this strain also occurs in mice and is
associated with a lethal outcome in immunocompetent mice
(21). Thus, phenotypic switching represents a potential mech-
anism for enhancing virulence during chronic infection. In a
murine model of pulmonary cryptococcossis, the MC switch
variant is more virulent and fails to elicit an effective granulo-
matous response. Instead, the MC switch variant elicits a mac-
rophage-dominated inflammatory response, which is associ-
ated with extensive lung damage (19, 21). In addition, the MC
switch variant sheds a different capsular polysaccharide, which
accumulates in the lungs and renders the organism more re-
sistant to phagocytosis by alveolar macrophages.

The objective of the present study was to investigate the
virulence of switch variants in a central nervous system (CNS)
infection model in rats. We selected the rat model because rats
are significantly less susceptible to cryptococcal infection than
mice and because the larger size of rats permits better access to
CSF and greater definition of CNS structures. Our results
demonstrated that the MC switch variant was more virulent in
a CNS infection model. Infection with the MC switch variant
mimicked the pathogenesis of rapidly progressive CNS cryp-
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tococcosis in humans and was characterized by enhanced in-
flammation, increased accumulation of polysaccharide and,
most importantly, increased ICP and decreased survival.

MATERIALS AND METHODS

C. neoformans strain. Strain RC-2 is a variant of serotype D strain ATCC
24067 that originated from the Cherniak Laboratory and presumably emerged
from spontaneous microevolution (16). ATCC 24067 was originally obtained
from the American Type Culture Collection (Manassas, Va.). Melanization, cell
charge, capsule and cell sizes, and sugar assimilation profile for RC-2 were
previously described (16, 21). RC-2 was streaked to single colonies and main-
tained on Sabouraud dextrose agar (SDA [Difco Laboratories, Detroit, Mich.])
plates. RC-2 can produce two colony morphologies on agar, SM and MC, both
of which are characteristic of C. neoformans colonies (21). The growth of SM and
MC colonies in artificial CSF (150 mM Na, 155 mM Cl, 1.0 mM P, 0.8 mM Mg,
1.4 mM Ca, 3.0 mM K) supplemented with either glucose (3.4 mM) or glycine (13
mM) was examined during logarithmic growth phase.

Animal studies. Fischer rats (male, 200 to 250 g) were obtained from the
National Cancer Institute (Bethesda, Md.). Anaesthetized rats were infected by
inoculation of 100 C. neoformans cells in 100 �l of sterile nonpyrogenic phos-
phate-buffered saline (PBS) into the cisterna magna (intracisternal [i.c.] inocu-
lation) by use of a 26-gauge needle as described previously (23). Dilutions of the
infecting suspension were plated on SDA to obtain the number of CFU and
confirm that comparable numbers of yeast cells were injected. Rats were ob-
served daily for signs of disease and were killed by lethal injection of pentobar-
bital. Organ fungal burdens were determined by homogenizing lung and brain
tissues in 10 ml of PBS and plating 100-�l samples of the homogenates on SDA.
CSF, obtained at the time of killing by puncture of the cistern magna, was also
inoculated onto SDA plates. Colonies were counted after 72 to 96 h (one colony
represented 1 CFU). All studies were approved by the Animal Care and Use
Committee of the Albert Einstein College of Medicine.

Capsule and cell size measurements. The cell and capsule sizes and monoclo-
nal antibody (MAb) staining patterns were examined for unfixed SM and MC
cells recovered directly from the CSF of C. neoformans-infected rats by two
cisternal taps (days 12 and 21). Cells in an India ink suspension were measured
at a magnification of �1,000 under oil as previously described (49). Unfixed cells
were stained with a fluorescein isothiocyanate-labeled IgM MAb (12A1) to
glucorunoxylomannan (GXM) and then counterstained with Uvitex as previously
described (14).

Histological examination and immunohistochemical analysis. To obtain tis-
sues for histological examination and immunohistochemical analysis, rats were
anaesthetized and perfused with 4% paraformaldehyde in PBS for tissue fixation
under constant pressure, and the brains and lungs were harvested. Tissues were
embedded in paraffin, and sections were stained with hematoxylin-eosin or mu-
cicarmine. For macrophage or microglial staining, rabbit anti-Iba1 antibody
(Wako Chemicals, Richmond, Va.) was used (30). Briefly, deparaffinized slides
were incubated in target retrieval solution (Dako, Carpinteria, Calif.) at 100°C
for 30 min. Slides were incubated in 3% H2O2 to block endogenous peroxidase
and then were treated with 5% goat serum. Rabbit antisera were diluted 1:200 in
goat serum and placed on slides for 3 h at room temperature. Slides were
incubated with biotinylated goat anti-rabbit IgG at 1:200 for 1 h at room tem-
perature and then with avidin-labeled horseradish peroxidase (Vectastain ABC
kit; Vector Laboratories, Burlingame, Calif.). Color was developed with diami-
nobenzidine (Dako). Tissue immunohistochemical analysis with an MAb (2H1)
to GXM was done to detect tissue polysaccharide as described previously (22).
For these studies, murine MAb 2H1 (10 �g/ml) was used as the primary anti-
body. Peroxidase-conjugated goat anti-mouse IgG1 was used as a secondary
antibody. The reaction was developed by incubation with diaminobenzidine.

Measurement of GXM in serum, CSF, and brain tissues. GXM levels in CSF
and brain tissues were measured by a capture enzyme-linked immunosorbent
assay (ELISA) as previously described (23). Briefly, ELISA plates were incu-
bated with rabbit anti-mouse IgM to capture IgM specific to GXM. A standard
or a sample (brain homogenate or CSF) was applied, followed by 2 �g of mouse
IgG specific for GXM (18B7)/ml. Plates were washed, and bound IgG was
detected with alkaline phosphatase-labeled goat anti-mouse IgG. Color was
developed with 4-nitrophenyl phosphate, and the absorbance at 405 nm was
recorded (39). For studies pertaining to GXM clearance from CSF, rats (five to
seven per group) were anesthesized and injected i.c. with 400 �g of GXM
dissolved in 100 �l of PBS. GXM was purified from supernatants of SM and MC
cultures as described previously (6, 21). Serum was collected at various times
after injection for quantification of GXM levels by an ELISA.

Measurement of cytokines and chemokines in brain homogenates. In experi-
ments separate from survival studies, rats were inoculated i.c. with 102 SM or MC
cells in PBS and killed at 2, 3, or 4 weeks after infection. The brains were
removed and homogenized in 5 ml of PBS in the presence of protease inhibitors
(complete minikit; Boehringer Mannheim, Indianapolis, Ind.). The homogenates
were centrifuged at 6,000 � g for 10 min to remove cell debris, and the super-
natants were frozen at �80°C until tested. The supernatants were assayed for
interleukin-1� (IL-1�) (BioSource International, Camarillo, Calif.) and mono-
cyte chemotactic protein 1 (MCP-1) (CCL2), tumor necrosis factor alpha, IL-4,
and IL-10 (BD Bioscience Pharmingen, San Diego, Calif.) concentrations by
using commercially available ELISAs.

Measurement of ICP. A 23-gauge cannula filled with 250 U of heparin solu-
tion/ml and connected to PE-50 tubing (Intramedic, Becton Dickinson, Franklin
Lakes, N.J.) was inserted into the cisterna magna. Tubing was connected by use
of a transducer amplifier (Power Lab4/20; ADI Instruments, Milford, Mass.).
Recording of pressure and real-time display were performed with a PC (Power
Lab software; ADI Instruments). Calibration based on centimeters of water was
done before each experiment. As an additional control for these experiments,
uninfected (sham) rats were given 100 �l of sterile PBS i.c.

MRI. Magnetic resonance imaging (MRI) was done by use of a scanner
operating at 9.4 T (Varian Inc., Palo Alto, Calif.) with a 4-cm-diameter birdcage
radiofrequency coil. T2-weighted spin-echo images were obtained by use of a
multiecho CPMG imaging sequence (retention time, 2 s; echo time, 20 ms; four
echoes) with 13 to 15 imaging slices from the rhinal fissure to the cerebellum.
Other imaging parameters were as follows: 30-mm field of view, 128 by 128 pixels
(in-plane resolution of 230 �m), and 1-mm slice thickness. Parametric T2-
weighted images were created from the signal decay curve of each pixel as a
function of echo time.

Statistical analysis. Standard statistical analyses, including Kaplan-Meier, log
rank regression, analysis of variance, and t test, were performed by using the
programs SPSS version 7.5.1 and Microsoft Excel.

RESULTS

The MC variant is more virulent than the SM parent in a
rat model of CNS cryptococcosis. (i) Survival. To compare the
virulence of the SM and MC phenotypes in a CNS model of
cryptococcosis, we infected groups of Fischer rats i.c. with 100
CFU of either SM or MC cells (Fig. 1). The MC switch variant
was more virulent than the SM parent, with MC variant- and
SM parent-infected rats surviving 21 and 32 days, respectively
(P � 0.03) (Fig. 1, left panel). Near the time of death, both SM
parent- and MC variant-infected rats manifested prostration
and hunched backs, clinical signs consistent with meningoen-
cephalitis. The MC variant was also more virulent when higher
inocula (104 CFU) were used (data not shown). Minor inter-
experimental variations in median survival (21 to 30 days for
MC cells and 35 to � 45 days for SM cells) were observed in
repeat experiments with low inocula.

(ii) Fungal burdens. Organ fungal burdens and cytokine and
GXM levels were also determined for SM parent- and MC
variant-infected rats. These experiments were carried out sep-
arately from survival experiments, and there were no deaths in
either group. The average brain fungal burden was slightly
higher in MC variant-infected rats at 2 weeks, but the average
brain fungal burdens were comparable for SM parent- and MC
variant-infected rats at 3 and 4 weeks of infection (five rats per
group). MC variant-infected rats also exhibited a higher aver-
age fungal burden in the CSF than did SM parent-infected rats
(Fig. 1, right panel). Both SM cells and MC cells disseminated
from the brain to the lungs early in the course of the infection,
but MC variant-infected rats had a significantly higher average
lung fungal burden throughout the course of the infection
(data not shown). The maintenance of the SM and MC phe-
notypes was verified after plating on SDA. The MC phenotype
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was unchanged, whereas some MC colonies were recovered
from the CSF of one SM parent-infected rat, indicating that in
vivo switching can occur in this setting.

Brain weights. Average brain weights at 4 weeks of infection
in both SM parent- and MC variant-infected rats were higher
than those at 2 weeks or those in uninfected rats. At 4 weeks,
the brains of rats infected with the MC variant weighed 6%
more than the brains of rats infected with the SM parent (2.06
� 0.05 [mean � standard deviation] versus 1.94 � 0.04 g) (P �
0.006). This increase in brain weight was found in repeated
experiments and was associated with an apparent increase in
brain edema, as indicated by histological examination.

Effects of SM parent and MC variant infections on ICP. We
hypothesized that infection with the MC variant may be asso-
ciated with increased ICP, similar to that observed in humans
with rapid progressive CNS cryptococcosis. ICP was measured
at 4 weeks after infection by introducing into the rat brain
ventricle a 23-gauge needle tip connected to a calibrated pres-
sure transducer. The average ICP of MC variant-infected rats
was higher by 7 cm of H2O than the average ICP of SM
parent-infected rats (Fig. 2, left panel). The ICP of SM parent-
infected rats was comparable to the ICP of sham-infected rats,
and the pressure did not rise before they died (data not
shown).

FIG. 1. (Left panel) Example of survival curves for rats (five per group) infected i.c. with 100 cells of the C. neoformans SM parent (broken
line) and MC switch variant (solid line) demonstrating the significantly shorter survival of MC variant-infected rats (P 	 0.03). Repeat experiments
demonstrated small variations in median survival but the same difference in virulence. (Right panel) Fungal burdens in brains infected with the
SM parent and the MC variant were comparable over the course of the infection, except that the fungal burden was slightly higher in MC
variant-infected rats at day 14. In contrast, fungal burdens in the CSF were higher by 0.5 to 2 log units in MC variant-infected rats. ns, not
significant.

FIG. 2. (A) The ICP was measured 4 weeks after i.c. infection and was found to be significantly higher (P value determined by analysis of
variance, 0.03) in MC variant-infected rats than in SM parent- or sham-infected rats. Error bars indicate standard deviations. (B) MRI analysis
performed with anesthetized SM parent- and MC variant-infected rats at 3 weeks after infection demonstrated enhanced signal intensity
(arrowhead) on T2-weighted images of MC variant-infected rat brains.
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MRI. MRI of brains of rats infected with SM and MC cells
was performed at 3 weeks after infection. These studies did not
show ventricular dilatation for either MC variant- or SM par-
ent-infected rats. T2-weighed images demonstrated increased
signal intensity over the surfaces of the brains of rats infected
with the MC variant but not the SM parent (Fig. 2, right
panel). These findings were consistent with enhanced inflam-
mation, increased accumulation of GXM (see below), in-
creased edema, or a combination of these factors.

Characteristics of inflammatory responses to the SM parent
and the MC variant. To further investigate the causes of the
increased signal intensity on MRI and the increased ICP, we
examined the inflammatory responses by histological examina-
tion of brain tissues. Analysis of MC variant-infected brain
tissues showed enhanced inflammation within the meninges
compared to the results obtained for SM parent-infected brain
tissues. Inflammation in MC variant-infected rats was charac-
terized by more pronounced recruitment of mononuclear cells
and accumulation of yeast cells (Fig. 3a and b). Immunohisto-
chemical staining for Iba1 (30), a calcium binding adapter
molecule that is specifically expressed on monocytes/macro-
phages and microglia, revealed increased numbers of mono-
cytes/macrophages in the meningeal layers of MC variant-in-
fected rats (Fig. 3c and d). In areas adjacent to the involved
meninges, we also noted an increase in highly ramified micro-
glia in the parenchyma of MC variant-infected animals, sug-
gesting increased microglial activation. Brains from MC vari-
ant-infected rats also tended to show more edema in the
molecular layer and dark shrunken neurons in the underlying
cortices (Fig. 3a and b). Of note is that no cells were seen (by
direct inspection) in the CSF of SM parent- and MC variant-
infected rats at days 12 and 21 after infection. Occasional
cryptococcomas were seen in the brains of both SM parent-
and MC variant-infected rats. These lesions were typically con-
tiguous with the Virchow-Robin spaces, suggesting direct ex-
tension of meningeal disease. The inflammatory response in
the lungs of MC variant-infected rats, in association with dis-
semination, was more pronounced than the inflammatory re-
sponse in the lungs of SM parent-infected rats (Fig. 3e and f).

Chemokine and cytokine protein expression in infected lung
tissues. Next, we measured cytokine and chemokine protein
expression in homogenates of brains from SM parent-, MC
variant-, and sham-infected rats at 2, 3, and 4 weeks after
infection by ELISAs. Significant differences in MCP-1 (CCL2)
expression were observed between SM parent- and MC vari-
ant-infected rats. MCP-1 levels in brain tissues were about
fourfold higher (P � 0.03) in MC variant-infected rats than in
SM parent-infected rats at 3 weeks after infection (Fig. 4). The
same trend was observed earlier in the course of the infection,
but the differences did not reach statistical significance (P �
0.18). Tumor necrosis factor alpha and IL-1� levels were also
increased in both SM parent- and MC variant-infected rats
compared to sham-infected rats, but no difference in the ex-
pression of these cytokines was observed between SM parent-
and MC variant-infected rats. IL-4 and IL-10 levels were not
affected by infection. In summary, higher levels of MCP-1 were
observed in MC variant-infected rats than in SM parent-in-
fected rats, consistent with an enhanced accumulation of in-
flammatory cells in the subarachnoid spaces of these rats.

Differences in the accumulation of SM parent GXM and
MC variant GXM despite similar fungal burdens. We mea-
sured GXM in brain tissues and in CSF at 2, 3, and 4 weeks
after infection (five rats per group and time point). GXM
accumulated in brain tissues and in CSF over the course of the
infection in both MC variant- and SM parent-infected rats. At
2 weeks, GXM was detected in the brains of four of five MC
variant-infected rats but in none of five SM parent-infected
rats (limit of detection, 50 ng/ml) (P � 0.048). At 4 weeks,
brain GXM levels were comparable (for the MC variant, 2.4 �
1.3 [mean � standard deviation] �g/ml; for the SM parent, 1.8
� 1.5 �g/ml) (P � 0.67). GXM levels increased in the CSF
over the course of the infection. At 2 and 4 weeks after infec-
tion, GXM concentrations in the CSF were higher in MC
variant-infected rats than in SM parent-infected rats (Fig. 5).
Maximal CSF GXM levels were 21.8 � 18.4 and 1.5 � 1.4
�g/ml in MC variant- and SM parent-infected rats, respectively
(P � 0.02). Increased accumulation of GXM in tissues was also
apparent by mucicarmine staining and immunohistochemical
analysis (Fig. 6a to c). The majority of polysaccharide antigen
was located in the subarachnoid spaces, where yeast cells and
inflammatory cells aggregated (Fig. 6a to c). GXM immuno-
reactivity was also present in the ventricular and Virchow-
Robin spaces and surrounding brain tissues in infected rats. In
these regions, GXM immunoreactivity was also greater in MC
variant-infected rats than in SM parent-infected rats (data not
shown).

Studies comparing capsule induction and polysaccharide
clearance in vivo. India ink staining confirmed the accumula-
tion of MC cells in the CSF. Both SM and MC cells exhibited
larger polysaccharide capsules in the CSF than under in vitro
growth conditions. The capsule radius of MC cells was larger
than the capsule radius of SM cells in brain tissues (radius of
SM cells, 8 � 0.5 [mean � standard deviation] �m; radius of
MC cells, 12.3 � 1.0 �m) (P 	 0.001). A similar trend was
observed in cells from the CSF (radius of SM cells, 9 � 2.3 �m;
radius of MC cells, 11.2 � 4.2 �m) (P value was not signifi-
cant). India ink and immunofluorescence staining demon-
strated more clumps of aggregated MC cells and clumps of
polysaccharide floating in the CSF of MC variant-infected rats
(Fig. 6d). The clumps and aggregated cells stained positively
for GXM with 12A1, a polysaccharide-specific antibody (Fig.
6e).

To determine whether the increased CSF fungal burdens in
MC variant-infected rats reflected differences in growth rates
between the strains, we determined growth curves with artifi-
cial CSF. These studies showed that SM cells grew more than
twice as fast as MC cells in CSF simulated under in vitro
conditions (data not shown). These results support the conclu-
sion that decreased clearance of MC cells from the CSF rather
than inherent differences in doubling times caused the accu-
mulation of MC cells relative to SM cells.

To further explore the reasons for increased GXM levels in
the CSF and brains of MC variant-infected rats, we examined
the kinetics of GXM clearance in serum following i.c. injection
of GXM. For these experiments, we injected rats (five per
group) i.c. with 400 �g of purified SM parent or MC variant
GXM. GXM levels were measured over 24 h in the blood and
at 24 h in the CSF. These studies showed that both SM parent
GXM and MC variant GXM were detectable in serum within

1782 FRIES ET AL. INFECT. IMMUN.



2 h of i.c. injection and that over 90% of the GXM was cleared
from the CSF by 24 h. Levels of MC variant GXM in serum
were significantly higher than those of SM parent GXM at 24 h
after injection (13.1 � 8.2 versus 4.0 � 2.2 �g/ml) (P value
determined by t test, 0.04). A similar statistically significant
difference in GXM levels in serum (data not shown) was ob-
tained in a repeat experiment and may suggest slower clear-
ance of MC variant GXM from the blood. Overall, these stud-
ies showed that both polysaccharide capsules are induced in

the CSF and that both SM parent GXM and MC variant GXM
can exit from the i.c. space to reach the serum compartment;
hence, clearance from the CSF may be impaired only in the
setting of an inflammatory response.

DISCUSSION

In this study, we investigated the virulence of C. neoformans
switch variants in a CNS infection model and drew several

FIG. 3. Histological examination of MC variant- and SM parent-infected rat brains at day 21 (hematoxylin-eosin stain; original magnification,
�100) showed a pronounced mononuclear cell infiltrate in the meningeal layers of MC variant-infected rats (a) compared to SM parent-infected
rats (b). The section in panel a also showed edema in the molecular layer (arrow) and dark shrunken neurons in the cortices of MC variant-infected
rat brains (double arrowheads). Increased monocyte recruitment was confirmed by immunohistochemical staining for Iba1 (arrow in panel c). In
addition, this staining demonstrated more microglial activation in MC variant-infected parenchyma (double arrowheads in panel c) than in SM
parent-infected parenchyma (d). Lung tissues also exhibited more inflammation in MC variant-infected rats (e) than in SM parent-infected rats
(f) at day 21 (hematoxylin-eosin stain; original magnification, �100).
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important conclusions. (i) The MC switch variant exhibits en-
hanced virulence in a rat CNS infection model. (ii) Elevated
ICP occurs in MC variant-infected rats but not in SM parent-
infected rats. (iii) The elevated ICP in MC variant-infected rats
is associated with GXM and yeast cell accumulation predom-
inantly in the CSF. (iv) The enhanced inflammatory response
in the subarachnoid spaces of MC variant-infected rats is as-
sociated with a higher level of MCP-1 and pronounced recruit-
ment of inflammatory cells. Based on these data, we conclude
that phenotypic switching can alter pathogen-related charac-
teristics, which are important determinants in the development
of increased ICP.

Elevated ICP in human CNS cryptococcosis is associated
with chronic organic brain syndrome, irreversible blindness,
deafness (31) and, most importantly, acute mortality in pa-
tients with advanced AIDS (26). Interestingly, MC variant-
infected rats but not SM parent-infected rats developed in-
creased ICP, implying that pathogen-related characteristics
were responsible for the development of the increased ICP.
Enhanced virulence was associated with differences in ICP and
GXM accumulation but not with sustained differences in brain
fungal burdens. Augmented lung fungal burdens in MC vari-
ant-infected rats were most likely secondary to decreased
clearance of the MC variant from the lungs, analogous to what
is seen in pulmonary infection models (21, 27). Although pul-
monary involvement may have contributed to the rapid demise
(48), several observations suggest that meningoencephalitis
was the predominant cause of death; these observations in-
cluded a hunched back and gait disturbances, both of which are
clinical symptoms of meningitis, increased intracerebral pres-
sure, increased brain weight, and histological evidence of ce-
rebral edema and neuron damage.

Cryptococcocal meningitis in humans and rats generally pre-
sents as chronic lymphocytic meningoencephalitis (23, 45).
Like CSF in humans, CSF in rats is produced predominantly in
the choroid plexus of the lateral ventricles and circulates
through the third and fourth ventricles into the cisternal space,
which is in direct communication with the subarachnoid space.

It has been proposed that elevated ICP in cryptococcal menin-
goencephalitis results from impaired resorption of CSF in the
arachnoid granulations due to the accumulation of cryptococ-
cal polysaccharide and/or organisms (10, 15). Nevertheless,
this hypothesis has not been experimentally tested. Impaired
CSF resorption resulting in outflow resistance has been sug-
gested by CSF dynamic studies in a single non-human immu-
nodeficiency virus-infected patient with cryptococcal meningi-
tis (29). Impaired CSF resorption has also been demonstrated
in animal models of bacterial meningitis (46).

Besides its effects on CSF resorption, cryptococcal polysac-
charide accumulation may increase the osmolarity of the CSF
and interstitial fluid, thereby promoting brain edema and ele-
vated ICP as a result of the accumulation of extracellular fluid
(25). In this regard, Lee et al. have shown extensive GXM
deposition in the brains of patients with cryptococcal menin-
goencephalitis (32). Furthermore, injection of cryptococcal
polysaccharide has been shown to result in the accumulation of
extracellular fluid within the brain (28).

The MRI study demonstrated the lack of ventriculomegaly
consistent with early communicating hydrocephalus, analogous

FIG. 4. MCP-1 (CCL2) levels in SM parent- and MC variant-in-
fected rat brains. Columns indicate averages from five rats, and error
bars indicate standard deviations. Significantly higher levels were
found in MC variant-infected brain tissues than in SM parent-infected
brain tissues at 3 weeks after infection. The P value was determined by
Student’s t test.

FIG. 5. GXM levels in brain tissues (A) and CSF (B) were deter-
mined by ELISAs and were found to be higher in MC variant-infected
rats (P 	 0.05) (asterisks). Columns indicate averages from five rats,
and error bars indicate standard deviations.
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to what is seen patients with cryptococcal meningitis and ele-
vated ICP (26). Furthermore, enhancement across the convex-
ity of the brain was seen on MRI of MC variant-infected but
not SM parent-infected rats. The quality of the scans did not
permit a precise diagnosis, but in the context of i.c. infection,
our interpretation of these findings was that T2 enhancement
reflected either GXM accumulation with brain edema in this
area or inflammation or both.

The finding that MC variant-infected rats accumulated more
polysaccharide in the CSF and brain tissues parallels the find-
ings in humans, in whom elevated ICP is associated with high
cryptococcal antigen titers and yeast cell counts in the CSF
(26). Whether enhanced GXM shedding or decreased clear-
ance or both further contribute to the accumulation of poly-
saccharide is not clear. Nuclear magnetic resonance studies
have shown that SM parent GXM and MC variant GXM
exhibit the same biochemical repeat structures; however, poly-
saccharide separation techniques have shown that MC variant
GXM and SM parent GXM are different. MC variant GXM is
more viscous, inhibits phagocytosis, and appears to promote
clumping in the CSF, which may contribute to the development
of a more tenacious film of polysaccharide that obstructs the
natural passage of CSF across the arachnoid villi (21). In this
study, both MC variant GXM and SM parent GXM were
cleared from the CSF, similar to the findings of previous ex-
periments with rabbits (1). These studies, however, were done
in the absence of inflammation. Histological examination dem-
onstrated an enhanced mononuclear inflammatory response in
the meningeal layers of MC variant-infected rats compared
with SM parent-infected rats. Most likely this finding was the
result of impaired phagocytosis by inflammatory cells in the
meningeal layers, consistent with the increased MCP-1 levels
and fungal burdens in the CSF of MC variant-infected rats.
Growth curves obtained with simulated CSF medium, like
growth curves obtained with SDA (21), demonstrated that MC
cells grew more slowly than SM cells; hence, the accumulation
of MC cells reflected decreased clearance by the host. An
enhanced inflammatory response in association with elevated
chemokine levels in MC variant-infected animals was also de-
scribed in murine pulmonary infection models, where it pro-
moted damage and rapid demise (18) (21).

The accumulation of GXM may promote inflammation be-
cause GXM can modulate the functions of various inflamma-
tory cells, including leukocyte recruitment to the CNS (34–36,
47). In vitro MC variant GXM and SM parent GXM display
different immunomodulatory abilities. These include differen-
tial down-regulation of antigen-presenting molecules and dif-
ferential inhibition of cellular cytokines in human monocytes
(44). Hence, it is conceivable that GXM accumulation in the
CSF may establish a vicious cycle whereby MC variant GXM
elicits an ineffective inflammatory response, which in turn in-
terferes with GXM clearance. Our findings support the notions
that, under certain circumstances, C. neoformans-related dis-
ease is a result of host damage mediated by the inflammatory
response (4) and that this process is dependent on the infecting
strain.

Among other models (8), the rat model is an established
model for CNS cryptococcosis and, as we now demonstrate,
this model is ideal for investigations of pathogenesis and po-
tential treatment options for elevated ICP (23). (40, 43). The

FIG. 6. MC variant-infected (a) and SM parent-infected (b) brain
tissues were examined with mucicarmine staining (original magnifica-
tion, �100), which revealed an increased accumulation of inflamma-
tory cells in MC variant-infected meningeal cells. Pink denotes poly-
saccharide. (c) Immunohistochemical analysis (original magnification,
�100) confirmed the presence of GXM in the meninges. (d) India ink
staining of CSF demonstrated polysaccharide accumulation and
clumping of MC cells (original magnification, �40). (e) Immunofluo-
rescence staining (original magnification, �100) confirmed that
clumps contained yeast cells (blue) encased in polysaccharide (green).
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potential of C. neoformans to induce elevated ICP is depen-
dent on the strain, and rats infected with other variants of
ATCC 24067 develop chronic meningitis with granuloma for-
mation and no clinical signs of elevated ICP (23). These data
suggest that phenotypic switching of capsular polysaccharides
may contribute to the development of elevated ICP and the
associated morbidity. We therefore hypothesize that patients
who develop increased ICP during cryptococcosis may be in-
fected with cryptococcal strains that produce qualitatively dif-
ferent polysaccharides that inhibit phagocytosis and clearance
from the CSF, thereby promoting increased ICP.
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