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Summary. The present studies examined the effects of
Candida albicans yeast and hyphal morphologies on
tissue pathologies and transmigration properties of the
fungus in two experimental models: 1) an in vivo,
neonatal rat model, and 2) a cell culture model of human
brain microvascular endothelial cells (ECs) (BMVEC).
We inoculated a hyphae-producing strain (CAI4-URA3)
and a non-hyphae-producing strain (CAI4) of C.
albicans into 4-10 day old rats and BMVEC cultures.
Animals were inoculated by intraperitonal (i.p.),
intranasal (i.n.), oral (p.o.) and intracerebral (i.c.) routes
and several tissues were examined after 24-48 hrs. Rats
inoculated i.p. with the hyphae-producing strain showed
pathology in the kidneys, liver, spleen, and other tissues
associated with inoculation tracks of the nose, and
muscle and connective tissues of the abdominal wall.
Few animals inoculated i.p., however, presented
evidence of meningitis. The non-hyphae phase yeast
produced neither tissue pathology nor meningitis.
Animals inoculated i.c. with the hyphae strain after 1
and 3 hrs expressed minimal meningitis, with an
increasing neutrophillic meningitis between 4 and 18 hrs
after inoculation. At 18 hrs after i.c. inoculation,
however, the inflammatory foci and brain pathology
were extensive and demonstrated mycelia within the
lateral ventricles associated with necrosis of adjacent
brain tissue. Neutrophillic meningitis at this time period

was pronounced. BMVEC co-cultured 1-2 hrs with both
C. albicans strains showed EC phagocytosis of hyphae
and blastospores into intercellular adhesion molecule-1
(ICAM-1)-labeled caveolae suggesting a transcellular
role for ICAM-1 in the internalization process of C.
albicans.
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Introduction

Candida albicans belongs to a group of pathogenic
microorganisms that produce meningitis in neonates and
adults (Davis and Rudd, 1994; Witek-Janusek et al.,
2002). The microorganism accomplishes this by
presenting a battery of putative virulence factors that
often overcome the weakened host defense (Naglik et
al., 2003). C. albicans is thought to be contracted from
the mother during natural birth (Davis and Rudd, 1994).
The fungus likely enters the mucous membranes of the
eyes and nose. In premature infants, meningitis can
occur after the organism enters the blood stream via
central venous and other line catheters (Holler et al.,
2004). The infant also swallows the fungus during the
birthing process that promotes the gastric fungal burden
(Witek-Janusek et al., 2002). Candida infections of the
brain arise via hematogenous seeding in the vast
majority of cases (Chimelli and Mahler-Araujo, 1997).

Although the pathology of tissue Candidiasis and
Candida meningitis and its clinical ramifications have
been well documented in newborn and adult humans,
there is limited available literature that defines the
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precise mechanisms of transmigration of this pathogen
to the brain across the restrictive vasculature of the CNS,
i.e., the blood-brain barrier (BBB). Previous studies
employing models of cultured endothelial cells (ECs), in
both BBB-type (Jong et al., 2001), and in non-BBB-type
in human umbilical cord ECs (HUVEC, Filler et al.,
1995, 1996) and in bovine aortic ECs (Zink et al., 1996),
demonstrated that C. albicans penetrates the EC barriers
using a transcellular rather than junctional route for its
invasion of the ECs. However, understanding the
specific mechanism(s) of transmigration of this pathogen
and the leukocytes that respond to the invasion of the
BBB in both living animals and in culture systems have
not been fully delineated.

Here we applied several morphologic and
immunohistochemical approaches to further investigate
how C. albicans invades and traverses the BBB. We
questioned whether C. albicans follows a penetration
pathway across the BBB similar to that followed by
macromolecules, as well as inflammatory and neoplastic
cells (reviewed in Lossinsky and Shivers, 2004). Our
studies tested the development of meningitis in newborn
rats using several inoculation pathways of C. albicans
including nasal, oral, intraperitoneal and intracerebral
routes. Moreover, we evaluated of the nature of
transmigration of both hyphae-producing and non-
hyphae-producing strains of the fungus in a cell culture
system of human BMVEC. We examined whether this
pathogen utilizes a transcellular, cytoplasmic route, or a
paracellular pathway via EC junctional complexes. Our
data suggest a rodent model for neonatal meningitis
complemented with an in vitro model of the human BBB
and also imply a strong role for ICAM-1 in C. albicans
invasion of the BBB.

Materials and methods
Culture conditions for C. albicans

In these studies, we compared hyphal and non-
hyphal strains of C. albicans. We used: 1) a strain that
produces hyphae and causes tissue pathology in animals
because it contains uracil = ACAI4-URA),
Aura3::imm434/Aura3::imm434::AURA3;), provided by
Dr. Scott Filler, Harbor-UCLA Medical Center,
Torrance, CA, and 2) a non-hyphal producing strain that
remains in the cellular phase and does not produce tissue
pathology (CAI4 = Aura3::imm434/Aura3::immm434)
provided by Dr. Ambrose Jong, CHLA, Los Angeles,
CA). Both forms of the fungus were grown in YPD
medium at 30°C on a rotary shaker overnight,
centrifuged, washed X2 with sterile phosphate buffered
saline (PBS), resuspended in YPD medium and counted
with a hemocytometer prior to inoculations into both
neonatal rats and BMVEC cultures at 37°C.

Neonatal rats

The procedures using neonatal rats conform to the

National Institute of Health’s guidelines for animal care
and handling and were approved by the Institute’s
Animal Care and Use Committee of the Huntington
Medical Research Institutes. Timed pregnant, young
female Sprague Dawley rats were purchased from
Harlan Co. (San Diego, CA) and arrived at the animal
facility on the 14th day of pregnancy, (E,). The animals
remained in quarantine for at least 1 week after which
the mothers delivered their young, usually 12-14
pups/litter. These animals remained undisturbed, usually
at least 10 days prior to selection of the rat pups for each
experiment.

Anesthesia, rat inoculations

Rat pups subjected to the various routes of
inoculation were anesthetized by first placing them into
a latex glove and totally submerging them in an ice slush
bath for 3-4 min. to produce hypothermia (Baer, 2004).
Rats were given either strain of C. albicans, usually 10°-
107 yeast cells in 0.1 ml PBS via intraperitonal
inoculations (i.p.), intranasal injections (i.n.), oral (p.o.)
and intracerebral (i.c.) routes. The rats inoculated by i.p.,
i.n. and p.o. were examined after 24 and 48 hrs. Animals
inoculated by the i.c. route were sacrificed after 1, 3, 4,
4.5, and 18 hrs post inoculation. Rat pups surviving
longer i.p., i.n. and p.o. inoculation periods (18-48 hrs)
were returned to their mothers. In short term animal
experiments (1-4,5 hrs), rat pups were maintained on a
heated water bed with an overhead heating lamp at 35-
37°C, and not returned to the mother’s cages before they
were selected for vascular perfusion. All animals
regained their normal pink color and activity after
several minutes on the heated waterbeds. Rats were
euthanized using a single i.p. injection of 0.1 ml sodium
pentobarbital (50 mg/ml).

Growth and propagation of human BMVEC.

BMVEC were purified from discarded temporal lobe
tissue obtained after Institutional Review Board approval
and informed consent from lobectomized, epileptic
patients from the University of Arizona, Tucson, AZ.
These were grown to confluence on sterile 16mm
diameter Nalgene cover slips with in sterile 24-well
plastic dishes (Falcon Plates, Becton Dickinson & Co.,
Lincoln Park, NJ, USA), according to our previous
report (Liu et al., 2002). The BMVEC were maintained
on DMEM-FI12 medium containing 10% fetal bovine
serum and penicillin and streptomycin. After the desired
time of yeast co-cultivation, the coverslips were washed
and fixed according to the specific scheduled
experiment.

Methods of inoculation of C. albicans into BMVEC
Although the CAI4 strain does not produce tissue

pathology by virtue of the fact that it does not produce
hyphae, we wanted to establish whether or not
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adhesion/invasion of BMVEC differ in the two yeast
strains. Thus, we inoculated confluent BMVEC cultures
with both strains of C. albicans grown on cover slips in
culture plates using sterile PBS containing 10°-0.5x107
yeast cells/well. In all our experiments, we examined
BMVEC cultures at 1 and 2 hrs after inoculation.

Vascular perfusion of neonatal rats for light microscopy
(LM), immunohistochemistry and high-voltage electron
microscopy (HVEM) studies

We used a dissecting microscope during transcardiac
perfusion of all neonatal rat pups according to previously
described methods (Lossinsky et al., 1986). Briefly, after
euthanasia, the chest wall was opened and the apex of
the heart was cut. A cannula made from a 27 GA, blunt-
tipped metal needle was then inserted into the left
cardiac ventricle and held in its position using a small
mosquito hemostat. The animals were flushed with 5 ml
PBS solution containing heparin (10 units/ml) and
0.01% procaine hydrochloride to wash away the blood.
This prewash solution was immediately followed by 50
ml of: 1) 4% formalin solution (freshly prepared from
paraformaldehyde powder) in 0.1 M sodium cacodylate
buffer at 25°C, pH 7.4 (Lossinsky et al., 1999) for light
microscopy (LM) studies, and 2) 1/2 strength
Karnovsky’s Fixative (1/2 K, Karnovsky, 1965) prepared
with 3% glutaraldehyde, 2% formalin (freshly prepared
from paraformaldehyde powder) in 0.1 M sodium
phosphate buffer at 25°C, pH 7.4 for HVEM studies. We
used a hydrostatic drip method (Kalimo et al., 1974) to
perfuse all neonatal rats. After fixation, kidneys, livers,
spleens, lungs, brains and tissues from the nose and
abdominal muscles in the vicinity of the inoculation
channel were dissected and immersed in the above LM
fixative. Coronal brain slabs (2-3 mm) containing the
inoculation channels were removed and immersed with
the other tissues in the above-mentioned LM fixative
overnight in the refrigerator at ca. 5-8°C. Rat brains
(perfused with 1/2 K fixative) that contained inoculation
tracks and/or brain regions showing gross trauma were
selected for HVEM studies. Afterwards, all tissues to be
used for LM were washed with 0.1 M phosphate buffer.
HVEM samples were held until further processing in a
buffer containing 0.2 M sucrose and 0.1 M sodium
cacodylate with 0.01% sodium azide (S/C buffer) at 5-
8°C. LM tissues were embedded in paraffin and cut at 5-
8 um sections. Brain tissues scheduled for HVEM
analyses were post-fixed with osmium tetroxide and
embedded in plastics as described below.

Immunohistochemistry was performed on unstained
kidney sections. After vascular perfusion, these 5-8 um
sections were picked up on Histogrip-coated glass slides.
Endogenous peroxidase activity was blocked with 1%
H202 in absolute methanol. For antigen retrieval, the
sections were then microwaved (70% power, 800 watts 3
min X4) adjusting the level of the citrate buffer, enzyme
digested with DAKO proteinase K, blocked with Zymed
non-immune serum blocking solution according to a

previously described method (Shi et al., 1991). We used
mouse monoclonal anti-human C. albicans (1:100
dilution) incubated at at 25°C for 1 hr. We used a
biotinylated polyclonal goat anti-mouse IgG, H+L (1:50
dilution) incubated at 25°C for 1 hr., washed with PBS
6X between antibody incubations and labeled with
avidin-peroxidase. The negative control groups used
incubation systems in which the primary antibodies were
omitted. After several PBS washes, all LM histologic
and immuno-histochemistry sections were lightly
counterstained with hematoxylin or Nissl stains. These
antibodies and other reagents were purchased from
Chemicon Corp., Temecula, CA, and other immunology
reagent suppliers (Linscott, 1999).

Transmission electron microscopy (TEM),
immunostudies using a pre-embedding incubation
procedure

The preembedding method was selected such that
membrane antigenic epitopes can be recognized in fixed
tissues prior to post-fixation with osmium tetroxide
(Lossinsky and Shivers, 2003). We fixed BMVEC
cultures with either a 4% solution of formalin, or 4%
formalin containing 0.1-0.25% glutaraldehyde, as
described above (Lossinsky et al., 1999). The BMVECs
were quenched with 1% NH,CI for 20 min at 25°C in a
shaker-water bath to remove unbound aldehyde groups
and treated with 1% H,0, in PBS for 30 min at 25°C to
remove endogenous peroxidase activity. The cells were
blocked with 10% goat serum in PBS (PBSS) overnight
at 4° C. Each incubation vial contained the tissue
samples and a total volume of 250ul, including
antibodies, PBSS and immunoperoxidase probe. Primary
antibody (mouse anti-human monoclonal antibody
prepared against intercellular adhesion molecule-1
(ICAM-1) was diluted at 1:100 dilution in PBSS.
Incubations were carried out overnight at 4°C. After
incubations, the tissues were washed 8X with PBSS to
insure removal of unbound antibody. The secondary
antibody was biotinylated goat anti-mouse IgG diluted
1:50 with PBSS. Incubation with secondary antibodies
was at 25°C for 1 hr with gentle rotation. After washing
8X with PBSS, the BMVEC were incubated in a 1:50
dilution of ExtrAvidin-peroxidase at 25°C for 1-1.5 hrs.
After washing 4X with PBS, the tissue was reacted with
3,3'-diaminobenzidine tetra-HCL (DAB) to localize
specific peroxidase activity (Liu et al., 2002).
Immunoreagents were purchased from Accurate
Chemical & Scientific Corp., San Diego, CA, and
Chemicon Inc, Temecula, CA. Extravidin-peroxidase
probe was purchased from Sigma Chemical Co., St
Louis, MO (Linscott, 1999).

BMVEC cultures, TEM and HVEM studies
BMVEC cultures grown on cover slips in 24-well

plastic dishes were fixed by immersion according to
standard protocols, taking into consideration our desire
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to produce excellent ultrastructural preservation of EC
cytoskeletal filaments, microtubules, and EC junctional
complexes. For this reason, we fixed the BMVEC at
room temperature (25°C) to avoid disruption of EC
cytoskeletal components such as microtubules. The
fixative contained 2.5-3.0% glutaraldehyde in 0.1 M
sodium cacodylate buffer, pH 7.4 (Haudenschild et al.,
1975). BMVEC were post-fixed with 1% osmium
tetroxide, dehydrated in a graded series of ethanol, and
en bloc stained with uranyl acetate (Hayat, 1981). The
coverslips were infiltrated with liquid epoxy plastic
overnight in a desiccator at 25°C. On the next day, in
liquid plastic, the coverslips were sliced into several
pieces and flat-embedded with the BMVEC positioned
upward, then polymerized in a 60°C oven overnight. For
TEM and HVEM studies, plastic thick- and thin-sections
were cut with either the Leica Ultracut UCT and Sorvall
(MT-1) Ultramicrotomes and stained with lead and
uranyl salts, according to standard protocols (Hayat,
1981). TEM was performed with the FEI Morgagni
Electron Microscope. For thin-section studies, grids
were stained with uranium and lead salts. For HVEM
studies, 0.25-1.0um serial-thick sections were collected
on 1% formvar-coated slot grids (Lossinsky et al.,
1989b). Staining in 2% uranyl acetate was at 50°C for
1.5 hr and at 25°C for 30 min in lead citrate. Stereo-pair
micrographs were taken at 1,000 kV using the AEI EM7
High-Voltage Electron Microscope at the Resource for
Visualization of Biological Complexities, Wadsworth
Center, (Albany, NY) (Lossinsky et al., 1989b;
Lossinsky and Shivers, 2003).

Scanning electron microscopy (SEM), BMVEC

Plastic coverslips containing BMVEC were fixed as
described above for TEM and HVEM studies, post-fixed
with 1% OsO, in S/C buffer, washed in S/C buffer
overnight at 4°C and subsequently dehydrated in a
graded series of ethanol. BMVEC cultures in absolute
ethanol were chemically dried using hexamethyl-
disalizane (Bray et al., 1993; Lossinsky and Shivers,
2003). The dried cover slips were glued to aluminum
SEM stubs, shadow coated with gold/paladium vapor
using a Pelco SC-7 Sputter Coater and scanned with a
FEI XL30 ESEM (Lossinsky and Shivers, 2003).

Results

Light microscopy and immunohistochemistry, neonatal
rats inoculated with CAl4-URA

To determine the nature of tissue pathology and
meningitis produced by the hyphae-phase strain of C.
albicans, 4-10 day post partum rats were subjected to i.p.
inoculations of C. albicans CAI4-URA. Table 1
summarizes the methods of inoculations used and the
times after infection in these in vivo studies. Meningitis
was produced via the i.p. route, although this strain did
not cause detectable tissue pathology when administered
by mouth or nasal routes. Kidney cortical and medullary
portions contained mycelia with mixed leukocytes, but
invasion of the glomeruli was not observed (Fig. 1a, b).
We observed minimal presence of hyphae within the

Table 1.

Exp. Rats/group, Neonatal Age Candida Strain Method, Time Histopathology Meningitis

No. Inoculation Routes (days) After Inoculation

1 4-p.o 5 CAIl4-URA 24-48 hr negative 012
4-i.n.
4-i.p.
2 - Neg. controls

2 11 -ip. 4 CAI4-URA 36, 40 hr Lk s 3/11 +/-
2 - Neg. controls

3 11 -i.p. 10 CAI4-URA 44-48 hr Ik, s 111 +/-
2 - Neg. controls

4 8-i.c. 6 CAI4-URA 1,3 hr Lk s 1/8 +/-
2 - Neg. controls

5 8-i.c. 6 CAl4-URA 4-18 hr np 8/8 +++
2 - Neg. controls

6 8-i.c. 6 CAI4-URA 4-4.5 hr np 8/8 +++

2 - Neg. controls

Summarizes data of 58 experimental neonatal and 12 sham control rats based on 6 experiments. It presents the number, age and time when the rats
were sampled after inoculation with a hyphae-phase strain of C. albicans. Histopathology = tissue lesions with/without inflammatory cell infiltrates or the
presence of yeast cells and/or hyphae in liver (1), kidney (k) and spleen (s). Not observed = negative, not performed = np. Meningitis was recorded as
either a minimal numbers of neutrophils within the leptomeningeal blood vessels associated with the leptomeninges = +/-, or remarkably high numbers
of leukocytes, primarily neutrophils observed within the leptomeningeal veins and post-capillary venules, cerebral cortex and/or brain ventricles = +++
with/without hemorrhage and tissue necrosis. p.o = by mouth; i.n. = intranasal; i.p. = intraperitoneal; i.c. = intracerebral.
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liver and spleen, while the lung tissue was negative for
hyphae and leukocytic infiltrates. The liver pathology
included inflammatory foci that were composed of
mixed leukocytes (data not shown). Brain inflammation
consisted of a limited numbers of neutrophils in
association with meningeal blood vessels identified in
4/22 rats inoculated i.p. (Fig. 1c, Table 1). Hyphae were
occasionally observed in association with ependymal
cells lining the ventricles (Figs. 1d). Intracerebral
inoculations demonstrated limited evidence of brain
inflammation at 1 and 3 hrs. The degree of meningeal
inflammation consisted of neutrophils with hemorrhagic
foci at 4-4.5 hrs after i.c. inoculation. A profound
neutrophillic meningitis was observed at 4-18 hrs after
i.c. inoculation. At these times the inflammatory foci and
brain pathology were extensive and demonstrated
numerous neutrophils and mycelia within the lateral
ventricles with associated tissue necrosis of the
ependymal cell layer and adjacent, deeper brain tissues
(Fig. le).

Light microscopy and immunohistochemistry in cell
culture

In the cultures infected with the hyphae-producing,

wild-type (CAI4-URA) strain, the BMVEC that were
infected by hyphae, ICAM-1 was upregulated on
membrane surfaces where the yeast cells were attached
to or invading the BMVEC. In these EC cultures, some
of the hyphae appeared to be coated with the ICAM-1
reaction product (Fig. 1f). Other BMVEC not in
association with hyphae presented a normal, constitutive
expression of ICAM-1 reaction product as a weak brown
HRP-DAB reaction product (data not shown).

SEM

SEM studies examined the surface topography of the
cell-cell interactions between both strains of C. albicans
and the BMVEC cultures at 1 and 2 hr after infection.
These studies complemented subsequent cross-sectional,
TEM/HVEM views of BMVEC/Candida interactions.
We observed that both yeast- and hyphae strains of C.
albicans adhered to the BMVEC at 1 hr post-
inoculation. Both strains became internalized by the
BMVEC at 2 hrs after inoculation. The BMVEC
transformed from the flat, stellate ECs (Fig. 2a) to
plump, cuboidal cells (Fig. 2b-e) as a response to the
infectious process. During EC invasion, the EC
membrane surfaces transformed from a relatively

Fig. 1. Light microscopic views from 4-6 day old rats (a-e) and cell culture (f). a. Kidney cortex shows CAI4-URA mycelia (*) by H&E stain 48 hr after
i.p. inoculation. b. Immunohistochemical staining of mycelia (green *) in the same animal is shown as a dark brown color in an adjacent section. ¢. Mild
meningitis is shown in a 4 day rat 36 hr. after i.p. inoculation. Note the scattered neutrophils (>). d. H&E stain shows a single hypha (>) protruding from
an ependymal cell (Ep) from the brain of an i.p.-inoculated rat pup. e. An H&E stained section shows the edge of the brain lateral ventricle in a 6 day rat
18hrs. after i.c. inoculation. Note the numerous hyphae and neutrophils at the edge of the ependymal cell layer. f. Light microscopic view of a 3 mm
plastic disc shows cultured BMVEC 2 hr after inoculation with CA14-URA. Note the strong brown-colored ICAM-1 reaction product associated with
three ECs, while the filamentous hyphae not attached/invading BMVEC express less ICAM-1 immunoreaction product.
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smooth surface with few microvilli to cells containing a
more rugged appearance expressing a variety of
membrane microvilli, ruffles, and bleb-like extensions
(Fig. 2d, e). Extended membrane ruffles (lamellopodia)
appeared to embrace both blastospores (Fig. 2e) and
hyphae (Fig. 3a, b).

TEM

Cross-sectional analyses of BMVEC infected after 1
and 2 hr with both strains of C. albicans addressed

Spot Magn  Det WD F———————— 50 um

/5.0 500x SE 76 2004-17 #15C.alb 10-21-04

CI\( /' Spot Magn Det
30.0kv 40 8500x SE

pot Magn " Det WD
40 6500x SE 74 )4

questions concerning the process of internalization of the
blastospores and hyphal forms of the yeast. Determining
size differences between internalized hyphae and
blastospores was often subjective. However, close
inspection of the ultrastructure of the ECs containing
both hyphae and blastospores are depicted in Figs. 3d-f.
These figures demonstrate the smaller cross-sectional
diameters or oblique views that likely represent hyphae
(ca. 2 um 1in diameter), while the larger
compartmentalized sphere-like structures represent
blastospores (ca. 5 pym in diameter). Immuno-

20 pm
2004-17 #4 C alb 120 min10-2

AccV 5;151 Magn Det wD —————— 10um
. 250kvV 4 x SE 74 2004-17C. albicans 10-20-04

Fig. 2. SEM micrographs of BMVEC. a. Low magnification
shows normal, relatively smooth BMVEC surface (E) without C.
albicans. Note the open spaces between the ECs (*) in this non-
confluent region of the culture. b-e. BMVEC 2 hrs after
inoculation with CAl4. Note the scattered blastospores are
shown attached and in the process of being internalized within
the ECs. b-e. Note the increased EC membrane ruffles and
blebs surrounding the blastospores (d, e).
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ultrastructural studies of ICAM-1-reacted BMVEC after membrane surfaces of the vacuoles that contained either
I and 2 hr infection of either strain of C. albicans blastospores or hyphae (Fig. 31).
indicated that this adhesion molecule upregulated

primarily on the EC apical surfaces and within internal HVEM
caveolae (Fig. 3g), on microvilli on the apical EC
surfaces (Fig. 3h), and within the inner delimiting In order to further assess internal aspects of C.

agn  Det wp ——

AccV  SpotMagn  Det WD ————— 5um

10000x SE 4.9 Calb on BMV bi‘!) 0kv 30 6500x SE 49 Calbon BMVEC 05-2#19. 12805

rhhﬁ

Fig. 3.a-c. SEMs show germ tubes (a, b) and an elongated hypha (c) 1hr after infection with CA14-URA. Note the EC microvilli and membrane ruffles
(<ina, *in b) enveloping the germ tubes (> in b). ¢. Rough EC surface blebs and ruffles come into contact with the tip of an advancing hypha. d-f. TEM
images 2 hr after inoculation with CA14-URA shows blastospores enveloped by BMVEC (d, e) and internalization of hyphae in d, f. Note the difference
in the cross-sectional diameters between the blastospore (ca. 5 pm) and the budding hypha (ca. 2-3 pm) in the top portion of d. g-i. TEM images 2 hr
after inoculation with either CA14 or CA14-URA show increased ICAM-1 reaction product shown as a black electron dense, HRP-DAB material on the
luminal EC surfaces (g-i), on the abluminal EC surface and within modified caveolae (g), and on microvilli in (h). i. A section of a hypha is internalized
within a large vacuole (a modified vesiculo-vacuolar organelle) shows ICAM-1 decorating the inner delimiting membrane surface (>), on the apical
surface of the EC (<), and staining a structure that appears to represent a conduit extending between the vacuole containing the hypha to the outside of
the EC (double <).
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albicans CAI4-URA within BMVEC, plastic thick-
sections were examined by high-voltage TEM using a
tilt-stage goniometer. This approach enabled us to
compare BMVEC after exposure to the wild-type,
hyphae-phase organisms. Because HVEM studies
evaluate ten-fold thicker sections compared to thin-

sections studied by conventional TEM, we could observe
numerous hyphae in the process of adhering to and
invading BMVEC (Fig. 4a). We also tilted the specimen
stage at slight angles on either side of the horizontal
sectional plane to give a greater depth of field as
observed in stereo-pair images. This enabled one to

Fig. 4a-d. HVEM images from BMVEC 1 hr. after
infection with CA14-URA. a. Note several hyphae (>)
invading or internalized within the ECs. b, c. Stereo-pair,
3-D images 1 hr after EC (E) inoculation with CA14-
URA. Note the thinner cross-sectional diameters of the
hyphae compared to the yeast cell body. Hypha (H)
inserts into the EC (E). d. Stereo-pair image of 6 day rat
brain cortex 18 hr after inoculation with CA14-URA.
Note the hyphae (H) within the perivascular space
surrounding the capillary (E). Vessel lumen (L) is also
shown. Tilt angles: b =+ 30°%; ¢, d = + 8°.
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visualize the hyphae in 3-dimension (3-D) in the process
of invading the BMVEC, directly into the cytoplasm of
the ECs (Fig. 4b, c). In rats that received i.c. inoculations
of CAI4-URA, the fungal hyphae were often observed in
3-D within the cortical perivascular space (Fig. 4d).

Discussion
Tissue pathology in neonatal rats

In order to explore the invasive characteristics of C.
albicans, we initially used LM to examine tissue
pathology in neonatal rats. Histologic results depicted
several features of the invasive characteristics of C.
albicans. Results demonstrated that the severity of tissue
pathology and meningitis produced in neonatal rat pups
is related to the route of inoculation and the type of C.
albicans inoculated. Injecting an active, hyphae-
producing strain of C. albicans into either the
peritoneum, the nose and the mouth produced limited
tissue pathology within the brain meninges (exclusively
the i.p. route), and within local nasal tissues, visceral
organs and abdominal muscles (i.n. and i.p. routes
respectively). Lung tissue did not present pathology with
either stains of C. albicans. As shown in Table 1,
pathologic lesions produced by i.p. inoculations were
observed primarily in the kidneys, with less
inflammation in the liver, spleen, gut and the brain
meninges. Intracerebral yeast inoculation, however,
produced the most dramatic meningitis within a time
span we studied (4-18 hrs post inoculation), with lesser
amounts of tissue inflammation and hemorrhage at 1 and
3 hrs after inoculation. These observations suggest that
after i.p. inoculation (4/22 rats), some of the yeast
invaded the systemic circulation and reached the brain
leptomeninges while the most active meningitis in
neonatal rats was produced by direct exposure of the
brain and meninges to the hyphae-producing yeast strain
between 4-18 hrs after inoculation (16/16 rats).

Rodents have served as good experimental models to
study the microvasculature of the BBB during brain
development (Bradbury, 1979; Lossinsky et al., 1986;
Stewart and Hayakama, 1994; Stolp et al., 2005).
Development of the immature BBB in the fetus and
newborn, like that of the immune system of the
developmental CNS is though to proceed at a sluggish
pace, an impediment that may have serious implications
with respect to infection (Levy, 2005). This is germane
to pathologic and potentially fatal conditions in
premature infants including neonatal meningitis, in
which pathogenic microorganisms are more capable of
entering an immunologically and structurally insufficient
BBB (Davis and Rudd, 1994; Lossinsky and Shivers,
2004). Thus, better understanding the structural and
immunologic maturation processes of the BBB as it
develops and matures is of critical importance in human,
neonatal medicine. Meningitis was produced by 1i.p.
inoculations with the hyphae-producing strain of C.
albicans presented here in 4/22 rat pups (Table 1). While
these results were limited, they may reflect the immature

nature and increased leakiness of the neonatal rat BBB.
Since the neonatal BBB is structurally incomplete during
the first two weeks after birth in mice (Lossinsky et al.,
1986) and in rats (Ohsugi et al., 1992), we presume that
the hyphae-producing strain of C. albicans penetrated
the systemic circulation via thin-walled venous blood
vessels in the mesentery and eventually entered the
systemic circulation, the leptomeninges and CNS
compartments. Meningioencephalitis was produced only
after the fungus breached the capillaries of the BBB
(Moylet, 2003, Fig. 1c, d). The other model of producing
meningitis was by inoculating the fungus directly into
the brain (Fig. le). Thus, some of the active yeast was
exposed to the meningitis where it produced
meningioencephalitis.

Our studies demonstrated tissue pathology was
produced by i.p. inoculations of a hyphae-producing
strain of C. albicans, (CAI4-URA). Since C. albicans is
an autotrophic organism, it has a limited ability to
proliferate within the host tissues. During the process of
tissue infection, C. albicans transforms from the
unicellular, blastospore stage and begins to form germ
tubes, pseudohyphae and true filamentous hyphae (Phan
et al., 2000; Brown, 2002), depending upon
environmental conditions (Saville et al., 2003). The
yeast to hyphal transition (dimorphism) (Korting et al.,
2003) is usually considered to be the most important
criterion for virulence of C. albicans (Naglik et al.,
2003). Hyphae-phase forms of yeasts express
thigmotropism, i.e., the phenomenon by which hyphae
extend outward towards rough surfaces and penetrate
pores (Gow, 1997; Watts et al., 1998). Thus, the hyphae
were capable of locating and penetrating the kidneys,
liver and other organs, as well as membrane crevices and
openings on the vasculature wall, such as the loosely
connected adventitial layer, vascular basement
membrane and fenestrated or continuous-type EC
junctional complexes. Thus, increased hyphal
penetration of the thin-walled veins and post-capillary
venules from either the luminal or abluminal aspects of
the vasculature would appear more likely compared to
the cellular or blastospore forms of the fungus that may
not express aggressive movement towards rough
surfaces. We speculate here that once the hyphal forms
entered the systemic circulation, fungemia resulted. The
hyphae subsequently made contact with the luminal EC
surfaces of the less-restrictive developing meningeal
blood vessels, likely became phagocytized by the EC
membrane ruffles (Figs. 2e, 3e,i) and entered the
modified vesiculo-vacuolar organelles (VVOs). Once
internalized within the EC vacuoles, they continued their
journey across the BBB.

Our light microscopic data also indicate that
inoculating CAI4-URA strain of C. albicans via nasal
and oral routes did not produce tissue pathology or
meningitis. Further, the most profound form of
meningitis and brain pathology was produced by the
intracerebral route of inoculation. The olfactory pathway
has been considered as an alternative pathway to the
brain, by circumventing the restrictive BBB (Balin et al.,
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1986; Illum 2004). It has been shown in experimental
animals that the olfactory pathway can permit passage of
various substances into the brain including proteins
(Balin et al., 1986), various drugs (Bergstrom et al.,
2002; Minn et al., 2002), and encephalomeningitis has
been produced via the olfactory pathway by viruses
(Feuer et al., 2003). Thus, one would expect brain
infection by C. albicans via the nose, as was presented
above (Davis and Rudd, 1994). Although C. albicans is
a normal inhabitant of the intestinal tract, fungi usually
enter the brain following fungemia after entering the
body via a vascular catheter or across the gut (Del
Brutto, 2000; Holler et al., 2004).

Meningitis produced by fungi including
aspergillosis, blasotomicosis candidosis, cryptococcosis
and others (Del Brutto, 2000) has been observed in
immunocompromised individuals (Casada et al., 1997;
Levy, 2005) and in patients in hospitals (Reusser et al;
1989; Liu et al., 2003). There is, however, no evidence
in the literature that C. albicans produces meningitis in
healthy individuals. Although C. albicans is commonly
present within the normal flora of the nasal mucosa,
neither C. albicans fungemia nor meningitis was found
in a study of nursing students with extended hospital
training periods (Bonassoli and Svidzinski, 2002). Thus,
it appears unlikely that Candida meningitis will progress
via the olfactory pathway in healthy adult humans.
Between 4-6 day neonatal rats (Table 1) with developing
immune systems did not develop meningitis via the
olfactory pathway after i.n. inoculations. This may
reflect the mother’s efficiency in cleaning away the
yeast, an inadequate dose of the active yeast used in our
experiments, a species affect or other and remains
unclear. Table 1 also suggests that we could not produce
meningitis after oral inoculation. Recent studies have
addressed the issue of gastric fungemia produced by
gastric inoculation of C. albicans (Yamaguchi et al.,
2005). These authors studied the gastric and fecal yeast
contents in mice fed various purified and commercial
diets. Because higher numbers of yeast were found in the
feces of mice fed a commercial diet compared to mice
fed with a purified diet, it was thought that the fungus
was likely suppressed by organic acids produced by
lactobacilli. Since mother’s milk contains high
lactobacillus content, early establishment of the gut
microflora as a result of immediate nursing may interfere
with the production of gastric candidiasis. Thus, it is
possible that the gut microflora in our 4-6 day nursing
neonatal rats may have been established enough to
prevent gastric fungemia. Similar to the above
explanation for the i.n. rats, the paucity of induced tissue
pathology in the neonatal rats examined here by the oral
route may also relate to an inadequate dose of the
inoculum, species differences or other affects.

C. albicans invasion of BMVEC
To further understand the adhesion and invasive

mechanisms of C. albicans in the BBB, we performed
ultrastructural and immunoultrastructural studies of

BMVEC infected with both strains of C. albicans.
Ultrastructural data presented here describe adhesion and
invasion of both yeast- and hyphae-producing strains of
C. albicans by BMVEC. Topographic and cross-
sectional views of the yeast-EC interaction demonstrated
that both blastospores and hyphae adhered to the surface
of BMVEC and became internalized within BMVEC
between | and 2 hrs after inoculation. Some fungal cells
were attached to rough-surfaced EC membranes, many
of which produced increased microvilli. HVEM
examinations of 10-fold thicker sections compared to
conventional TEM thin-sections enabled us to examine
the nature of invasion of the hyphae into the ECs in
BMVEC and perivascularly in vivo by stereo-pair, 3-D
images. Results suggest that both blastospores (Figs. 2b-
e, 3e) and hyphae (Fig. 3d.f) were engulfed by the
BMVEC. The hyphae may have actively invaded the
BMVEC as they probed the surface for an entrance
(Figs. 3a-c, 4a-c). It is also possible that the blastospores
shown in Fig. 2b-e may have their hyphae already
internalized and hidden from view by SEM. This is
reasonable if one compares the SEM micrograph in Fig.
2c¢ to the image produced by HVEM in Fig. 4b.

The phagocytic capabilities of ECs have been well
documented. Normal hepatic sinusoidal ECs have been
shown to express phagocytic characteristics (Lossinsky
and Wisniewski, 1986; Lossinsky and Shivers, 2004),
and inflammatory leukocytes are known to be engulfed
by brain CNS-type ECs in experimental autoimmune
conditions (Lossinsky et al., 1989a, 1991; Raine et al.,
1990). The process whereby one cell is engulfed and
compartmentalized by another cell and it moves about
within the cell then exits the cell is called emperipolesis
(Astrom et al., 1968). ECs can also phagocytize bacteria,
and mycotic organisms (Filler et al., 1995; Zink et al.,
1996; Huang et al., 2000; Huang and Jong, 2001). We
have suggested that the internalization process of cells
by ECs is linked to the modification of caveolae during
the inflammatory process (Liu et al., 2002; Lossinsky
and Shivers, 2004). Vesiculo-vacuolar organelles
(VVOs) are essentially modified caveolae that have been
identified in ECs in experimental models of neoplasia
(Dvorak et al., 1996) and in the altered ECs in human
brain tumors (reviewed in Lossinsky et al., 1999). There
is building evidence suggesting that the VVOs may
serve as important conduits through which inflammatory
cells and assorted pathogens traverse several blood-
tissue barriers including the BBB (Lossinsky and
Shivers, 2004).

ICAM-1 is a key adhesion molecule that facilitates
leukocyte-endothelial adhesion and transcellular
migration (Rothlein et al., 1986; Kishimoto and
Rothlein, 1994), and it has been implicated in the
internalization process of HIV-1 virus via modified
caveloae (Liu et al., 2002). This adhesion molecule is
also linked to the inflammatory process produced by C.
albicans in vivo (Cannom et al., 2002). ICAM-1 has
been shown to be induced directly by C. albicans
(Orozco et al., 2000), and C. albicans-infected HUVEC
upregulated ICAM-1 and the pro-inflammatory cytokine
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IL-8, leading to recruitment of activated neutrophils to
the site of fungal infection (Filler et al., 1996). Blocking
ICAM-1 using antibodies produced against this adhesion
molecule inhibited both C. albicans adherence to human
oral epithelial cells and the production of IL-8. These
studies emphasized the importance of ICAM-1 in
modulating the expression of IL-8 after fungal infection
(Egusa et al., 2005).

ICAM-1 upregulates within membrane caveolae and
VVOs in ECs during inflammatory events (Lossinsky et
al., 1999; Lossinsky and Shivers, 2004), and increased
ICAM-1 localizes in modified caveolae and
macropinosomes in HIV-1-infected BMVEC (Liu et al.,
2002). Immunoultrastructural data presented here
demonstrate increased expression of ICAM-1 within
modified EC caveolae and larger vesicular and vacuolar
structures, on the apical and basal plasmalemmal surface
membranes, on EC microvilli and fronds, and also
decorating the inner delimiting membrane surfaces of
large vacuoles containing hyphae and blastospores (Fig.
3g-1). Based on these data, similar to its influence on
inflammatory leukocytes, upregulated ICAM-1
molecules likely play an important role in EC-Candida
interactions. Thus, we speculate that ICAM-1 may
modulate transmigration of C. albicans via a
transcellular pathway composed of modified caveolae
and VVOs in BMVEC. That the inner delimiting
membrane surfaces of these VVOs and vacuoles in
BMVEC containing the yeast cells and hyphae in the
present studies were decorated with the reaction product
for ICAM-1 (Fig. 3i) further supports the notion that the
fungi were internalized within EC cellular compartments
while EC junctional compartments were not involved.

Increased microvilli and fronds are thought to
represent a response by the ECs to injury and
inflammation (Kumar et al., 1987; Raine et al., 1990;
Lossinsky et al., 1995). These membrane extensions are
known to be rich in vascular cell adhesion molecule-1
(VCAM-1) (Wong and Dorovini-Zis, 1995), ICAM-1
(Lossinsky et al., 1999) and several other adhesion
molecules (Carman et al., 2003). Their increased
presence after EC injury, facilitate cell-cell adhesion
(Lossinsky and Shivers, 2004). If one assumes that the
rough surface texture of the ECs become expressed after
fungus-EC adhesion in culture, the increased surface
components of the ECs such as membrane microvilli and
blebs observed in the present study may contribute to
activation of thigmotropism and facilitate contact
between the hyphae and the irregular EC surfaces (Gow,
1997; Watts et al., 1998). According to previous
ultrastructural studies, modified EC caveolae in concert
with adhesion molecules including ICAM-1 and others
orchestrate homing of inflammatory cells to specific
sites on post-capillary venules (Lossinsky et al., 1999,
reviewed in Lossinsky and Shivers, 2004), facilitating
invasion of the fungal hyphae via a path of less
resistance. This is reasonable given that previous
ultrastructural studies showed that C. albicans traverses
HUVEC (Filler et al., 1995), aortic ECs (Zink et al.,

1996) and human brain ECs (Jong et al., 2001) via a
transcellular, endocytic pathway. The yeast cells and
hyphae were observed to be initially embraced by
upregulated ICAM-1-positive endothelial cell fronds and
ruffles, then presumably transported across BMVEC via
a transcellular pathway, rather than a paracellular route.
Here, in BBB-type human brain EC cultures, we provide
immunoultrastructural evidence that the hyphae and
blastospores became shrouded with ICAM-1 as they
entered the ECs in culture. We suggest here that the
process of thigmotropism may direct the hyphae into
openings of the exoplasmic membrane composed of
ICAM-1-positive VVOs on the luminal surface. Which
of these events occurs initially remains unclear. Taken
together, our observations suggest that the hyphae and
blastospores were internalized by non-junctional,
membrane compartments that represent a transcellular
rather than paracellular transport pathway. Since
cytoplasmic membranes are involved in the EC
internalization process, it is likely that ICAM-1 plays an
important role in modulating fungal trafficking into and
across BMVEC, as has been discussed above.

Collectively, the results indicate that the modified
ICAM-1-labeled EC caveolae and vacuoles were derived
from the luminal EC plasma membranes and represent a
continuum of the inward invagination of the luminal EC
membranes, that eventually surround and
compartmentalized the yeast and their hyphae
(Lossinsky et al., 1999; Lossinsky and Shivers, 2004).
Whether or not C. albicans may negotiate the BBB in
vivo using a transcellular mechanism similar to that
described here for BMVEQC, its transport that may be
influenced by EC junctional adhesion molecules
(Schenkel et al., 2002; Muller, 2003), or its
transmigration across the BBB may involve some Trojan
leukocyte carrier cell(s) is unclear and further study will
be required for clarification. We believe that the present
report is the first description to demonstrate yeast-EC
interaction in a model of the BBB using a combination
of SEM, TEM and high-voltage TEM in conjunction
with immunoultrastructural techniques. These kinds of
comparative studies will enable us to formulate
appropriate questions to address in future studies that
may lead to the development of novel therapeutic
interventions.
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