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PREFACE 

The prevalence of antibiotics, corticosteroids, and anticancer or immunosuppressive 
drugs and the progress of the medical treatments after World War I1 have saved the 
lives of many patients attacked by serious diseases and have contributed to the prolon- 
gation of the average life span of a human being. However, there still remain some 
problems to be solved. One of them is that of compromised hosts, which will be treated 
in this book. Opportunistic fungal infections are prone to occur in such patients and, 
recently, the number of patients with mycoses has been increasing more and more. 
Now, the study of the prevention of and therapy against mycoses has become an urgent 
problem. 

In order to understand mycoses, fundamental studies, as well as clinical ones, are 
necessary. In particular, animal experiments are indispensable for the study of my- 
coses. Until now, various animal models have been developed in the field of medical 
mycology; however, there are few text books describing comprehensively the animal 
models of various fungal infections. Since graduating from the Chiba University 
School of Medicine in 1963, I have studied host defenses against fungal infections using 
animals, in particular mice. From my experience, I have keenly felt the necessity for 
this type of book. Fortunately, at this time we are able to publish a new book of 
Animal Models in Medical Mycology by courtesy of CRC Press, Inc. This book is 
published for postgraduate students and researchers studying host defense against fun- 
gal infections and those engaged in studying in vivo effects of antifungal agents. In 
addition, we believe it gives useful information to clinicians and medical technicians in 
hospitals dealing with patients with mycoses and fungi, respectively. 

We would be glad if this book would contribute to the progress of the study of 
mycoses. 

Makoto Miyaji, M.D. 
December, 1985 
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I. INTRODUCTION 

Animal experiments are indispensable for the study of mycoses as well as other in- 
fectious diseases. Until now, various animal models of mycoses have been reported in 
the field of medical mycology (see Chapters 2 to 4). These animal models may be 
divided into three categories according to researcher's purposes. They are for the study 
of (1) the parasitic forms of fungi including the morphological transformation, (2) the 
defense mechanisms of host against fungal infections, and (3) the effect of antifungal 
agents. 

In order to understand fungal infections, we should know well the following two 
aspects: how the parasitic forms of the causative agents and the cellular reactions 
against them change with the advancement of infection, and how the cellular reactions 
change according to the species of the causative agents. 

Most microbiologists, including medical mycologists, seem to be convinced that fun- 
gal infections fall under a category of bacterial infection, and that the mechanisms 
invoked in fungal infections can be analyzed by the same measures adopted in analyz- 
ing those of the bacterial infections. However, keen-eyed medical mycologists have 
noticed that the fungal infections are delicately different from the bacterial ones. One 
characteristic in the fungal infections is the parasitic forms. Different from bacteria, 
some of the causative agents of mycoses undergo morphological transformation of 
their saprobic forms from mycelial to yeast-like (their parasitic form) in the host tissue. 
Namely, fungi adapt themselves to a severe circumstance such as the human body by 
transforming into their parasitic forms. This phenomenon is termed dimorphism' 
which is one of the important factors of the pathogenicity of some fungi. 

The pathogenicity of dimorphic fungi is generally stronger than that of nondi- 
morphic fungi, and therefore, the former are frequently the causative agents of the 
deep m y c o s e ~ . ~ - ~  Even though some pathogenic fungi are able to change from a myce- 



lial form to a spherical shape in the tissue, the fungi forming these spherical cells do 
not multiply by budding like those of Histoplasma capsulatum, Spwothrix schenckii, 
Blastomyces dermatitidis, and Paracoccidioides brasiliensis, nor by endospore forma- 
tion like Coccidioides immitis, nor by fission as do the sclerotic cells of Fonsecaea 
pedrosoi, Exophiala dermatitidis, etc. When the circumstance becomes favorable for 
the spherical cells of these fungi, they germinate and extend their hyphae within the 
lesions. Dermatophytess are an example of this type of fungi. 

As mentioned above, to know how fungi change into their parasitic forms with the 
advancement of infection is an important matter in order to better understand fungal 
infections. To date, there have been many reports on the transformation of dimorphic 
fungi using tissue  culture^^-^ or various media9.l0 which are rich in nutrients and are 
incubated under special physical conditions such as a higher temperature, a higher 
partial pressure of CO,, etc. All of these experiments were carried out in vitro. Usually, 
when we want to observe transformation in vivo, we inoculate intraperitoneally, sub- 
cutaneously, intracranially, or intravenously short hyphae, conidia, or hyphal frag- 
ments into animals, and follow the transformation with time by histological sections. 
However, it is difficult to observe in detail the transformation in these experiments 
because the inoculated hyphae are prone to scatter and disappear. 

The authors" devised a method, "agar implantation", for the purpose of observing 
the parasitic forms of fungi in vivo, and with this method they have reported on the 
parasitic forms of several pathogenic In brief, this method is as follows: an 
agar block embedded with young hyphae is implanted into the abdominal cavity of a 
mouse. It is removed after an adequate interval and observed directly with a light 
microscope. The advantages of the method are as follows: (1) hyphae are placed under 
a circumstance of the same temperature as that of a host; (2) most of the nutrients 
necessary for the growth of fungi are supplied by the peritoneal exudate of the host, as 
the implantation period is prolonged; (3) hyphae are protected from a direct attack of 
infiltrating cells such as polymorphonuclear leukocytes (PMNs), mononuclear cells 
(macrophages), etc. because they are embedded in the agar (since a mouse cannot di- 
gest the agar block, it is maintained in the abdominal cavity for a long period of time; 
therefore, it is possible to observe the transformation during an extended period of 
time); (4) hyphae are influenced only by the exudate containing enzymes of the infil- 
trating cells, antibody complement, and other humoral killing factors of the host; (5) 
we can observe the recovered agar block directly with a light microscope. Furthermore, 
it is possible to  prepare histological sections or specimens for electron microscopy13 
from the agar block. By means of this method, the morphological transformation and 
the parasitic forms of pathogenic fungi can be observed and described in vivo. 

11. AGAR IMPLANTATION METHOD 

The agar implantation method is carried out as follows (Figure 1). Slide cultures are 
made by inoculating 1 cm2 block (3 mm in thickness) of Sabouraud's conservation 
medium (polypeptone 1 %, dextrose 0.5%, agar 1.5%) in its center with a pinhead-size 
bit of the mycelial growth of the study cultures. After covering the inoculated agar 
block with a cover glass, the preparation is incubated at 27°C for an adequate period. 
After the confirmation of good hyphal growth, a portion of the agar block, which 
contains young hyphal growth, is cut into 3 mm cubes with a sterile scalpel. 

Mice of any strain and sex can be used in this protocol. Mice, weighing 18 to 21 g 
are prepared for agar implantation as depicted in Figure 1. A mouse is put into a 
beaker (500 to 1,000 mP) at  the bottom of which absorbent cotton soaked with diethyl 
ether and covered with a sheet of aluminum foil has been placed. A magazine or jour- 
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A fungus i s  i n o c u l a t e d  a t  t h e  cen te r .  

2 Medium Cover g lass  

Water 

3 Young hyphae 
T' 

gar  b l o c k  c o n t a i n i n g  

FIGURE 1. Procedures of the agar-implantation method. 

nal is used as a cover for the beaker. A second beaker (50 to 100 m l )  containing 
absorbent cotton soaked with diethyl ether also is prepared. After the mouse in the 
large beaker loses consciousness, within 1 to 2 minutes, it is removed from the beaker 
and laid on its back on a tray covered with a sheet of aluminum foil. The small beaker 
is placed over the face as illustrated in Figure I .  The following operation must be done 
under sterile conditions. The abdominal wall is opened by an incision 0.5 to 1.0 cm in 
length. An agar block, prepared from the slide culture mentioned above, is inserted 
deeply into the abdominal cavity of the mouse and the incision is closed with sutures 
or clips. Usually the administration of antibiotics is not necessary to prevent infections. 
After surgery the mice are maintained under conventional conditions and are given 
common food and water ad libitum. The mice are killed at various intervals after 
implantation. Upon autopsy, a white gray nodule is easily found in the abdominal 
cavity of the mouse. The nodule is attached to the small intestine (Figure 2), perito- 
neum, liver, abdominal wall or fatty tissue around the urinary bladder or testes. 

The granulomatous tissue covering the inoculum (Figure 3-1) is slit open with a scal- 
pel blade and the exposed agar block (Figure 3-2) is put into a drop of a lactophenol 
solution on a glass slide. A cover glass is placed over it, pressed carefully and the 
specimen is observed directly using a light microscope. When a dangerous fungus, such 
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as Coccidioides immitis, is used, the agar block removed from the abdominal cavity of 
mouse is fixed in a 10% formalin solution and, after fixation, is put into a drop of a 
formalin solution on a glass slide. When we want to prepare histological sections or 
specimens for electron microscopy, nodules are fixed in a 10% formalin solution or a 
3% glutaraldehyde solution, respectively. Then, according to the conventional proce- 
dures, histological sections (Figure 4) or specimens for electron microscopy (Figure 5) 
are prepared. 

111. CLASSIFICATION OF PATHOGENIC FUNGI ACCORDING TO 
THEIR PARASITIC FORMS 

The pathogenic fungi are classified into two categories according to their parasitic 
forms. The first consists of the fungi which are mycelial in a saprobic life and spherical 
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FIGURE 2. Agar block is attached to the small intestine. 

FIGURE 3 .  Agar blocks recovered from the abdominal cavity of a mouse: (1) agar block (arrow) in a 
nodule and (2) histologic section of an agar block. Ag, agar block; Gr, Granulomatous tissue. (Periodic 
acid, Schiff.) 

in a parasitic one (such as spherical cells, yeast-like cells, endospores, or sclerotic cells). 
The second consists of the fungi whose parasitic forms are similar to the saprobic 
forms. 

A. Fungi Whose Parasitic Forms are Different from the Saprobic Ones 
1. Fungi Changing from a Mycelial Form to Spherical o r  Yeast-Like Cells via the Stage 
of Arthroconidium 

Trichophyton rubrum, C. immitis and Penicillium marneffeiapply to this case. 

a. Trichophyton rubrum 
The transformation of T. rubrum, which is most frequently isolated from patients 



, . 
FIGURE 4. Yeast-like cells of ~ las tomyces  der- 
matitidis in an agar block. (Periodic acid, Schiff.) 

FIGURE 5. Electron micrograph of a yeast-like cell of 
Blastomyces dermatitidisin an agar block. The arrow heads 
indicate the cell wall. Nu,  nucleus; Mi, mitochondrion. 

with dermatophytoses, is explained. In general, it parasitizes the keratinized tissue such 
as the horny layer of the epidermis, hair, and nail, and rarely invades the dermis or 
subcutaneous tissue. It exists as a hyphal form with sparse septa (Figure 6-1) in the 
keratinized tissue in the early stages of infection. With the advancement of infection, 
the hyphae thicken and the number of septa increases (Figure 6-2). As a result, chains 
of arthroconidia (Figure 6-3) are formed. With marked inflammatory reactions, the 
chains break up into fragments, which swell and become spherical cells (Figure 6-4). 
The resistance of the spherical cells to infiltrating cells or killing factors in the exudate 
or serum is greater as compared with the resistance of the hyphal form.' 

Spherical cells can be obtained in vitro by the following procedure. T. rubrum is 
inoculated into a Sakaguchi's flask containing 100 mP of brain-heart infusion broth 
(Difco) supplemented with 1V6 dextrose and incubat'kd with reciprocal ,shaking at 
37°C. Under these conditions, more than half of the cultures of T. rubrum change into 
chains of arthroconidia and spherical cells (Figure 7-1) within 3 to 4 weeks.' When 
these spherical cells are inoculated intraperitoneally into a mouse, they survive for 
more t h a ~  2 months in the necrotic center of the granulomatous nodule formed in the 
abdominal cavity of the mouse (Figure 7-2). However, when short hyphae are inocu- 
lated intraperitoneally, most are destroyed within 10 days after inoculation. Namely, 
the spherical cells are able to adapt to  such an unusual circumstance like the abdominal 
cavity of a mouse. When the circumstances become favorable, the spherical cells may 
germinate (Figure 7-3) and extend their hyphae. These results seem to indicate that 
cultures of T. rubrum, which readily change from mycelial to spherical, have the po- 
tentiality to survive in the deep tissues. However, according to the recent data obtained 
when using the agar implantation method, some cultures of T. rubrum grow with a 
hyphal shape in the abdominal cavity of mouse for a long period of time.'= Each of 13 
isolates of T. rubrum, including 3 cultures isolated from patients with granuloma tri- 
chophyticum (in this disease T. rubrum grows in the subcutaneous tissue), was im- 
planted in the abdominal cavity of a mouse. As a result, the cultures were divided into 
three groups according to  their parasitic forms. Two cultures, isolated from tinea un- 
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FIGURE 6 .  Transformation of Trichophyton rubrum from hyphae to spherical cells 
(1 to 4). (KOH preparation.) 

FIGURE 7 .  Spherical cells of Trichophyton rubrum: (1) spherical cells produced in 
vitro (cotton blue); (2) spherical cells in a nodule formed in the abdominal cavity of a 
mouse (periodic acid, Schiff), and (3) germination of a spherical cell (cotton blue). 

guium and tinea pedis, respectively, were destroyed in the abdominal cavity of a mouse 
within 5 weeks. Eight cultures, isolated from tinea cruris, tinea circinata and tinea 
pedis, transformed into chains of arthroconidia or spherical cells within 16 weeks. In 
the third group, the 3 cultures isolated from granuloma trichophyticum were viable in 
a hyphal form in the agar block for more than 26 weeks without changing to spherical 
cells. 

Further studies are needed to clarify a dermatophyte's invasiveness of the deep tis- 
sue. 



b. Coccidioides immitis 
C. immitis is the causative agent of coccidioidomycosis which is the severest disease 

of all the mycotic infections." It occurs after inhalation of the arthroconidia of C. 
immitis, which change into spherules packed with numerous endospores in the host 
tissue. 

To  date, there have been many reports on the transformation of C.  immitis in 
v i v o l ~ - ~ ~  and in ~ i t r o . ~ . "  

When arthroconidia, prepared from slants, were inoculated intravenously into mice, 
the liver was severely affected by them, followed by the spleen, lung, and kidney in 
that order.20 Most of the arthroconidia swelled and became spherules (7 to 33 ym in 
diameter) within 3 days after inoculation. A few spherules reached the midpoint stage 
of their parasitic cycle within 3 days. All the developmental stages, from spherical 
initials to released endospores, were found in the liver, spleen, and lung tissues on the 
5th day. The inside of the spherule initials differentiated into two zones: An inner zone 
of a dense, curd-like substance and an outer zone of cytoplasm. The curd-like sub- 
stance was polysaccharide in nature. As spherule development progressed, the curd- 
like substance disappeared, and the central zone became vacuolated. As the develop- 
ment progressed further, the cytoplasmic membrane and the inner layers of the cell 
wall began to invaginate a t  several points into the c y t ~ p l a s m , ~ ~  and divided it roughly 
into several large segments. The cleavage walls continued to branch towards the center 
of the spherule. As the cleavage walls repeatedly branched, they became thinner and 
divided the cytoplasm into progressively smaller segments. Then, the cytoplasm, made 
up of cleavage segments, separated at the relatively thick cleavage walls which had been 
formed at the initial stage of the cleavage process. As a result, the spherule was packed 
with relatively large packets of segmented cytoplasm. The surface of the packets was 
marked with shallow vertical and transverse furrows. When the packets were sectioned, 
they were observed to be composed of small segments. As soon as endospores devel- 
oped in every cleavage segment, the sac walls and the cleavage walls within the sacs 
began to dissolve, and individual endospores were released within the spherule. As a 
result, the spherule was packed with a large number of free endospores. At the com- 
pletion of the endosporulation process, the cell wall of the spherule ruptured, and the 
endospores were released (Figures 8 and 9). 

When the parasitic cycle was observed by the agar implantation method (Figure 
10),15 arthroconidia implanted into the abdominal cavity of a mouse swelled and be- 
came immature spherules within 3 days, and after the 4th day, a few of the spherules 
had reached the stage of maturity. When hyphae were implanted, they swelled gradu- 
ally with many septa appearing in them after the 2nd day forming chains of arthrocon- 
idia. Disjunctor cells were not formed. 

c. Penicillium marneffei 
According to Segretain,22 hyphae of P. marneffei transformed to chains of arthro- 

conidia in vivo, parted from each other and became yeast-like cells, which multiplied 
not by budding, but by fission. 

2. Fungi Changing from a Mycelial Form to Spherical Cells, Sclerotic Cells, or Yeast- 
Like Cells via the Stage o f  Chlamydospore 

The pathogenic dematiaceous fungi, B. dermatitidis, P. brasiliensis and Microascus 
cirrosus apply to this case. 

a. Fonsecaea pedrosoi 
As an example of the pathogenic dematiaceous fungi, the transformation of F. ped- 
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FIGURE 8. Parasitic cycle of Coccidioides immitisin the liver of mice, scanning electron micrographs: (1) arthro- 
conidia (arrow heads) and disjunctor cells (arrows); (2) young spherule in the liver; (3) cut section of a young spherule 
(arrows show the cytoplasm); and (4 and 5) cut sections of spherules (arrows show cleavage walls); (6) surface of sacs 
in a spherule; (7) cut section of sacs; (8) endospores in sacs, and (9) released endospores. 

rosoi is described. F. pedrosoi is isolated most frequently from patients with chromo- 
mycosis. It exists in the cutaneous and subcutaneous tissues as sclerotic cells with thick 
cell walls, which are characteristic for the parasitic form of the pathogenic dematia- 
ceous These sclerotic cells are formed during the following process:" young 
hyphae of F. pedrosoi, implanted in the abdominal cavity of a mouse by the agar 
implantation method, swelled irregularly. Terminal and intercalary chlamydospores 
were formed after the 14th day of the implantation. As the implantation period pro- 
gressed, the number of chlamydospores increased, followed by a rounding up, and 
became chains of spherical cells. These chains of spherical cells parted from each other 
and became sclerotic cells within 20 to 30 days after implantation (Figure 11). Sclerotic 
cells multiply in two ways. The first is by germination and extension of hyphae under 



FIGURE 8 (6-9) 

favorable environmental conditions. The second is that sclerotic cells with septa (Fig- 
ure 12) are split into cells, which become new sclerotic cells, respectively. 

b. Blastomyces dermatitidis 
Young hyphae of B. dermatitidis implanted into the abdominal cavity of a mouse 

formed intercalary and terminal chlamydospores within 9 days (Figure 13-1).13 These 
chlamydospores were observed at the periphery of the agar block. Fourteen days after 
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FIGURE 9. Parasitic cycle of Coccidioides irnmitis. 

implantation the chlamydospores swelled and became spherical cells which reproduced 
daughter cells by single budding (Figure 13-2,3). The daughter cells were attached to 
the parent cells by a wide base (Figure 14). Occasionally, yeast-like cells occurred by 
direct budding from hyphae (Figure 13-4). 

According to Howard and Herndon,' mycelial fragments of B. dermatitidis change 
to a "chain of oidia" which part from each other and become yeast cells in tissue 
culture. Clinically, it is believed that blastomycosis occurs after inhalation of conidia 
of this fungus, and the priyary lesion is produced in the l ~ n g . ~ - ~  However, it is unclear 
whether or not the inhaled conidia reproduce their daughter cells by direct budding. 
According to the observations of Garrison and BoydZ3 in vitro, yeast-like cells (bud- 
like structures) were budded directly from a germtube formed by germination of a 
conidium at 37°C. 

c. Paracoccidioides brasiliensis 
In P. brasiliensis, transformation is the same as that of B. dermatitidis. Within 7 

days after implantation young hyphae transformed to chains of chlamydospores and 
became spherical cells (Figure 15-I), which after the 14th day produced daughter cells 
by multiple budding (Figure 15-2); Salazar and Restrepo reported the same conversion 
process in ~ i t r o . ' ~  However, different from B. dermatitidis, the daughter cells were 
attached to the parent cells by a narrow attachment. Clinically, it is also believed that 



FIGURE 10. Parasitic cycle of Coccidioides irnmitis observed by the agar implantation method: (1 to 4) arrows 
indicate arthroconidia; (5) two immature spherules, and (6) arrow indicates a spherule (KOH preparation.) (From 
Miyaji, M. and Nishimura, K., Mycopathologia, 90, 122, 1985. With permission.) 

FIGURE 11 

FIGURE 12 

FIGURE 11. Sclerotic cells of Fonsecaea pedrosoiformed in the abdominal cavity of a mouse. (KOH preparation.) 

FIGURE 12. Sclerotic cell of Exophiala derrnatitidis divided into four parts by the septa. (Scanning electron micro- 
graph. Bar indicates 10 pm.) 



14 Animal Models in Medical Mycology 

FIGURE 13. Transformation of Blastornyces derrnatitidisobserved by the agar implantation method: (1) 
Chlamydospore formation. The arrow heads indicate chlamydospores, (2) chlamydospores and spherical 
cells, (3) clumps of spherical cells, and (4) spherical cells produced from a hypha by direct budding. (Periodic 
acid, Schiff.) 

FIGURE 14. Spherical cells of Blastomyces dermatitidis observed directly with a light 
microscope: (1) cells reproduce daughter cells by single budding; (2) daughter cells are 
attached to  the parent cells by a wide base. (KOH preparation.) 



FIGURE 15. Transformation of Paracoccidioides brasiliensis 
observed by the agar implantation method: (1) chlamydospore 
formation and (2) spherical cell with multiple budding. (KOH 
preparation.) 

FIGURE 16. Spherical cells of Microascus cirrosus. (Periodic acid, Schiff.) 

paracoccidioidomycosis occurs after inhalation of ~ o n i d i a . ~  However, it is unclear 
whether or not the inhaled conidia reproduce their daughter cells by direct budding. 

d. Microascus cirrosus 
Young hyphae of M. c i rr~sus '~  implanted into the abdominal cavity of a mouse 

swelled gradually and on the 4th week intercalary and terminal chlamydospores were 
produced, forming chains of spherical cells, which reproduced daughter cells by mul- 
tiple budding, forming clumps of spherical cells (Figure 16). This transformation is the 
same as that of P. brasiliensis. The young hyphae of M. cinereus and M. trigonospo- 
ruY4 changed to chains of spherical cells like those of M. cirrosus. However, they did 
not multiply by budding. 
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FIGURE 17. Clumps of yeast-like cells of Sporothrix schenckiiaround a hypha which disap- 
peared with the advancement of implatat ion period. (Periodic acid, Schiff.) 

3.  Fungi Changing from a Mycelial Form to a Yeast Form by Direct Budding from 
Hyphae 

In this case yeast cells are produced chiefly by direct budding from hyphae. Sporo- 
thrix schenckii, Histoplasma capsulatum variant capsulatum, and H.  capsulatum var. 
duboisiiapply to this case. 

a. Sporothrix schenckii 
When young hyphae of S. schenckii were implanted into the abdominal cavity of a 

mouse, yeast cells were consecutively produced from hyphae." Subsequently, the yeast 
cells produced daughter cells by multiple budding. Eventually, as shown in Figure 17, 
clumps of yeast cells were formed around the hypha, which had disappeared with the 
advancement of the implantation period. 

According to Howard,' a mycelial form of S. schenckii transforms to a yeast form 
in two ways. The first way is that club-shaped cells are produced on the hyphal wall 
and at the tips of lateral branches when the mycelial form of the fungus is inoculated 
into a tissue culture of mouse mononuclear cells. The fungal cells bud repeatedly, 
forming clumps of yeast cells. The second way is that condensation of hyphal cyto- 
plasm occurs, followed by the formation of chains of oval or elongated cells, termed 
"oidia", which part from each other and produce yeast cells. The yeast cells produce 
daughter cells by multiple budding. It is another interesting problem whether conidia 
produce yeast cells by direct budding or not. According to Maeda,25 the plasma mem- 
brane of the conidia is definitely different from that of the yeast cells at an ultrastruc- 
tural level, and the conidia never produce daughter cells by direct budding but first 
germinate and extend germtubes, and then yeast cells occur from the germtubes by 
direct budding. 

Clinically, it is difficult to find fungal elements of S. schenckii in histological sec- 
tions prepared from biopsy rna t e r i a l~ .~ -~  However, there are various shapes of fungal 
elements in the scales and crusts in sporotrichotic lesions.26 

b. Histoplasma capsulatum var. capsulatum 
Young hyphae of H. capsulatum var. capsulatum implanted into the abdominal cav- 

ity of a mouse swelled gradually. A condensation of the cytoplasm occurred in some 
parts of the hyphae, and at the same time intercalary and terminal chlamydospores 
were formed 2 days after implantation. Three days after implantation, the width of 
hyphae and the diameter of the chlamydospores were 2 to 2.5 and 3 to 5 pm, respec- 
tively. Ten days after implantation moniliform hyphae were formed in some parts of 
the hyphae. After the 14th day, more than half of the hyphae and chlamydospores had 



FIGURE 18. Transformation of Histoplasma capsulatum ob- 
served by the agar implantation method. Arrow heads indicate 
yeast-like cells; Ch, chlamydospore. (1) Yeast-like cells produced 
from a hypha by direct budding. (2) Yeast-like cells produced from 
a chlamydospore by direct budding. (3) Yeast-like cells produced 
from a thickened hypha by direct budding. (4 and 5) Small clumps 
of yeast-like cells. ( 6 )  Yeast-like cells formed from moniliform hy- 
phae. (KOH preparation.) 

lost their cytoplasm, and within 30 days, most of them were broken down and disap- 
peared gradually. Only a few short hyphae, chlamydospores, and moniliform hyphae 
survived in the agar block, and produced yeast cells by direct budding." These yeast 
cells produced daughter cells by multiple budding (Figure 18). 

To  date, there have been many reports dealing with the transformation of H. cap- 
sulaturn var. capsulaturn. In short, there are 3 mechanisms involved in their transfor- 
mation: (1) yeast cells are produced from hyphae by direct budding; (2) hyphae change 
to moniliform hyphae, from which yeast cells are produced by direct budding; (3) yeast 
cells are produced from "stalked yeast cells" on hyphae. Pine and WebsterIo demon- 
strated the first transformation by using Pine's medium; in the observation of the agar 
implantation method, this is the main mechanism. The second transformation was 
indicated by Pine and Webster,l0 Moore,=' and Howard6 by using Pine's medium, a 
chorio-alantoic membrane, and a tissue culture of mouse mononuclear cells, respec- 
tively. The third was described by Pine and Webster.l0 According to them, "stalked 
yeast cells" develop in a manner similar to that of microconidium production. The 
stalked yeast cells produce yeast cells by direct budding. 
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FIGURE 19. Parasitic form of Aspergillus fumigatus in the lung. (Periodic acid, 
Schiff.) 

Next, the transformation from microconidia to yeast cells is discussed. Pine and 
Webster,1° Dowding," and GoosZ9 reported that yeast cells are produced by direct 
budding from microconidia. According to Garrison's study using transmission electron 
m i c r o s ~ o p y , ~ ~  microconidia germinate and become "yeast mother cells" which bud 
yeast-like daughter cells. 

Three mechanisms were reported for the transformation from macroconidia to yeast 
cells, one is by occurrence of endospore-like cells within the macroconidia, and another 
is by swelling and separation of tubercules from m a c r o c ~ n i d i a . ~ ~  The former was ob- 
served by Procknow et al.,31 Moore,'' and Bradt.3z According to them, when the ma- 
croconidia, containing endospore-like cells, mature, their cell walls rupture, and a 
great number of endospore-like cells are released from them. On the other hand, Gar- 
rison30 and Pine and Websterlo demonstrated a possibility of the transformation from 
macroconidia to yeast cells. They supported the process that macroconidia extend 
germtubes which bud yeast-like cells directly, or which change to moniliform hyphae 
which produce yeast cells by direct budding. 

According to Pine and Websterl0 and H ~ w a r d , ~  a mycelial form of H. capsulatum 
var. capsulatum transformed to yeast cells within 2 days in vitro. In the agar implan- 
tation method, hyphae transformed to yeast cells after the 10th day post implantation. 

The mycelial form of H. capsulatum var. duboisii transformed to a yeast form 
mainly by direct budding from hyphae as well as in H. capsulatum var. capsulatum, 
when young hyphae of this fungus were implanted into the abdominal cavity of a 
mouse.l13 

B. Fungi Whose Parasitic Forms Are Similar to the Saprobic Forms 
Parasitic form is mycelial as is the saprobic form - Most of the etiolotic agents of 

opportunistic fungal infections fall into this category. For example, the parasitic form 
of Aspergillus fumigatus is usually a hyphal form with characteristic dichotomous 
branching in the tissue (Figure 19). Absidia, Mucor, and Rhizopus exist as nonseptate 
hyphae in vivo as well as in vitro. Fusarium and Pseudallescheria boydii are observed 
as septate hyphae both in vivo and in vitro. 



FIGURE 20. Cryptococcus neoformans coated with 
polysaccharide in India ink preparation. 

FIGURE 21. Parasitic form of Candida albicans in the submucosal layer of the 
esophagus. It consists of both pseudohyphae and blastoconidia. (Periodic acid, 
Schiff .) 

Parasitic form is a yeast form as is the saprobic form - Cryptococcus neoformans 
is an example of this type. It is coated with an acid-polysaccharide capsule in vivo and 
in vitro (Figure 20). 

Parasitic form consists of both mycelial and yeast forms as is the saprobic form - 
Candida spp. are examples of this type. Yeast cells of Candida spp. are produced from 
pseudohyphae, true hyphae, or blastocomidia by direct budding (Figure 21). 

C. Conclusions 
The transformation of pathogenic fungi observed by the agar implantation method 

is summarized in Figure 22. 
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A. Fungi whose parasitic forms are different from the saprobic forms 

1. Fungi changing from a mycelial form to spherical or 
yeast-like cells v i a  the stage of arthroconidium 

2. Fungi changing from a mycelial form to spherical cells, 
sclerotic cells or yeast-like cells v i a  the stage of chlamydospore 

Fonsecaea 
pedrosoi 

BZastoryces 
d e m n a t i t i d i s  

~ a m c o c c i d i o i d e s  
b r n s i l i e n s i s  

\ 3. Fungl changing from a mycelial form to a yeast form by direct 
budding from hyphae 

HistooZnsma 
caoruc~atum 

s c h c n r k i i  

B. Fungl whose parasitic forms are similar to the saprobic forms 

1, Parasitic form is mycelial as is the saprobic form 

2. Parasitic form is a yeast form as is the saprobic form 

3. Parasitic form consists of both mycelial and yeast forms as 
1s the saprobic form 

Candida 
a l h i c a n s  

FIGURE 22. classification of the pathogenic fungi according to their transformation and parasitic forms. 



IV. TISSUE RESPONSES AGAINST FUNGAL 1NFE.CTION 

In order to understand the various fungal infections, we have to know the histopath- 
ologic course of each fungal infection. As is well-known, the tissue responses change 
variously according to the species of fungi and the stage of infection. To  date, various 
animal models have been used for studies of the mycoses. Among them the mouse is 
most frequently used because there are many hereditarily pure mouse strains which are 
useful for the analysis of obtained experimental data. In addition, mice are easy to deal 
with. 

A chief histopathological characteristic of the deep mycoses is a granulomatous in- 
flammatory reaction which plays an important defensive role against fungal infec- 
t i o n ~ . ~ ~  Therefore, it is necessary for the understanding of the fungal infections to 
know the time course of granuloma formation and the killing functions of the granu- 
loma. There are two questions with regard to  the granuloma formation and the killing 
functions, one is whether or not cell-mediated immunity relates to the granuloma for- 
mation against fungal infections, and the other is whether or not the granuloma has 
the capability to  kill the fungi within the granuloma without any exertion of cell-me- 
diated immunity. Congenitally athymic nude (nu/nu) mice are suitable for the study 
of this relationship because of the defective functions of their T - lymph~cy t e s .~~ -~ '  To 
date, nu/nu mice have been used for the analysis of host defense mechanisms against 
various fungal infections; however, most of the reports focused on the "functions" 
cell-mediated immunity played in host defense against fungal infections and not on 
their histopathology. 

In this chapter, the change of histopathological features with the advancement of 
infection are described based on the experimental data obtained from nu/nu mice,* 
their heterozygous littermates (nu/+mice) from BALB/c background, and other im- 
munocompetent mice infected with various fungi. 

A. Fungal Infections in Which Mononuclear Cells Play a Leading Role in Host De- 
fense 
I. Cryptococcus neoformans Infection 

C. neoformans is the causative agent of cryptococcosis, an opportunistic fungal in- 
fection. Because the fungus has a predilection for the central nervous more 
than half of the patients with cryptococcosis have been diagnosed as having cryptococ- 
cal encephalitis or cerebrospinal meningitis. 

To  date, there have been few r e p ~ r t s ~ ~ - ~ O  on murine cryptococcosis using nu/nu 
mice. These indicate that nu/nu mice are more susceptible to C. neoformans than are 
nu/+ mice. However, some explanation is needed with regard to these results. Accord- 
ing to Cauley and M ~ r p h y , ~ '  the susceptibility of nu/nu mice to C. neoformans was 
less than that of nu/+ mice until the 14th day after inoculation. Thereafter, the nu/nu 
mice were affected more severely than were the nu/+ mice. They postulated that this 
early resistance was due t o  the increased function of macrophage in nu/nu mice. 

Virulence of C. neoformans to the mouse is relatively strong. According to our 
data,"3 most ddY mice when inoculated intravenously with 5 x lo6 yeast cells died 
within 1 week. Usually in the infected mice, the liver and brain were affected severely. 
The histopathological features in the brain of the mouse are usually cystic (Figure 23) 
and granulomatous in the 1 i~e r~O.~ '  (Figure 24-1). These two types of lesions are defi- 

* Because of the defective functions of T-lymphocytes, nu/nu mice have to be dealt with carefully. How- 
ever, it is not necessary to deal with them under completely sterilized conditions. A glove box, sterilized 
with formalin vapour before its use, is placed in a conventional room isolated from other experimental 
animals. Nu/nu mice are maintained in it, while being given sterilized cages, bed, food, and water. 
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FIGURE 23. Cystic lesion in the brain of a nu/+ mouse inoculated intrave- 
nously with Cryptococcus neoformans. (Periodic acid, Schiff.) 

FIGURE 24. Histopathological characteristics of the livers of mice inoculated intravenously with Cryptococcus 
neoformans (1) granulomatous lesion, nu/+ mouse, and (2) cystic lesion, nu/nu mouse. (Periodic acid, Schiff.) 



Table 1 
NUMBER OF  MICROFOCI IN 35 mm2 OF LIVER 

SECTIONS 

Days after inoculation 

Nu/+mice 0 0 3 6 4 19 21 9 5 6 
Nu/nu mice 0 0 7 6 10 22 42 t ? t 

Note: Each mouse was inoculated intravenously with lo5 yeast cells 
of C.  neoformansRIB-12. t: numerous. 

nitely different from each other. The cystic lesion appears without any cellular re- 
sponses, while the granulomatous one is formed as a result of various cell infiltrations. 
Thus, it is very interesting that these two types of lesions are simultaneously observed 
in a patient or an animal infected with C.  neoformans. 

In nu/+ or other immunocompetent mice inoculated intravenously with C.  neofor- 
mans,4O PMNs infiltrates were induced by the cryptococci during the early stages of 
infection in the liver. Seven days after inoculation, mononuclear cells (macrophages) 
accumulated at these foci changing the histopathological features from pyogenic to 
granulomatous. After the 14th day, cryptococci, which stained poorly by the periodic 
acid-Schiff (PAS) procedures, were gradually destroyed in the granulomatous lesions. 
On the other hand, the histopathological findings in the liver of nu/nu mice,40 infected 
intravenously with C. neoformans, were cystic lesions with a large number of crypto- 
cocci (Figure 24-2). No cellular responses were induced in them and the cryptococci 
continued to multiply in the cystic lesions. The number of granulomatous lesions in the 
liver section of immunocompetent mice reached a peak on the 14th day and decreased 
thereafter, while in the nu/nu mice the number of the cystic lesions continued to in- 
crease with the advancement of infection (Table 1). The number of colony-forming 
units (CFU) in the livers of the nu/+ mice reached a peak on the 12th day and gradually 
decreased thereafter (Figure 25), whereas the CFU in the livers of nu/nu mice contin- 
ued to in~rease. '~  

The histopathological features in the brains of both nu/nu and nu/+ mice were 
cystic, with the number of lesions continuing to increase with the advancement of 
infection (Table 2). Namely in the brain, regardless of the immunocompetence of the 
mouse, it cannot mount any defensive measures against C. neoformans infection. Ta- 
ble 3 demonstrates a relationship between the granulomatous and cystic lesions in the 
liver of both nu/+ and nu/nu mice. The granulomatous lesions are formed in the livers 
of the nu/+ mice inoculated intravenously with C. neoformans and the cystic ones 
appear in the livers of the nu/nu mice. When nu/nu mice are adoptively transferred 
with lymph node cells of nu/+ mice prior to inoculation of the fungus, granulomatous 
lesions are formed. When carrageenan treatment is used as a blockade of macrophages, 
cystic lesions appear instead of granulomatous lesions in the livers of the nu/+ mice.40 
These results appear to indicate that at  least two steps are required for granuloma 
formation against C.  neoformans infection. One is the phagocytosis by sessile macro- 
phages and the second is the exertion of T-cell functions. Therefore, it may be postu- 
lated that granulomatous lesions are readily formed in the organs rich in the sessile 
macrophages, and cystic lesions in those poor in them. In immunocompetent mice 
inoculated intravenously with C.  neoformans and killed 10 days after inoculation, 
granulomatous lesions were readily formed in the liver, spleen, lymph nodes, lung, 
thymus, etc., while the cystic type appeared in the brain, heart, pancreas, kidney, e t ~ . ~ l  
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Days after inoculation 

FIGURE 25. Colony-forming units in the brain and liver of 
mice inoculated intravenously with Cryptococcus neoforrnans. 
0, brain; 0 ,  liver. (From Watabe, T., Miyaji, M., and Nish- 

imura, K. ,  Mycopathogia, 86, 115, 1984. With permission.) 

Table 2 
AREA AND NUMBER OF CYSTIC LESIONS IN 80 mm2 OF BRAIN 

SECTIONS 

Days after inoculation 

Nu/+mice 
Area of cystic lesion (mm2) 0 0.01 0.06 0.13 0.44 2.94 3.17 4.05 
Number of cystic lesion 0 1 2 3 5 13 11 15 

Nu/nu mice 
Area of cystic lesion (mm2) 0 0.02 0.33 0.21 1.10 4.06 3.92 4.71 
Number of cystic lesion 0 3 9 5 10 28 20 23 

Note: Each mouse was inoculated iztravenously with lo5 yeast cells of C. neoformansRIB-12. 

Table 3 
CHIEF HISTOPATHOLOGIC FINDINGS OF THE 

LIVER OF MICE AFTER INTRAVENOUS 
INOCULATION OF C. NEOFORMANS 

Granulomatous Cystic 
Mice lesion lesion 

Nu/+ + - 
Nu/nu - + 
Nu/nu mice transferred with + - 

lymph node cells of nu/+ 
mice 

Nu/+ mice injected with 0.5 - + 
mg of carrageenan 

Note: Mice were sacrificed 10 days after inoculation. 



FIGURE 26. Cellular responses to Cryptococcus neoformans embedded in agar blocks: (1 and 2) mild cellular 
responses to the agar blocks containing C. neoformans with a polysaccharide capsule, arrows indicate the layer of 
peritoneal macrophages, Ag, Agar block; (3) marked cellular responses to the agar block containing the teleomorph 
of C. neoformans (arrows). The agar block is surrounded by a thick inflammatory tissue consisting of two zones: 
The inner zone consists of PMNs and their debris, and the outer one consists of nonspecific granulomatous tissue. 
(Periodic acid, Schiff.) (From Miyaji, M.  and Nishimura, K. ,  Mycoparhologia, 76, 152, 1981. With permission.) 

The polysaccharide capsule that lies around cryptococci also plays an important role 
in C.  neoformansinfection. It may have an effect of inhibiting the migration of PMNs 
towards cryptoc~cci .~ '  When an agar block containing cryptococci coated with a thick 
polysaccharide capsule was implanted into the abdominal cavity of immunocompetent 
mice by the agar implantation method, a mild cellular reaction occurred in the agar 
block (Figure 26-1 and 2), while a remarkable purulent reaction was induced in another 
agar block containing the mycelial form of C. neoformans (teleomorph) which was 
formed by sexual mating (Figure 26-3). As is well-known, the mycelial form is not 
coated with the polysaccharide material. 

When an immunocompetent mouse was inoculated intravenously with both Asper- 
gillus fumigatus and C. neoformans (dual infection), two types of lesions (such as 
cystic and purulent lesions) appeared on the brain tissue at the same time (Figure 27).4' 
The cystic lesion was formed by C. neoformans and the purulent reaction occurred 
against A. fumigatusinfection. Even though the former lesion is very close to the latter 
as shown in Figure 27, PMNs are never induced by C. neoformans. This result seems 
to indicate that a mouse can distinguish other pathogens which are invading the brain 
tissue already infected with C. neoformans, and the PMNs migrate towards these path- 
ogens. However, the mouse cannot detect the cryptococci as an invader. 
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FIGURE 27. Dual infection with Cryptococcus neoformans and Aspergillus fumigatus in the 
brain o f  a mouse. A cystic lesion (Cy) is formed by C. neoformansand abscesses (Ab) are formed 
by A. fumigatus. (Periodic acid, Schiff.) 

As mentioned above, the granulomatous lesion seems to play a leading defensive 
role against C. neoformans infection. Therefore, it is an important problem whether 
the cystic lesion formed in the mouse brain is capable of changing into a granuloma- 
tous type. According to Grosse et a1.,43 a slow and weak glia-reaction occurred in some 
of the cystic lesions by the beginning of the 3rd week. When the authors4* observed the 
brains of mice infected with C.  neoformans for 55 days, cellular response did not occur 
in the cystic lesions formed in the brain parenchyma, even though cellular responses 
occurred in the leptomeninges, subarachnoid spaces, and chorioid plexuses. Thus, in 
the brain parenchyma, the mouse has no defensive measures against C. neoformans 
infection. 

2. Sporothrix schenckii Infection 
S. schenckii, which is the causative agent of sporotrichosis, characteristically affects 

the skin, subcutaneous tissue, and lymphatics. The clinical appearances are nodular 
lesions and indolent  ulcer^.^-^ The histopathological characteristics of the lesions are 
granulomatous inflammatory reactions. There have been four published reports on 
experimental murine sporotrichosis using nu/nu mice.44-47 According to Shiraishi et 
a1.,44 the and Dickerson et a1.,47 the susceptibility of nu/nu mice to S. schen- 
ckiiwas higher than that of nu/+ mice and they concluded that cell-mediated immunity 
played a leading role in host defense against S. schenckiiinfection. On the other hand, 
Hachisuka4' insisted that the defense mechanisms of mice consisted of both the phag- 
ocytosis by PMNs and the defense led by cell-mediated immunity. 

In experimental sporotrichosis, a histopathological feature during the early stages of 
infection is a purulent inflammatory reaction, while during the latter stages, a granu- 
lomatous inflammatory response appears. These histopathological findings seem to 
indicate that the granuloma might play an important defensive role against S. schenckii 
infection. Immunologically, a delayed-type skin test (sporotrichin reaction) for pa- 



Table 4 
NUMBER OF  LESIONS AND YEAST CELLS DETECTED IN 35 MM2 OF 

LIVER SECTIONS OF  MICE INOCULATED WITH S. SCHENCKII 

Days after inoculation 

nu/ + mice 3 2  172 248 39 13 4 
(169)b (180) (144) (7) (0) (0) 

nu/nu mice 24 148 268 399 >500 >500 
(128) (212) (318) (612) (numerous) (numerous) 

Note: Each mouse was inoculated intravenously with lo6 yeast cells of S.  schenckii Sp-1. 

" Number of lesions. 
Number of yeast cells in the lesions. 

tients with sporotrichosis shows a positive reaction almost without e~cept ion,~ '  while 
an appraisal by serological diagnosis is low compared with the delayed-type skin test. 
According to Shiraishi et a1.,44 the CFU in the liver, spleen, and kidneys of nu/nu 
mice, inoculated intravenously with S. schenckii, continued to increase even after the 
14th day of infection, and a sporotrichin reaction in nu/+ mice exhibited a positive 14 
days after inoculation. 

When nu/nu, nu/+, or ddY mice were inoculated intravenously with lo6 yeast cells 
of S.  schenckii, the liver was affected most severely, regardless of the strain of mouse, 
followed by the subcutaneous tissue of the tail (at the site of the injection), spleen, and 
kidneys, in this order.46 Histopathologically in the liver of the nu/+ mouse, the yeast 
cells, engulfed by Kupffer's cells, were observed sporadically 2 days after inoculation. 
On the 3rd day, PMNs were elicited by the yeast cells and formed microabscesses. On 
this day, mononuclear cells began to accumulate at the foci, and on the 7th day, most 
of the lesions had changed to a granulomatous type, in which the yeast cells were 
positively stained by PAS. On the 10th day, the number of granulomatous lesions 
reached a peak (Table 4), and thereafter, the yeast cells began to be destroyed within 
the granulomatous lesions. On the 14th day, the number of the granulomatous lesions 
decreased abruptly with some of them becoming fibrous. The course of infection in the 
nu/nu mice was similar to that in the nu/+ mice until the 10th day. In the livers of the 
nulnu mice microabscesses were formed during the early stages of infection similar to 
those observed in the nu/+ mice. On the 7th day, less than half of the lesions changed 
to granulomatous and on the 10th day, most of the lesions became granulomatous. 
About a 2 day delay was observed in granuloma formation in the nu/nu mice in com- 
parison with that in the nu/+ mice. Yeast cells still retained a good shape in the gran- 
ulomatous lesions in nu/nu mice. However, after the 10th day there was a definite 
difference in the killing function between the granulomatous lesions of the nu/nu and 
the immunocompetent mice. In the livers of the nu/nu mice the number of granuloma- 
tous lesions continued to increase with the advancement of infection (Figure 28). The 
yeast cells were not killed in the granulomatous lesions and continued to multiply. 
Namely, different from the granulomatous lesions of the nu/+ mice or other immu- 
nocompetent mice, those formed in the nu/nu mice did not have the capacity to kill 
the yeast cells in them,46 thus indicating that a cooperation with T-cell functions was 
necessary for the killing of the yeast cells. Immunologically, a significant macrophage 
migration inhibition factor (MIF) response developed 11 days after inoculation in the 
nu/+ mice,46 and this day nearly coincided with the day when the yeast cells in the 



28 Animal Models in Medical Mycology 

FIGURE 28. Granulomatous lesion formed in the liver of a nu/nu mouse inoculated 
intravenously with Sporothrix schenckii. A clump of yeast cells is observed at  the center. 
(Periodic acid, Schiff.) 

granulomatous lesions began to be destroyed. On the other hand, it seems that humoral 
immunity did not play an important role in the defense mechanisms of mice because 
an agglutinating antibody was not detected for 20 days. 

In summary, T-cell functions are indispensable for the killing of yeast cells of S. 
schenckii in granulomatous lesions. 

3. Histoplasma capsulatum var. capsulatum Infection 
H. capsulatum var. capsulatum is the causative agent of histoplasmosis capsulati 

which is a common and important systemic fungal disease in men and  animal^.^ In 
disseminated histoplasmosis capsulati, the fungus chiefly affects parts of the reticulo- 
endothelial system, such as the liver, spleen, lymph nodes, etc., which results in marked 
proliferation of mononuclear cells. Even though PMNs are observed in the granuloma- 
tous lesions, they do not play an important role in the defense mechanisms of the 
hosts.49 Many studies of host defense against Histoplasma capsulatum have been re- 
ported. According to t h e ~ e , ~ O - ~ ~  cell-mediated immunity plays a crucial role in the 
host's defense mechanisms against the fungal infection. Therefore, nu/nu mice are 
quite suitable for the studies of experimental histoplasmosis capsulati. Williams et a1.55 
reported that nu/nu mice were affected more severely by H. capsulatum in comparison 
with nu/+ mice. They emphasized the importance of cell-mediated immunity in the 
host's defense against the fungal infection, too. They observed large numbers of yeast 
cells with no cellular infiltrate in the liver tissue of the nu/nu mice 50 days after inoc- 
ulation. Especially, cell-mediated immunity played a leading role in eliminating the 
pathogen during the first 2 weeks of the infection in nu/+ mice.49 

When nu/nu, nu/+, or other immunocompetent mice were inoculated with lo6 yeast 
cells of H. capsulatum var. ~apsulatum,4~ the liver, spleen, and lymph nodes were 
affected in this order. In the liver of nu/+ or other immunocompetent mice, a few 
microabscesses with yeast cells appeared on the 2nd day. On the 4th day, the histo- 



FIGURE 29. Granulomatous lesion with numerous yeast cells of Histoplasma capsulatum in 
the liver of a nu/nu mouse. (GMS-Hematoxylin-eosin.) 

pathological features began to change into a granulomatous form. PMNs were scat- 
tered among mononuclear cells forming the granulomatous lesion, and yeast cells were 
found at its center. On the 6th day, the number of the granulomatous lesions with 
yeast cells increased, and on the 8th day, the number reached a peak. Thereafter, the 
number of lesions decreased and the yeast cells began to be destroyed in the granu- 
lomatous lesions. After the 1 l th  day, it was very difficult to find yeast cells within the 
granulomatous lesions. 

By comparison, the histopathological features in the livers of the nu/nu mice were 
nearly similar to those of the nu/+ mice during the early stages of infectior,. However, 
after the 8th day, there was a definite difference in the killing function between the 
granulomatous lesions of the nu/+ and nu/nu mice. Mononuclear cells forming gran- 
ulomatous lesions could not kill the yeast cells, and as a result, the yeast cells continued 
to multiply in the granulomatous lesions in nu/nu mice. After the 18th day, most of 
the granulomatous lesions were occupied by numerous yeast cells (Figure 29). 

The defense mechanisms of mice used against H. capsulatum var. duboisii were 
similar to those used against H. capsulatum var. capsulatum. Clinically, histoplasmosis 
duboisii4 is not differentiated from histoplasmosis capsulati; it is essentially confined 
to  the African continent and the point of difference from the latter is that the yeast 
cells of the former, in the lesion, are larger than those of the latter.56 According to the 
author's data,"3 when nu/nu, nu/+, or other immunocompetent mice were inoculated 
intravenously with lo6 yeast cells of H. capsulatumvar. duboisii, the liver was the most 
severely affected, followed by the spleen and lymph nodes as in murine histoplasmosis 
capsulati. In the livers of the nu/+ mice, a granulomatous response occurred during 
the early stages of infection and the number of granulomatous lesions reached a peak 
on the 8th day and, thereafter, decreased as in histoplasmosis capsulati. Yeast cells in 
the granulomatous lesions began to be destroyed after that day. Granulomatous lesions 
also appeared in the liver of the nu/nu mice during the early stages of infection; how- 
ever, the number of granulomatous lesions and yeast cells in them continued to in- 
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crease with the advancement of infection, similar to the observations made when the 
mice were inoculated with H. capsulatum var. capsulatum. In murine histoplasmosis 
duboisii, yeast cells in the tissue were not necessarily larger than those in murine his- 
toplasmosis capsulati. 

Histoplasma farciminosum is the causative agent of a chronic disease of equines that 
generally involves the subcutaneous lymph nodes and lymphatics of the neck and legs.4 
The histopathological characteristics of the disease are a purulent and granulomatous 
inflammatory reaction. Such tissue responses are similar to those of histoplasmosis 
capsulati or histoplasmosis duboisii. 

According to the author's data,'I3 the virulence of H. farciminosum to nu/nu, 
nu/+, or immunocompetent mice was very low. When nu/nu or nu/+ mice were inocu- 
lated intravenously with 0.15 m l  of a 4% cell suspension (wet weight), lesions appeared 
only in the liver and lungs of both groups of mice. When 0.15 m l  of a 2% cell suspen- 
sion was inoculated intrvenously into mice, it was difficult to find lesions. The nu/+ 
mice infected with the former volume of the fungus had, in the livers, a few microab- 
scesses with yeast cells on the 4th day. On the 6th day, mononuclear cells accumulated 
at  the foci and most of the lesions became granulomatous, and on the 8th day, the 
number of lesions reached a peak, and yeast cells were found only in a few granuloma- 
tous lesions. Even though a considerable number of granulomatous lesions were ob- 
served in the liver tissue on the 1 l th  and 14th days, only a few yeast cells, faintly 
stained by PAS, were found in a few granulomatous lesions. Comparatively, in the 
livers of the nu/nu mice, the primary histopathological feature during the early stages 
of infection was purulent. Different from the immunocompetent mice, the chief his- 
topathological features did not change to granulomatous even on the 14th day; fungal 
cells, faintly stained by PAS, were found in a few microabscesses. On the 18th day, 
mononuclear cells accumulated at the foci and changed the histopathological features 
from pyogenic to granulomatous. Any mouse strains, including nu/nu mice, are not 
adequate as the experimental models of H. farciminosum infection. 

4. Exophiala derma titidis Infection 
E. dermatitidis is one of the causative agents of chromomycosis. Even though the 

number of patients is not large, the fungus has been isolated occasionally from pa- 
tients, especially in Japan." The fungus is neurotropic and causes death in approxi- 
mately one third of the patients. As a preliminary introduction, before describing ex- 
perimental infections of nu/nu mice with the fungus, the virulence of 5 cultures of E. 
derrnatitidis to  ddY mice (male, weighing 19 to 22 g) is described. In 5 mice, each 
inoculated intravenously with 5 x lo6 yeast cells of one (MM-7) of the cultures, 2 died 
on the 6th and 7th days. There were no dead mice in the other 4 groups of mice for a 
period of 30 days post-inoculation. In the dead mice, the brain was severely affected 
by the organism. A large number of PMNs accumulated around short hyphae and 
yeast cells and formed many microabscesses; however, a few microgranulomas with 
yeast cells were also observed in the brain tissue. Symptoms of central nervous system 
involvement (torticollis or abnormal movement) were observed in more than half of 
the mice inoculated intravenously with the five cultures, respectively. Thus, E. derma- 
titidis has a predilection for the mouse brain. 

When nu/nu, nu/+, or other immunocompetent mice were inoculated intravenously 
with lo6 yeast cells of E. dermatitidis(MM-7), the brain was the most favorable target 
organ of the fungus, followed by the kidneys and liver, in this order.58 In the inoculated 
nu/+ mice, the colony-forming unit (CFU) from the brain reached a peak on the 4th 
day, then decreased gradually, and after the 40th day, no viable cells were recovered. 
By comparison, the CFU recovered from the brains of nu/nu mice was almost the same 



Days after inoculalion 

FIGURE 30. Number of viable cells in the organs of nu/+ 
and nu/nu mice inoculated intravenously with lo6 yeast cells 
of Exophiala dermatitidis :04, brain;AA, kidney; andom, 
liver. (Open symbols, nu/nulmice; closed symbols, nu/+ 
mice.) (From Nishimura, K. and Miyaji, M., Mycopatholo- 
gia, 81, 11, 1983. With permission.) 

as that recovered from the nu/+ mice until the 4th day. Thereafter, the number re- 
mained constant at that level until the 25th day, and then began to increase gradually 
(Figure 30). 

In the brains of nu/nu mice, the chief histopathological findings during the early 
stages of infection were microabscesses (Figure 31-l), microgranulomas with short hy- 
phae, and yeast cells. On the 6th day, mononuclear cells began to accumulate at the 
foci and the histopathological characteristics changed to a granulomatous type (Figure 
31-2). At that time most of the fungal elements were yeast-like. Most of the granu- 
lomatous lesions were very small and were observed in a considerable number until the 
end of the experiment. Interestingly, the yeast cells were not killed in these granuloma- 
tous lesions, but their multiplication was suppressed. Thus, it seemed likely that a 
balance was maintained between the granulomatous lesions and the yeast cells. An 
acid-mucopolysaccharide, which was stained with alcian blue, was observed around 
the yeast cells after the 14th day (Figure 32). This substance might act as a buffer zone 
between the yeast cells and mononuclear cells forming the granulomatous lesions. Even 
though the chief histopathological features of the nu/nu mice were granulomatous 
after the 8th day, a few microabscesses and free hyphae were still observed until the 
end of the experiment (62nd day). The histopathological features in the brains of the 
nu/+ mice were almost the same as those in the nu/nu mice until the 10th day. There- 
after, the number of granulomatous lesions abruptly decreased and then the lesions 
began to disappear. No free fungal elements were observed. 

In summary, the exertion of cell-mediated immunity was necessary for the killing of 
the fungus. However, in the brains of the nu/nu mice, mononuclear cells which formed 
granulomatous lesions suppressed fungus multiplication, even though they did not kill 
the fungus. 

The virulence of other pathogenic black yeasts, such as Exophiala jeanselmeP9 and 
E. spiniferq60 to ddY mice were as follows. When each ddY mouse (male, 19 to 21 g) 
was inoculated intravenously with 0.2 mP of a 1% cell suspension (wet weight) of E. 
jeanselmei, no mice died within 30 days of challenge. No mice grew weak from infec- 
tion, nor did the central nervous syndrome appear. They gained weight steadily as if in 
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FIGURE 31. Cellular responses in the brains of mice to Exophiala derrnatitidis infection: (I)  
Abscess formation (Ab, abscess and Hy, hyphae) and (2) small granulomatous lesion with a yeast 
cell (arrow). (Periodic acid, Schiff.) (From Nishimura, K .  and Miyaji, M., Mycopathologia, 77, 
179, 1982. With permission.) 

FIGURE 32. Yeast-like cells (arrows) of Exophiala dermatitidis 
stained with alcian blue. 

good health. The virulence of E. jeanselmei to ddY mice was much weaker than that 
of E. dermatitidis. Histopathologically, microfoci appeared mainly in the livers and 
lungs of the mice. The chief histopathological characteristics of the liver were Kupf- 
fer's cells engulfing yeast-like cells and a few purulent lesions during the early stages 
of infection. These lesions were scattered in the liver tissue. After the 7th day, the 
number of microgranulomatous lesions increased, and on the 26th day, most of the 
lesions disappeared. In the lung, a few microfoci of interstitial pneumonia with yeast- 
like cells sporadically appeared on the 2nd and 5th days. However, on the 7th day, 
almost all of the lesions had disappeared; there were no budding cells in the liver and 
lung lesions. 



FIGURE 3 3 .  Histopathological findings in the brains of nu/nu and nu/+ mice inoculated intravenously wit1 
Fonsecaea pedrosoi : (1)  Granulomatous lesion in the brain of a nu/+ mouse, and (2) purulent lesion in the brair 
of a nu/nu mouse. (Periodic acid, Schiff.) 

The pathogenicity of E. spinifera was examined using ddY mice inoculated intrave- 
nously with 0.2 me of a 1 %  cell suspension. Even though the fungus was recovered 
from the brain and kidneys for 30 days, the inflammatory reactions were mild. Micro- 
foci were observed sporadically in the liver and kidneys during the early stages of 
infection. E. spinifera was not neurotropic like E. dermatitidis. 

B. Fungal Infections in Which Both Polymorphonuclear Leukocytes and Activated 
Mononuclear Cells Play a Role in Host Defense 
1. Fonsecaea pedrosoi Infection 

F. pedrosoi is isolated most frequently as the causative agent of ch rom~mycos i s .~ -~  
When nu/nu, nu/+, and ddY mice were inoculated intravenously with the fungus, the 
brain, kidneys, adrenal glands, and heart were affected most severely by the fungus, in 
that ~ r d e r . ~ '  First, the development of infection in the brains of nu/+ mice were de- 

Spherical and short moniliform-inoculated hyphae clogged in the capillaries 
and germinated, breaking through the capillary walls within 4 days after inoculation. 
A few mononuclear cells migrated towards the hyphae. At almost the same time, 
PMNs were elicited to the hyphae and formed microabscesses. On the 6th day, the 
numbers of abscesses increased, their size enlarged, and after the 8th day, mononuclear 
cells began to accumulate at the foci, changing the histopathological character from 
pyogenic to granulomatous. On the 14th day, the granulomatous lesions (Figure 33-1) 
were completed, confining hyphae, preventing them from growing freely throughout 
the tissue, gradually destroying them. In the nu/nu mice, the histopathological features 
were similar to  those of the nu/+ mice until the 6th day. Their histopathological fea- 
ture was a marked suppurative reaction. However, an accumulation of mononuclear 
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Table 5 
INVASIVENESS OF  BRAIN BY FONSECAEA PEDROSOIAND CHIEF 

HISTOPATHOLOGICAL FEATURES 

Days after inoculation 

Inocula Mice 1-4 6 8 10 14 18 2 1 25 

< < Note: +1: 0% < percentage 5 1%;  +2: 1% < percentage = 4%; +3: 4% < percentage = 9%; +4: 9% < 
percentage 5 16%; +5:  16% < percentage; P :  pyogenic response; G:  granulomatous response, and 
H: hyphal growth without cellular response. 

cells at  the foci did not occur even 10 days after inoculation. As hyphae grew, the 
number of the abscesses increased and enlarged by consolidating with each other. After 
the 14th day, the hyphae broke the PMNs line and grew freely throughout the brain 
tissue without any observable cellular response (Figure 33-2).61 However, when lymph 
node cells of nu/+ mice were adoptively transferred into nu/nu mice prior to challenge, 
granulomatous lesions were formed, confining the hyphae within them and preventing 
free growth of the hyphae. 

According to another experiment on murine chromomycosis, a significant MIF re- 
s ~ o n s e ~ ~  developed 10 days after inoculation; this day closely coincided with the day 
when the granuloma formation began in the nu/+ mice. The titer of an agglutinating 
antibody, detected on the 21st day, however, was very low. Immunological tests in 
eight patients with chromomycosis caused by F. pedrosoi showed a positive delayed- 
skin reaction,63 but the titer of the agglutinating antibody was very low, similar to that 
of the experimental murine chromomycosis model. These results appear to indicate 
that cell-mediated immunity might play a more important role in host defense against 
F. pedrosoi infection than does humoral immunity. 

Table 5 presents a summary of the histopathological features observed in the brains 
of both groups of mice studied. In the nu/+ mice, the histopathological feature, until 
the 8th day, was a purulent reaction, and thereafter, a granulomatous one, while in the 
nu/nu mice, the feature was solely a purulent reaction or no cellular reaction at all. 
Thus, the defense in the nu/+ mice consists chiefly of two steps. In the first step, the 
phagocytosis by PMNs occurs, and in the second, cell-mediated immunity plays a role. 
The host defense exhibited by nu/nu mice, on the other hand, consists chiefly of only 
one step, phagocytosis by PMNs. 

The difference in the susceptibility between the nu/+ and nu/nu mice to the fungus 
was due to the size of the fungal cell inoculum. When inoculated with 0.1 m l  of the 
0.02% cell suspension, the resistance of nu/nu mice was enhanced more than was that 
of the nu/+ mice. These data indicate that the killing function of PMNs in the nu/nu 
mice is more active than that in the nu/+ mice. According to CutleP4 and Rogers et 
al.,65 nu/nu mice were more resistant to Candida albicans infection than were nu/+ 
mice. Our results coincide with their results. There was little difference in the suscep- 
tibility to the F. pedrosoiinfection between the nu/+ and nu/nu mice inoculated with 
0.1 m l  of the 0.1 % cell suspension, thus indicating that the intensity of the defense 
mechanisms of the nu/+ mice, consisting of two steps, balances with that of the nu/ 
nu mice, consisting of one step. When inoculated with 0.1 m l  of the 0.5% cell suspen- 



sion, the nu/nu mice lost their resistance to the fungal infection, and as a result, hy- 
phae grew freely throughout the tissues of the brain and kidney. 

2. Cladosporium trichoides Infection 
C. trichoides, which is one of the pathogenic dematiaceous fungi, is neur~tropic . ' -~ 

Interestingly, cerebral chromomycosis caused by the fungus is prone to occur in 
healthy men during their prime of life. Most of those infected die within a year. In 
animal experiments,66-" the brains were severely affected by this fungus. 

All 10 nu/nu mice inoculated intravenously with 0.1 mP of a 1.0% cell suspension 
died by the 13th day, and those inoculated with 0.1 mP of a 0.1 % cell suspension died 
by the 19th day." There were no dead nu/nu mice, inoculated with 0.1 mP of a 0.01 % 
cell suspension, until the 30th day. Comparatively, all 10 nu/+ mice had died by the 
19th day when they were inoculated intravenously with 0.1 mP of the 1.0% cell suspen- 
sion. However, no nu/+- mice which had been inoculated with either of the 0.1 and 
0.01 % cell suspension died during the experimental period (30 days). 

There were no characteristic pathological findings in the nu/+ and nu/nu mice in- 
oculated with the 0.01 % cell suspension. When inoculated with the 1.0% cell suspen- 
sion, the brain, in both nu/nu and nu/+ mice, was the primary target organ of the 
fungus, followed by the kidney. When inoculated with the 0.1 % cell suspension, brain 
lesions were observed only in the nu/nu mice. The histopathological findings indicated 
that the death of the mice was caused by the fungus invasion of the brain. Even t h ~ u g h  
lesions were observed in the liver, spleen, lung, heart, and lymph nodes, the degree of 
infection was mild compared to that in the brain and kidneys. In nu/+ mice inoculated 
with the 1.0% cell suspension, there were no characteristic pathologic findings on the 
first day. On the 4th day, a few short, slender hyphae appeared in the brain tissue 
eroding through the capillary walls. A few mononuclear cells were attached to the 
hyphae. Immediately, PMNs were elicited to the hyphae and several microabscesses 
were formed. Thereafter, the lesions continued to enlarge until the 19th day; at that 
time, hyphae grew freely throughout the brain tissue. In nu/nu mice infected with the 
1.0% cell suspension, a few short hyphae in conjunction with a few mononuclear cells 
appeared on the 6th day. The slender hyphae continued to grow rapidly, and on the 
11th and 13th days, numerous hyphae without an associated cellular response were 
observed throughout the brain tissue (Figure 34). In nu/nu mice infected with the 0.1% 
cell suspension, numerous microabscesses with hyphae were found in the sections after 
the 14th day. Interestingly, different from F. pedros~iinfection,~'  an accumulation of 
mononuclear cells did not occur at the foci in the brain of the nu/+ mice even after the 
19th day. Perhaps, the hyphal growth of the fungus was so rapid that mononuclear 
cells had no time to accumulate at the lesions and form granulomatous lesions. 

3. Blastomyces derma titidis Infection and Paracoccidioides brasiliensis Infection 
B. dermatitidis and P. brasiliensis are the causative agents of blastomycosis and 

paracoccidioidomycosis, respectively. The former occurs frequently in the area along 
the Mississippi River valley and the latter, in the South American Usually, 
the primary lesion occurs in the lung after inhalation of conidia of either of the fungi. 
The histopathological characteristic in both diseases is a mixed reaction of purulent 
and granulomatous inflammation. 

In nu/nu mice inoculated intravenously with 0.2 mP of a 1% cell suspension of B. 
dermatitidis or with 0.15 mP of a 2% cell suspension of P. brasiliensis, a marked 
purulent inflammatory reaction was induced against each fungus during the early 
stages of infection, and relatively large abscesses were formed in the brain tissue. Even 
though a number of yeast cells were killed in the abscesses, a considerable number of 
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FIGURE 34. Hyphal growth o f  Cladosporium trichoidesin the brain o f  a nu/nu 
mouse. (Periodic acid, Schiff .)  

fungal cells survived. On the 8th day, mononuclear cells began to accumulate at the 
foci, and on the 12th or 18th day, more than half of the lesions of the nu/nu mice 
inoculated with B. dermatitidis or P. brasiliensis became granulomatous. However, 
different from the granuloma formed in the brain of the nu/+ mice, the mononuclear 
cells which formed the granulomatous lesion could not kill the yeast cells, so that the 
yeasts continued to multiply in the granulomatous lesions (Figures 35 and 36).73 

4. Candida albicans Infection 
C. albicans is one of the etiologic agents of opportunistic fungal infections. It is one 

of the members of the normal flora of the skin and of the alimentary canal. When the 
resistance of a host weakens for some reason, it invades the tissue. The virulence of C. 
albicansto mice varies; usually, in experimental murine candidiasis, lo5 to 5 x lo6 yeast 
cells are inoculated intravenously, intraperitoneally, or subcutaneously. To date, there 
have been published studies64,65,74-76 on experimental murine candidiasis in nu/nu and 
nu/+ mice. In nu/nu, nu/+, or other immunocompetent mice inoculated intravenously 
with the fungus, the kidney, brain, and liver were affected, in that order. According to 
CutleP4 and Rogers et a1.,65 the resistance of nu/nu mice to C. albicans infection was 
stronger than that of nu/+ mice. According to Tabeta et a1.,74 when nu/nu and nu/+ 
mice were inoculated intravenously with 5 x lo5 yeast cells, the nu/+ mice showed a 
shorter survival period. However, when these mice were inoculated intravenously with 
3 x lo6 yeast cells, there was no difference in survival in either group of mice. Lee and 
B a l i ~ h ~ ~  also described that the resistance of conventionalized (ex-flora-defined) nu/nu 
mice to C. albicans was stronger than that of control mice. However, when the nu/nu 
mice raised under germfree or flora-defined conditions were used, their susceptibility 
increased more than that of control mice. Furthermore, they76 reported a role played 
by macrophages in the host defense to C. albicans infection using nu/nu and nu/+ 
mice. They inoculated silica intravenously into these mice to assess the role of macro- 
phages. According to the authors' results,l13 when nu/nu and nu/+ mice were inocu- 
lated intravenously with 5 x lo5 yeast cells, histopathological changes were found 



FIGURE 35 FIGURE 36 

FIGURE 35. Granulomatous lesion in the brain of a nu/nu mouse inoculated intravenously with Blastomyces der- 
matitidis. Yeast cells (arrow heads) multiply in the lesion. (Periodic acid, Schiff.) 

FIGURE 36. Granulomatous lesion with spherical cells (arrows) in the brain of a nu/nu mouse inoculated intrave- 
nously with Paracoccidioides brasiliensis. (Periodic acid, Schiff.) (From Miyaji, M. and Nishimura, K., Mycopattlol- 
ogia, 82, 136, 1983. With permission.) 

chiefly in the brain and kidneys. In the brain of both groups of mice, abscesses with 
fungal elements were formed by the 4th day. However, the purulent inflammatory 
reactions in the nu/nu mice were milder than those of the nu/+ mice, and on the 6th 
day, there were no reactions found in the nu/nu mice. In the nu/+ mice, a few granu- 
latous lesions were found on the 6th day, but thereafter, there were no histopatholog- 
ical findings. 

On the other hand, the kidneys of the nu/+ mice were affected more severely than 
were those of the nu/nu mice by the 8th day, but thereafter, the latter was affected 
more severely than the former (Figure 37). These results seem to indicate that phago- 
cytosis by PMNs play an important role in host defense to C. albicans during the early 
stages of infection and cell-mediated immunity, during the later stages of infection. 
Thus, the host defense to C. albicans, in immunocompetent mice, consists chiefly of 
two steps as in F. pedrosoi, B. dermatitidis, or P. brasiliensis infection. The defense in 
the nu/nu mice consists chiefly of one step, phagocytosis by PMNs. 

5. Coccidioides immitis Infection 
C. immitisis the causative agent of coccidioidomycosis which is limited to the south- 

western part of the United States, Mexico, and Central and South America. The dis- 
ease usually occurs after inhalation of the arthroconidia of C. immitis, which change 
to spherules packed with numerous endospores. Histopathologically, the tissue re- 
sponses closely relate to the developmental stages of spherules. The histopathological 
features against young spherules are a marked purulent-inflammatory reaction and 
those against mature spherules, a granulomatous inflammatory 

The course of C. immitis infection in Swiss white mice were as follows. When these 
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FIGURE 37.  Candida albicans (arrows) in the pelvis o f  the kidney o f  a 
nu/nu mouse. (Periodic acid, Schiff .)  

mice were inoculated intravenously with 5 x lo4 arthroconidia, the liver, lung, and 
spleen were affected severely, in that ~ r d e r . ' ~  The histopathological feature in the liver 
was a marked purulent-inflammatory reaction during the early stages of infection. The 
abscesses with spherules were surrounded by a zone of the liquefied tissue 6 days after 
inoculation. The nuclei of the liver cells were rarely recognizable within this zone (Fig- 
ure 38-1). On the 8th day, relatively large lesions consisting of three zones appeared 
(Figure 38-2). The central necrotic area consisted of PMNs and their debris; the inter- 
mediate area consisted of a zone of the liquefied tissue. The outer area reflected a 
granulomatous tissue consisting of mononuclear cells; a few fungal elements were ob- 
served in the necrotic area of the inner zone. After the 10th day, numerous mononu- 
clear cells accumulated around the necrotic areas and formed granulomatous lesions. 
On the 14th day, ruptured spherules, which were attacked by PMNs, were observed in 
the central necrotic area surrounded by the granulomatous tissue. The influx of PMNs 
toward the inside of the spherules was observed. On the 18th day, the chief histopath- 
ological features were a granulomatous response and small spherules with or without 
purulent reaction in the granulomatous lesions. 

To  date, there have been three papers dealing with nu/nu mice infected with C. 
irnmitis. In 1977, Beaman et al.78 reported that nu/nu mice were more susceptible to 
C. immitis infection than were nu/+ mice. However, since their conclusion was based 
on the results of mortality, their description concerning the histology was poor. There 
were meager cellular responses to spherules which grew abundantly in the tissue of the 
nu/nu mice. According to the authors,20 groups of nu/nu and nu/+ mice (consisting 
of 7 mice each) inoculated intravenously with 3.3 x lo5 arthroconidia, died on the 6th 
and 7th days, respectively. As the purpose of the experiment was to observe the para- 
sitic cycle of the fungus, their description concerning the histology was also poor. The 
liver, lung, and spleen were affected severely, in that order, and cellular responses to 
spherules were mild in both groups of mice. 

Recently, Clemons et a1.79 studied quantitatively and histologically the course of C. 
imrnitisin beige mice, nu/nu mice, and their respective controls. As for histology, there 
were no characteristic findings in the organs of these mice by the 14th day. Thereafter, 
there was a definite difference in the cellular responses between the nu/nu and nu/+ 



FIGURE 38.  Histopathological findings of the livers of mice inoculated intravenously with Coccidioides immitis: 
(1)  abscess (Ab) with broken spherules (arrow) is surrounded by a zone of the liquefied tissue (Li) 6 days after 
inoculation; (2) lesion consisting of 3 zones, a necrotic area (Ne) is observed at the center and surrounded by the 
middle zone of the liquefied tissue (Li) while the outermost zone consists of a granulomatous tissue (Gr). Eight 
days after inoculation. (Periodic acid, Schiff.) 

mice. The chief histological feature in the nu/nu mice was suppurative and that in the 
nu/+ ones was granulomatous. In addition, the extent of the inflammatory reactions 
in the former mice was less than that in the latter, and the number of spherules ob- 
served in the nu/nu mice was often greater than that in the nu/+ mice. From these and 
other results, they concluded that the host defense against C. irnrnitis infection consists 
of two steps: the phagocytosis by PMNs during the early stages of infection and the 
killing by the activated macrophages during the later ones. 

C. Fungal Infections in Which Polymorphonuclear Leukocytes Play a Leading Role in 
Host Defense 
1. Aspergillus furnigatus Infection 

A .  furnigatus is the most frequent causative agent of aspergillosis; like C. albicans, 
it is one of the most common causative agents of opportunistic fungal infections. The 
range of the virulence of A .  furnigatus for mice is wide. Usually, in experimental mu- 
rine aspergillosis, A .  furnigatus has a predilection for the kidney; however, a few cul- 
tures, in particular, have a predilection for the brain of the mouse. According to the 
a ~ t h o r s ~ ~ . ~ '  3 of 25 cultures of A .  furnigatus had a predilection for the brain of mouse. 
Naturally, the virulence of these 3 cultures in mice was strong. When ddY mice (male, 
20 to  22 g) were inoculated intravenously with 5 x lo6 conidia of the Aspergillus, all of 
the mice died within 1 week. Macroscopically, the brains were markedly swollen more 
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FIGURE 39. Proliferation of Aspergillus fumigatus in the brain of a mouse. (Pe- 
riodic acid, Schiff .) 

than 40 hr after inoculation. The cranial sutures were loosened, and hemorrhagic foci 
of various sizes were observed on the surfaces of the brains. Microscopically, a few 
hyphae appeared in the cerebral tissue 16 hr after inoculation. Several necrotic foci 
with hyphae, cellular infiltration (PMNs), and hemorrhage were observed in the tissue 
28 hr after inoculation. Abundant hyphal growth with or without purulent reactions 
were observed in the brain tissue more than 40 hr after inoculation (Figure 39). These 
three cultures were high in proteolytic activity when cultured on brain-heart infusion 
agar .s2 

According to Arai et al.,83 there was no difference in resistance to A. fumigatus 
infection between nu/nu and nu/+ mice. When 10 nu/nu and 10 nu/+ mice were 
inoculated intravenously with lo6 conidia of one of the 3 cultures mentioned above and 
observed for 30 days, 2 of the former group and 1 of the latter group died. There was 
no difference in histopathology between nu/nu and nu/+ mice. Histopathologically, a 
purulent inflammatory reaction was apparent until the 3rd day, and on the 5th day, 
mononuclear cells began to accumulate at the purulent lesions, changing the histopath- 
ological character to a granulomatous reaction. Usually, in murine aspergillosis, PMNs 
play a leading role in host defense; additionally, in experimental murine zygomycosis 
(mucormycosis), PMNs play a leading role in host defense as well. According to Corbel 
and E a d e ~ , ~ ~  there were no differences in resistance and histopathology between 
nu/nu and nu/+ mice. 

D. Conclusions 
The pathogenic fungi may be classified into three categories according to the results 

obtained from nu/nu, nu/+, and other immunocompetent mice. S. schenckii, H. cap- 
sulatum, C. neoformans, and E. dermatitidis are classified into the first category. The 
mononuclear cells activated by T-lymphocytes play a leading role in host defense 
against these fungal infections. The second category includes F. pedrosoi, B. dermati- 
tidis, P. brasiliensis, C. trichoides, and C.  albicans. The host defense against these 
causative agents consists of two steps: the phagocytosis by PMNs during the early 



stages of infection and the killing by the activated macrophages during the later stages 
of infection. Possibly C. immitis belongs in this category. Fungi classified into the 3rd 
category are A. fumigatus, zygomycetes, Fusarium, Pseudallescheria boydii, etc. In 
mice infected with these fungi, PMNs play a leading role in host defense. 

V. EFFECT OF SPLENECTOMY UPON GRANULOMA FORMATION 
AND KILLING FUNCTION OF GRANULOMA AGAINST FUNGAL 

INFECTIONS 

In the previous section we described histopathologically the course of various fungal 
infections and the defensive role of granuloma against them. As described in the sec- 
tion, the granuloma is formed without the interaction of cell-mediated immunity, 
which, however, is indispensable for the killing of fungi in the granuloma. Therefore, 
when functional cell-mediated immunity is abrogated by the administration of corti- 
sone, immunosuppressive drugs, radiation, or by suffering from such exhausting dis- 
eases as leukemia, Hodgkin's disease and other malignant tumors, metabolic and au- 
toimmune diseases, e t ~ . , ' ~  the killing functions against fungi of the granuloma 
weakens. Usually, in these cases, other host defenses, such as phagocytosis by PMNs, 
humoral immunity, etc., are injured at the same time, so that the fungi can invade the 
deep tissues more easily. 

As is well-known, cell-mediated immunity is controlled by T-lymphocytes from the 
thymus; the spleen also influences the functions of cell-mediated immunitys6 because 
the white pulp contains T-lymphocytes in the periarteriolar sheaths. Therefore, there 
is the possibility that the spleen might play an important role in regulating the killing 
function of the granuloma against invading fungi. However, there have been no re- 
ports focusing on this subject in the field of medical mycology. 

In this section, the role the spleen plays in host defense against S. schenckiiand C. 
neoformans infections is described. 

A. Effect of Splenectomy upon Microorganism Infections 
The spleen plays an important defensive role against microorganism infections. In 

particular, in the field of pediatrics, splenectomized patients have been affected se- 
verely by bacterial Experimentally, it has been confirmed that the sus- 
ceptibility of splenectomized animals to bacterial or protozoal infections increases 
greatly when compared to that of control a n i m a l ~ . ~ O - ~ ~  However, interestingly, adverse 
cases have been reported. According to Skamene and Chaya~irisobhon,~' splenecto- 
mized mice survived an infection with a dose of Listeria monocytogenes 100 times 
larger than did intact or sham-operated mice. In inbred BlOLP mice infected with 
Plasmodium berghei, the average survival time of splenectomized mice was three times 
longer than that of intact mice.98 

B. Splenomegaly in Murine Mycoses 
The authors have carried out many animal experiments using various species of path- 

ogenic fungi. During the experiments they noticed splenomegaly in mice inoculated 
intravenously with S. ~chenckii,4~ H. ~apsulatum,4~ and C.  n e o f ~ r m a n s . ~ ~  

Usually the average weight of the spleen of mice is less than 150 mg regardless of 
strain, body weight, or age of mice. When mice were inoculated intravenously with 
either of the 3 fungal species, the average spleen weight was more than 250 mg, and in 
some cases, it was more than 500 mg 10 days after inoculation. These results appear to 
indicate that the spleen might play some role in host defense against these fungal infec- 
tions. In bacterial or protozoal infections, the splenomegaly is caused by an increase 
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of B- and T- lymphocyte^.^^ Interestingly, in these fungal infections, splenomegaly OC- 

curred even in nu/nu mice, as well as in immunocompetent mice. Histopathologically, 
the splenomegaly was caused by the increase in number of mononuclear cells. As de- 
scribed in the previous section, mononuclear cells activated by interaction with cell- 
mediated immunity play a leading defensive role against these fungal infections. There- 
fore, it is interesting to know how the spleen relates to the granuloma formation and 
the killing function of the granuloma for these fungi. 

C .  Splenectomy 
The authors used male ddY and BALB/c mice, weighing 19 to 24 g, in the following 

experiment.'OO A mouse was anesthetized with diethyl-ether according to the procedure 
described for the agar implantation method. The anesthetized mouse was laid on its 
face on a tray covered with a sheet of aluminum foil. A small reversed beaker whose 
bottom was covered with absorbent cotton soaked with diethyl ether was put on its 
head and the left side of the back was opened by a small incision after disinfecting the 
operation area with 70% alcohol. The spleen was carefully taken out from the abdom- 
inal cavity and removed, after both Arteria linealis and Vena linealis were ligated with 
thread and the wound was closed. In the experiment using operated animals, at  least 
two kinds of controls are demanded. One is the experiment using intact mice and the 
other is one using mice with sham-operation. In this experiment, the sham-operation 
was carried out as follows. The spleen was taken out from the abdominal cavity ac- 
cording to the procedure described above, returned immediately into the abdominal 
cavity, and the wound was closed. If possible, it is best to administer antibiotics into 
the mouse after the operation. Even though approximately half of the splenectomized 
mice lost consciousness, they recovered within a few hours. The splenectomized mice 
were maintained in a glove box as were the nu/nu mice. Challenge with fungal cells 
was done 7 days after the operation. 

D. Resistance of Splenectomized Mice to Sporothrix schenckii I n f e c t i ~ n ' ~ ~  
Male ddY mice (19 to 23 g) were divided into three groups consisting of splenecto- 

mized, sham-operated and intact mice, respectively. Each mouse was inoculated intra- 
venously with 2 x lo6 yeast cells of S. schenckii7 days after surgery, and the mice were 
killed at various intervals for 30 days. 

The growth rate of the mice was conspicuously influenced by splenectomy, but the 
splenectomized mice were hardly influenced by inoculation of S.  schenckii. On the 
other hand, the growth rate of the sham-operated mice slowed down after inoculation 
of the fungus as shown in Figure 40. 

There was a distinct difference in the spleen weights between mice which had neither 
surgery nor inoculation of S. schenckii and the sham-operated or intact mice with 
inoculation. The average weight of the spleen of the 10 sham-operated and 10 intact 
mice infected with S.  schenckii was 276 and 269 mg, respectively, 9 days after inocu- 
lation, while that of the 10 intact mice without infection was 140 mg. 

When mice were inoculated intravenously with S. schenckii, the liver was affected 
most severely, thus the authors focused on the liver. In the liver of the intact and sham- 
operated mice 2 days after inoculation, there were a few microfoci consisting mainly 
of PMNs, with or without yeast cells. Many microfoci appeared on the 5th day. The 
chief histopathological feature was a purulent-inflammatory reaction. On the 8th day, 
mononuclear cells accumulated at the foci, changing the histopathological features 
from pyogenic to granulomatous. On the 10th day, most of the foci became granu- 
lomatous lesions with yeast cells. At that time, the number of granulomatous lesions 
reached a peak. On the 14th day, the number decreased abruptly and yeast cells in 
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FIGURE 40. Average weight of splenectomized, sham-operated, 
and intact mice inoculated intravenously with 2 x 10' yeast cells of 
Sporothrix schenckii. (From Miyaji, M. and Nishimura K . ,  Myco- 
pathologia, 96, 145, 1986. With permission.) 

them were destroyed. In the splenectomized mice, a few microabscesses with or without 
yeast cells appeared on the 2nd day, similar to the intact and sham-operated mice. On 
the 5th day, approximately half of the foci changed to granulomatous lesions. Unlike 
the course of infection of the intact or sham-operated mice, the number of foci began 
to decrease after the 5th day, and most of the lesions became granulomatous on the 
8th day. Different from the histopathological findings of the intact or sham-operated 
mice, a considerable number of lymphocytes accumulated at the periphery of the gran- 
ulomatous lesions in the splenectomized mice from 8 to 14 days after inoculation. 

The number of yeast cells in the liver section reached a peak on the 10th day in the 
intact and sham-operated mice infected with S. schenckii, and thereafter decreased 
abruptly. However, in the splenectomized mice, the number of yeast cells reached a 
peak on the 5th day and, thereafter, it decreased (Table 6).  Thus, in the splenectomized 
mice, the yeast cells began to be destroyed approximately 5 days earlier than in the 
intact and sham-operated mice. Table 7 presents the number of yeast cells observed in 
liver sections of 30 mice killed 9 days after inoculation. There was a definite difference 
between the splenectomized and control mice (P < 0.01). 

As shown in Table 8, there was a definite difference in the number of CFUs of the 
liver between the splenectomized and the control mice killed 9 days after inoculation 
(P < 0.01). The killing function of splenectomized mice for the yeast cells of S. schen- 
ckiiwas greater than that of the intact or sham-operated mice. 
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Table 6 
NUMBER OF YEAST CELLS IN 40 mm2 OF LIVER SECTIONS OF 

SPLENECTOMIZED, SHAM-OPERATED, AND INTACT ddY MICE 
INOCULATED INTRAVENOUSLY WITH 2 x lo6 YEAST CELLS OF 

SPOROTHRIX SCHENCKII Sp-1 

Days after inoculation 

2 5 8 9 10 14 16 21 26 30 

Splenectomized mice 
Number of yeast cells 19 123 90 82 60 33 28 8 8 5 
Parasitic form C  C > R  C = R  C = R  C < R  C < R  C < R  C < R  R  R 

Sham-operated mice 
Number of yeast cells 12 198 208 235 240 57 18 12 12 5 
Parasitic form C  C > R  C > R  C > R  C = R  C < R  C < R  C < R  R R 

Intact mice 
Number of yeast cells 14 118 238 201 268 42 15 16 10 7 
Parasitic form C  C > R  C > R  C > R  C = R  C < R  C < R  C < R  R  R 

Note: Mice were splenectomized or sham-operated 7 days before inoculation. C: Cigar shaped; R: round or 
oval. 

Table 7 
NUMBER OF YEAST CELLS IN 40 mm2 OF 
LIVER SECTIONS OF SPLENECTOMIZED, 

SHAM-OPERATED, AND INTACT MICE 
INOCULATED WITH 2 x 106 YEAST CELLS 

OF SPOROTHRIX SCHENCKZZ Sp-1 

Mouse Splenectomized Sham-operated 
number mice mice Intact mice 

Average 82 235 20 1 

Note: p < 0.01, the distribution of t by Student's test. Mice 
were sacrificed 9 days after inoculation. 

E. Resistance of Splenectomized Mice to Cryptococcus neoformans Infection 
Usually, when mice are inoculated intravenously with C. neoformans, the brain and 

liver are the primary target organs. As described in Section IV, the histopathological 
characteristics in murine cryptococcosis are cystic in the brain and granulomatous in 
the liver. Therefore, in the brain parenchyma, mice have no defensive measures against 
C. neoformans infection. 

The effects of spIenectomy on murine cryptococcosis were as follows. Male BALBI 
c mice, weighing 20 to 24 g, were divided into 3 groups, consisting of splenectomized, 



Table 8 
COLONY-FORMING UNIT IN 100 mg OF 
LIVER OF  SPLENECTOMIZED, SHAM- 

OPERATED, AND INTACT MICE 
INOCULATED WITH 2 x lo6 YEAST CELLS 

OF SPOROTHRIX SCHENCKII Sp-la 

Mouse Splenectomized Sham-operated 
number mice mice Intact mice 

Average 9.3 x lo5 5.6 x lo6 5.1 x lo6 

Note: P < 0.01, the distribution of t by Student's test. Mice 
were sacrificed 9 days after inoculation. 

sham-operated, and intact mice. Each mouse was inoculated intravenously with lo6 
yeast cells of C. neoformans 7 days after the operation. There were no lesions in the 
brain of the splenectomized, sham-operated, and intact mice 2 days after inoculation. 
Five days after inoculation, cystic lesions were observed in the brains of the three 
groups of mice. Thereafter, the cystic lesions with cryptococci continued to increase 
regardless of the mouse groups. There were no other histopathological findings in the 
brains of the three groups of mice, and cellular responses did not occur in the brain 
parenchyma by the end of the experiment (30 days). There was no difference in the 
number of cystic lesions or in the area of the cystic lesions between the splenectomized 
and control (sham-operated and intact) mice. 

The course of infection in the liver tissue was as follows. In the control mice, a few 
microabscesses were found in the liver 2 days after inoculation. The number of micro- 
foci increased until the 14th day after inoculation, and thereafter decreased abruptly. 
The chief histopathological feature was purulent during the early stages of infection 
and, after the 8th day, changed from pyogenic to granulomatous. Seventeen days after 
inoculation, most of the yeast cells in the granulomatous lesions were destroyed. In the 
splenectomized mice, a few microfoci were found on the 5th day, and the number of 
foci continued to increase until the 20th day after inoculation. Thereafter, the number 
of foci decreased. The histopathological features were similar to those of the controls; 
however, even on the 20th day, yeast cells were found in the granulomatous lesions 
without being destroyed. The yeast cells were destroyed in the granulomatous lesions 
25 days after inoculation. There was a definite difference between the splenectomized 
mice and control ones in the numbers of both granulomatous lesions and yeast cells 20 
days after inoculation (Table 9), even though there was no difference in the numbers 
10 and 30 days after inoculation. Thus, the killing functions in the liver of the splenec- 
tomized mice for C. neoformans were weakened after splenectomy. 

In conclusion, there was a delay of approximately 5 days in the killing functions of 
the granuloma in the liver of the splenectomized mice. 
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Table 9 
NUMBER OF  GRANULOMATOUS LESIONS AND 
YEAST CELLS IN 30 MM2 OF LIVER SECTIONS 

O F  MICE INOCULATED INTRAVENOUSLY 
WITH lo6 CRYPTOCOCCI 

Number of granulomatous Number of yeast 
Mouse group lesions cells 

Splenectomized 50.7 k 6.76 44.3 ? 4.14 
mice 

Sham-operated 22.6 ? 1.95 22.6 t 2.33 
mice 

Intact mice 21.8 t 3.99 20.9 ? 4.48 

Note: Each group consisted of 9 mice. P < 0.01. Mice were sacrificed 
20 days after inoculation. 

VI. OPPORTUNISTIC FUNGAL INFECTIONS IN ACUTE 
LYMPHOCYTIC LEUKEMIA 

Opportunistic fungal infections frequently occur in patients with malignant tumors 
during the terminal stages of the disea~e. '~  In particular, disseminated fungal infections 
are increasing in frequency in the patients with acute lymphocytic leukemia. These 
patients are treated with broad-spectrum chemotherapeutic drugs, which further accel- 
erate fungal infections. According to Abe et al.,'O1 36 (66.7%) out of 54 cases with 
acute lymphocytic leukemia were infected with fungi, among which Candida was iso- 
lated from 26 out of the 36 cases as the causative agent, followed by Aspergillus (18 
cases), zygomycetes (6 cases), and C. neoformans (1 case) (since dual infection oc- 
curred in some cases, the total number was more than 36). Therefore, it is significant 
and appropriate to use leukemic mice in the study of opportunistic fungal infections. 

To  date there have been few reports on experimental fungal infections in tumor- 
bearing mice. Uetsuka et a1.,'02 studied the protective effect of a protein-bound poly- 
saccharide substance against candidiasis using tumor(sarcoma 180)-bearing mice. Ac- 
cording to Mardon et al.,'03 the susceptibility of Lewis lung carcinoma-bearing mice to 
C. albicans was greater than that of noncancerous animals. Johnson et al.lo4 reported 
that disseminated candidiasis occurred in mice challenged with L1210 leukemic cells 
more frequently than in control ones. Abe et al.lo5 studied in detail a relationship 
between leukemia and fungal infections using AKR/J leukemic mice as a suitable ani- 
mal model for the study of human lymphocytic leukemia. The leukemic mice have to 
be maintained under a specific pathogen-free condition. Usually, they are maintained 
in a glove box, and supplied with sterilized cages, bedding, food, and water. A char- 
acteristic of the leukemic mice is that their thymus swells conspicuously more than 6 
months after birth. To  know whether or not the mice are suffering from leukemia, the 
following symptoms are adopted as criteria:'05 (1) conspicuous loss of body weight, (2) 
acceleration of breath, and (3) bristly hair. Furthermore, examination of their blood 
profile and the number of blood cells is required for the confirmation of leukemia. 
However, it is difficult to sample blood from the mice suffering from leukemia because 
they die readily from suffocation if handled roughly because of the remarkable swell- 
ing of the thymus. The blood is sampled from the venous plexus in the orbit of an eye 
with a hematocrit tube. Usually, blood can be collected from a mouse only two times, 
that is just before the start of experiment and just before death. 

When the leukemic mice were inoculated intravenously with lo6 blastoconidia of C. 
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albicans, the average duration of their survival was 10.4 days, while for control mice 
(ICR mice), only one mouse died 16 days after i n o c ~ l a t i o n . ' ~ ~  When the leukemic mice 
were administered steroid hormone (hydrocortisone acetate, 1 mg/day) for 3 consecu- 
tive days just after inoculation of C. albicans, all died within 9 days after challenge. 
Marked peripheral lymphocytopenia occurred in the mice which were administered 
steroid hormone. Histopathologically, in the leukemic mice, the kidney was affected 
most severely, followed by the brain. In the mice which died during the early stages of 
infection, no cellular responses occurred at clumps of C. albicans, but in those which 
died after the 6th day, a moderate cellular infiltrate, consisting mainly of PMNs, was 
induced to the fungus.'05 

When lo6 conidia of A. fumigatus were inoculated intravenously into the leukemic 
mice,'06 the average length of survival was 8.5 days, even though all of the control mice 
survived until the end of the experiment (30 days). Histopathologically, the kidneys 
were affected most severely, followed by the brain and heart. Hyphae grew freely or 
with mild cellular responses. When leukemic mice were administered hydrocortisone 
acetate (1 mg/day) for 3 consecutive days just after inoculation of A. fumigatus, all 
died within 5 days. According to Abe et a1.'06, the number of lymphocytes in the pe- 
ripheral blood of ICR mice conspicuously decreased 24 hr after the administration of 
hydrocortisone acetate and did not increase again even 2 weeks after administration. 

VII. SUMMARY OF EXPERIMENTAL FUNGAL INFECTIONS 

As described in Section IV, the host defense to fungal infections depends chiefly on 
killing by PMNs and mononuclear cells forming granuloma. In particular, the killing 
by the latter related closely to the exertion of cell-mediated immunity. Which of them 
plays a primary role in host defense depends on fungus species. 

We can analyze the particular host defense against various fungal infections by sup- 
pressing or accelerating the functions of PMNs, mononuclear cells, cell-mediated im- 
munity, etc. For example, the number and functions of PMNs are decreased and sup- 
pressed, respectively, by radiation, or an administration of nitrogen mustard. In this 
case, as the sessile macrophages of the reticuloendothelial system usually remain intact, 
it is possible to  analyze the role PMNs play in the host defense. When carrageenan, 
dextran sulfate, or silica is administered intravenously, the functions of monocytes in 
the peripheral blood and sessile macrophages decrease selectively due to the saturation 
of phagocytic capacity; therefore, by administration of these substances, we can ana- 
lyze the defensive role of mononuclear cells. In the study of the defensive role of T- 
lymphocytes, we can use nu/nu or thymectomized mice. In addition, subsets of T- 
lymphocytes are injured by the administration of cyclophosphamide. In rats, radiated 
with X-rays after thymectomy and then adoptively transferred bone-marrow from the 
same strain of rat, the functions of T-lymphocytes do not recover, but those of PMNs 
and B-lymphocytes do. 

Usually, mycoses are prone to occur in the patients in whom any of the defense 
mechanisms are lowered, that is to say, in compromised hosts. When the concentration 
of some nutrient essential for fungal growth increases in compromised patients, fungal 
growth further accelerates. One example of such a nutrient is iron which is an essential 
mineral for fungal as well as bacterial growth. In the vessels and tissues, some of the 
causative agents of opportunistic fungal infections produce iron-transport cofactors 
(siderophore, siderochrome) which bind with iron and form a chelate, and the com- 
pound is absorbed by the fungi. These iron-transport cofactors compete with host 
transferrin in binding iron. In immunocompetent persons, their transferrin is not sat- 
urated (at a saturation rate of 20 to 30%), it easily binds with iron, and as a result, 
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fungi cannot compete sufficiently for the available iron. Sometimes, in patients with 
hepatitis, iron is released from the liver cells'07 and absorbed into the serum, and in 
those with leukemia, lymphoma, thalassemia, etc., it is released from erythrocytes.'07 
In these cases the unbound-iron binding capacity(U1BC) of host transferrin is reduced, 
and fungal growth is accelerated by use of excess iron. 

TO date, there have been few reports dealing with this subject in vivo in the field of 
medical mycology. Abe et al. studied the effects of iron overload on C.  albicanslo8 and 
A.  f ~ m i g a t u s ' ~ ~  infections. They used ICR mice and administered intravenously chon- 
droitin sulfate colloidal iron for 3 consecutive days (40 or 60 mg of iron per kg of 
weight per day) to experimental mice, and concluded that there was a marked differ- 
ence in mortality between the mice with iron overload and the control ones infected 
intravenously with either of the two organisms. The high mortality rate in the mice 
with iron overload is due to both increased serum iron (decreased UIBC) and decreased 
phagocytic activity of the sessile macrophages, whose phagocytic capacity is saturated 
by the engulfment of colloidal iron. In either experiment, enhanced proliferation of C.  
albicans or A. fumigatus was observed in the kidneys, brain, and heart, in that order. 

It is well-known that a fulminant infection with zygomycetes occurs sometimes in 
patients with severe diabetic ketoacidosis.'-4 Until recently, the mechanism was not 
clear. According to Artis et al.,'1° the growth of Rhizopus oryzae was accelerated in 
serum collected from the patients with severe diabetic ketoacidosis. They explained 
that the serum pH of the patients was lower due to the disease, and as a result, UIBC 
is reduced by the low pH. 

In accord with this point of view, Abe et al."' carried out murine experiments to 
clarify the relationship between zygomycosis and diabetic ketoacidosis, and succeeded 
in verifying it in vivo. 

Last of all, we refer to the differences in susceptibility to fungal infections among 
mouse strains. There was a definite difference in susceptibility to C.  neoformans"' 
infection among mouse strains. Thus, we have to choose animals carefully when doing 
animal experiments. 

Animal models of individual mycoses are described by the other authors in the fol- 
lowing chapters. 
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I. CHROMOMYCOSIS AND PHAEOHYPHOMYCOSIS 

A. Introduction 
Chromomycosis is a chronic granulomatous disease caused by dematiaceous fungi, 

and is characterized clinically by verrucous skin lesions with brown, spherical, thick- 
walled muriform cells (sclerotic cells). Dissemination from the skin lesions to regional 
lymph nodes or to internal organs via the blood stream occurs in rare instances. 
Though the term chromoblastomycosis is used in the texts by Conant et al.' and Rip- 
p ~ n , ~  and chromomycosis is employed in the book by Emmons et al.,3 the terms are 
usually used synonymously. Ajel10,~ proposed that chromoblastomycosis, exhibiting 
sclerotic cells as the parasitic forms, should be distinguished from phaeohyphomycosis, 
showing hyphal elements in subcutaneous mycoses caused by dematiaceous fungi, and 
that the term chromomycosis should be eliminated. 

The fungi causing classical chromomycosis include Fonsecaea pedrosoi, F. compac- 
tum, Phialophora verrucosa, Cladosporium carrionii, and Rhinocladiella aqua- 
spersa. Subcutaneous abscesses or phaeomycotic cysts are formed by Exophiala jean- 
selmei, E. moniliae, E. spinifera, P. richardsiae, P. parasitica, P. repens, and Drechs- 
lera sp i~ i f e r a .~  Wangiella (Exophiala) dermatitidis, frequently reported in Japan, usu- 
ally produces warty plaques with sclerotic cells in tissues of the skin and mucosa, but 
a rare cystic lesion in a finger due to this agent has been r e p ~ r t e d . ~  In this case also, 
fungal elements appeared as sclerotic cells. However, Matsumoto et  al .  in- 
sisted that these organisms in tissues of reported cases due to W. dermatitidis are not 
typical sclerotic cells.' On culture media, this fungus forms two typical colonies of 
granular to yeast-like form and mycerial form, and is neurotropic. Nishimura and 
Miyaji regarded the term "Exophiala", advocated by de Hoog, to be more suitable 
than ''Wangiella".2' Cladosporium bantianum (trichoides) specifically attacks the 
brain,8 but may cause secondary lesions in the skin.9 

Dematiaceous fungi inducing chromomycosis, such as P. verrucosa, F. pedrosoi, E. 
jeanselmei, and W. dermatitidis, have been isolated from soil and  humidifier^;'^," C. 
bantianum also grows in soil or on bark, and has been isolated from soil in Japan.12 



Table 1 
FUNGUS ELEMENTS IN TISSUE IN EXPERIMENTAL 

ANIMALSS 

Rat, mouse Mouse 
intraperitoneally intravenously 

Lesion 
Organisms 

F. pedrosoi 

P. verrucosa 
W. dermatitidis 

Granular form 
Mycelial form 

C. ban tianum 

Peritoneal cavity Brain Lung Kidney 

SC Mycel. Mycel. Mycel. 
Mycel. SC (few) 
Mycel. 

SC SC SC - 
Spore shape Mycel. Mycel. Mycel. 
SC (few) SC (few) SC (few) 
Mycel. Mycel. Mycel. Mycel. 

Note: Mycel., Mycelial Form and SC, sclerotic cells. 

From Fukushiro, R., Handbook of Dermatology, Nakayama Shoten, Tokyo, 
1982, 110. 

The fungi is introduced generally by trauma into the skin, but the primary lesion 
may occur in the lung through the inhalation of spores. Especially, C. bantianum is 
considered to gain entry through the lung. 

According to F u k u ~ h i r o , ~  in 24 of 318 dematiaceous fungal infection cases reported 
in Japan, the patients died of lesions that developed only in internal organs, or from 
dissemination from the skin and mucosa to internal organs. Especially, 14 of 15 chil- 
dren died, indicating the extremely poor prognosis of this infection in childhood. In 
those who died of invasion of internal organs, the causative agents were F. pedrosoi 
(nine cases), W. derrnatitidis (nine cases), P. verrucosa (one case), and C. bantianurn 
(two cases). The mortality rate in these patients was 9/241 (3.7%) for F. pedrosoi 
infection; 9/23 (39.1%) for W. dermatitidis infection; 1/6 (16.7%) for P. verrucosa 
infection, and 2/2 (100%) for C. bantianurn infection. Though the high mortality rate 
for C. bantianum infection is well-known, the rate for W. dermatitidis infection, oc- 
curring frequently in Japan, is also high. 

Natural infection of chromomycosis among animals has been reported in dogs, cats, 
horses, and frogs.= Animals susceptible to experimental chromomycosis are mice, rats, 
rabbits, hamsters, guinea pigs, and monkeys, the first two having the highest suscep- 
tibility.13 The fungi often used in animal experiments include F. pedrosoiand W. der- 
matitidis, which are frequently isolated from humans and C. bantianum causing a high 
mortality. Fungal elements in experimental animals studied by FukushiroS are shown 
in Table 1. 

B. Animal Models of Chromomycosis and Phaeohyphomycosis 
1. Fonsecaea pedrosoi Infection 

Polak14 induced a chronic infection in cortisone-pretreated mice by intravenous (i.v.) 
inoculation of F. pedrosoi. The manifestations were characterized by black lesions in 
the skin and subcutis with sclerotic cells resembling the tissue form of human chro- 
momycosis in addition to lesions in the brain and other organs. The procedure was as 
follows. F. pedrosoi was incubated for one week on Sabouraud's dextrose agar at 
30°C, the surface growth was harvested, ground in a mortar, filtered through a fine 
cotton mesh to remove debris, and the filtrate was adjusted for an optical density (8 x 
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lo7 colony-forming units per 0.2 mP). Male Swiss-albino mice were injected with 0.2 
m l  of this suspension into a lateral tail vein. The mice were treated with 2 mg cortisone 
subcutaneously 90 min before and 24 hr after inoculation of the fungus. During the 
first 3 to 4 weeks after inoculation, no symptoms of illness were detected. Thereafter, 
the legs became swollen and black spots appeared on the tail. These spots increased in 
size, and after 7 weeks, the tail and the legs became dark and numerous nodules ap- 
peared. KOH preparations from subcutaneous abscesses in animals revealed abundant 
hyphal growth and the typical roundish, thick-walled, sclerotic cells. The lung, brain, 
and kidney also showed granulomatous lesions and microabscesses, whereas the liver 
and spleen in most animals were free of lesions. In the brain, the fungus grew only in 
its hyphal form. 

BorelliI5 used new-born litters (about 7 days old). Inocula were prepared by grinding 
3-week-old colonies of F. pedrosoi, and suspending them in isotonic saline solution. 
The amount of the suspension injected intraperitoneally was adjusted to l/lOth to 1/ 
15th of the animal's body weight. During the first month after the inoculation, the 
pathogens were detected mainly in thoracic and abdominal organs, and occasionally in 
the brain. Thereafter, dark nodules were observed along the tail, at the tibio-tarsal 
joint. The hind limbs subsequently became immobile, followed by cachexia and death. 
F. pedrosoiwas present in the form of septate cells. 

Kuritat6 intravenously injected 5-week-old male ddy mice with yeast-like cells of F. 
pedrosoistrain Tsuchiya, and studied the time course of the cellular and humoral im- 
mune responses. Viable fungus cells were recovered from several organs from the 14th 
to 16th day, and from the brain on the 36th day after inoculation. Inflammatory le- 
sions were observed in the brain, lung, heart, liver, spleen, kidney, and intestine during 
the first 30 days after inoculation. Nishimura and Miyaji" studied the defense mecha- 
nisms of athymic nude (nu/nu) mice and their heterozygous (nu/+) littermates of 
BALB/c background against F. pedrosoi infection following inoculation into a tail 
vein of 0.1 m l  of 0.02, 0.1, and 0.5% fungus cell suspension. The survival rate of 10 
nu/nu mice, inoculated with the 0.5% cell suspension, was 0% by the 16th day after 
inoculation, and that of nu/+ mice, 100% by the 25th day. 

Male and female white rats also were used in some  experiment^.^,'^,'^ A suspension 
(0.05 mL) adjusted to a hemacytometer count of 2 x lo7 conidial cells per milliliter of 
F. pedrosoiwas injected subcutaneously into the dorsum of the left foot of a rat. Using 
these models, skin tests for chromoblastmycosis or histopathology studies were per- 
formed. 

2. Wangiella dermatitidis Infection 
Polak14 produced an acute, fetal cerebral infection closely resembling human phaeo- 

hyphomycosis in mice. The yeast form cells of W. dermatitidis were suspended in 0.15 
M saline and counted in a hemocytometer. Male Swiss-albino mice were injected i.v. 
with 6 x lo6 colony-forming units. Six hours after inoculation, viable fungal cells were 
found in all tissues examined. During the subsequent 4 days, the viable counts de- 
creased significantly in the lung and increased significantly in the kidney and remark- 
ably in the brain. Most of the animals died within the first week, due to the rapid 
multiplication of fungus in the brain. About 20% of the infected animals recovered 
during the 2nd or 3rd week. In these animals, significantly lower cell counts in the 
brain were observed. 

Nishimura and Miyajizl studied the defense mechanisms of mice against E. derma- 
titidis infection using congenitally athymic nude (nu/nu) mice and their heterozygous 
(nu/+) littermates of BALB/c background. Each mouse was inoculated intravenously 
with 106 yeast cells of the fungus. Viable cells were counted in the brain, kidney, and 



liver of the nu/+ and nu/nu mice. Furthermore, various internal organs were examined 
histopathologically. The susceptibility of the nu/nu mice to the fungus was higher than 
that of the nu/+ mice. Viable cells in the brain of the nu/+ mice reached a peak on the 
4th day, and thereafter decreased gradually. In the nu/nu mice, they reached a peak 
on the 4th day, remained at this level until the 25th day, and thereafter increased 
gradually. 

Jotisankasa et a1.22 investigated the virulence of this fungus using normal and pre- 
disposed mice injected intraperitoneally. All strains studied were neurotropic. The 
pathogenicity of this fungus in laboratory animals has been demonstrated by other 
 investigator^.^^.^^.^^ Iwatsu et a1.19 found that all male rats infected subcutaneously with 
W. dermatitidis exhibited positive reactions to the same fungus antigen. 

3. Cladosporium bantianum Infection 
In our experiment, C. bantianum isolated from the first reported clinical case in 

Japan was used.8 Intravenous injection of 2 to 3 x lo5 fungus cells (conidia and hyphal 
fragments), obtained from culture, caused the death of white mice in 1 to 2 weeks. The 
fungus was detected in both smears and cultures of the brain lesions. According to 
Fukushiro,' mice and rats are susceptible to this fungus, and in the brain and other 
organs, only the mycelial form was observed. (Table 1) 

4. Other Species Infection 
P. verrucosa and E. jeanselmei infected rats were used for evaluation of skin test 

using antigens prepared from culture filtrates of the same fungus studied by Iwatsu et 
a1.I9 Intravenous inoculation of P. verrucosa produced systemic infection involving 
most internal  organ^.^ Fukushiro et al. found only mycelial elements of this fungus in 
tissue of P. verrucosa infected mice and rats, and no sclerotic cells.' 

C. carrioniiis not neurotropic, and this characteristic is used to distinguish it from 
C. ban tianum in animal  experiment^.^ 

11. DERMATOPHYTOSES 

A. Introduction 
Dermatophytosis is the most common fungal infection, and the lesions are usually 

superficial, involving keratinized layers of the skin, hair, and nails.25 When dermato- 
phytes affect the dermis of humans as well as animals, severe inflammation, as ob- 
served in kerion celci, occurs and abscesses are formed in the inflammatory reaction to 
eliminate the fungi. In immunosuppressed individuals, the fungi may induce the for- 
mation of granulomatous tumors in subcutaneous tissues, or, in extremely rare cases, 
invade various internal organs, leading to death of the host.26 Therefore, unlike com- 
mon animal models of other fungal infections, it is important to produce local skin- 
infection models of dermatophytosis. Such models have been produced usually in 
guinea pigs by various  technique^.^'-^^ Though these models are useful for studying the 
pathogenicity and the virulence of fungi, and especially for observing their parasitic 
state in the hair (ectothrix or endothrix), some species may be pathogenic only for 
humans and cannot be successfully inoculated in animals. 

Animal models are employed also for investigation of pathophysiology and immune 
mechanisms in which they are subjected to various examinations such as the trichophy- 
tin skin test. More importantly, excellent animal models are needed for the develop- 
ment of new antifungal agents, because drugs exhibiting potent anti-fungal actions in 
vitro must undergo in vivo trials before clinical application. 
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B.'Animal Models of Dermatophytoses 
1. Animals 

Small animals such as guinea pigs, rabbits, mice, rats, and hamsters, and more in- 
frequently, large animals such as cats, dogs, fowl, monkeys, cattle, and horses are used 
for inoculation experiments. Guinea pigs are most commonly employed because they 
are readily infected with dermatophytes, showing strong inflammatory reactions, and 
the course of infection is relatively uniform regardless of their sex. However, these 
models are not always satisfactory since the course of infection is too short to be com- 
pared with that of human chronic infections. Therefore, the course of skin lesions 
should be prolonged using highly virulent strains of T. mentagrophyte~.~~ According 
to some  investigator^,^^^^' the duration of lesions of dermatophytosis in guinea pigs can 
be prolonged by using corticosteroids, whereas Fisher and Sher31 observed no differ- 
ence in the severity or duration of infection between guinea pigs treated with steroids 
and those untreated. IwataZ9 reported that various attempts to reduce the resistance of 
the host, such as administration of steroids or immunosuppressants, had little effect. 
Green et a1.33 grafted guinea pig skins into congenitally athymic (nude) mice, inocu- 
lated them with T. mentagrophytes after 30 days, and demonstrated chronic dermato- 
phyte infection persisting for 58 days. 

Rabbits are also suitable for immunoserological studies of dermatophytosis due to 
the relative ease of blood c ~ l l e c t i o n . ~ ~  However, the lesions are less inflammatory and 
t lk  course of infection is more variable than in guinea pigs. Reiss3' described that 
Trichophyton purpureum (T. rubrum) infection of the skin could be maintained longer 
in castrated rabbits than in control animals. 

Studies of experimental dermatophytosis in dogs have been few. K ~ s h i d a ~ ~  observed 
the initial occurrence of lesions in white mongrel dogs 4 to 6 days after inoculation. 
The latent period was comparable to that in guinea pigs, but the duration between the 
fastigium and crust exfoliation was considerably longer (15 to 30 days). Patches of 
alopecia with scales persisted for 1 to 3 months, and spontaneous healing required 3 to 
4 months or longer. The course of infection was prolonged by the inoculation, with 
not only T. mentagrophytes but also M. canis and M. gypseum, and unaffected by the 
inoculation method such as sandpaper method, one-point prick inoculation, and topi- 
cal application of the inoculum with a knife (Figure 1). These results are consistent 
with the report by Georg et a1.,37 who observed dogs inoculated with T. mentagro- 
phytes for 30 to  50 days. 

2. Organisms 
Among many species of dermatophytes (Table 2), zoophilic dermatophytes, espe- 

cially T. mentagrophytes var. mentagrophytes (T. asteroides, T. granulare), T.  
quinckeanum, and M. canis have been frequently used since they are highly pathogenic 
for experimental animals and produce marked lesions. Some of the geophilic derma- 
tophytes such as M. gypseum have similar degrees of pathogenicity against animals. T. 
quinckeanum characteristically produces scutula on the skin of mice and guinea pigs, 
but sometimes fails to  do so. This fungus, which has been frequently used for animal 
 experiment^,^' is classified as a member of the T. mentagrophytes complex because of 
the recent success in mating with Arthroderma benhamiae, one of teleomorphs of T. 
mentagr~phytes.~~ According to Plempel and Bartman40 superficial dermatophytosis 
produced in guinea pigs by T. quinckeanum infection resembles human ringworm, and 
can be utilized for evaluation of the efficacy of topical preparations. They classified 
the infection lesions into four stages based on the occurrence of erythema and scutula 
during the course. Chittasobhon and Smith4' inoculated guinea pigs with T. mentagro- 
phytes var. erinacei isolated from a hedgehog and observed symptoms and a course 



FIGURE 1. Experimental dermatophytosis in a dog, 20th day after inoculation with Microsporurn 
gypseurn. (From Kushida, T., Bull Nippon Vet. Zootech. Coll., 24, 64, 1975. With permission.) 

Table 2 
EXPERIMENTAL DERMATOPHYTOSIS 

References by animal 

Organism 

Zoophilic Dermatophytes 
T. mentagrophytes 

var. mentagrophytes 
var. granulare 
( T. asteroides) 

var. erinacei 
var. quinckeanum 

T. verrucosum 
M. canis 
M. persicolor 

Geophilic Dermatophytes 
M. gypseum 

Anthropophilic Dermatophytes 
T. rubum 
(T. purpureum) 

T. tonsurans 
M. audouinii 
E. floccosum 

Nude 
Guinea pig Mouse mouse Rabbit Cat Dog 
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similar to  those seen in-experimental ringworm by T. mentagrophytes var. mentagro- 
phytes. 

Anthropophilic dermatophytes are generally less capable of producing infection in 
animals. The rate of positivity after inoculation with T. mentagrophytes var. interdi- 
gitale, an important fungus responsible for tinea pedis, is low, and even when positive, 
inflammation is extremely mild, healing spontaneously within 20 days. T. rubum is the 
fungus most frequently isolated from human ringworm but has been considered to 
have a relatively low ability to induce experimental ringworm in guinea pigs. Reiss3' 
produced T. rubrum infection with a prolonged course in castrated rabbits. Taka- 
hashi4' inoculated 47 strains of T. rubrum into the guinea pig back and 10 of them 
induced infection. The entire course of infection was about 3 to 4 weeks and the pro- 
gression of infection resembled that caused by T. mentagrophytes. All ten strains pro- 
duced exothrix infection with three also showing endothrix infection. 

Smith43 found no difference in virulence between parasitically formed arthrospores 
and saprophytic aleuriospores or conidia. On the other hand, Klingman et a1.44 ob- 
served higher positive rates by inoculating animals with arthrospores of M. canis and 
M. audouiniinfected hair than with conidia of the fungi collected from culture. 

When stock strains are used for experiments, those with strong virulence must be 
selected by a passage in animals. 

3. Inoculation 
The inoculation routes with dermatophytes can be classified generally as epidermal 

or extraepidermal. Epidermal inoculation to animals is done usually in the skin of the 
back, but sometimes in the extremities, auricula, tail, or cock's comb. Extraepidermal 
inoculation is performed by subcutaneous, intramuscular, intraperitoneal, intrave- 
nous, or intracardiac injection. 

a. Epidermal Inoculation of Dermatophytes 
i. Abrasion Method (Sandpaper Method) 

Hartley-strain white guinea pigs (350 to 600 g) are the most suitable, though rabbits 
and dogs can also be used; non-white guinea pigs, however, are inappropriate for ob- 
servation. Some circular hairless patches (3 to 5 cm in diameter) are prgduced in the 
back by plucking hair by hand. According to Takahashi," clipping of haii with scissors 
or shaving with a razor permits early regrowth of hair, making observation of the 
lesion difficult. After abrading the sites lightly enough with sterilized sandpaper so as 
not to cause bleeding, a fungal suspension is applied. Inoculation can also be made by 
abrading the skin with a lancet or rubbing a spore suspension into the depilated skin 
(about 5 cm2) with a scalpel to achieve both abrasion and inoculation s im~ l t aneous ly .~~  

For the preparation of spore suspensions, a powdery portion of well-grown colonies 
of a fungus is harvested from culture in 1/10 Sabouraud's agar with salt (Takashio's 
medium),39 cultured at 27°C for 2 to 4 weeks, and agitated while adding physiological 
saline. The spores are adjusted to predetermined concentrations using a Toma's count- 
ing chamber. Under optimal conditions, as few as 10 spores of T. mentagrophytescan 
produce lesions, but lo4 or more conidia are usually needed.43 In experiments for eval- 
uation of the efficacy of anti-fungal agents, high concentrations (lo7 to 10' per m l )  are 
commonly used to ensure the development of lesions. 

When highly pathogenic T. mentagrophytesis inoculated, erythema and scales occur 
a t  the site of inoculation after 3 to 6 days, followed by crust formation. The fastigium 
of the infection is reached after 2 weeks, and persists for 3 to 4 days. Inflammation 
gradually reduces thereafter, and heals spontaneously within 4 to 6 weeks. Macro- 
scopic observation of the lesion developing at the inoculation site must be performed 



FIGURE 2. Experimental dermatophytosis in guinea pig; hair 
follicle and hair invaded with hyphae, 14th day after epidermal 
inoculation of Trichophyton rnentagrophytes. (Periodic acid, 
Schiff stain.) 

together with direct microscopy of KOH-treated skin specimens or histological exami- 
nation to determine whether the lesion is caused by the inoculated organisms. The 
presence of the fungus in hair follicles and hair serves as a definite evidence of the 
infection (Figures 2 and 3). Furthermore, the growth of the same strain as that inocu- 
lated must also be confirmed by the isolates from the lesion. 

ii. Gum Tape Method (Cellophane Tape Method) 
The gum tape method is often used as a modification of the sandpaper method. Hair 

of guinea pigs is trimmed short with an electric hair clipper, and gum tapez9 or cello- 
phane tapez8 cut out in circles (2 to 3 cm in diameter) is applied to a few sites of the 
skin and pulled off. This procedure is repeated until the horny layer of the epidermis 
is nearly detached. The inoculum, adjusted to predetermined concentrations, is 
dropped on the center of the sites with an injector (0.05 m l  for each site). The proce- 
dure is completed as the suspension spreads over the site. The course of the infection 
is similar to that by the sandpaper method. 
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FIGURE 3 .  +4 lesion on  the back of a guinea pig, 9th day after inoculation with T. rnentagrophytes 
(A. benharniae"-" Strain) using the sandpaper method. 

iii. One-Point Prick Inoculation 
Fungal mats are collected from a colony and divided into small pieces using needles. 

One point of the depilated skin of the guinea pig is pricked with a needle smeared with 
a small amount of the inoculum. A lesion develops 4 to 7 days after inoculation with 
T. mentagrophytes. The erythemato-squamous lesion enlarges in a circular shape (Fig- 
ure 4), reaching a maximum size in about 2 weeks, and heals spontaneously after about 
1 month. Takahashi and T a n ~ m a ~ ~  described that intracutaneous trichophytin reaction 
became positive after 7 to 10 days, reaching a maximum level after 12 to 14 days, and 
ringworm allergy persisted about 50 days (22 to more than 170 days). These authors 
also found that the courses in guinea pigs after reinoculation with T. mentagrophytes 
were different from those after the first inoculation, and classified the former into two 
types. In one type, fungal elements were demonstrated in the lesions produced by rein- 
oculation. The lesions developed after 3 to 5 days and healed after 11 to 21 days. This 
type of reaction, indicating an abortive form of the initial infection, was seen in a few 
animals. The other type, found in the majority, was an aseptic type; no fungal elements 
were demonstrated in the lesions, and punctate erythema developed after 2 to 4 days 
and healed after 9 to 21 days. 

Since the ringworm lesions produced by this method are not influenced by inflam- 
mation due to  trauma as those produced by the abrasion method, the enlarging process 
of the lesions per se can be serially observed in details and numerically expressed. This 
method is, therefore, suitable for assessment of the effects of anti-fungal  agent^.^' 
Furthermore, it is technically simple and requires no dressing of the inoculation site, 
but the rate of positive inoculation by this method is slightly lower than that by the 
sandpaper method. However, virulence of a fungus may be evaluated conveniently by 
utilizing the difference in the rate of positive inoculation between these two methods. 
Watanabe and H i r ~ n a g a ~ ~  demonstrated that virulence of Arthroderma vanbreusegh- 
emii, a telemorph of T. mentagrophytes, differs in guinea pigs among its three forms 
(granulosum-asteroides, powdery, and persicolor) associated with the differences in 



FIGURE 4. A scaly erythematous lesion on the back of a guinea pig, 9th day after inoculation 
with T. mentagrophytes (A. benhamiae "-") using the one-point prick method. 

their sexual power. No differences were detected in pathogenicity between "+" and 
"-" mating types of the granulosum-asteroides form of A. vanbreuseghemii. 

iv. Occlusive Dressing Method 
For induction of experimental infection, the surface of the skin should be kept ade- 

quately moist with occlusive d r e ~ s i n g . ~ ~ , ~ ~  Tagami et al.51 succeeded in producing a 
highly reproducible lesion without traumatization of the skin by occluding dermato- 
phyte spores. T. mentagrophytes (T. asteroides) was used and the following standard- 
ized method was established. The organism is cultured on Sabouraud's dextrose agar 
at 28°C for 2 weeks. After sterile distilled water was added, a colony was dislodged 
with a platinum-wire loop. Clumps of fungus in the suspension were grounded in a 
mortar with a pestle. The suspensions in test tubes were vibrated by an electric mixer 
for 5 min and filtered through 8 layers of gauze to  exclude large fragments. The fil- 
trates were washed with sterile water 3 times by centrifugation at 3000 rpm for 10 min. 
The preparations thus obtained were composed of numerous small conidia and a few 
hyphal fragments. For adjustment of concentrations, conidia were counted using a 
hemocytometer in the same manner as in counting white blood cells. As experimental 
animals, guinea pigs (Hartley strain) weighing 350 to 500 g were used. An absolute 
condition of an occlusive state in the back skin is complete depilation of the site. There- 
fore, after plucking hair, any remaining short hair must be trimmed by an electric 
clipper. The conidial suspension (0.01 mP) is placed over the depilated skin with a 
micropipette. The site is covered with a sheet of polyethylene film (2 x 2 cm), and the 
inoculum is evenly spread with the fingers covered with a glove. An elastic bandage 
(3.8 cm in width) is applied around the trunk; the bandage should be long enough to 
ensure adhesion of the polyethylene film to the inoculation site and also not to be 
removed by animals. If the bandage is too tight, animals are debilitated, and if too 
loose, they soon remove it with hind legs (Figure 5). The occlusive dressing is removed 
usually after 24 hr. The severity of the lesions increased with prolongation of the oc- 
clusion period. 
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FIGURE 5. Inoculation of a guinea pig using the occlusive dressing 
method. An elastic bandage is bound around the trunk. 

FIGURE 6 .  T. rnentagrophytes infection in a guinea pig using the occlusive dressing method, 
12th day after the inoculation of 24 hr: (right) with granulosum-asteroides strain; (left) with persi- 
color-form strain of  A. vanbreuseghemii. Inoculation is positive only in the right site. 

Minor erythema was occasionally seen after a 24-hr occlusion. Papuloerythematous 
lesions confined to the inoculation site appeared after 2 or 3 days, followed by scales 
after a few days. The extent of the lesions was evaluated by using a 3 point scale: 1+ 
represents a few punctate papuloerythematous lesions; 2+, scattered erythematous 
patches in addition to 1+ lesions, and 3+, entirely diffuse erythematous lesions over 
the site of inoculation. Even in 3+ lesions, the maximum peripheral enlargement was 
twice the size of the inoculation area. The most intense reaction was seen after 6 to 12 
days, when swelling and spreading erythematous lesions increased rapidly with thick- 
ened scales and occasional bloodcrust (Figure 6 ) .  The intracutaneous trichophytin re- 
action and patch test with trichophytin, which were negative before the inoculation, 



became positive during this period. Inflammation in the lesions began to resolve there- 
after and healed after 4 weeks, leaving alopecic scars. 

When animals positive for trichophytin test were reinoculated, as was reported by 
Bloch,=' lesions developed on the 1st or 2nd day, and inflammation reached the climax 
on the 4 to 8th day. Even at the climax, the inflammation was much milder than that 
after the first infection, and subsided after 10 days. 

Five groups of guinea pigs were inoculated with different doses of T. mentagro- 
phytes spores (80, 400, 2000, 10,000, and 50,000 spores/cm2 skin area). Each group 
consisted of 7 animals. Only 1 of the 7 animals was infected with a dose of 80 spores/ 
cm2, but the rate of infection increased with dosage. A dose of 10,000 spores/cm2 could 
induce 3+ lesions in all animals. This finding shows that reproducible experimental 
ringworm can be produced by occlusion of 10,000 spores/cm2 for 24 hr. Relative path- 
ogenicity among species: similar experiments with M. gypseum and M. canis showed 
that these fungi have clearly lower pathogenicity than T. mentagrophytes. 

b. Extracutaneous Inoculation o f  Dermatophytes 
S a e ~ e s ~ ~  inoculated guinea pigs intravenously with T. mentagrophytes (T. gypseum) 

and T. mentagrophytes (T. quinckeanum) and succeeded in producing widespread cu- 
taneous lesions. BlochS2 described skin lesions in guinea pigs after intracardiac injec- 
tion of dermatophytes, which healed spontaneously within 3 weeks. SulzbergerS4 re- 
ported the recovery of T. mentagrophytes (T. quinckeanum) from the heart, liver, 
kidney, spleen, and lung of guinea pigs after intracardial injection. Sternberg et a1.5s 
inoculated mice intraperitoneally with T. rubum and found chronic granulomatous 
lesions in the omentum, liver, spleen, and muscles. Recently, Van Cutsem et a1.s6.57 
described generalized dermatophytosis that affected all parts of the skin and internal 
organs in experimental animals following systemic administration of dermatophytes. 
They used T. mentagrophytes var. granulare, strain B-32663, for i.v. route infection. 
Inoculum concentrations ranging from 117 to 60,000 colony-forming units (CFU) per 
gram body weight were injected in a lateral vena of the penis of male albino guinea 
pigs. Ringworm lesions developed in the animals. Macroscopically visible fungal erup- 
tions appeared after 2 to 4 days, depending on the inoculum size. The climax was 
reached in 2 weeks and remained stable for 6 to 7 weeks after injection. The animals 
remained highly infected until the end of the 1 l th  week. At a dose of 117 CFU/g body 
weight, a few minor dermatophyte lesions occurred without involvement of internal 
organs. At 15,000 CFU/g body weight, all animals presented skin dermatophytosis and 
91% of the lung cultures were positive. Fungal granulomas were formed in the lungs 
and persisted for the entire experimental period. Using these models, Van CutsemS8 
tested new antifungal substances. 

C .  In Vivo Evaluation of the Effects of Antifungal Agents 
Animal models of dermatophytoses are of great value for the development of new 

antifungal agents. Various evaluation methods employing the above-mentioned exper- 
imental models of dermatophytoses have been used by many investigators. Represent- 
ative methods are described below. 

1. "Kaken" Method 
This "Kaken" method reported by Sakai et a1.s9 has been widely used in Japan. The 

back skin of guinea pigs is depilated and abraded at 4 to 6 sites to produce patches of 
skin injuries of the size of a coin. After application of a suspension of T. mentagro- 
phytes, a test agent is applied once a day from the 2nd, 3rd, and 4th day for 6, 7, or 8 
consecutive days, respectively. These tests are termed the 2nd-, 3rd-, and 4th-day meth- 
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ods. The symptoms are recorded daily. On the first day, after completion of the appli- 
cation of the test agent, guinea pigs are sacrificed and washed well with warm water 
and soap. Three patches (5 mm in diameter) are collected from each lesion with steri- 
lized scissors. Each patch is divided into halves, placed on Sabouraud's dextrose agar, 
and cultured at 26°C for 1 week. The rate of negative culture is regarded as the cured 
rate, by which the efficacy of the agent is evaluated. Some sites were left untreated, 
with the solvent alone, for controls. If an agent with known efficacy is used as the 
control, the virulence of the strain can be also assessed. Though this method is suitable 
for evaluation of anti-ringworm agents with marked fungicidal effects, it may be in- 
appropriate for fungistatic drugs. Some of the antifungal agents effective for the treat- 
ment of human ringworms may be quite ineffective in fungicidal tests in cultures. Cul- 
turing tests are suited for evaluation of synthetic chemicals with potent fungicidal 
effects, but can be too rigorous for antibiotics with fungistatic actions. The pharma- 
ceutical effects of antifungal agents are considered to be more appropriately evaluated 
in terms of the rate of effectiveness based on the measurement of lesions produced by 
inoculation. 

2. Modified "Kaken " Method 
In the "Kaken" method, treatment is initiated before manifestation of symptoms. 

Therefore, the prophylactic, rather than therapeutic, effects of the agent are evaluated 
by this method. Recently, however, a modified method in which the treatment is initi- 
ated after confirmation of the lesion has been widely practiced. Tawara et aL60 applied 
a suspension of higly virulent T. mentagrophytes SM-1 10 (Arthroderma vanbreusegh- 
emii "+") to the back skin of guinea pigs by the sandpaper method, and recorded 
lesion scores for 40 days by observing the natural course after inoculation. According 
to the descriptions by Weinstein et a1.61 and Gordee and matt hew^,^^ the severity of 
lesions was graded 0 to  +4: 0 represents no lesions; +1, a stage in which only a few 
small erythematous papulae are seen or lesions are in the process of healing with new 
hair growth; +2, a stage in which scattered erythematous patches or slight growth of 
new hair is observed despite peripheral reddening; +3, a stage in which diffuse ery- 
thema is seen over the entire site of inoculation with abundant scales or thick crusts; 
and +4, a stage in which inflammation is at the climax and is accompanied by bleeding. 
Test agents are applied once a day (0.5 g) for 10 consecutive days from the 5th day of 
infection. Drug efficacy was determined according to the final score of the lesion on 
the day of completion of the treatment and the negative rate in the culture test. The 
culture test was performed according to the "Kaken" method. Guinea pigs were sac- 
rificed on the day after termination of the treatment. The skin of the drug-treated and 
untreated control patches was excised, washed in warm water to remove excess drug, 
and cut into five tissue fragments. The tissues were cultured on Sabouraud's dextrose 
agar supplemented with cycloheximide (500 pg/mP) and penicillin G (100 pg/ml). The 
negative rate was expressed as the percentage of skin samples negative for the fungus 
after culture a t  28°C for 10 days. 

Final lesion scores - Comparison between the drug-treated and untreated control 
sites was made using Freeman-Halton's direct probability calculation method. 

Rates of negative cultures - Differences between the treated and untreated control 
sites as well as those among drugs were evaluated using Freeman-Halton's direct-prob- 
ability calculation method or analysis based on empirical logistic conversion (Cox's 
method; Bonferroni's universal error rate). 

3. Evaluation of the Effects of Antifungal Agents Using One-Prick Inoculation 
Method 

Tanuma4' evaluated drug efficacy based on the degree of inhibition of the enlarge- 



ment of experimental ringworm lesions. The size of erythema on the 11th day after 
inoculation with T. asteroides was 10 to 13 mm in diameter (mean, 10.9 mm) in the 
controls, but it was less than 8 mm when drugs with known efficacy were applied once 
a day for 8 consecutive days from the 3rd day. Therefore, a drug is considered to be 
effective if the size of erythema was less than 8 mm in diameter. This method appears 
to  be useful to  evaluating fungistatic effects of drugs since the results of this evaluation 
are consistent with clinical efficacy of the drugs which show a cure rate of zero by the 
Kaken method. 

4. Oral Treatment o f  Superficial Skin Mycosis and Generalized Mycosis in Guinea Pigs 
Epidermal inoculation models in guinea pigs are useful for in vivo evaluation of not 

only topical skin treatment but also oral administration of antifungal substances such 
as ketoconazole and griseofulvin and intravenous treatment with agents such as Micon- 
azole. Van C u t ~ e m ~ ~  described oral treatment of skin mycosis with various agents start- 
ing at day -1 (prophylactically) or day +3 (therapeutically) for 14 consecutive days 
daily. In disseminated dermatophytosis induced by intravenous administration of T. 
mentagrophytes (15,000 CFU/g body weight), small inflammatory lesions appeared on 
the skin after 3 to 4 days and developed into specific ringworm lesions within one 
~ e e k . ~ ~ . ~ '  Ketoconazole (2.5 to 20 mg/kg) was orally administered daily for 21 to 30 
consecutive days from day 0. Animals infected with dermatophytes were sacrificed 12 
to  21 days after the last treatment and cultures of various organs were made.58 

111. MYCETOMA 

A. Introduction 
Mycetoma is a clinical entity characterized by the development of tumefactions, mul- 

tiple sinuses, and the formation of granules. Mycetomas are classified into two major 
groups by the causative organisms; actinomycotic mycetoma (actinomycetoma) due to 
actinomycetes and eumycotic mycetoma (eumycetoma) due to true fungi. The term, 
Maduromycosis or madura foot is used as a synonym of m y ~ e t o m a ~ ~ . ~ ~  or only for 
eumycotic m y ~ e t o m a . ~ ~ , ~ ~  

Mycetoma is prevalent in the tropical and subtropical regions such as in Africa, 
Central and South America, and India, and often occurs after trauma. The disease is 
also called mycetoma pedis since the feet are the predominant site of lesions, but the 
hands, thighs, knees, trunk, and scalp are also occasionally involved. Males are more 
affected than females, and the incidence is high in those working outdoors. One or 
several painless subcutaneous nodules develop and the lesion gradually extends deeper 
sometimes even into bone, followed by formation of multiple sinuses that drain thin 
pus. The pus contains small granules varying in color according to the species. In 
actinomycotic mycetoma, white-yellow granules are produced by Nocardia brasillien- 
sis, N.  asteroides, N. caviae, and Actinomadura madurae; yellow-brown granules by 
Streptomyces somaliensis, red by A .  pelletierii; and black by S. paraguayensis. In eu- 
mycotic mycetoma, the granules of Pseudallescheria boydii, Neotestudina rosatii, 
Acremonium spp., and dermatophytes are white-yellow and those of Madurella my- 
cetomatis, M. grisea, Pyrenochaeta romeroi, Leptosphaeria senegalensis, and Exophi- 
ala jeanselmei are brown-black. Granules in eumycotic mycetoma can be readily dif- 
ferentiated from those in actinomycetic mycetoma since they are generally larger and 
consist of thicker hyphae. Regardless of the fungal agents, the lesions are pathohisto- 
logically similar. One to several granules are occasionally surrounded by localized cel- 
lular-infiltration lesions in the dermis consisting of lymphocytes, macrophages, and a 
large accumulation of neutrophils, around which epithelioid and plasma cells are ob- 
served. 
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B. Experimental Mycetoma in Laboratory Animals 
1. Actinomycetoma 

Some works have indicated differences in the degree of pathogenicity for three No- 
cardia agents of mycetoma in experimental infection in laboratory animals: N. brasi- 
liensis is the most virulent and always produces granules; N. caviae is less virulent but 
still produces granules, and N. asteroides is significantly less pathogenic and produces 
no granules.64 Zlotnik et al.67 also reported similar results in N. asteroidesinfected 
mice. In Japan, N. asteroides is a common causative agent of mycetoma, though the 
number of patients is Fukushiro et al.69 succeeded in producing infection in 
animals by inoculation with N. asteroides and N. caviae. In rabbits inoculated with N. 
asteroides, granules with marked clubs in the margin were observed frequently in pul- 
monary lesions but not (or rarely) in other organs. Especially in the brain and kidney, 
only mycelial growth was seen. The bacterial elements in tissue did not differ between 
animals and humans. In guinea pigs, rats, and mice, which were positive after inocu- 
lation with N. asteroides as well as N. caviae, the bacterial elements were observed as 
all granules, frequently accompanied by clubs. Destombes et al.70 also reported granule 
formation often associated with clubs in guinea pigs inoculated with N. asteroides. The 
above-mentioned findings are inconsistent with the reports by Emmons et al.63 and 
R i p p ~ n ~ ~  showing that N. asteroides does not produce granules, and also cast doubt 
on the commonly accepted view that granules in nocardiosis are not accompanied by 
clubs. Thus, regional differences may exist in the pathogenicity of isolated strains. 

a. Nocardia brasiliensis Infection 
Conde et al. injected into the footpad of mice 0.05 m l  of 0.15 MNaCl containing 2 

to 5 x lo7 viable N. brasiliensis organism. After day 14, postinfection, mycetoma were 
found. The lesions were located in the dermis and subcutaneous tissue, and contained 
multiloci having well-defined zones, each with a central mass of organisms forming a 
granule of 50 to 100 pm in The footpads of mice were also injected with 
0.1 m l  of a suspension containing viable N. brasiliensis in incomplete Freund's adju- 
vant (IFA) and, depending on the concentration of organisms, mycetoma with granules 
was observed after 15 to 20 days or 1 to 3  month^.^^,^^ 

b. Nocardia caviae Infection 
Beaman et a1.74 injected single-cell suspensions of N. caviae into normal, athymic, 

and asplenic mice by several different routes: intravenously, intraperitoneally or sub- 
cutaneously in the footpad, and intranasally. Chronic, progressive disease leading to 
the formation of mycetomas was found only in mice injected intravenously. Kurup and 
SandhuS0 examined the pathogenicity of N. caviae isolated from soil and demon- 
strated that intraperitoneal inoculation with smaller concentrations (1:320 or 1:640, 
V/V) into white mice produced multiple abscesses on the abdominal wall and viscera. 
Rabbits and guinea pigs receiving intraperitoneal or intravenous inoculation of organ- 
isms also developed abscesses. Local abscess formation was found in guinea pigs re- 
ceiving subcutaneous inoculation. The granules were cream-colored, spherical to oval, 
soft, and 200 to 500 pm in diameter. Similar results were reported by Fukushiro et al.69 
using rabbits, rats, mice, and guinea pigs and by Zlotnik and B ~ c k l e y ~ ~  using BALB/c 
mice. 

c. Nocardia asteroides Infection 
N. asteroides has been frequently reported to produce lesions but not granules in 

animal  experiment^.^^,^^.^^ However, Fukushiro et al.69 demonstrated granules, with or 
without clubs, after inoculating animals with five strains of N. asteroides isolated 



from man. The inoculum was prepared either by adding physiological saline (10 ml )  
to fungal colonies obtained by culture on Sabouraud's dextrose agar slants for one 
month or adding saline (30 ml )  to a fungal suspension (5 ml )  obtained by a shaking 
culture on Sabouraud's dextrose broth at 37OC for 8 days. The suspensions were in- 
jected intravenously into rabbits (1 to 2 mi) ,  or intraperitoneally into rats (0.2 to 0.4 
me), mice (0.1 ml) ,  and guinea pigs (0.5 ml) .  All animals registered positive after the 
inoculation. The highest positive rate and the most marked granule formation were 
observed in rats. The animals were killed after 1 month, and numerous, small intra- 
abdominal nodules were seen. In rabbits, many granules were present in pulmonary 
lesions. re is^^^ found that guinea pigs and rabbits are susceptible to Nocardia aster- 
oides infection; in that study, a well-tritiated suspension (3 to 7 ml)  was injected either 
intraperitoneally into guinea pigs or intravenously (into an ear vein) into rabbits. Intra- 
venous injection was repeated at weekly intervals for 3 to 5 weeks. Two intraperitoneal 
injections given within 1 week were generally sufficient to produce the disease in guinea 
pigs. Some animals developed extensive visceral lesions with granules. Destombes et 
al.70 also observed granule formation in guinea pigs inoculated with N .  asteroides. 

d.  Actinomadura madurae Infection 
Rippon et al.76 produced experimental mycetoma caused by A. madurae in corti- 

sone treated mice and untreated mice. In mice, intraperitoneally given cortisone acetate 
(1 mg), A. madurae microcolonies (50 mg) were injected into the right groin area. By 
the 10th day, large subcutaneous swellings occurred at the injection sites. Histological 
examination showed a mixed pyogenic and granulomatous infection and the formation 
of granules (100 to 500 pm). Untreated mice were inoculated with 1 x 106 viable organ- 
isms, and the disease course was similar to that in cortisone-treated mice. 

2. Eumycetoma 
a. Madurella rnycetornatis and Other Species Infection 

Though some species of true fungi have been reported to be eumycotic agents of 
mycetoma in humans and animals, reports on successful inoculation of experimental 
animals are rare. Even with Madurella mycetomatis, a fungus most frequently isolated 
from human mycetoma, successful inoculations are f e ~ ; ' ~ , ~ ~  in addition, repro- 
ducibility by the reported methods has been que~ t ionab l e .~~  Symmers8' subcutaneously 
inoculated fresh granules obtained from a human hand with mycetoma caused by EX- 
ophiala jeanselmei into rabbits and after 58 days excised one subcutaneous nodule, in 
which granules similar to  those in the tissue of the patient were observed. 
intraperitoneally inoculated mice with a suspension of Acremonium kiliense (Cepha- 
losporium falciforme) isolated from a patient with maduromycosis and found granule 
formation in 18% of the 50 mice. Infection associated with granules was also observed 
after inoculation with Pseudallescheria boydii and M. mycetomatis. Mycetoma 
caused by Aspergillus and dermatophyte, which has attracted less attention, is de- 
scribed below. 

b. Aspergillus Infection 
Jidoi and M a t s ~ m o t o ~ ~  reported a 50-year-old male with mycetoma caused by A. 

fumigatus. Subcutaneous hard nodules and sinuses were seen in the buttocks after 
repeated injections of oily penicillin. The granules were observed in the abcesses lo- 
cated in the deep area, and Aspergillus fumigatus was demonstrated by culture. 
Though mycetoma induced by this fungus is extremely rare, it has been produced in 
animal experiments. Fukushiro et al.84 intraperitoneally inoculated mice with a suspen- 
sion of A. fumigatus (0.2 ml )  isolated from a patient with primary pyoderma-like 
aspergillosis and observed typical granules in one nodule. 
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Table 3 
EXPERIMENTAL SPOROTRICHOSIS 

Reference numbers 
Animals 

Mice 
Nude mice 
Rats 
Rabbits 
Guinea pigs 
Hamsters 
Cats 
Dogs 
Monkeys 

Inoculation 
Intraperitoneal 
Intravenous 
Intracardial 
Intratesticular 
Intramuscular 

(Hind thigh) 
Subcutaneous 

(Footpad or 
Tail) 

Epidermal or 
intradermal 

c. Dermatophyte Infections 
Burgoon et al.85 reported a human case of mycetoma due to T. rubrum with granules 

on the dorsum of the right foot. Fukushiro et a1.66 intraperitoneally inoculated mice 
with T. rubrum isolated from a patient with granuloma trichophyticum and observed 
granule formation in a small nodule. They also reported a 20-year-old male with my- 
cetoma due to M. ferrugineum in the buttocks discharging granules.66 Scalp mycetoma 
caused by the same fungus has been found in cases from A f r i ~ a . ' ~  In Australia, a 9- 
year-old boy with scalp mycetoma showing white granules was described, but whether 
isolated M. canis and T. mentagrophytes were causative agents is unclear." 

IV. SPOROTRICHOSIS 

A. Introduction 
Sporotrichosis (Table 3) is a chronic fungal infection caused by Sporothrix schenckii. 

S. schenckiigrows in nature and has been cultured directly from soil and plants. How- 
ever, some investigators have demonstrated that a few saprophytic isolates in nature 
are pathogenic for mice.88.89 Mariat reported that strains of Ceratocystis stenoceras, 
usually parasitic on plants, increased in virulence by animal passage, and was patho- 
genic for the hamster and mouse. This led him to consider that the perfect stage of S. 
schenckii might be C. s t e n o ~ e r a s . ~ ~  

S. schenckiiis a dimorphic fungus. On Sabouraud's dextrose agar at room temper- 
ature, it forms a conidia-producing hyphal fungus in the mycelial phase, and on brain- 
heart infusion (BHI) agar at 37"C, it is converted to the yeast phase, In humans, the 
fungus is generally introduced into the skin by traumatic implantation. Human spo- 
rotrichosis occurs mostly from September to  April in Japan and from April to July in 
the southern hemisphere when ambient temperature is  lo^.^',^^ Mackinnon et al. re- 
ported that sporotrichosis developed in the bones of the paws and tail only in animals 
raised under a low ambient temperature of 5 to 20°C, and no lesions were seen in these 
sites in animals kept at 3 1 0C.93 



The clinical types in humans are divided into lymphocutaneous, fixed cutaneous, 
extracutaneous, and disseminated spo ro t r i ch~s i s .~~  In the lymphocutaneous type, the 
initial lesion appears as a granulomatous nodule, subsequently multiple subcutaneous 
nodules along the course of the local lymphatics, then followed by the development of 
ulcerations. In fixed cutaneous sporotrichosis, the lesion is restricted to the site of 
inoculation without lymphangitic spread. These two cutaneous types are common, but 
extracutaneous and disseminated sporotrichosis, suggesting blood stream infection, are 
extremely rare.95 Kwon-Chung reported that conidia from eight isolates obtained from 
fixed cutaneous lesions (nonlymphangitic) formed colonies at 35°C but failed to do so 
at 37"C, although conidia from 26 clinical isolates obtained from lymphocutaneous or 
extracutaneous lesions formed colonies at both 35°C and 37°C in vitro within 5 days. 
She also showed that 37°C-type isolates, intraperitoneally injected into mice, grew in 
the internal organs but multiplied faster in the testes when the animals were kept at 
2S°C, while the 35°C-type isolates failed to multiply in the internal organs but grew 
well in testes.96 

Natural infection of sporotrichosis among animals has been documented in horses, 
dogs, cats, boars, rats, mules, foxes, camels, dolphins, and Experimental infec- 
tions with S. schenckii have been reported in rats, mice, rabbits, guinea pigs, dogs, 
cats, hamsters, and monkeys, the first two being most suitable as experimental models. 
However, most of these infections were induced by intraperitoneal inoculations that 
initiated a systemic disease, a manifestation rarely seen in humans.95 Charoenvit and 
Taylor9' described a hamster model for self-limited, lymphatic infection resembling the 
classical disease in humans, and a model for a systemic disease which disseminated 
from an initial subcutaneous infection. Barbee et al. showed that adult cats can be 
readily infected and that the course of the disease in many aspects resembles that of 
human spo ro t r i~hos i s .~~  

B. Animal Models of Sporotrichosis 
1. Mice Models 
a. Introduction 

Animal models of Sporothrix schenckiiinfections are commonly produced by intra- 
peritoneal inoculation of mice or rats for evaluation of the virulence of the fungus. 
Such models are useful particularly for comparative study of virulence between isolates 
from humans or animals and those from soil or plant.88,89,100 Th ese models, in which 
the course of a progressive and systemic disease can be serially observed, are also em- 
ployed for assessing the therapeutic value of antifungal agents.99 

b. Materials and Methods 
Male white mice weighing about 20 g are usually employed, but female mice have 

also been Some investigators recommend that the animals should be housed 
at 20°C since the rate of infection is higher at lower  temperature^.^^.^^ 

The test strains are cultured at 26 to 28°C for 1 to 2 weeks on Sabouraud's dextrose 
agar plates and harvested in the mycelial growth phase. Suspensions of the mycelial- 
phase are made by dispersing the cells in a sterile mortar while adding sterile physio- 
logic saline, and this is then filtered through thick, sterile gauze. Saline suspensions 
containing lo6 conidia in 0.2 to 0.5 m l  are inoculated intraperitoneally into mice. 
These conidial suspensions may be contaminated by mycelial components. Suspensions 
are usually given without supplementation, but in a few studies, they were mixed with 
an equal volume of sterile and neutral 5% aqueous gastric mucin to promote patho- 
gene~is.~~,lOO Organisms in the yeast phase grown on BHI agar at 37°C may be more 
satisfactory, but most strains isolated from nature do  not convert to the yeast phase. 
The mycelial-phase cells, therefore, have been used in a number of studies.88.89.96.100 
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For cells in the yeast phase, culturing is done on BHI dextrose agar slants at 37°C 
for 7 days, and then the cells are suspended in sterile phosphate-buffered saline solu- 
tion. After being washed two times in the solution by centrifugation, they are resus- 
pended, and adjusted to predetermined concentrations by using a hema~ytometer. '~' 
The suspension, containing lo5 to lo6 yeast cells in 0.2 mP, is inoculated intravenously 
into mice. 

Pus or exudate from a lesion obtained from a patient may be used directly without 
culturing.'06 Identification of this fungus in the human pus is difficult by direct exam- 
ination under the microscope. However, extensive sporotrichosis can be induced in 
mice by injection of the pus diluted with saline. 

Mice are sacrificed at various intervals and each organ is examined by culture and 
histopathological techniques. If the inoculated fungus is pathogenic, severe peritonitis 
or orchitis is observed within 2 to 3 weeks followed by dissemination to the mesenteric 
lymph nodes, spleen, liver, kidney, lung, and heart. Nodulation in the tail is also a 
common finding. The histopathological feature in early stages is abscess formation, 
which becomes granulomatous about 1 week after the infection. Kinbara and 
Fukushirolo4 hi~topathologically studied the nodules that developed on the surface of 
testicles, as well as in the greater omentum, and noted numerous fungal elements in 
microabscesses within these nodules. The spores varied in size, and were s~herical  or 
oval, and sometimes budding. The cigar-shaped cells were scanty, contrary,to earlier 
reports. Asteroid bodies were also found in testicular lesions. 

c. Inoculation Route 
The fungal cells may be introduced by routes other than intraperitoneal injection. 

Strains that were negative after inoculation by one route may be positive after inocu- 
lation by another route. 

Subcutaneous injection of a cell suspension (0.2 mP) in the back of the mouse hind- 
leg induces swelling after about 2 weeks, becoming prominent after 3 weekss9 For 
intramuscular inoculation, a cell suspension (0.25 mi )  is injected in the medial side of 
the right hind-thigh of white mice. A visible swelling of the infected thigh is observed 
within 7 to 12 days after inoculation, and peak swelling is generally observed within 20 
to 30 days. On excision, the infected thigh reveals abscess formation in the muscles.'05 

Following intratesticular inoculation, the rat testicles were swollen and covered with 
small yellow nodules within 4 weeks.102.'06.109 When given intravenously, the cell sus- 
pension (0.2 m l )  is injected into the tail vein.'07 

2. Nude Mice Models 
Athymic (nude) mice are useful for studying the defense mechanism of mice against 

S.  schencki i infe~t ion. '~~ According to Miyaji and Nishimura, granuloma formation is 
observed in nude mice (nu/nu) from early stages of infection, but, unlike in heterozy- 
gous mice (nu/+), growth of the cells is limited in the granuloma.lo7 

3. Rat Model 
The male white rat is also suitable as a model for experimental sporotrichosis. 

Reisslog examined the effects of intratesticular or intraperitoneal inoculation of 0.5 to 
1.0 m l  of a heavy spore suspension of the mycelial or yeast cells. He found that within 
14 to  20 days, the inoculation is usually followed by abscess formation in the pelvic 
region and later, of the mesenteric lymph nodes, spleen, and liver, and frequently 
uIcerative lesions develop along the tail at this stage. The animals rarely survive until 
the 4th week. Benham,'02 describing the rats that received intratesticular injections, 
noted that their testicles were swollen and covered with small yellow nodules after 4 
weeks. 

http://granuloma.lo7


FIGURE 7.  Section from experimental orchitis of white rat, 21st day post-inoculation with Spo- 
rothrix schenckii. Spherical, oval, and cigar-shaped fungal elements are observed. (Periodic acid, 
Schiff stain.) 

Kobayashi'03 inoculated white rats with a cell suspension (0.5 to 2.0 mP) intraperi- 
toneally, subcutaneously, or intramuscularly, and presented detailed description of the 
course of the disease. Results of intratesticular inoculation have been reported by in- 
vestigators such as Benhamloz and Hopkins.lo6 Mackinnong3 injected a suspension of 
cells in the yeast phase intraperitoneally (1 mP) or intracardially (0.25 mi)  in rats, and 
found a relationship between the pathogenesis and the ambient temperature. Kinbara 
and Fukishiro'04 intraperitoneally inoculated a suspension of mycelial-phase cells in 
rats, and observed a greater variety of fungal elements, including the asteroid tissue 
form, than in mice. 

4. Other Models 
Rabbit and guinea pig - Rabbits and guinea pigs are infrequently employed for 

inoculation experiments with S. schenckiisince the pathogenesis and the course of the 
disease are more variable than in mice or rats.lo3.'12 Kwon-Chung produced skin lesions 
in guinea pigs by epidermal or intradermal inoculation of ~ o n i d i a . ~ ~  

Hamster - Mariatg0 studied the virulence of the fungus in the hamster. Charoenvit 
and Taylor9' uniformly induced two types of infection by subcutaneous footpad inoc- 
ulation of S. schenckii in male Syrian hamsters weighing 100 g: a self-limited, lym- 
phatic infection resembling the classical disease in humans, and a generalized nonfatal 
infection. An infecting dose of 5.3 x lo3 yeast cells produced the localized subcuta- 
neous lymphatic disease which was limited to a single limb. In contrast, a 1,000-fold 
increase in the inoculum (5.3 x lo6) produced a systemic infection involving the liver 
and spleen. Using these models, they investigated the serological response in localized 
and systemic sporotrichosis. 

Cat - Barbee et al.98 showed that adult cats can be readily infected and that the 
course of disease, in many aspects, resembles that of human sporotrichosis. Domestic 
cats were inoculated with a yeast cell suspension of S. schenckiiisolated from humans 

http://rats.lo3
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into one of the rear footpads. Primary wart-like lesions appeared at the inoculation 
site approximately 5 weeks after injection of the organism, and secondary lesions gen- 
erally appeared along the course of afferent lymphatic vessels leading from the foot to 
the popliteal lymph node. Initially, these lesions were nodular but soon softened and 
became ulcerated. 

Monkey - Benham1O2 inoculated monkeys with a suspension (0.5 mP) of mycelial- 
phase organisms subcutaneously into the left forefinger, and observed two nodules at 
the site of inoculation within 4 weeks. However, no generalized symptoms developed. 
Hopkins and Benhamlo6 also produced multiple nodular lesions closely simulating 
those seen in lymphangitic form of the disease in man. 

Dog - Experimental sporotrichosis has been described by Hekton and Perkins"' 
and Kren and Schramek."' 

C. In Vivo Evaluation of the Effects of Antifungal Agents on Sporotrichosis 
Treatment with test agents is initiated intraperitoneally, intravenously, or orally on 

the day after inoculation of animals with a suspension of S. schenckii. The effect of 
the administration is examined by comparing the survival of treated animals with that 
of the controls administered the solvent alone by the same route. The animals are 
sacrificed after various intervals to examine the number of colony-forming units in 
various organs such as the liver and spleen. The effect of administration is also evalu- 
ated by the presence or absence of pathogen. For example, subcutaneous inoculation 
in the tail of untreated animals produces nodular lesions after 3 days, which markedly 
enlarged after 14 days, but not in the animals in which the treatment was initiated upon 
inoc~la t ion ."~  
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I . BLASTOMYCOSIS 

A . Introduction 
Blastomyces dermatitidis. a thermally dimorphic fungus. is a pulmonary pathogen 

in humans. dogs.=. m i ~ e , ~ . ~  and other mammak7  Untreated disseminated-human 
blastomycosis has been reported to have a mortality rate greater than 80% . However. 
virulent and avirulent isolates of B . dermatitidis have been des~ r ibed~ . ' ~ , "  and in five 
outbreaks. blastomycosis in some patients (28 of 46) resolved without the rap^.^ Blas- 
tomycosis is naturally acquired by way of the pulmonary route1' by inhalation of the 
infectious agent in its saprophytic or mycelial-conidia phase . Five documented point 
outbreaks. summarized by Sarosi et aL3 and Tenenbaum et al.,4 have been associated 
with construction activity and postulated disturbance of B . dermatitidis in its ephem- 
eral ecological n i ~ h e . ' ~ - ' ~  Although the dog was the first animal used in the study of 
blastomy~osis '~ and in later epidemiological studies.=. the laboratory mouse has been 



the animal of choice for isolation of B. dermatitidis from natureI3.l4 and development 
of an animal model of pulmonary blast~mycosis.~ The murine model of pulmonary 
blastomycosis has been used extensively over the past several years for immuno- 
l o g i ~ a l ' ~ - ~ '  and drug treatment s t u d i e ~ , ~ ~ , ~ ~  consequently it will be described first and 
in detail. 

B. Murine Model of Pulmonary Blastomycosis 
1. Introduction 

A murine model of pulmonary blastomycosis was developed by Harvey et a1.8 in 
1979. In this model, pulmonary infection was established by intranasal instillation of 
the yeast-form, resulting in its aspiration into the lungs by the lightly diethyl ether- 
anesthetized mouse. With this procedure, 33.5% of the inoculum colony-forming units 
(CFU) was recoverable from the lungs less than 1 hr after infection." The severity of 
infection and extent of mortality were dependent on the isolate and dose of B. derma- 
t i t i d i ~ , ~ . ' ~ . ' ~  as well as maturityl8,I9 and strain of mouse.I8 

2. Blastomyces dermatitidis (Yeast Form) 
Isolates of B. dermatitidis used in this model can be obtained from American Type 

Culture Collection (ATCC), Rockville, Maryland. ATCC 26199 (SCB-2, a human iso- 
late) and ATCC 10285 (unspecified origin) are the most virulent in mice3 compared to 
other isolates, e.g., ATCC 26198 (KL-I, a soil isolate) and ATCC 26197 (GA-1, human 
cutaneous isolate). Cultures grown on brain-heart infusion (BHI) agar slants at 37"C, 
4 to  5 days, can be stored under water at 4°C for 3 to 6 months. Alternately, cultures 
grown in broth (synthetic amino acid medium for fungi, SAAMF)24 at 37°C can be 
stored in small aliquots at -70°C. Repeated transfer of ATCC 26199 on BHI weekly 
for 1 year," with less frequent transfers (every 3 to 6 months), followed by storage at 
4°C under water over 4 to 5 years resulted in attenuation of v i r~1ence . l~~  Virulence of 
ATCC 26199 was not restored by up to five animal passages in mice.I4" ATCC 26199 
is stored by ATCC in the lyophilized state and has retained virulence since its deposit. 
Inocula of B. dermatitidis for pulmonary infection are grown by plating 0.5 mP of 
growth in SAAMF (37"C, gyratory shaker, 72 to 96 hr) on a blood-agar plate (37"C, 
72 hr). Pasty growth is harvested with a wire loop, washed twice in saline, counted in 
a hemacytometer and 1 m l  of appropriate dilutions plated on blood-agar plates in 
triplicate to determine CFU per ml .  The ratio of CFU to hemacytometer counts of 
units (single and multicellular) is usually 0.8. For intranasal inoculation, mice are 
lightly anesthetized with diethyl ether until the eye-blink reflex (also sneeze and swal- 
low reflexes) is lost. The mouse is held in the palm of the hand with the index finger 
behind the head, the thumb closing the mouth, then 0.03 mP of inoculum is slowly 
applied to the tip of the nose using an adjustable 0.05 m l  microdiluter. This allows the 
inoculum to be aspirated into the respiratory tract. 

3. Mouse Strains and Age 
An advantage of the murine model of pulmonary blastomycosis is the availability of 

inbred strains. Although the majority of published ~ o r k s ~ ~ ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  have utilized 
BALB/c male mice, other strains have been used to address specific questions, e.g., 
C3H/HeJ mice vs. C3H/HeN as well as A/HeJ, C3HSW/sn, SLJ/J, C57Bl/lOJ, 
DBA/lJ,  and DBA/2J.I8 The maturity of mice has been shown to be a critical factor 
in resistance to pulmonary infectionI9 regardless of the strain of mouse.18 For example, 
the LD,, for mice less than 15 g (approximately 4 to 5 weeks of age) was 1000 times 
less than for 25 g (8- to 10-weeks-old) BALB/c male mice and ATCC 26199 attenuated 
strain.I9 
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4 .  Histopathology 
The histopathology of murine pulmonary blastomycosis has been described by 

Harvey et a1.8 and confirmed by Brass and Stevens.19 Briefly, little host-parasite inter- 
action was evident at 2 days post-infection, however at 4 to 6 days, 10 to 20% of the 
lung parenchyma had focal pneumonic processes consisting of B. dermatitidis, poly- 
morphonuclear leukocytes, and mononuclear cells. This condition progressed until 70 
to 80% of the lung parenchyma was involved at 10 to 12 days of infection. After 15 
days of infection, lungs were covered with necrotic white nodules and 95% of the tissue 
was consolidated in a confluent, but clearly distinguishable, pneumonic infiltrate. In 
this rather acute type of pulmonary infection, granuloma formation was not observed. 
Dissemination of B. dermatitidis from the lungs to other organs, e.g., liver and spleen, 
was documented by Harvey et a1.8 in 64% of the mice infected with less than 100 CFU, 
rather than higher doses, as was associated with protracted disease. 

5. Applications 
Development of the murine model of pulmonary blastomycosis has made several 

different types of studies possible. Valuable and pragmatic use has been made of this 
model in testing the efficacy of new drugs, e.g., imidazoles such as ketoconazole, com- 
pared to amphotericin B,22 for treatment of this disease. This system has also been 
utilized to evaluate the potency of immunomodulators, e.g., muramyl dipeptides 
(MDP), in enhancing nonspecific resistance to a pulmonary fungal infe~t ion. '~  In im- 
munological studies, mice immunized by resolution of a subcutaneous infection were 
challenged as in the murine model of pulmonary blastomycosis to demonstrate resist- 
a n ~ e . ~ '  Similarly, the model was used to demonstrate the adoptive transfer of resistance 
with splenic T-lymphocytes from immunized mice.21 This model continues to be used 
as a probe for virulence factors in B. dermatitidis, for example virulent (ATCC 26199) 
vs. avirulent (ATCC 26198)  isolate^^.^^.^^ and host defenses in young vs. adult mice.19 

C .  Intraperitoneal, Subcutaneous, and Intravenous Murine Models of Infection 
1. Introduction 

Simplicity and convenience of the peritoneal route of experimental infection with B. 
dermatitidis has favored its use from as early as 190626 until the present.28 For these 
same reasons, and the advantages of quantitative recovery, the subcutaneous abscess 
model of B. dermatitidis infection has also been used extensively.11~18~20~21~29-31 The in- 
travenous route of infection has been used primarily in the isolation of B. dermatitidis 
from nature.13.14 

2. In traperitoneal Route 
The earliest experiments with B. dermatitidis in mice were done by Bowen and Wol- 

bachZ6 using the peritoneal route in 1906 some 80 years ago, In 1942, Bakerz7 also used 
this model to make detailed histopathological observations of host-parasite interac- 
tions. More recently, this route of infection has been employed to assess protection 
afforded by v a c c i n a t i ~ n , ~ ~  by resolution of subcutaneous i n f e c t i ~ n , ~ ~ . ~ ~  by matu- 
r i t ~ , ' ~ . ~ ~  or by inbred strain of mice.33 In general, the yeast-form of B. dermatitidis, 
grown at 30°C on BHI agar28,32 or blood agar,'9.2s.33 was injected intraperitoneally, 
then mortality was recorded,19~20~25~28~33 or dissemination to lung, liver, and spleen was 
measured as recoverable CFU.32 

3.  Subcutaneous Route  
When mice were infected subcutaneously with doses of B. dermatitidis (ATCC 

26199), up to 40,000 CFU, the infection was nonlethalZ0 the infection was walled off 



in an abscess and sterilized in 4 weeks.".20 Resolution of such infections resulted in a 
profound resistance to lethal pulmonary or intraperitoneal challenges with B. 
dermatitidi.?0.2' and accelerated clearance of B. dermatitidis from sites on reinfec- 
tion." A technical advantage of this system is the ability to accurately deliver a fixed 
number of CFU to a site where they remain and can be retrieved at various times later. 
This feature has been exploited to show that virulence of B. dermatitidis correlates 
with ability to replicate in vivo." It also has been used to demonstrate the effect of 
polymorphonuclear neutrophils (PMN) on B. dermatitidis replication in vivo by coin- 
jection of PMN and B. dermatitidis subcutaneously in a Winn-type assay.30 Subcuta- 
neous abscesses are visible by Day 4, well-defined by Day 7, can be easily dissected in 
toto, processed with a tissue grinder, and CFU per site quantitated by plating on blood- 
agar plates.",30 

4. Intravenous Route 
Denton and DiSalvo used the intravenous route in their method for isolation of B. 

dermatitidis from  oil'^.'^ and also employed this system in subsequent studies of vir- 
ulence of B. dermatitidis isolates for mice." This may be a more sensitive test of viru- 
lence of B. dermatitidisisolates because of efficient delivery of the inoculum to suscep- 
tible organs. For example, isolates KL-1 (ATCC 26198) and SL-1 were 80 to lOOOlo 
lethal when given intraveno~sly, '~  whereas KL-1 had moderate virulence in pulmonary 
challenges and in its ability to replicate in subcutaneous sites146 compared to ATCC 
26199. The intravenous route has also been used to test the resistance of immunized 
mice as measured by their ability to restrict replication of B. dermatitidis in spleen, 
liver, and 

D. Mycelial-Conidia Infection Models of Blastomycosis 
1. Introduction 

As described above, most models of blastomycosis used the parasite yeast-form for 
infection. This by-passes the first events that take place in natural infections, namely, 
conversion from the saprophytic to the parasitic form in the host. This short cut to 
infection served certain purposes well but has left many questions unanswered relative 
to host-parasite interaction in the more natural type of infection with B. dermatitidis. 
Infectivity of mycelial vs. yeast forms,j4 effect of sex hormones on resistance to infec- 
tion with the mycelial form,35 and relative susceptibility of five kinds of laboratory 
animals to infection36 represent most of the published work in this interesting area. 

2. Blastomyces derrnatitidis (Mycelial-Conidia) 
Human and animal yeast-form isolates were shown to grow in the mycelial form on 

standard mycological media when incubated at  room temperatures; however, the my- 
celial growth consisted mainly of mycelial elements and some microconidia which were 
difficult to quantitate for experimental  purpose^.^' Smith and Furcolow3' and Smith3s 
showed that microconidia formation was greatly enhanced when B. dermatitidis was 
grown and passaged five times on soil-infusion or starling (Sturnis vulgaris) manure- 
infusion agar medium,37 or more conveniently, on yeast extract (Difco) agar.38 The 
latter consisted of 8 m l  of filtered (0.45 pm) 15% yeast extract added to 1 P of auto- 
claved agar (2%) cooled to  45°C. Forty mP of medium in 250 flasks were inoculated 
and incubated at 25°C for 28 days, then the growth was harvested by gently shaking 
after adding 10 mP of distilled water and glass beads. A canine isolate grown in this 
fashion yielded 92% microconidia (3 pm) and 8% hyphal elements with 85% viability, 
whereas a human isolate produced 87% microconidia and 13% hyphal elements with 
55% viability.3s 
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3. Mice 
Murine models of blastomycosis established by infection with microconidia are few 

in number and elementary; however, valuable information has been gained from them. 
Baker, in 1938, showed that the mycelial form was just as infective as the yeast form, 
on a weight basis, when given intraperitoneally to young white mice (15 to 21 g) of 
unspecified sex.34 More quantitative studies were done by C. D. Smith et al.36 in which 
microconidia (144,000 viable units) were given intraperitoneally to young (weanling) 
male Swiss mice. B. dermatitidis was recovered in 4 of 10 mice when the lower right 
lobe of the lung, 1 g of liver, and the spleen were macerated and cultured on Sabour- 
aud7s dextrose agar. The only other published study using microconidia to infect mice 
was the important experiments of Denton and DiSalvo7 in which they demonstrated 
the respiratory infection of mice with B. dermatitidis subsequent to inhabitation of 
cages containing soil inoculated with microconidia. 

4. Hamsters 
The hamster can be infected with B. dermatitidi? and appears to be much more 

susceptible to  infection with microconidia of B. dermatitidis than mice.35 When 
144,000 viable microconidia were given intraperitoneally to weanling male hamsters, 
which are several fold larger than mice, 10 of 10 had recoverable B. dermatitidis after 
1 month compared to 4 of 10 weanling male Swiss mice. The greater susceptibility of 
hamsters was not isolate-dependent because 4 isolates, two human and two canine, 
demonstrated this phenomenon. The rat (17%) and guinea pig (20%) were susceptible 
to this inoculum; however, their susceptibility could not be compared to that of the 
hamster because the inoculum size was not adjusted to the weight of the animals.35 
These findings suggest that hamsters may be more efficient animals than mice in iso- 
lation of B. dermatitidis from nature using the method of Denton et al.13 One of the 
most provocative and elegant studies with hamsters were those of Landay et al.35 on 
the effect of sex on susceptibility. Females were shown to be significantly more resist- 
ant (52% survival) than males (7% survival). Castrated males were more resistant than 
normal males (40% vs. 7% survival) and treatment of ovariectomized females with 
testosterone rendered them as susceptible as males (47% vs. 52% survival). These find- 
ings provide the basis for further investigations to explain the greater ratio (9:l) of 
male to female cases of human blastomycosis reported by Conant et al.40 

11. COCCIDIOIDOMYCOSIS 

A. Introduction 
Coccidioidomycosis is a mycotic disease caused by the dimorphic fungus Cocci- 

dioides immitis. Historically, the disease has been recognized for less than a century. 
The first documented cases were reported in the late 1800s by P o ~ a d a s , ~ '  Wern i~ke ,~ '  
R i ~ f o r d , ~ ~  and Rixford and G i l ~ h r i s t . ~ ~  These authors accurately described the disease; 
however, they considered the mold growing from bacteriologic specimens to be a con- 
taminant and the organism observed in tissue specimens to be a protozoan. Only a few 
years later, Ophiils and M ~ f f i t t ~ ~  discovered that the mold, previously discarded as a 
contaminant, was the etiologic agent of the disease. In the years that have followed, a 
great deal of effort has been made by numerous investigators to document and to 
understand the fungus and its ecology, the epidemiology of the disease, and the various 
aspects of the host-parasite interactions including host response, treatment, and pre- 
vention. Several excellent sources are available which review and discuss the many 
facets of coccidioidomycosis.46-49 

C. immitis has been found only in the arid and semi-arid soils of the southwestern 



United States and northern Mexico, as well as parts of Central and South A m e r i ~ a . ~ ~  
The disease arises after inhalation of the saprobic form arthroconidia from the soil. 
In host tissues, these arthroconidia convert into the parasitic form of the organism, 
endosporulating ~ p h e r u l e s . ~ ~  The disease presents a variety of clinical manifestations 
which range from asymptomatic primary pulmonary infection in approximately 60% 
of the cases, to more severe, acute, or chronic disseminated Natural 
infections of man are common in the endemic areas of the United States and become 
a problem because of the associated morbidity.49 Recovery, with concomitant devel- 
opment of a strong cell-mediated immune response, usually confers a high degree of 
r e s i ~ t a n c e ; ~ ~ . ~ ~  however, predisposition to the more serious and life-threatening forms 
of coccidioidomycosis have been associated with various factors such as race, age, sex 
(hormonal), pregnancy, and overall immune s t a t u ~ . ~ ~ . ~ O  In addition to man, many spe- 
cies of mammals also are susceptible to infection by C. immitis. Some of the species 
include dogs, cats, primates, horses, cattle, swine, sheep, rodents, and even a sea ot- 
ter.47.49 Of these, primates, certain breeds of dogs, and rodents are probably the most 
susceptible with swine, cattle, and cats being the least su~cep t ib l e .~ ' . ~~  Much of the 
present day understanding about C. immitis, and the various disease states it causes, 
has been accumulated by the development of animal models of experimental infection 
used to study the course of disease, host response, treatment, and prevention. While a 
number of different animal models have been described (i.e., rat, guinea pig, rabbit, 
dog, primate), the laboratory mouse is the most often used and will be described in the 
most detail. 

B. Murine Models of Coccidioidomycosis 
1. Introduction 

The laboratory mouse has been used in numerous studies on C. immitis. These in- 
clude studies on the immunology, pathology, antifungal therapy, and immunoprophy- 
laxis of coccidioidomycosis. Most commonly, the arthroconidia are instilled or inocu- 
lated by the desired route of infection. Low doses of arthroconidia (i.e., <50 to 100) 
often result in chronic infections whereas increased doses (i.e., >lo0 to 500) result in 
rapidly fatal disease. While strains of C. immitis vary in virulence, selection of a suit- 
able strain and careful maintenance of cultural conditions allow for a predictable ex- 
perimental disease. C. immitis grows readily on common mycological media at 25°C 
to 35°C. Stock cultures of C. immitis cultured at 25°C on slants of glucose-yeast ex- 
tract agar or Sabouraud's dextrose agar grow rapidly with the initiation of arthrocon- 
idia formation after 7 to 10 days. Abundant arthroconidia are present within 2 to 3 
weeks of culture. A note of caution in that all C. immitis cultures should be handled 
in only the most rigorous of containment facilities by experienced personnel because 
of the extreme danger of arthroconidial dispersion by air currents. Single-cell conidia 
suspensions can be prepared by several methods and enumerated by hemacytometer 
and viable c o ~ n t . ~ ' , ~ ~  Arthroconidia can be stored in distilled water at 4OC until 
needed.52 Spherules can be isolated from heavily infected animal tissues or grown in 
vitro in modified Converse m e d i ~ m . ~ ~ , ~ ~  

2. Pulmonary Infection 
Intranasal (i.n.) instillation of arthroconidia is used most often to produce pulmo- 

nary disease. Animals are first anesthetized with ether or an ether, chloroform, ethanol 
solution (3:2:1)55 or by intraperitoneal injection of pentabarbital sodium (0.06 mg/g 
body weight)56 and the desired number of arthroconidia instilled by placing 0.05 mP 
on the nostrils to be inhaled by the animal. Given by the i.n. route, approximately 50 
arthroconidia represent one LD50.57 The cellular responses after i.n. instillation of ar- 
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throconidia have been detailed thoroughly by several authors and are consistent with a 
progressive mixed granuloma composed of mononuclear and granulocytic cell 
 type^.^^-^^ In nonimmune mice, C. immitis converts to the spherule phase within 48 to 
96 hours and multiplies rapidly, causing a more purulent exudate with abundant spher- 
~1es ;~O.~ '  extrapulmonary dissemination has been reported with doses of 200 arthrocon- 
idia by the 14th day of i n f e c t i ~ n . ~ ~  Immunized mice are better able to restrict extrapul- 
monary d i s s e m i n a t i ~ n , ~ ~ ~ ~ ~  exhibiting more compact granulomata by 2 to 4 days 
p o s t i n f e c t i ~ n . ~ ~ ~ ~ ~  The severity of pulmonary disease is also reflected by an increase in 
lung  eight'^,^^ during progressive disease as well as an increase in recoverable C. im- 
mitis as determined by plate counts.56~58~59 

The pulmonary model of coccidioidomycosis provides a rigorous challenge route 
simulating natural infection and has been used to evaluate prospective antifungal ther- 
a p i e ~ , ~ ' . ~ ~ . ~ ~  vaccine preparation~,~~-~O.~~.~~ and host response to C. immitis.56.58-60 

3. Systemic Coccidioidomycosis 
a. Introduction 

Systemic coccidioidomycosis can be produced in mice by inje' 'ion of C. immitis 
either intraperitoneally (i.p.) or intravenously (i.v.) The i.p. route provides a rapid 
method of inoculation with the organism recoverable from the visceral organs (i.e., 
spleen, liver omentum) and eventual dissemination to the  lung^.^^.^^ However, i.p. in- 
oculation of C. immitisis less rigorous than is either i.n. or 

b. Intraperitoneal Route 
Several studies utilized the i.p. route to study resistance mechanisms and potential 

vaccines against C. immitis.57.63-65,67-69 These studies have used various preparations of 
C. immitis as potential immunogens, demonstrating enhanced resistance to challenges 
containing up to several thousand arthroconidia; however, similarly treated animals 
challenged i.n. were observed to be significantly less r e s i ~ t a n t . ~ ~ , ~ ~  Beaman et al.68,69 
used i.p. challenged animals to examine the significance of T-cells during coccidioido- 
mycosis. Their findings include increased susceptibility to C. immitis after adult thy- 
mectomy or by congenitally athymic animals as well as the capacity of T-cells to adop- 
tively transfer r e s i ~ t a n c e . ~ ~ . " ~  More recently the i.p. model of coccidioidomycosis has 
been used to examine the genetic basis of resistance to this disease.65 Using genetically 
defined mice, Kirkland and Fierer demonstrated that DBA/2NX1 (log,, LDS0 = 5.25) 
mice were approximately 1000-fold more resistant to C. immitis than were BALB/ 
cAnN mice (log,, LDS0 = 1.67).65 In addition, C57BL/10N (LD,, = 2.77) and C57BL/ 
6N (LD5o = 2.83) were more resistant than were BALB/c, but less resistant than were 
DBA/2NXl mice.65 Challenge of F1 hybrids demonstrated resistance to be the domi- 
nant p h e n ~ t y p e . ~ ~  It is important to note that these results may be valid only for i.p. 
challenged animals, since Beaman et a1.68 have reported that DBA/2 mice can be in- 
fected i.n. with relatively few arthroconidia. In addition, Clemons et al.56 have re- 
ported that C57BL/6 Bg/+ and Bg/Bg mice were as susceptible to i.v. challenge as 
were BALB/c nu/nu mice (LD,, < 10 arthroconidia) and at least 6-fold more suscep- 
tible than BALB/c nu/+ mice (LD,, = 75 arthroconidia). These somewhat conflicting 
results indicate the possibility that resistance may depend upon the route of challenge 
as well as genetic background. Similar results have been reported for Blastomyces der- 
matitidus.'O Clearly, comparative studies are needed to resolve this conflict. 

c. Intravenous Route 
Intravenous inoculation of C. immitis is less frequently used to establish systemic 

disease. Sinski and Soto6' injected massive doses of C. imrnitis (>lo7 arthroconidia) 



i.v. in order to follow the early stages of cellular response in the lungs. Hyphal frag- 
ments and cellular changes were observed as early as 6 hr after challenge and spherules 
were apparent within 48 hr.6' Scalarone and H u n t i n g t ~ n ~ ~  have reported the relative 
avirulence of spherule-endospore C. immitis given i.v. as compared to mycelial phase 
arthroconidia. In addition, they were able to produce a high incidence of circling syn- 
drome, attributable to inner ear disease, using i.p. inoculated endospores but not i.v. 
inoculated spores.66 Clemons et al.56 used i.v. inoculation of C. immitis arthroconidia 
to study resistance mechanisms in immunodeficient murine models. In those studies 
age-related, but not sex-related, as well as genetic background related differences in 
susceptibility were observed.56 These differences were apparent in mortality and as 
progressive increases in tissue burdens of C. i m m i t i ~ . ~ ~  Histologically, i.v. inoculation 
of C. immitis resulted in a normal mixed-cellular response, except in BALB/c nude 
mice which exhibited only a suppurative response and C57BL/6 beige mice which ex- 
hibited primarily a mononuclear response.56,61 

C .  Other Animal Models of Coccidioidomycosis 
1. Introduction 

Several other animals (i.e., dogs, guinea pigs, and monkeys) have been used to study 
possible vaccines against C.  immitis as well as immunologic  response^.^^^^'-^^ Because 
a humoral response to C. immitis is usually not detectable in mice, the use of other 
animal models can provide experimental results that more closely parallel the course 
of disease in humans. 

2. Monkeys 
Levine et a1.73 used cynomologous monkeys to study the effectiveness of a killed 

spherule vaccine. Their results indicated that approximately 5 mg/kg provided protec- 
tion against an otherwise lethal aerosol of 200 arthroconidia. 

Lowe et a1.74 examined the serologic and skin test responses of Macaca mulattamon- 
keys after vaccination and aerosol challenge with C. immitis. Their results indicated 
similarities to human responses with some discrepancies in the tube-precipitin reactions 
from the monkeys sera.74 Other investigators also have described experimental models 
of coccidioidomycosis using r n o n k e y ~ . ~ ' ~ ~ ~ , ~ ~  

3. Guinea Pigs 
Cox et a1.52.72 infected guinea pigs intratracheally with 50 arthroconidia of C. immitis 

and followed the temporal course of disease culturally and immunologically. They 
found the overall immunologic responses of guinea pigs to infection were consistent 
with the pattern in humans but with no obvious correlation between dissemination and 
complement-fixing antibody titers.52 In addition, extrapulmonary dissemination of C. 
immitis was found to be an early event in guinea pigs.52 Other investigators have dem- 
onstrated guinea pigs were susceptible to aerosol in fe~t ion . '~  Guinea pigs also have 
been used t o  study responsiveness to  C.  immitis antigens with the induction of 
an erg^,^^ skin-test r e s p o n s i v e n e s ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  and adoptive transfer of skin-test sensitivity 
utilizing transfer factor.80 

111. HISTOPLASMOSIS 

A. Introduction 
Histoplasma capsulatum, a thermally dimorphic fungus, is a pulmonary pathogen 

in humans and the causative agent of Darling's disease8' or h i s t~plasmosis .~~  Unlike 
blastomycosis and paracoccidioidomycosis, where the true nature of the causative 
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agents were identified in conjunction with description of the disease, some 28 years 
elapsed (1906 to 1934) before deMonbreun cultured, isolated, and established the di- 
morphic nature of H. c a p s u l a t ~ m . ~ ~  H. capsulatum was isolated from soil in 1949,s3 as 
well as soil contaminated with bird dungE4 or bat guano.85 The spread of endemic areas 
in the United States paralleled the importation of the European starling (Sturnus vul- 
garis) in 1896 and its spread throughout the Ohio-Mississippi River Valley by 1936.s6 
Skin testing with the histoplasmin of Van Pernis by FurcolowE7 showed that the largest 
area of high prevalence, an 80 to  90% positive skin-test population, was the Ohio- 
Missouri-Mississippi River Valley of the U.S.; however, scattered areas with high prev- 
alence exist in all parts of the world. Although a high rate of infection occurs in en- 
demic areas (80 to 90% positive skin test), only a few individuals develop chronic 
progressive disease. Epidemics of acute disease, usually associated with human activity 
involving disturbance of heavily contaminated bird or chicken roosts, have been re- 

Natural infections in dogss9 and other domestic animals, e.g., cats, horses, 
e t ~ . ~ '  have been reported. However, only bats harbor the disease and are an important 
vector for di~semination,~'  whereas, chickens and birds are relatively resistant to infec- 
t i ~ n . ~ ~  Of laboratory animals, the mouse is the most s ~ s c e p t i b l e , ~ ~  and murine models 
of experimental histoplasmosis have been developed and are described in detail below. 

B. Murine Models of Histoplasmosis 
I .  Pulmonary Histoplasmosis 
a. Introduction 

Although natural infection with H. capsulatum occurs by inhalation of microconidia 
(microaleuriospores) or macroconidia, we are aware of only one published study of 
pulmonary infection in mice using this form of H. ~ a p s u l a t u m . ~ ~  However, two reports 
have appeared in which mice were challenged intratracheally with the yeast-form of H. 
c a p ~ u l a t u m . ~ ~ . ~ ~  

b. Histoplasma capsulatum (Isolates) 
The yeast form of human isolates of H. capsulatum are grown as stock cultures on 

BHI agar supplemented with 1 % glucose and 0.1 % L-cysteine hydrochloride at 37°C 
then stored at 4°C for 4 to 6 weeks.96 

For animal inocula preparations, BHI broth supplemented with 1 % glucose (250 mP 
in a 1 I flask) was seeded with a 15 m l  BHI broth-yeast cell suspension and incubated 
at 37°C on a gyratory shaker ( i s0  rpm) for 36 hr.97 Washed yeast cells are counted 
with a hemacytometer, and viability maybe measured by the conversion of yeast to 
mycelial-form by the method of Sun and Huppertg8 or more easily by the Janus green 
B vital-staining method of Berlinger and R e ~ a . ~ ~  Plating efficiency of H. capsulatum 
is very poor (<20%) on standard mycological media but can be greatly improved by 
the addition of spent media or a siderophore, hydroxamic acid, present in spent me- 
dia. loo 

Soil isolates of H. capsulatum can be grown on simple cornmeal agar at room tem- 
p e r a t ~ r e . ~ ~  Six-week-old cultures yielded numerous tuberculate macroconidia (5 p 
when harvested with a wire loop under sterile saline and were 60 to 80% viable when 
grown on cornmeal agar.94 Others have obtained mycelial-forms of H. capsulatum for 
inocula preparation by conversion of yeast to mycelial-forms on mycosel agar (BBL, 
Cockeysville, Md.) for 3 to 4 weeks at 28°C. This growth was used to inoculate flasks 
containing Smith sporulation agar,lO' and after 5 weeks at 28"C, growth was har- 
vested.'O1 Mycelial growth was processed in a Waring blender (6, 10-sec intervals), 
filtered through 16-ply gauze, and centrifuged (10 x g, 10 min), yielding mostly micro- 
conidia (2 to 3 p), mycelial elements, and very few tuberculate rnacro~onid ia . '~~  



c. Pulmonary Infection 
Intratracheal (i.t.) injection of lo5 yeast cells of H. capsulatum established a self- 

resolving infection 28 days postinoculation.y5 Dissemination to the spleen was not ob- 
served in this Bronchoalveolar lavage (BAL) of infected mice revealed that 
PMN increased dramatically 7 days postinfection, making up to 20 to 30% of the cells 
obtained by BAL. The number of lymphocytes recovered by BAL was also signifi- 
cantly greater in infected mice than in controls (15 vs. 2.6%). This self-resolving pul- 
monary infection is interesting because it probably represents the most frequent type 
of subclinical H. capsulatum infection in humans. Perhaps a higher i.t. dose, e.g. lo6 
yeast cells used for lethal challenge i.v., would produce a disseminated systemic type 
of infection. 

2. Systemic Histoplasmosis 
a. Introduction 

Although systemic histoplasmosis has been produced in mice by pulmonary infec- 
ti or^,^^ the most frequently used murine model of histoplasmosis has been the systemic 
type where infection was established by the intravenous route. The rationale is that this 
represents the most serious and clinical form of human histoplasmosis, consequently 
v a c ~ i n a t i o n ~ ~ ~ ' ~ ~ ~ ' ~ ~  and immunologica1104-'06 studies in such a murine model would be 
relevant to disseminated disease in humans. 

b. Pulmonary Route 
Systemic histoplasmosis resulting from pulmonary infection of mice with mycelial- 

forms (mainly tuberculate macroconidia) of a soil isolate has been described by Prock- 
now et al.y4 Sequential histopathology in the lungs illustrated implantation, macrocon- 
idia rupture, and conversion to the parasitic yeast-form. Dissemination to the spleen 
and liver occurred as early as within 4 to 6 days, and after 10 days, these organs were 
heavily infected. Five to 20,000 macroconidia, 60 to 80% viable, given by intranasal 
instillation to ether-anesthetized mice, produced a disseminated fatal histoplasmosis. 
Some factors which may be important in this model are (1) small macroconidia (5 pm) 
produced by this isolate, (2) the growth on cornmeal agar, and (3) the age of the mice 
(15 g, 3 to 4 weeks of age). 

c. Intravenous Route 
Infection with lo6 yeast-form cells of H .  capsulatum by the i.v. route has proven to 

be a reproducible method for producing lethal systemic hist~plasmosis.~~~'~~~~~~ On the 
other hand, Howard et a1.'02 have used sublethal (2.15 x lo5) doses of the yeast-form 
(strain 505) i.v. for establishment of profound resistance to rechallenge with lethal 
doses i.v. Splenic lymphocytes and peritoneal macrophages from such immunized mice 
have been employed extensively for immunological studies, e.g., macrophage activa- 
tion.102.105 

d. Intraperitoneal Route 
Infection of mice i.p. with yeast-form H. capsulatum was effective in establishing 

systemic histoplasmosis in athymic (nu/nu) m i ~ e . ' ~ ~ . ' ~ ~  To produce similar dissemi- 
nated disease, a tenfold higher dose was required i.p., compared to i.v.'OS In athymic 
(nu/nu) nude mice, doses (lo5, i.p.) that were sublethal in thymus-intact mice (nu/+), 
were 100% lethal in 50 days.'07 Even higher doses, 3 x lo7 and 10" of some H. capsu- 
Iatum isolates i.p., produced little (1/20) mortality in (nu/+) mice. This route of infec- 
tion appears to  be the one of choice for studies of systemic histoplasmosis in athymic 
nude mice. 
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e. Subcutaneous Route 
Systemic histoplasmosis apparently can occur when large doses of yeast-form H. 

capsulatum are given subcutaneously ( S . C . ) . ~ ~ . ' ~ '  Tewari et a1.97 have used sublethal 
doses (2 x lo5) S.C. for immunization of mice against rechallenge with lethal doses (lo6) 
i.v. and for immunological s t u d i e ~ . ~ ~ . ' ~ ~  Therefore, the main use of infection by the 
S.C. route has been for immunization purposes. 

C .  Other Animal Models of Histoplasmosis 
1. Introduction 

D o ~ s , ~ ~ . " ~  guinea  pig^,'^',^'^ hamsters,"' and rabbits"' have been used as models of 
systemic histoplasmosis. The mycelial-form of H. capsulatum was used in some of 
these studies and infection was established by i n h a l a t i ~ n . ~ ~ , ' ~ ' , ' ~ ~  

2. Pulmonary Route (Dogs, Guinea Pigs) 
Turner et al.lo9 inoculated sterilized soil with yeast-form H. capsulatum and incu- 

bated it at  28OC for 6 months. This was used to expose litters of suckling pups along 
with dams.'09 Fifty percent of the pups (18/36) died in 6 weeks and 95% in 17 weeks; 
whereas, none of the dams died and only 9 of 24 became H. capsulatum positive. In 
more quantitated experiments, Schlitzer et a1.l0' infected guinea pigs with microconidia 
using a Collison nebulizer connected to a Henderson apparatus. With 1,748 viable 
units, an acute nonlethal infection with dissemination only to bronchiotracheal and 
cervical lymph nodes was established in 100% of the guinea pigs 3 weeks post infection. 
Resolution of such infections by 8 weeks was accompanied by cutaneous-delayed hy- 
persensitivity reaction (9 of 11) and complement-fixing antibody titer (1:128) to H. 
capsulatum antigens."' 

3. In traperitoneal Route (Hamsters, Guinea Pigs) 
Salvin injected mice, hamsters, and guinea pigs i.p. with yeast-form H. capsulatum 

to compare their relative su~ceptibili ty.~'~ Guinea pigs cleared high doses (lo4 to lo6) 
of H. capsulatum by 12 weeks. Hamsters were more susceptible than mice to lo3 yeasts, 
e.g. 93% (1 1/12) were culture positive at 11 weeks vs. 13% of mice. 

4. Intravenous Route (Rabbits) 
Rabbits were susceptible to  yeast-form H. capsulatum given i.v."' Yeasts produced 

from different filamentous types of H. capsulatum differed in virulence, as assessed 
by organ recovery, when injected i.v. into rabbits. 

IV. PARACOCCIDIOIDOMYCOSIS 

A. Introduction 
Paracoccidioides brasiliensis, a thermally dimorphic fungus and the causative agent 

of paracoccidioidomycosis (South American blastomycosis) was isolated from patients 
in Sao Paulo, Brazil by A. Lutz in 1908."' Paracoccidioidomycosis is the most com- 
mon systemic mycosis in Latin America and is endemic in several countries, with the 
highest incidence in Brazil (155 cases per year), followed by Colombia, Venezuela, 
Uruguay, and G ~ a t e m a l a . " ~ . " ~  Active, untreated disease is usually progressive and 
fatal."4 Naturally acquired disease has been described only in hu rnan~ ; "~  however, 
mice, guinea pigs, rats, hamsters, and rabbits have been shown to be susceptible to  
experimental  infection^.^'^."^ Natural infection in humans is considered to occur from 
inhalation of the saprophytic form of P. brasiliensis from its putative habitat in the 
soil."4 Isolation of P. brasiliensis from nature has been very limitedH7.'l8 and such 
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reports have been difficult to repeat or confirm. Endemic areas have been identified 
by incidence of paracoccidioidomycosis as well as paracoccidioidin skin-testing surveys 
and were associated with subtropical or tropical forest areas.'14 Although paracoccid- 
ioidomycosis is 13 to 70 times more common in men than women,"* contact with the 
fungus is essentially the same for the two sexesn9 suggesting that sex hormones may 
play a role in pathogenesis.I2O 

The first experimental infections with P. brasiliensis were done using guinea pigs 
more than 70 years ago.121 Later the hamster was found to be more susceptible and 
dissemination to the lungs was reported.lZ2 Recently, models of pulmonary paracoccid- 
ioidomycosis in mice have been developed using i.t. or i.n. instillation of the yeast- 
form. 123.125 Models of acute fatal disease in young mice and chronic progressive dis- 
seminated infection in adult mice'25 have been employed for drug therapy'26.127 and 
immunological s t u d i e ~ . ~ ~ ~ . ' ~ ~  These models will be described in detail below. 

B. Murine Models of Paracoccidioidomycosis 
1. Pulmonary Paracoccidioidomycosis 
a. Introduction 

Attempts to develop a murine model of pulmonary paracoccidioidomycosis were 
made some 25 years ago by MackinnonIz8 and more recently by Linares et al.;129 but 
success has awaited several new developments. Viability and quantitation of a suitable 
inoculum has been a serious difficulty for the production of a reproducible and useful 
model. Another experimental problem in working with P. brasiliensis has been its poor 
plating efficiency on standard mycological media. Resolution of these difficulties in 
the past few  year^'^','^^ has allowed the development of a reproducible model of acute 
pulmonary or chronic pulmonary disseminated paracoccidioidomycosis.125-127 

b. Paracoccidioides brasiliensis (Isolates) 
Isolates from patients in Medellin, Colombia, that have been used in our 

have been identified by the name or initials of the patient from whom they were iso- 
lated, e.g., Garcia, LA, etc. The yeast-form of P. brasiliensiscan be readily grown on 
Sabouraud's dextrose agar slants at 35°C. Modified McVeigh Morton broth,I3O inoc- 
ulated with growth from Sabouraud's dextrose agar and incubated at 35°C on a gyra- 
tory shaker, supports good growth in a chemically defined liquid medium.130 Some 
isolates, when grown by this method, are more suitable for inoculum preparation than 
others. For example, the Garcia isolate, when grown in multiple 10 mP plastic tubes 
containing 3 m i  of McVeigh Morton broth for 7 days at 35°C on a shaker (125 rpm), 
yielded 63 to 83% single  cell^.'^^.'^^ In contrast, other isolates under similar conditions 
yielded only a small percent of single cells; however, an acceptable inoculum could be 
prepared by a brief ~ o n i c a t i o n . ' ~ ~ ~ ' ~ ~  Viability of P. brasiliensis cells in an inoculum 
was measured using the ethidium bromide-fluorescein diacetate stain13' and CFU were 
assessed by plating triplicate 1 mP volumes on McVeigh Morton agar supplemented 
with 4% horse serum and 5% culture filtrate from 1- to 2-week-old P. brasiliensis 
McVeigh Morton broth cultures. 

In this system, cellular viability was approximately 95070, and the plating efficiency 
with the Garcia isolate was 85%.126.127.'3' A critical factor in defining a reproducible 
murine model was the finding that when virulence of P. brasiliensis was lost by re- 
peated and prolonged in vitro culturing, it was restored upon animal passage. The 
desired virulence of the Garcia isolate was obtained by 4 to 8 successive transfers in 
McVeigh Morton broth. Although virulence of different isolates in mice has been re- 
p ~ r t e d , ' ~ ~ - ' ~ ~  this could reflect their history of in vitro culture and not their inherent 
virulence. 
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For pulmonary infection, mice were anesthetized, as described for infection with B. 
dermatitidis above, and 0.03 mP of inoculum instilled intranasally. When a high dose 
was used, the inoculum was split into two 0.03 mP volumes administered within 1 hr. 
Although delivery of CFU to the lungs was relatively low (10 to 20%), reproducible 
infections and recovery of CFU was obtained with time.'26,'27 

c. Mouse Strains and Age 
The advantage of a murine model of pulmonary paracoccidioidomycosis is the avail- 

ability of inbred strains. To date this has not been exploited and studies with pulmo- 
nary paracoccidioidomycosis has been limited to BALB/c, 124-127 NCI,'2S or CD1 Swiss 
white m i ~ e . ' ~ ~ . ' ~ ~  In some studies both male and female mice were i n f e ~ t e d l ~ ~ . ' ~ ~  with 
yeast-phase P. brasiliensis and, as we have also observed, there was no noticeable dif- 
ference in pathogenesis (Castaiieda et al.'"). The maturity of mice was shown to be a 
critical factor in resistance to acute pulmonary disease. Mice, less than or equal to 15 
g (3 to 4 weeks old), had 100% mortality in 10 days with a dose that produced 0% 
mortality in adult, 20 to 25 g (8- to 12-week-old), mice at 35 days.12' 

d. Histopathology 
Histopathology in murine pulmonary paracoccidioidomycosis was described by 

Mackinnon in 1959,"' noting bronchoalveolitis 4 days postinfection and granuloma- 
tous reactions without caseation after 160 days of chronic infection. These observa- 
tions have been confirmed and extended in more recent studies by Defaveri et al.lZ3 
and Brummer et a1.lZs The histopathology of pulmonary paracoccidioidomycosis in 
athymic (nu/nu) BALB/c mice has been described by Robledo et al.lz4 They noted a 
lack of granulomatous reactions and giant cell formation. 

e. Applications 
Several different types of studies have been made possible with the development of 

an acute fatal or chronic pulmonary disseminated model of paracoccidioidomycosis. 
Both models have already been employed in studies evaluating the therapeutic efficacy 
of current drugs (ketoconazole and amphotericin B) vs. new d r ~ g s . ~ ~ ~ , ' ~ '  Preliminary 
immunological studies have also been r e p ~ r t e d ' ~ ~ ~ ' ~ ~ ~ ' ~ ~  during the course of chronic 
pulmonary disseminated paracoccidioidomycosis; however, more systemic studies are 
possible and are in p r 0 g r e ~ s . l ~ ~  Development of an immunization protocol which will 
render mice resistant to pulmonary challenge has been undertaken with the view of 
eventually protecting humans at risk by ~ a c c i n a t i 0 n . l ~ ~  

2. Intraperitoneal, Intravenous, and Subcutaneous Models of Infection 
a. Introduction 

Infection of mice with P. brasiliensis by the intravenous or peritoneal routes served 
certain purposes, especially in earlier s tudie~; '~ '  however, as Linares and Friedman"' 
point out, it is not likely that P. brasiliensis would gain entry into the body by such 
routes, and it is difficult to draw conclusions about pathogenesis of paracoccidioido- 
mycosis from observation of experimental infections established by such routes in 
mice. 

b. Intravenous Route 
This route of infection with yeast-form P. brasiliensis was very effective and pro- 

duced a high rate of i n f e c t i ~ n " ~ . ' ~ ~  and mortality (16 of 17 mice).lZ8 Linares and 
FriedmanlZ9 found intravenous infection of mice useful in demonstrating the effects of 
corticosteroid treatment on resistance to this infection and also the virulence of several 



P. brasiliensis isolates. Others135 have used this route of infection to compare granu- 
loma formation in athymic (nu/nu) mice to that of heterozygous (nu/+) littermates. 

c. Intraperitoneal and Subcutaneous Routes 
A limited number of studies have used the i.p. route of infection with P. brasiliensis. 

Both MackinnonlZ8 and Linares et a1.Il5 compared the i.p. route to other routes of 
infection for infectivity and mortality. In both studies, infection was established in all 
the mice; however, mortality was less (13 of 41) than by the i.v. route (17 of 18).'" A 
large dose of P. brasiliensis (20 x lo6) i.p. was used successfully by Kerr et al.'36 to 
show the immunosuppressive effect of irradiation or cyclophosphamide treatment on 
severity of infection and dissemination to liver and lungs. On the other hand, Mack- 
innon found that inoculation by the subcutaneous route was not an effective method 
of infection and no lesions were found in 10 of 10 mice 4 months later.lZs However, 
for this very reason, the subcutaneous route may have potential as a method of im- 
munization because in other systems resolution of such types of infection resulted in 
profound resistance to challenge by the pulmonaryi3' or i.v. routes.'38 

C. Other Animal Models of Paracoccidioidomycosis 
1. Introduction 

Next to the mouse, guinea pigs and hamsters have been used most often as experi- 
mental animals to study infection with P. brasiliensis. In a series of experiments with 
five different species of experimental animals, Pollak et al.'16 found rabbits the least 
susceptible to infection, whereas hamsters and guinea pigs had dissemination from 
subcutaneous infection sites. In this study, it was found that rats and mice were sus- 
ceptible by the intraperitoneal route. Although the guinea pig was used firstn2 and in 
early studies,139 the hamster, because of its greater susceptibility to P. brasi l iens i~, '~~ 
has emerged as a more useful experimental animal. 

2. Hamsters 
Because of its greater susceptibility to P. brasiliensis, the Syrian hamster (Mesocrie- 

tus auratus) has been used to study the histopathology and dissemination of P. brasi- 
liensis from testicular inoculation sites to lymph nodes, liver, spleen, and lungs. An 
inoculum of 200,000 yeast cells, intratesticularly, resulted in dissemination in 100% 
of the hamsters after the first ~ e e k . ' ~ O . ' ~ l  This feature produces a model of chronic 
progressive disease allowing for measurements of humoral and cellular immune re- 
s p o n s e ~ ' ~ ~ ~ ' ~ '  in a disease state somewhat analogous to the human disease. To date, 
infection of hamsters by the pulmonary route, and putative natural route of infection, 
has not been reported. Potentially, this should be a very productive area of investiga- 
tion. 

D. Infection with Mycelial Form 
1. Introduction 

The majority of studies with P. brasiliensis in animals has been done with the yeast- 
form and this has been so for several reasons. Some of the most obvious are (1) quan- 
titation of inocula and (2) greater infectivity of the yeast-form by virtue of by-passing 
the mycelial to yeast c o n v e r ~ i o n . ~ ' ~  However, several basic questions about the putative 
natural infective process require studies using the saprophytic form of P. brasiliensis. 

2. Mice 
Infecting mice by the pulmonary route with elements (arthroconidia, chlamydocon- 

idia, and arthroaleurioconidia) of the saphrophytic form (120,000 CFU) was successful 
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in cortisone-treated mice.'43 In inoculated mice, 38% developed pulmonary infections, 
and 14% had dissemination to liver and spleen. This study established the fact that the 
mycelial phase of P. brasiliensis can give rise to pulmonary paracoccidioidomycosis in 
mice. Full development of this promising model of natural P. brasiliensis pulmonary 
infection awaits advances in inocula preparation and quantitation. 

3. Guinea Pigs 
Conversion of mycelial to yeast-forms of P. brasiliensis in culture at 37OC has been 

described many times; however, there are only a few systematic studies of mycelial to 
yeast (M -, Y) conversion in t i s s ~ e ; ' ~ ~ . ' ~ ~  Carbonell and R o d r i g u e ~ ' ~ ~  made histological 
studies of the mycelial to  yeast conversion in guinea pigs inoculated intratesticularly or 
subcutaneously with an unquantitated chlamydoconidia containing mycelial suspen- 
sion. They found that few of the hyphae converted to the yeast form. Acute inflam- 
mation with severe polymorphonuclear-granulocyte infiltration at inoculation sites was 
observed and may have been a factor in poor M -, Y conversion. Nevertheless, typical 
yeast were found in 6 of 12 testicles examined. These preliminary studies should pro- 
vide a starting point for more quantitative experiments which should include the lung 
as a study site as well as include females in experiments to consider a reported influence 
of estrogens on M + Y conversions in ~ i t r 0 . l ~ ~  
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I.  ASPERGILLOSIS 

A. Introduction 
Aspergillosis can be defined as damage to tissue caused by several species of Asper- 

gillus. Damage may be caused by invasion of tissues, allergic mechanisms, or coloni- 
zation of cavities, resulting in the diseases varying in severity and clinical course which 
may also depend upon the organs affected and the host. Apergilli are abundant in the 
environment. The genus Aspergillus now includes more than 130 recognized species,' 
all of which are world-wide in distribution. Their spores are produced in great abun- 
dance and are readily disseminated into the air by wind current. Although the spores 
are frequently inhaled by man, most of human aspergillosis are thought to be caused 
by members of the A .  fumigatus group. However, members of other groups, particu- 
larly, A .  flavus, A .  niger and A .  terreus, have also been impli~ated. ' -~ 

The lung is the most common site affected. Inhalation of spores can give rise to a 
number of different clinical forms of aspergillosis. Although an individual with appar- 
ently normal defense mechanisms may be rarely infected by a member of the A .  furni- 
gatus group ("primary invasive form"), invasive aspergillosis mostly occurs in individ- 
uals whose resistance is lowered as a result of severe debilitating diseases, especially 
leukemia and other hematological neoplasma, lymphoma, renal transplants, and 
chronic granulomatous disease and in individuals receiving corticosteroids, immuno- 
suppressive drugs, and broad-spectrum antibiotics, alone or in combination, that have 
been most commonly recognized as predisposing agents ("secondary invasive 
f ~ r m " ) . ~ - ~  From clinical observations it has been concluded that neutropenia and high 
doses of corticosteroids are the two major risk factors for invasive aspergillosis4~' and 
that the combination may act synergistically to break down natural resistance.' This 
form of invasive aspergillosis is mainly implicated by members of the A .  fumigatus 
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group, with A. flavus as the next most important p a t h ~ g e n . ~  Its increasing incidence 
in recent years raises a serious problem in controls of immunocompromised patients. 
In patients with this form of aspergillosis, dissemination of the infection to other parts 
of the body may also occur. The most common sites for the disseminated lesions are 
the brain, kidney, liver, gastrointestinal tract, and myocardium. In both the pulmonary 
and the disseminated disease of other organs, the fungus invades blood vessels and 
causes thrombosis and  infarct^.^,^ 

Preexisting or concurrent lung disease is a major factor predisposing a host to A. 
fumigatus colonization. A tuberculous cavity, lung abscess, cavitating infarcts, lung 
cysts, bronchiectasis, or sarcoidosis all predispose the patient to Aspergillus coloniza- 
tion.'O." By the time the condition is diagnosable, the fungus has usually grown to 
form a compact mass of mycelium termed "fungus ball" or "aspergilloma". Members 
of the A. nigerand A. fumigatusgroups are most often involved in this form of asper- 
gillosis. In most cases in the noncompromised host, the fungus does not invade sur- 
rounding tissue and spread to other parts of the body. In contrast, if an aspergilloma 
should occur in an immunocompromised host, or an otherwise healthy patient with 
aspergilloma should receive immunosuppression, a difficult and hazardous clinical 
problem is posed; in this situation, an aspergilloma may rapidly increase in size, or 
may become frankly invasive, producing necrotizing Aspergillus pneumonitis with or 
without hematogenous dissemination. This seems more likely to occur if the aspergil- 
loma is not enclosed in a thick capsule of fibrous tissue. 

Allergic bronchopulmonary aspergillosis (ABA) is another major form of pulmo- 
nary aspergillosis. This allergic disease is being recognized with increasing fre- 
q ~ e n c y . ' ~ , ' ~  It occurs in previously sensitized persons who are exposed to the spores of 
an Aspergillus sp., especially members of the A. fumigatus group being the usual eti- 
ologic agents. In ABA, febrile episodes occur in association with transient lung infil- 
trates recurring in multiple sites. This syndrome is associated with pulmonary consoli- 
dation and peripheral blood eosinophilia. 

In addition to the various pulmonic forms of aspergillosis, specific clinical types 
involving other organs are also recognized. Such disorders caused by members of the 
A. fumigatus and A. flavus groups include otomycosis, keratomycosis (see Section IV 
of this chapter) and other ocular mycosis and, rarely, endocarditis. 

Aspergillosis, especially pulmonary forms, have been recorded in a wide variety of 
domestic and wild animals, as well as birds.14 Birds, in particular, are susceptible to 
infection by aspergilli.14 Much of our knowledge of the disease was acquired from 
reports published prior to 1900. Since the turn of the century, aspergillosis has been 
mainly associated with young poultry;15 however, it has been reported in the past few 
decades in many mammalian species, such as horses,ls dogs, cats,19 sheep,20 
and deer.21 The Aspergillusspecies may also infect the placenta of cattle, causing abor- 
tion.14 Natural infection with Aspergillus species has been reported only with rabbits 
among various experimental  animal^.^^.'^ 

To gain insight into the pathogenesis of human aspergillosis, a large number of 
studies have been conducted, using a variety of experimental models of the disease. 
Fatal aspergillosis involving the kidneys, lung, and other organs have been most fre- 
quently produced in mice. Certain murine models have been demonstrated to be effec- 
tive in evaluating antifungal agents; although less frequently, rabbits and various other 
species of animals, including rats, monkeys, sheep, ducks and chicks, have also been 
employed as models for experimental aspergillosis. Mice, rabbits, and other laboratory 
animals normally show high resistance to invasive aspergillosis that can be lowered by 
corticosteroids or immunos~ppres s ions .~~-~~  Thus administration of large doses of cor- 
tisone prior to exposure to  Aspergillus inoculum is occasionally required in order to 
secure establishment of persistent and invasive infections in these animals. 



B. Murine Models of Aspergillosis 
1. Introduction 

The most frequently used animal model of aspergillosis is the mouse, infected with 
spores from varying species of Aspergillus, especially A. fumigatus and A. flavus. 
Based on the route of inoculation, almost all the murine models thus far developed can 
be categorized into either one of the following two types: (1) intravenous models and 
(2) inhalation models. In the latter models, mice are subjected to inhalation of aero- 
solized dry spores or, less frequently, saline suspensions of spores. This method of 
exposure probably simulates more closely the mechanism by which human beings ac- 
quire fungal infections of the lungs. However, normal mice exposed to the inhalation 
of Aspergillus spores are resistant to lethal infection and, therefore, treatment of the 
animals with corticosteroids has been shown essential for developing a high incidence 
of fatal bronchopulmonary aspergillosis in this mode1.37,38.42-44 On the other hand, 
despite the artificial route of infection, the intravenous models constitute the advan- 
tages that fatal infections have been successfully produced without steroids and that 
precise dose-response of Aspergillus spores has been established. These make it possi- 
ble to  quantify more directly the virulence of fungal strains and the therapeutic efficacy 
of antifungal agents avoiding the fluctuating effects of steroids. 

2. Intravenous Models 
a. Virulence of Strains 

When the intravenous route of infection has been used, A. fumigatushas been most 
preferably selected as a challenge organism, although several Aspergillus species other 
than A. fumigatus, such as A. flavus, A. flavipes, A. nidulans, and A. terreus, have 
been also employed. With the exception of a very limited number of studies in which 
aleuriospores from the members of A.  terreus-flavipes group were used, conidia har- 
vested from mature cultures and suspended in normal saline have been usually used as 
infecting inoculum. The mortality, survival time, and infection rate of the infected 
mice appears to depend upon not only the size of inoculum, but also species and strains 
of Aspergillus. Ford and Friedman3Qompared the relative virulence of each strain of 
14 species of aspergilli by inoculating normal mice intravenously with graded doses of 
spores and found that 1 1  possessed some degrees of virulence, whereas 3 others were 
avirulent. They also found that only the members of the A. flavus group consistently 
killed mice with doses as low as lo4 viable spores. These workers were unable to relate 
the virulence to spore characteristics, such as germination time, size, or shape. Pore 
and L a r ~ h ~ ~  demonstrated that fatal infection was produced with intravenous inocula 
of all four members of the A. terreus-flavipes group tested, each causing fatal infec- 
tions with marked neurological signs and histopathological findings of multiple acute 
aspergillosis of the brain. Morphologically, the most unique feature of these fungi in 
the lesions was the appearance of aleuriospores, which are the particularly resistant 
spores exclusively produced by this group of a ~ p e r g i l l i . ~ ' . ~ ~  Although clinical isolate of 
A. fumigatus has been most often used as a challenge organism, only limited infor- 
mation is available with regard to variances of the virulence among different strains of 
this speices. Scholer4' reported that six strains of A. fumigatusdiffered only slightly in 
virulence and Ford and Friedman35 found that three strains were comparable with each 
other in this respect, when tested using the intravenous route of inoculation. Smith4' 
demonstrated that 4 of 5 strains of A. fumigatus were of closely similar virulence, but 
that a 5th strain, which grew more slowly in vitro, was less virulent. He has further 
tested eight strains of A. fumigatusunder the same experimental conditions and found 
that the virulence of one strain, which produced unusually large spores, was of greater 
virulence than the seven other strains.49 Occurrence of a significant variance in viru- 
lence among different clinical isolates have been also reported by Graybill et al." 
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The symptomatology and histopathology of the fatal disease which follows intrave- 
nous inoculation of spores of a virulent A. fumigatus strain has been precisely de- 
scribed by several Although initially large numbers of spores were pres- 
ent in the lung, liver, spleen, kidneys, and brain of the infected animals, infection was 
progressively lost, first from the lungs, then spleen and liver, and later from brain, so 
that in animals dying 2 weeks or more after inoculation, infection was almost invaria- 
bly confined to the kidneys. Rippon et al.51 reported that a human isolate of A. terreus 
was of greater virulence and grew faster at 37°C in liquid media than soil isolates of 
A. terreus. 

In a series of intensive studies of the genetic control of virulence, using a number of 
genetically-defined strains of A. nidulans, P ~ r n e l l ~ ~ - ~ ~  has demonstrated the impor- 
tance of its genetic composition to its virulence to mice. Various mapped point muta- 
tions (mostly auxotrophic and euzygotic) were shown to be either neutral in their effect 
on virulence or were associated with significant reduction in virulence or avirul- 
e n ~ e . ~ ~ . ' ~  On the other hand, a morphologic mutation and diploid strains of this nor- 
mally haploid fungus were associated with significantly increased v i r u l e n ~ e . ~ ~ , ~ ~  These, 
and the results obtained from his later study showing a different histopathologic re- 
sponse of mice to  intravenous inoculation of A. nidulans strains with different viru- 
l e n ~ e , ~ '  led him to the conclusion that the difference in virulence of the strains probably 
resides in inherent difference in their genetic composition. 

b. Effects o f  Corticosteroids and Other Agents 
In an attempt to  assess the contribution of natural and acquired immunity to resist- 

ance to Aspergillus infections, a number of workers have been studying the effects of 
treatment of the mice with steroids and other immunosuppressive drugs on the course 
of infection induced by the challenge of A. fumigatus spores. Lehman and White58.59 
demonstrated that cortisone pretreatment rendered mice more susceptible to A. fumi- 
gatus infection and that this was associated with an increased mycelial growth rate in 
the kidneys, as well as in the liver and heart. These investigators reasoned that a corti- 
sone-insensitive systemic immunity, developing in mice with established kidney infec- 
tions, would protect the liver and heart against a second conidial challenge given after 
coritsone treatment. Corbel and EadeP60 have reported that resistance of adult mice 
to A. fumigatusinfection was markedly lowered by immunosuppressive treatment with 
prednisone, prednisone plus cyclophosphamide, or antilymphocytic serum, producing 
severe depression of lymphocyte function and that, in consistence, aging New Zealand 
Black mice with naturally developing deficiency of cell-mediated immune function 
were more susceptible to lethal infection with intravenously challenged A. fumigatus 
than similarly aged normal mice of the CBS strain. Schaffner et al.41 have conducted 
experiments on various invasive aspergillosis models produced in normal mice, nitro- 
gen mustard-induced neutropenic mice, and athymic nude mice in order to clarify the 
mechanism of action of corticosteroids toward defenses against A. fumigatus infec- 
tion. The results brought them to the suggestion that natural immunity to Aspergillus 
may be constituted by two sequential lines of defense: the first line of defense formed 
by macrophages is directed against spores, and the second line of defense is the poly- 
morphonuclear leukocytes (PMN) which protect against the hyphal form of Aspergil- 
lus. Also, steroids may damage the former directly and not through the influence of 
T-lymphocytes or other systems modifying macrophage function. The work of Shi- 
raishi6' also showed a significant role of phagocytosis in the defense of mice against A. 
fumigatus brain infection. Purne116= reported that killed Corynebacterium parvum vac- 
cine, known as an immunomodulating agent with antitumor activity, did not stimulate 
but reduced the host resistance to A. nidulans infection and facilitated the course of 
fatal murine aspergillosis. 



3. Inhalation Models 
Despite the natural route of infection, normal mice experimentally exposed to the 

inhalation of viable Aspergillus spores are resistant to lethal Almost 
all trials thus far made have failed to establish fatal aspergillosis in mice given A. 
fumigatus spores by the inhalation route without pretreatment of the animals with 
steroids or other immunosuppressive drugs.29.30,34.37.40.45.63 V irtually the same results 
have been obtained when mice were challenged with spores from a virulent strain of 
A. flavus under similar experimental ~ o n d i t i o n s . ~ ~ . ~ ~ . ~ ~  Sandhu et a1.44 examined the 
effect of cortisone on bronchopulmonary aspergillosis in mice receiving inhalation of 
spores of six Aspergillus species, viz., A. flavus, A. fumigatus, A. nidulans, A. niger, 
A. tamarii, and A. terreus, and subsequently observed a significant enhancement in 
mortality and tissue invasion due to all the test species in the cortisone-treated animals. 

The inhalation murine models of aspergillosis have been most frequently produced 
in mice infected by inhalation of aerosols of dry viable spores of A. flavus or A. 
fUmigatuS.37.38.42-44 In these procedures, a culture grown on conventional agar media 
at 37°C for 2 to 4 days with resultant profuse sporulation is the source of the spores. 
Mice are placed in the inhalation chamber of Piggot and Emmons6"r some modified 
type consisting of a closed bell-jar containing a cylindrical wire mesh.29 The chamber 
usually permits simultaneous exposure of ten or more animals to spores aerosolized by 
blowing air vertically over a culture grown in the ~hamber .~O.~l  With the use of this 
type of murine model, Sideransky's group of investigators and several others have 
clearly demonstrated that mice exposed to inhalation of aerosolized A. flavus spores 
became highly susceptible to fatal pulmonary aspergillosis when subjected to treatment 
with steroids, as well as X-irradiation or immunosuppressive d r ~ g s . ~ ~ . ~ ~ . ~ ~ , ~ ~  Similarly, 
development of increased susceptibility to A. flavus pulmonary infection has been ob- 
served in alloxan-induced diabetic mice,34 mice bearing transplantable lymphoid leu- 
kemia, or mice fed deficient diets.35 The effect of corticosteroids which lowers resist- 
ance to fatal pulmonary aspergillosis has also been demonstrated in mice infected with 
A. fumigatus spores.40.41.43.44 

Histopathological examination showed that inhaled Aspergillus spores germinate 
rapidly and profusely into hyphae with subsequent penetration throughout the lungs 
in cortisone-treated mice, but did not germinate in the lungs of control mice.29.40.43.44 
A number of studies have offered evidence showing that murine alveolar macrophages 
are capable of preventing germination and killing spores37.38.40.41.43,66,67 and that corti- 
costeroids may act to  stabilize lysosomal membranes within the macrophages ingesting 
spores, thus interfering with the intracellular destruction of spores, thereby allowing 
them to germinate.37.38,67 

The inhalation model of fatal aspergillosis has been also established in mice admin- 
istered intranasal inoculation of the suspensions of spores from A. fumigatus or A. 
f l a v ~ s . ~ ~ . ~ ~  Procedures for such a pulmonary challenge were described by Graybill and 
his c o ~ o r k e r s . ~ ~ . ~ ~  Cortisone-treated mice were anesthetized and abdominal pressure 
was applied to force expiration. Then a drop of 0.05 m.! of saline suspension of spores 
was placed on the nares, and the pressure was released. In the next inspiration, the 
droplet was inhaled. The successful establishment of pulmonary infection was con- 
firmed by the histopathologic studies which demonstrated formation of abscesses con- 
taining hyphae in both lungs a few days after ~ h a l l e n g e . ~ ~  Using a similar technique of 
intranasal inoculation, Epstein et al.67 induced intracranial infection with A. flavus in 
cortisone-treated mice. Histopathologically, widely disseminated infection occurring in 
the brain parenchyma and leptomeninges was regularly observed. 

4. In traperitoneal Models 
Because of the difficulty in intravenous injection or inhalation of germinating spores 



108 Animal Models in Medical Mycology 

of Aspergillus into mice, Sideransky et al.36 have used the intraperitoneal route of 
inoculation to induce fatal infection with this specific form of inoculum. The results 
of their studies demonstrated that while nongerminating spores of A. flavus, adminis- 
tered intraperitoneally into normal mice, induced a low incidence of lethal infection, a 
similar dose of germinating spores of the same fungus induced a high incidence of fatal 
disease associated with widely disseminated visceral hyphal aspergillosis. Cortisone- 
treated mice were again shown to be highly susceptible to fatal infection with nonger- 
minating spores of A. flavus inoculated in t raper i t~nea l ly .~~  

5. Murine Models for  Evaluation of Antifungal Agents 
A number of antifungal agents which are commercially available or being currently 

developed have been evaluated in mice experimentally infected with A. fumiga- 
tus.50.68.69-75 I~ was demonstrated that amphotericin B, its D-ornithyl methyl ester, 
flucytosine, ketoconazole, vibunazole (Bay n 7133), as well as amphotericin B in 
combination with certain other drugs, were effective in prolonging survival of mice 
which had  been challenged intravenously with lethal doses of A .  fumigatus 
sp0reS.53.68.70.71.73.75 Along with this model, Graybill and his  coworker^^^,^^ have used 
an inhalation model produced in cortisone-treated mice to examine the therapeutic 
efficacy of the two new triazole drugs, vibunazole and itraconazole with positive re- 
sults. However, these investigators have found the inhalation model inadequate for 
experimental chemotherapy with amphotericin B or related antibiotics because corti- 
costeroids and polyenes exerted a synergistic On the other hand, Schaffner 
and F r i ~ k ~ ~  reported the protective effect of amphotericin B in neutropenic mice which 
had been challenged intravenously with A. fumigatus spores following pretreatment 
with cortisone plus nitrogen mustard. 

C. Rabbit Models 
1. Introduction 

Next to  the mouse, the rabbit has been most frequently used as a model of Aspergil- 
lus infections. Since H e n r i ~ i ' ~  did pioneering work on the biological activity and the 
etiopathological role of Aspergillus endotoxin in intravenously infected rabbits in 
1939, this type of experimental infection in rabbits has constituted the main body of 
animal models of systemic aspergillosis for more than 20 years. Later, however, rabbit 
models of primary pulmonary aspergillosis that more closely mimic the human disease 
were developed and have been used by increasing numbers of investigators for studies 
of pathogenetic and immunological aspects of a s p e r g i l l ~ s i s . ~ ' ~ ~ ~ ~  The rabbit also pro- 
vides the experimental model of some specific forms of aspergillosis, such as endo- 
phthalmitis and endocarditis. 

2. Systemic Aspergillosis 
A fatal systemic aspergillosis has been produced in rabbits administered saline sus- 

pensions of spores of A. fumigatus or A. terreus by the intravenous r o ~ t e . ~ ' . ~ ~ . ~ ~  As- 
pergillosis established in rabbits takes the acute or chronic course of infection, depend- 
ing on the size of ino~ulurn .~ '  Rippon and Anderson3' have demonstrated that a strain 
of A.  terreusisolated from a patient with meningitis was as virulent as a clinical isolate 
of A. fumigatus from human pulmonary infection, but of greater virulence than that 
of the soil A. terreus isolates. There is evidence showing that the resistance of rabbits 
to the challenge of Aspergillus is profoundly lowered by immunosuppressive agents 
such as corticosteroids and cyclophosphamide; the treated animals developed ex- 
tremely disseminated aspergillosis, in which the lungs were predominantly involved 
with accompanying involvement of the kidneys, liver, spleen, and central nervous sys- 



tem, in descending ~ r d e r . ~ ' . ~ ~  Histologic findings in sections of these organs revealed 
multiple areas of extensive mycelial invasion with or without abscess formation in all 
the infected animals.84 Rippon and Anderson3' again reported that, irrespective of the 
route of inoculation, the lungs were almost always involved if the rabbits were infected 
at all, thus suggesting the selectively high susceptibility of the rabbit's lung to aspergil- 
losis. 

3. Primary Pulmonary Aspergillosis 
The rabbit model of pulmonary aspergillosis has been generally produced by the 

intratracheal infection with A. fumigatus and, less frequently, A. flavus or A. ni- 
ger.3',77-79 Rabbits were lightly anesthetized and lo6 to 10' spores suspended in 0.5 to 
2 m l  saline were injected directly into the trachea exposed through a short skin incision 
in the midline of the neck, basically, according to the method described by Damodaran 
and C h a k r a ~ a r t y . ~ ~  Fatal infections could be established only in the rabbits which had 
been treated with steroids or other immunosuppressive The microbiological 
and histopathological studies demonstrated the primary and predominant involvement 
of the lung with secondary dissemination of the fungus to the liver, spleen, and kidneys 
and, moreover, a significant defensive role of pulmonary alveolar macrophages against 
injected spores or subsequently invading m ~ c e l i a . ~ ~ - ~ ~  The cellular response to spores 
or mycelia of Aspergillus in the pulmonary tissue of previously sensitized rabbits were 
markedly enhanced, probably through activation of alveolar macro phage^.^^.'^ 

4. Endoph thalmitis 
Considering the usefulness of the rabbit as a model to study hematogenous endo- 

phthalmitis caused by Candida albi~ans, '~  Fujita et al.87 attempted to develop such a 
type of ocular disease in rabbits given intravenous injection of A. furnigatus spores. 
However, these workers failed to establish culture-positive, ophthalmoscopically visi- 
ble endophthalmitis in any rabbits challenged with various sizes of inoculum. On the 
other hand, Ellison8' and Segal et al.89 have successfully produced experimental endo- 
phthalmitis in rabbits following a direct intravenous injection of A. furnigatus spores; 
1 week after the inoculation, the eyes of the animals challenged with 500 fungal spores 
developed severe inflammatory lesions in the anterior chambers, iridis, and vitreous 
cavity, and a culture of the vitreous humor showed heavy growth of A. furnigatus. In 
this model, topically administered pimaricin as well as topically, systemically, or con- 
currently administered miconazole showed significant protective or therapeutic effi- 
~ a c y . ~ ' . ~ ~  

5. Endocarditis 
Carrizosa et al.90 produced Aspergillus endocarditis in rabbits which had received 

intracardiac catheter and, 24 hr after, the inoculum of A. fumigatus spores by the 
intravenous route according to the procedures described previo~sly.~ '  The successfully 
infected animals developed culture-positive large occlusive vegetations on the aortic 
valves, with accompanying disseminated infections involving the kidneys, lungs, liver, 
spleen, and brain.90 The number of viable counts of the vegetation was significantly 
lowered when the animals were systemically treated with amphotericin B and flucyto- 
sine, alone or in c o m b i n a t i ~ n . ~ ~  

D. Other Animal Models 
1. Introduction 

Varying species of mammals other than the mouse and rabbit, as well as avians, 
have been employed to induce experimental Aspergillus infection. Among them are 
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several species of natural hosts, such as cows, sheep, and chicks, which have been 
established highly susceptible to aspergillosis. Placentitis in pregnant cattle or sheep, 
pulmonary infection in young chicks, and allergic bronchopulmonary aspergillosis 
(ABA) in rhesus monkeys are typical examples of experimental models that closely 
approximate the comparable human disease. 

2. Rat Infection Models 
Turner and his c o ~ o r k e r s ~ ~ . ~ ~  have experimentally induced pulmonary aspergillosis 

and cranial aspergillosis in rats administered the inoculum of A. fumigatus spores by 
the intratracheal and intravenous routes, respectively. For the intratracheal inocula- 
tion, the spore suspension was introduced into the trachea with the aid of a catheter 
inserted down the throat to  the junction. Significant histological involvement of the 
lungs was found only in the animals receiving repeated subcutaneous injection of ste- 
roids and multiple intratracheal injection of spores and, moreover, notwithstanding 
the severity of the lesions, the animals did not develop fatal hyphal bronchopneumon- 
itis. It would seem, therefore, that rats may be more resistant to pulmonary infection 
with Aspergillus than mice or rabbits. Rapid and fatal cranial aspergillosis was induced 
in normal rats after the intravenous injection of A. furnigatus spores.'j2 In infected 
animals, although the inoculated spores concentrated predominantly in the liver and 
lungs, and lesions developed in these tissues, only lesions in the cerebral tissue dis- 
played the presence of hyphae. 

Turner et a1.28 also infected rats via the subcutaneous and intraperitoneal routes with 
A. furnigatus spores. When infected subcutaneously, significant histological changes, 
particularly the formation of granulomas associated with presence of both spores and 
hyphae (frequently observed in mesenterial and paratracheal lymph nodes), were in- 
duced only in cortisone-treated animals. When infections were induced intraperito- 
neally, lesions containing hyphae were occasionally produced in the liver, spleen, and 
mesenteric lymph nodes, although such lesions were more frequent and extensive in 
cortisone-treated animals.28 

3. Primate Models o f  Allergic Aspergillosis 
Slavin et a1.93 have created an experimental model of ABA in rhesus monkeys. The 

monkeys were immunized with aerosolized preparations consisting of aqueous extract 
of A. fumigatus and killed Aspergillus powder by inhalation through an endotracheal 
tube. The monkeys, immunized with IgG precipitating antibody to A. furnigatus, who 
received human allergic serum containing IgE antibody by infusion showed an inflam- 
matory response in the animal lung which approximated the histopathology observed 
in the human disease. These workers have further demonstrated that similar histopath- 
ological changes were also produced in the skin of rhesus monkeys with IgG antibody 
to A. fumigatus when the animals were injected at multiple sites intradermally with 
human serum rich in IgE against A. f u m i g a t u ~ . ~ ~  

4. Cattle and Sheep Models o f  Placentitis 
Aspergillus placentitis has been experimentally produced by intravenous inoculation 

of the two species of natural hosts, pregnant cow95-98 and pregnant ~ h e e p , ~ ~ - ' O ~  with A. 
furnigatus spores. The ovine infection has been more preferably used as an experimen- 
tal model of the disease for examination of the pathological and immunological 
changes which occur during the course of placental infection because this model ap- 
pears to  have a number of advantages over the use of cattle for study of mycotic 
p l a c e n t i t i ~ . ~ ~ ~ ' ~ ' - ~ ~ ~  



5. Avian Aspergillosis Models 
Experimental avian aspergillosis has been induced in young poultry, such as the 

C.,iCk104- 106 and duck,lo7 by intravenous injection of saline suspensions of spores Or 
inhalation of aerosolized spores from A. fumigatusor A. flavus. After inhaling spores, 
the birds developed culture-positive plaques which persisted for several weeks. lo4 It was 
also demonstrated that ducks developed considerable resistance to infection by inhal- 
ation within the first few days of life.107.108 

11. CANDIDIASIS 

A. Introduction 
Candidiasis (candidosis), caused by several species of the genus Candida, is the most 

widespread and prevalent mycotic disease of man. It can be a superficial or systemic 
infection. Superficial candidiasis is a common infection of the skin and mucous mem- 
brane. The usual sites are major and minor skin folds, the anal, vulvovaginal and 
perioral mucocutaneous junctions, and the nail-bed and nails. Candidiasis in rela- 
tively healthy individuals most commonly involves superficial infections of the skin or 
the mucous membranes of the mouth and ~ a g i n a . ' ~ ~ . " ~  Although superficial candidi- 
asis is basically a local infection involving only a limited part of the skin and/or mu- 
cous membrane in the body, it can be the source of organisms that give rise to deep 
and systemic forms of infection in the compromised host. Systemic candidiasis, a se- 
rious problem predominantly of the temporarily or chronically compromised host, in- 
volves the internal organs of vital importance. The lesions can be localized in a single 
or in several organ systems. These include: the heart (cardiac candidiasis, in particular 
Candida endocarditis), respiratory system (bronchial and pulmonary candidiasis), cen- 
tral nervous system (Candida meningitis and cerebral candidiasis), kidney (renal can- 
didiasis), and bone (Candida osteomyelitis and arthritis). However, in the compro- 
mised host, Candida organisms can be widely disseminated in the body through hem- 
atogenous and/or lymphatic spread resulting in more fulminating and serious forms 
of the disease. 

Eight species of the genus Candida have been found to be pathogenic for man: C. 
albicans, C. stellatoidea, C. tropicalis, C. parapsilosis, C. krusei, C. pseudotropicalis, 
C. guilliermondii, and C. glabrata (formerly Torulopsis glabrata).Il0 The most fre- 
quent causative agent of superficial and systemic candidiasis in man is C. albicans, 
which is the endogenous species in man. In man and many other animals, this yeast is 
present as a member of the body's natural flora on mucous membranes of the various 
parts of the alimentary tract from oral cavity to the intestine and vagina in 10 to 50% 
of healthy  subject^.'^' In such habitat, C. albicans ordinarily lives in balance with the 
other members of microbial flora and merely exists there as a colonist. But various 
predisposing factors can upset this balance and lead not only to a local overgrowth of 
the organism (oral, esophageal, or enteric candidiasis), but also the most overwhelming 
form of candidiasis which involves a variety of internal organs through presumed ex- 
traintestinal dis~eminat ion."~,"~ 

In recent years, the incidence of infections with Candida, in particular disseminated 
candidiasis, has steadily increased mainly due to the wider use of immunosuppressive 
drugs and broad-spectrum  antibiotic^."^-^" Burn  patient^,"^ patients with malignan- 
c i e S , ~ 3 . ~  19.120 those in immunodeficient  state^,'^'.'^^ or those undergoing therapeutic 
manipulations, such as surgeryIz3 and intravenous hyperalimentation,Iz4 are also pre- 
disposed to candidiasis. The variety of predisposing factors and clinical forms of the 
disease as well as the poor diagnostic method and antifungal chemotherapy now avail- 
able have made candidiasis a serious clinical problem. This situation has led us to the 
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need for better understanding of the immunity, host-pathogen interactions, and path- 
ogenesis involved in human candidiasis, and that of developing more effective and 
reliable methods for controls of the disease. The valid and reproducible animal model 
that mimics the comparable form of the human disease should be prerequisite for such 
studies. 

In the past two decades, increasing numbers of animal models of candidiasis pro- 
duced in a variety of laboratory animals, as well as in some domestic animals, have 
been described in the literature. In experimental models of candidiasis, with very few 
exceptions, C. albicans has been the only species used as the challenge organism for 
producing candidiasis, because of its medical importance and virulence for almost all 
laboratory animals. Researchers in the pharmaceutical industries have made a substan- 
tial contribution to  developing those types of animal models which can be useful for 
preclinical evaluation of antifungal regimens.lZ5 

B. Animal Models of Systemic Candidiasis 
1 .  Introduction 

Fatal, naturally-occurring systemic candidiasis has been reported in capuchin mon- 
k e y ~ , ' ~ ~  but it has not been recognized in any species of laboratory mammals in use. 
Experimental models of systemic candidiasis have been produced in the rabbit, rat, 
guinea pig, and, most often, in the mouse. In particular, the mouse has been providing 
the best available model for studying various aspects of Candida and candidiasis. In 
these models, the most favorably used route of inoculation has been the intravenous 
route, which can solidly establish the fatal disease without the aid of immunosuppres- 
sive treatment of the animals, in challenge doses significantly lower than those for the 
intraperitoneal route or others. Irrespective of the route of inoculation and the species 
of animals used, once systemic candidiasis is established in the inoculated animals, the 
course of the infection is surprisingly similar among a number of different models thus 
far developed. All the cultural and histopathological studies have demonstrated that 
the kidney is, unexceptionally, the major target of infection with accompanying less 
severe involvement of the liver, spleen, and heart.I2' In addition, several forms of local 
manifestation, such as endogenous endophthalmitis and cutaneous candidiasis occur- 
ring through hematogenous dissemination of Candida organisms from the primarily 
affected organs have been recognized in certain models. 

2. Intravenous and In traperitoneal Infection 
a. Murine Models 
i. Variance in Virulence of C. albicans Strains 

In almost all cases, C. albicans strains that were originally isolated from patients 
with candidiasis have been used to prepare an inoculum for a challenge of animals. 
The determinants of virulence for mice among strains of C. albicans have not been 
completely defined, although a number of factors, including inducible proteases, phos- 
pholipases, Candida endotoxin, and the capacity to form hyphae, have been pro- 
posed.Il0 Saltarelli and  investigator^'^^ have made a comparative study of the virulence 
of C. albicans morphological mutant strains to relate chlamydospore production and 
germtube formation in mice receiving an intraperitoneal challenge of the inoculum and 
observed that the mycelial strains were not more lethal than the yeast-like strains, and 
that neither chlamydospore production nor germtube formation was related to the 
virulence for mice. On the other hand, Evans and M a r d ~ n ' ~ ~  have provided evidence 
suggesting that disseminating systemic C. albicans infections were more likely to be 
initiated by the yeast-like form of the organism and that that may play a vital role in 
innate host resistance to  hematogenous dissemination of C. albicans. Besides, Saltarelli 



et al."" could not find any relationship between the proteolytic activity and virulence 
in their strains. This result contradicts the study of StaibI3O who observed that C. albi- 
cans strains capable of lyzing albumin in agar were highly virulent for mice. Notwith- 
standing the possible variety of biological traits of C. albicans strains so far used in 
murine models, the literature tells us that all the authors have successfully produced 
fatal infections in mice by injecting lo5 to lo7 viable yeast cells of C. albicans intrave- 
nously. P l e m ~ e l ' ~ '  has tested the virulence of 36 C. albicans strains freshly isolated 
from clinical materials for CF1-SPF mice following an intravenous inoculation of 6 to 
10 x lo5 organisms. He found that 35 of 36 strains were similarly pathogenic for mice; 
60 to 100% of mice infected with either of the virulent strains succumbed in 6 days 
after challenge. 

ii. Susceptibility to C. albicans Infection of Different Murine Strains 
The use of various inbred strains of mice to explore the immunological and genetic 

factors involved in determining resistance to various infectious agents has been used 
successfully in recent years. Bistoni et al.I3' have studied the susceptibility of different 
mouse strains to infection with graded numbers of C. albicans injected intravenously. 
Inbred C3H, BALB/c, and hybrid CD2F1 mice showed approximately similar degrees 
of susceptibility to the infection, whereas C57B1/6 mice were slightly more resistant. 
The relatively high resistance of mice from other C57B1 substrains to an intravenous 
challenge with C. albicans have also been confirmed by Neta and S a 1 i ~ a n . l ~ ~  They 
found that alloxan-induced diabetic mice of both C57Bl/lOSNJ and C57Bl/NsJ were 
infection resistant in that C. albicans administered intravenously in a dose of 4 x lo4 
cells was not cultured from kidney 14 to 21 days after challenge. 

The congenitally athymic (nude) mice and New Zealand Black (NZB) mice have been 
favored to study the role of thymus-dependent, cell-mediated immunity in dissemi- 
nated candidiasis. Rogers et a1.'34 have demonstrated that nude mice have a greater 
capacity than their phenotypically normal littermates to prevent growth of intrave- 
nously administered C. albicans in the kidneys and to clear the organisms from the 
liver. Similarly, mice of the NZB strain, which spontaneously develop a selective defi- 
ciency of cell-mediated immune functions, showed a greater susceptibility to lethal 
infection with C. albicans, as well as with Aspergillus fumigatus and Cryptococcus 
neoformans, when challenged in t raven~us ly . '~~  

The important role of a humoral-factor complement that plays in host defense 
against experimental C. albicans infection was demonstrated in the work of Merelli 
and R 0 ~ e n b e r g . I ~ ~  They found that the susceptibility to the infection of complement- 
positive CF1 mice was comparable to that of complement-deficient mice of the same 
strain. This line of studies was extended more recently by Hector et al.L37 who intro- 
duced several inbred strains of mice. These investigators examined mice from six ge- 
netically distinct strains for their susceptibility to C. albicans when challenged with 
several different doses of inoculum. Mice from the six groups showed substantial dif- 
ferences in resistance to challenge based on mortalities and quantitative cultures of 
kidneys; mice from strains C57B1/6J and BALB/cByJ showed the least susceptibility; 
mice from strains C57Bl/HeJ and CBA/J, moderate susceptibility, and mice from 
strain DBA/2J, the highest degree of susceptibility to challenge. These results suggest 
a major role for complement in the innate resistance to C. albicansin the murine model 
because DBA/2J and A/J  strains have been shown to be deficient in the C5 component 
of ~omplement . '~"  Thus the studies of Hector and co-workers confirmed, not only 
those of Morelli and R ~ s e n b e r g , ' ~ ~  but also Gelfand et a1.'39 who used guinea pigs, in 
which animals lacking an intact alternate pathway of complement did not survive as 
long as animals with an intact complement system. 
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Sex difference in resistance to C. albicans infection, as well as in immune response 
to this infection, both favoring the female, have been reported in various experimental 
animals including mice.128,140.141 H owever, contradictory results were obtained by Rog- 
ers and B a l i ~ h ' ~ ~  who studied systemic candidiasis in mice and germ-free rats given 
fatal doses of C. albicans by both intraperitoneal and intravenous routes. 

iii. Predisposing Factors 
Experimental models of systemic candidiasis, in particular those established in mice 

by intravenous challenge with C. albicans, have been utilized to study the effects of a 
variety of immunosuppressive regimens on the susceptibility of the host animal to in- 
fection with the microorganism. Increased susceptibility to the infection has been re- 
ported in X-irradiated m i ~ e , ' ~ ~ . ' ~ ~  corticosteroid-treated cyclophosphamide- 
induced granulocytopenic and in mice treated with other drugs such as 
a z a t h i ~ p r i n e . ' ~ ~  Cyclophosphamide has been also used to study the protective effect of 
immunoactive substances on C. albicans infection in severely immunosuppressed 
m i c e ~ 3 2 . ~ ~ ~ . ~ ~ 2  and to assess the role of several immunological responses in the acquired 
resistance.153 One of the experimental models to study the basis for enhanced suscep- 
tibility of diabetic animals to infections, such as those by C. albicans, includes infec- 
tion of mice following administration of alloxan. Salivan and Turnerxs4 found that 
mice became more susceptible to Candida infection when they were given a diabetic 
dose of alloxan 10 days before inoculation of the yeast. 

Host resistance to C. albicans in a model tumor system has been studied by Robi- 
nette and M a r d ~ n . ' ~ ~ . ' ~ ~  They demonstrated that the lethal response to C. albicans 
infection was significantly delayed in (C57B1 x BBA/2)F1 mice inoculated intrave- 
nously with the organism 6 to 16 days after transplantation of Lewis lung carcinoma 
as compared with noncancerous control mice, probably because of the enhanced mi- 
crobial destruction in fixed reticuloendothelial-system cells of the tumor-bearing mice. 

iv. Applications 
Since fatal infection of mice with C. albicans is readily producible in a large scale 

and can provide a reproducible and quantifiable model of systemic candidiasis, it has 
been most frequently used among various animal models of the disease to evaluate the 
protective role or the effect of immune responses in the animal, several biological and 
chemical immunomodulators,157-161 or the therapeutic effect of currently available an- 
tifungal drugs. 131.148.150.162-172 In these experimental systems produced in mice with or 
without immunosuppressive treatment, significant protective or therapeutic efficacy of 
systemically administered, currently available, or promising antifungal agents, such as 
amphotericin B, flucytocytine, miconazole, ketoconazole, BAY n 7133, and itracona- 
zole, which were used alone or in appropriate combinations or by means of a new drug 
delivery system (e.g., liposomes), have been reported. 

b. Rabbit Models 
Next to the mouse, the rabbit has been most frequently used as a model of systemic 

C. albicans infection. Rabbit models of candidiasis are especially useful for such stud- 
ies as those that follow the titer of Candida antigens or antibodies to Candida in the 
serum of animals in the course of infection because of their larger size which enables 
us to obtain adequate amounts of blood samples repeatedly over the experimental pe- 
riod. On a weight basis, rabbits appear to be more susceptible to C. albicans infection 
than mice. Intravenous challenge of rabbits with an inoculum of the organism in doses 
of 5 x lo5 to lo7 have been reported to induce rapid fatal disseminated candidiasis; all 
animals died within 10 days after i n f e ~ t i o n . " ~ - ' ~ ~  



The kidney was always the major target of infection and the liver and spleen were 
less severely affected. Rabbits given lesser doses of challenge inoculum developed non- 
fatal chronic systemic infection where C. albicans were recovered from the kidney, 
liver, and spleen over a 10 week or longer observation ~ e r i 0 d . l ' ~  Very recently, Repen- 
tigny et a1.178 produced disseminated candidiasis in cortisone-treated rabbits following 
intravenous injection of lo7 C. albicans organisms. All animals had either cultural 
and/or histological evidence of invasion by C. albicansin their kidneys and livers. The 
survival of the animals was prolonged compared with that observed in most similar 
studies on detection of serum m a n n a n ~ , ' ~ ~ - ' ~ ~  arabinitol, '76.'83 and r n a n n o ~ e ' ~ ~  in ex- 
perimental candidiasis. Thus Repentigny et al.178 claimed that this experimental model 
in rabbits receiving cortisone may more closely resemble the often occurring subacute 
type of candidiasis in humans. 

c. Rat Models 
Systemic infection of rats has been induced after a challenge of the animals with lo6 

to lo7 C. albicansorganisms by the intravenous route. These challenge doses were fatal 
to 95% or more of the animals within 2 weeks post ~ h a l l e n g e . ' ~ ~ - " ~  Balk et a1.1E6 de- 
scribed details of symptomatology and histology of rats infected with fatal doses of C. 
albicans. As is the case for other experimental animals, the kidney was the most se- 
verely diseased organ, from which C.  albicanswere cultured. Virtually the same results 
have been obtained in germ-free rats.142 Balk et al.Is6 claimed that their model of dis- 
seminated candidiasis in laboratory rats showed clinical and histological changes simi- 
lar to those reported for other animals and humans dying of this d i s e a ~ e . ' ~ ~ . ' ~ ~  These 
 investigator^'^^ and Galgiani and Van W y ~ k ' ~ ~  used this rat model for in vivo evalua- 
tion of antifungal drugs. 

d. Guinea Pig Models 
Guinea pigs appear to be considerable resistant to C.  albicans infection irrespective 

of the route of i n o ~ u l a t i o n . ' ~ ~  The earlier report of WinnerlE9 described fatal C. albi- 
cans infection produced in guinea pigs after intravenous injection of the inoculum. 
More recently, Hurley and Fau~i '~O developed a model of disseminated candidiasis in 
guinea pigs injected with the lethal doses of C. albicansvia an intravenous or intraper- 
itoneal route. These workers stressed the similarity of their model to human candidiasis 
in histological and other aspects. Gelfand et a1.'39 used this guinea pig model, produced 
in normal animals, animals congenitally deficient in component C4 of the complement 
(C4D animals), and animals depleted of the alternate pathway as well as component 
C3-C9 of the complement sequence by treatment with cobra venom factor (CVF), to 
study the role of complement and its various pathways of activation in the early stage 
of candidiasis. As a result, they found that mortality of infected animals and also 
infection of the kidney was markedly enhanced in the CVF-treated guinea pigs but not 
in C4D animals, when compared with untreated normal animals. Very recently, Van 
Cutsem and  investigator^'^'-'^^ have developed experimental systemic candidiasis in 
guinea pigs given C. albicans inocula via an intravenous route and described micro- 
biological, hematological, and histopathological aspects of their model. They claimed 
that the systemic C. albicans infection thus established was characterized by not only 
involvement of the various internal organs such as the kidney, liver, brain, eye, and 
stomach, but also dissemination to the skin. 

e. Canine Models 
Ruthe et a1.194 induced systemic candidiasis in cyclophosphamide-induced neutro- 

penic canines after intravenous challenge with C. albicans. A normal dog could tolerate 
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up to lo7 C. albicans organisms administered intravenously, while lo6 organisms in- 
variably resulted in widespread disseminated candidiasis in leukopenic animals. Using 
the canine model produced in leukopenic dogs, this group of investigators has studied 
the therapeutic effect of granulocyte transfusion on the severity of ~ a n d i d i a s i s . ' ~ ~ - ' ~ ~  

f. Comparison Between Intravenous and Intraperitoneal Routes 
The intraperitoneal route of inoculation has been used, although much less fre- 

quently than the intravenous route, to produce experimental infection with C. albicans 
in mice,126  rabbit^,'^^.'^' and guinea pigs.'27.189.190 In all these species of laboratory an- 
imals, this route of inoculation appears to be more efficient in establishing fatal sys- 
temic candidiasis than the intravenous route. Hurley and FauciI9O have infected guinea 
pigs using both intravenous and intraperitoneal routes of infection; all the animals 
challenged intravenously with the maximal dose of inoculum (lo8 CFU) of C. albicans 
succumbed to the infection within 24 hr. The use of the graded doses of inoculum 
determined the 50% lethal dose as 3 x lo6 CFU. On the other hand, no mortality or 
apparent illness resulted in the animals receiving this maximal dose of inoculum, al- 
though 2-weeks postchallenge autopsies of these apparently healthy animals revealed 
multiple sites of abscess formation in the omentum and the serosal surfaces of the 
abdomen and liver, but no viable organisms could be cultured. As compared with other 
rodents of laboratory use, guinea pigs appear to be particularly resistant to intraperi- 
toneal challenge with C. albicans. This may be associated with the high fungicidal 
efficacy of peritoneal macrophages of guinea pigs.199 

Bayer et a1.19' developed a rabbit model of peritoneal candidiasis (candidial periton- 
itis) in the animal with a challenge of an inocula containing 101° C. albicanscells. These 
investigators noted the relative refractoriness of the rabbit peritoneum to such large 
inocula of C. albicans as was seen in guinea pigs.190 Intraperitoneal injection of 10' to 
lo9 organisms were needed to induce intra-abdominal infection in rabbits. In contrast, 
lo5 CFU cf the same Candida strain, given by intravenous injection, caused dissemi- 
nated candidiasis in nearly all rabbits.200 Even though intraperitoneal C. albicanscould 
be established, there was a tendency for gradual resolution of peritoneal lesions over 2 
to  3 weeks postinfection. However, approximately half of the infected animals devel- 
oped an ocular manifestation, endophthalmitis, through hematogenous dissemina- 
t i ~ n . ' ~ ~  

3. Intracardiac and Intraarterial Infection 
Very infrequently, an intracardiac route201 and an intra-arterial route202,203 of inoc- 

ulation has bet; -1sed to  induce systemic C. albicans infection in rabbits and rats, 
respectively. The 1a~'er rat model may be useful for studying cerebral involvement in 
deep candidiasis. Parker et al.202.203 established deep candidiasis in healthy uncompro- 
mised Wistar rats by injecting C. albicans into the right internal carotid artery. The 
infected animals succumbed to the disease within 7 days after a challenge with lo7 
organisms. The kidney was most severely infected, and the entire brain was diseased 
without involvement of leptomeninges. Parker and workers claimed that their rodent 
model is similar to human cerebral ~andid ias i s .~~ '  

4. Local Manifestations 
a. Ocular Manifestation (Endogenous Candida Endoph thalmitis) 

The first model of endogenous Candida endophthalmitis was produced in rabbits by 
Hoffman and Waubke in 1961 by intravenous injection of C. a l b i c a n ~ . ~ ~ ~ ~ ~ ~ ~  Yeast cells 
were detected in choroidal vessels 15 minutes following injection and progressed to the 
outer retina within 1 hr. Pseudomycelia developed as the organism invaded the retina. 



The disease progressed to typical stages of vitreoretinal nodules, multifocal vitreous 
abscesses, and destructive endophthalmitis. The ocular lesions may persist for months 
and some lesions may heal spontaneously. Vergara et a1.206 have also described the 
model of endogenous endophthalmitis produced in rabbits given intravenous injections 
of C. albicans. Santos and investigatorsz0' produced endophthalmitis in pigmented rab- 
bits by intravenous injection of 3 x lo6 C. albicans organisms to test the efficacy of 
laser photocoagulation. Retinal lesions developed and progressed in all animals in- 
fected within 4 days after inoculation. Kidney and brain cultures were uniformly posi- 
tive. In more recent years, Edwards and i n v e s t i g a t ~ r s ~ ~ ~ ~ ~ ~ '  developed a new rabbit 
model of hematogenous endophthalmitis with an intravenous challenge of lo5 C. albi- 
cansorganisms. In this model, retinal lesions were detected ophthalmoscopically 3 days 
following challenge and persisted for 80 days; 88% of the rabbits had lesions with 
clinical signs identical to  that of human lesions. A similar rabbit model has been re- 
ported by Demant and E a s t e r b r o ~ k . ~ ~ ~  Using the Edwards and co-workers' model, 
studies have been performed on the ultrastructural figures of Candida endophthalmitis 
in rabbitszo9 and on evaluation of anterior chamber aspiration as a mycological diag- 
nostic method.z10 Investigators from the same laboratory also studied the ocular path- 
ogenicity of several different species of the genus Candida, including C. albicans, C. 
guilliermondii, C. krusei, C. parapsilosis, C. stellatoidea, and C. glabrata. The results 
showed a relative resistance of ocular tissues to hematogenous Candida infection with 
species other than C. albicans.z"~z12 

Therapeutic trials of experimental C. albicans endophthalmitis have been made by 
Rimbaud and othersz13 and Jones and The former group of workers pro- 
duced typical retinal lesions in rabbits given 5 x lo5 C. albicans organisms per kilo- 
gram. With this model, they proved the therapeutic effects of intravenously adminis- 
tered amphotericin B.z73 Jones established progressive endogenous C. albicans 
endophthalmitis challenged intravenously with 2 to 5 x lo5 organisms per kilogram, 
with the severity of infection being directly related to the fungal strain and inoculum 
size. His model was workable for evaluation of various systemic antifungal agents, 
such as amphotericin B, ketoconazole, and miconazole.z14~z15 

In addition to the intravenous route, the intraperitoneal route of inoculation with a 
larger inoculum (e.g. 5 x lo8 CFU) has been reported to develop hematogenous Can- 
dida endophthalmitis in rabbits that were significantly responsive to the therapeutic 
doses of amphotericin B as well.198 

b. Cutaneous Manifestation 
Development of cutaneous lesions in guinea pigs infected intravenously with fatal 

doses of C. albicans has been recognized and described by Van Cutsem and investiga- 
t o r s . ~ 2 ~ . ~ 9 ~ - 1 9 3  Viable C. albicans was recovered from skin tissues with lesions 35 days 
po~t infec t ion . '~~  Infected animals developed small red papular eruptions on the skin 
over the entire body. When animals were infected with sublethal doses of C. albicans, 
such skin eruptions were observed more prominently. Skin lesions might result from 
passage of the organisms disseminating through the basement membrane of the epider- 
mis to the superficial horny layers of the skin."' 

c. Other Superficial Manifestations 
Thienpont et a1.Iz5 have reported that female guinea pigs infected intravenously with 

C. albicans developed Candida vaginitis. When pregnant rodents (rats, guinea pigs, 
snd mice) were administered C. albicans via an intravenous route, the organisms dis- 
seminated through the placenta to the fetus in the uterus which resulted in extensive 
hyphal growth on the skin of unborn fetuses harbored in the infected mother animals. 
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In the chicken and some other avian species, an intravenous challenge of C. albicans 
resulted in systemic infection with cutaneous lesions as observed in guinea pigs.12' In 
infected cocks, lesions were produced on combs and wattles. These investigators also 
described gastrointestinal involvement following systemic infections experimentally in- 
duced in various species of animals. 

C. Animal Models of Localized Candidiasis 
1. Introduction 

Notwithstanding the size of challenge inoculum, the route of inoculation, the spe- 
cies, or the immunological status of the animals used, C. albicans introduced systemi- 
cally into animals via either intravenous route, intraperitoneal route, or even intraar- 
terial route usually produced infections that were mostly confined to the kidney with 
slight degrees of involvement of the liver, spleen, and, less frequently, eye as mentioned 
in the preceding section. In the literature, experimental models of varying forms of 
candidiasis other than disseminated forms have been described. Appropriate proce- 
dures for inoculation or surgical pretreatment of the animal should make it possible to 
induce such specific types of Candida infection, in particular those localized in certain 
tissues or organs of the animal. 

2. Exogenous Endophthalmitis 
Exogenous Candida endophthalmitis has been developed mainly for the purpose of 

providing an animal model which is valid for evaluation of antifungal agents adminis- 
tered intravitreously. Axelrod and P e ~ m a n ~ ' ~  have produced progressive vitreous ab- 
scesses in rabbits by intravitreous injection of lo3 C. albicans organisms. Vitreous 
clouding was evident in all animals within 24 hr post-inoculation. With this model, 
protective or therapeutic efficacy of intravitreous amphotericin B and its methyl ester, 
used alone or in combination with vitrectomy, has been d e m ~ n s t r a t e d . ~ ' ~ - ~ ' ~  

3. Cutaneous Infections 
Experimental acute cutaneous infections with C. albicans have been produced in 

m a n ~ 2 ~ - 2 2 2  as well as in a variety of animals: birds such as chickens, turkey and guinea 
foWls224.225 dogs;226  rabbit^;^^^.^^^ guinea pigs;'25.229.230 rats, and mice.23'-233 In some 
cases, animals were treated with subcutaneous or topical cortisone prior to inocula- 
t i ~ n . ~ ~ '  guinea pigs,227 rats, and mice231 have offered successful 
models of acute cutaneous disease when C. albicans or related Candida species were 
inoculated epidermally under occlusive dressings. Ray and investigators231 developed 
the occlusive model produced in newborn rats and mice. In the infected rodents, de- 
velopment of microscopic pastules, similar to the lesions which occur in men, was 
observed only at  sites of Candida hyphal i n ~ a s i o n . ~ ~ ' . ~ ~ ~  These investigators also dem- 
onstrated that of six Candida species tested, only C. albicans and C. stellatoidea could 
induce subcorneal microabcesses when inoculum of each Candida species was applied 
epicutaneously and the area was occluded with a d r e ~ s i n g . ~ ~ ~ , ~ ~ '  

Giger et a1.233 have produced cutaneous candidiasis model in mice without occlusive 
dressings. These workers injected suitable doses (5 tu i O  x 10Qells) of C. albica~~s 
intradermally into the shaved skin of the animals, which then developed a lesion that 
was confined to the dermis and was of a limited duration (2 to 3 weeks). The lesions 
were essentially abscesses containing large numbers of PMN. Domer and M o ~ e r ' ~ ~  have 
used this model of self-limiting dermal infection for studies of protective immune re- 
sponses to C. albicans. A similar cutaneous model was also produced in rabbits follow- 
ing intradermal injection of C. albicans inoculum.201~237 

Among species of rodents, the guinea pig appears to be relatively susceptible to 



cutaneous C. a lb icans infec t i~n . '~~  Sohnle and co-workers230.238.239 produced cutaneous 
candidiasis in guinea pigs either by using occlusive dressings over the microorganisms 
or by applying them to shaved skin directly without occlusive dressings. In either 
model, there was clearance of the infecting organisms from the skin by a process in- 
volving profuse scaling of the keratinized layer in which they were confined. The latter 
type of guinea pig model was also produced by Van Cutsem and T h i e n p ~ n t . ~ ~ ~  They 
also found that treatment of the animals with alloxan was effective in establishing 
persistent infection. Using this cutaneous model produced in alloxan-diabetic guinea 
pigs, Cauwenbergh et al.240 confirmed the therapeutic efficacy of topically adminis- 
tered ketoconazole. 

4. Subcutaneous Infection 
Huang et a1.'77 infected rabbits by subcutaneous injection, which was repeated 7 

times during a period of 16 days, of C.  albicans organisms. The rabbits showed evi- 
dence of local infection as determined by induration and redness at the injection sites. 
Grunberg et a1.I7O produced experimental C. albicans infection in cortisone-treated 
mice given subcutaneous injection of the organism in order to evaluate the antifungal 
effect of flucytosine in vivo. 

5. Muscular Infection ("Mouse-Thigh Lesion") 
Selbie and O ' G r a d ~ ~ ~ l  and O ' G r a d ~ ~ ~ ~  originally described a tuberculous thigh lesion 

produced in mice by intramuscular injection of C.  albicans organisms. Thompson243 
used this model to study the effects of a number of chemotherapeutics and corticoste- 
roids on thigh lesions. Since such a model of self-limiting infection with C. albicans 
looked to  be highly reproducible and quantifiable, Pearsall and L a g ~ n o f f ' ~ ~  later de- 
tailed the method to establish the mouse-thigh lesion model which may permit a long- 
term study of immunological responses to C. albicans infection. These investigators 
injected a standard inoculum of 5 x lo8 organisms into the thigh muscle of C57BlIKs 
mice and produced an easily measurable thigh lesion that was self-limiting by 4 to 6 
weeks. This model has been favorably used by these and other investigators for im- 
munological studies .245-247 

During the course of the study, Pearsall and L a g ~ n o f f ~ ~ ~  unexpectedly found that 
C. albicans infection induced amyloidosis in infected mice and that amyloidosis was 
induced not only by viable cells of C.  albicans, but also by both viable Saccharomyces 
cerevisiae cells and heat-killed C. albicans in mice of susceptible strains (e.g., C57B1/ 
Ks). Mann and Blank248 described a method of inducing experimental amyloidosis in 
mice using intramuscular injection of lyophilized C. albicans cells. Savage and Tribe249 
compared the two methods of inducing amyloidosis and found that once amyloidosis 
was induced, the disease always progressed until the animals died of generalized amy- 
loidosis. Thus, this experimental model of amyloidosis should be suitable to use in 
studying pathogenesis of amyloidosis and assessing the treatment of this disease. 

6. Arthritis 
With inoculation of lo8 C. albicans yeast cells into the supra-patellar bursae of rab- 

bits, septic synovitis was induced.250 In the infected rabbits, effusion appeared in the 
second week after inoculation and maximally developed and became purulent in the 
third and fourth week, thereafter subsiding to a chronic pannus with cartilage destruc- 
tion and repair within 8 weeks. 

7. Vaginitis 
Experimental model of Candida vaginitis should have the validity for studying the 
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effect of antifungal regimens for the disease in humans. In this view, relatively simple, 
rapid, and reproducible procedures for inducing Candida vaginitis in experimental an- 
imals have been devised by a number of investigators. Since the role of the hormonal 
milieu is evident by the resistance of oophorectomized, nonestrogen-supplemented an- 
imals to C. albicans infection,251 oophorectomy and hormonal maintenance is strictly 
required to maintain Candida infection in the vagina of experimental animals. So far 
as known, almost all workable models of Candida vaginitis have been produced in 
oophorectomized rats that were kept in estrus before and after one or two intravaginal 
challenges with C. albicans by weekly injection of  estrogen^.^^^-^^^ Establishment of 
acute vaginal candidiasis in inoculated rats can be verified by cultural studies, as well 
as histological studies which should show extensive desquamation of the vaginal epi- 
thelia. 125,252,255,256 Candida vaginitis models produced in oophorectomized rats have 
often been used to evaluate various antifungal agents used topically (e.g., flucytosine, 
polyene antibiotics, econazole, miconazole) or orally (e.g. ketoconazole, BAY n 7133, 
itraconazole). 125,172.251.252.254-258 Very recently, more chronic C. albicans vaginitis in 
oophorectomized rats has been developed by Sobel and M ~ l l e r . ~ ~ ~  

Very few attempts have been made to produce Candida vaginitis in animals other 
than rats. Segal et al.260 have induced vaginal infection with C. albicans in mice by 
inoculating the animals with the organisms during the estrus stage of the mouse hor- 
monal cycle. The infection was self-resolving with very few fungal elements being ob- 
served microscopically on the 3rd to 4th day postinoculation. 

8. Cystitis 
Eng et a1.261 reported having produced cystitis in rabbits by using a tube filled with 

C. albicansinoculum. However, there is no description of the course or histopathology 
of the infection produced. 

9. Oral Infection 
In 1936, M a c k i n n ~ n ~ ~ ~  first reported that he could induce oral candidiasis in one 

rabbit by oral administration of C. albicans organisms. Later studies showed that Wis- 
tar rats may be a more suitable model of oral candidiasis. More recently both short- 
and long-term oral candidiasis has been established in adult rats given inoculation of 
C. albicans. Inoculation can be performed by placing C. albicans cell suspensions in 
the mouth of rats. Intensive studies on the rat model of oral candidiasis have revealed 
that the disease was not more readily induced in weanling rats than in adult rats, and 
that both a carbohydrate-rich diet and tetracycline medication favored the carriage 
and, perhaps, the infectivity of C. albicans in the oral cavity of conventional or con- 
ventionalized SPF-rats as well as germ-free rats.263-270 In this rat model, definite C. 
albicans strain-related differences in pathogenicity for the lingual mucosa of the ani- 
mals was demon~ t r a t ed .~ '~  

Birds also should provide a useful model of oral candidiasis because of their high 
susceptibility to C. albicans infection. Naturally occurring turkey crop candidiasis has 
been well-recognized. Balish and Phillips272 has succeeded in infecting the crops of 
gnotobiotic chicks with the oral-route inoculation of C. albicans. Thienpont et a1.I2' 
have induced C.  albicans infection of the crop and esophagus in several avian species, 
such as the turkey, guinea fowl, and chick, following the oral route of inoculation. 
The infection frequently resulted in dissemination to the mouth, tongue, interlabial 
space, and stomach. Phillips and Ba l i~h"~  attempted to infect mice by oral challenge 
with C. albicans, but they found that the candidiasis produced was confined to the 
stomach. 



10. Gastrointestinal Infection 
It  is well-established that C. albicans can colonize the gastrointestinal tract in germ- 

free mice and  hicke ens.^^^.^^^ However, C. albicans could not compete with either the 
bacterial flora in the gut of normal mice nor with Escherichia coli inoculated together 
in germ-free mice.276 Thus conventional mice orally inoculated with C. albicans are 
unable to maintain this organism in the intestinal tract without compromising treat- 
ment.277.278 In this view, models of invasive gastrointestinal candidiasis should include 
broad-spectrum antibiotics and cytotoxic treatment which can alter the normal bacte- 
rial flora and damage the mucosal barrier. These alterations may enhance Candida 
colonization on the mucosa and allow microinvasion with occasional systemic dissem- 
ination. In the literature several successful murine models of gastrointestinal candidi- 
asis produced in normal adult mice by oral administration of inocula using a gastric 
gavage have been reported.277.279-283 I n all these cases, animals were previously compro- 
mised with treatment with broad-spectrum /3-lactam (e.g., ampicillin), aminoglycoside 
(e.g., neomycin, tobramycin, gentamicin), cortisone, estradiol and X-irradiation, 
which were used alone or in some combinations. The histological findings reported in 
these murine models revealed ulceration and necrosis, but the extent of inflammatory 
response was unclear.281 Treatment of mice inoculated with amphotericin B, nystatin, 
flucytosine, or ketoconazole administered orally resulted in a reduction in the C. albi- 
cans counts in the f e c e ~ . ' ~ ~ . ~ ' ~  This may suggest the usefulness of this murine model in 
evaluating the antifungal agents. 

Different from the case with normal adult mice, infant mice appear to be highly 
susceptible to intragastric challenge with C. albicans. Pope et al.284 and Field et al.285 
have successfully infected infant mice with the intragastric inoculation of C. albicans. 
The inoculation resulted in not only a long-term colonization of the gastrointestinal 
tract, but also systemic spread and lethality. The infant-mouse model may have the 
advantage of no requirement of compromising treatment to establish colonization in 
the gut. In addition, certain strains of C. albicans was found to persist in the gastroin- 
testinal tract of the animals into ages at which they were normally resistant to coloni- 
z a t i ~ n . ~ ~ ~  The infant-mouse model has also proven useful for studying host-pathogen 
interactions and efficacy of antifungal regimens. 

Experimental models of gastrointestinal candidiasis have been reported in compro- 
mised rats.281,286 Burke and G r a ~ e y ~ ~ ~  challenged rats with C. albicans by the repeated 
intragastric inoculation and observed significant growth of the organism in the stom- 
ach and duodenum as well as intestinal dysfunction in the infected animals. 

11. Pulmonary Infection 
Experimental pulmonary candidiasis that was produced by intratracheal inoculation 

of C. albicans has been reported in r a b b i t ~ , ~ ~ ~ - ' ~ O  guinea pigs,292-296 and, less fre- 
quently, in mice.297 In the intratracheally infected rabbits, lesions were produced in the 
1 ~ n g s , ~ ~ ~ . ~ ~ ~  but they appeared to be quickly and completely resolved,291 suggesting that 
the rabbit lung is highly resistant to C. albicans infection. Kurotchkin and Lim2" ob- 
tained lung lesions only after sensitizing the rabbits previously with the killed organ- 
ism. Relatively high resistance of the lung to Candida infection has also been demon- 
strated in mice. Nugent and 0 n o f r i 0 ~ ~ ~  reported that mice uniformly survived intratra- 
cheally administered C. albicans inocula which killed the majority of mice inoculated 
intravenously. 

12. Cerebral Infection 
Intra-arterial inoculation of C. albicans into the internal carotid artery of adult rats 

could not produce diffuse leptomeningitis in the animals.202 Instead, when the organ- 
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ism was injected into the cisterna magna of rats, C. albicans infection confined to the 
leptomeninges were established.203 In this meningitis model, the organism was re- 
covered only from the central nervous system. 

13. Endocarditis 
Experimental endocarditis caused by C. albicans has been induced in rabbits which 

received a catheter inserted via the carotid artery to the aortic valve.299,300 This treat- 
ment resulted in a sterile thrombotic endocarditis with development of vegetations. 
When the animals were inoculated with C. albicans (approximately 10' viable cells) via 
an intravenous route, Candida infection of the sterile vegetations and dissemination to 
the other organs, especially to the kidney, were produced 4 days after inocula- 
tion.299-301 This infection can be fatal and the mean survival time of the infected rabbits 
was reported to be 26 days.30z The rabbit model of Candida endocarditis thus produced 
could afford a means of studying pathogensis303 and of evaluating therapeutic regimens 
for the disease.304 

111. CRYPTOCOCCOSIS 

A. Introduction 
Cryptococcosis is an infection caused by the soil-inhabiting encapsulated yeast Cryp- 

tococcus neoformans. It  has recently been recognized that C. neoformans is a species 
whose sexual state reveals it to be a basidiomycete; the perfect state is either Filobasi- 
diella neoforms or F. b a c i l l i s p ~ r a . ~ ~ ~ . ~ ~ ~ *  These Filobasidiella species have only rarely 
been isolated from the natural sources and the involvement of the sexual form in pro- 
ducing human infection is unknown. 

C. neoformans is widespread in nature throughout the world. It is most abundant 
in pigeon habitats and this interrelationship has been confirmed many times since Em- 
mons recovered several C. neoformans isolates in the course of a soil survey for His- 
toplasma capsulatum in the U.S. in 1951.307 C. neoformansis also known to be resist- 
ant to  dessication.308 Dried pigeon excreta and soil in its vicinity remain the most 
important environmental sources of C. neoformans. The organism reproduces when 
climatic and nutritional conditions are satisfactory and may be disseminated in infec- 
tious aerosols which gain entrance through inhalation. This may result in asympto- 
matic or symptomatic cryptococcosis in humans and other animals. It is generally con- 
sidered that the infectious material enters via the respiratory t r a ~ t , ~ O ~ - ~ "  with the lungs 
being the first focal point of 

Clinical and surgical evidence has been offered that supported the occurrence of 
pulmonary c r y p t o c o ~ c o s i s . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  Usually this is the mild and transitory phase of 
cryptococcal infection that probably precedes the systemic form of the d i~ease .~"  For 
some reasons that are not understood, C. neoformans has a predilection for the central 
nervous system (CNS) and frequently disseminates to the CNS from apparent or in- 
apparent primary foci in the lung through hematogenous or lymphatic spread and is 
manifested as the cerebral form of the disease or m e n i n g i t i ~ . ~ ' ~ ~ ~ ' ' ~ ~ ~ ~  Occasionally, 
cutaneous, mucocutaneous, osseus, ocular, and visceral forms of the disease develop 
through dissemination from the primary pulmonary focus. 

Like other infections caused by opportunistic fungi, cryptococcal infection is usually 
associated with some predisposing condition which has modified the immunological 
competence of the host. This may be a naturally developing primary or secondary 

* N o w ,  they are replaced b y  Filobasidiella neoformans var. neoformans and F. neoformans var. bacillis- 
pora, respectively. 



immunodeficient state or the result of administration of therapeutic agents. In man the 
most commonly recognized predisposed factors are leukemia/carcinoma, lymphoma 
(mainly Hodgkin's disease), collagen vascular disease (such as systemic lupus erythe- 
matosus), sarcoidosis, diabetes mellitus, congenital immunodeficient states; therapy 
with antibiotics, corticosteroids, or immunosuppressive agents (especially in malignant 
conditions), and renal tran~plantation.~'~,~~O-~~~ 

In addition to human infections, cryptococcosis is well-recognized as occurring nat- 
urally in diverse species such as cats, dogs, pigs, horses, cows, monkeys and cheetahs, 
causing CNS, pulmonary, or disseminated disease.323 More recently, cryptococcosis 
has also been seen in certain wild animals from the ferret to the koala bear. In animal 
species other than the man, a predisposing condition is often not identifiable, although 
the sporadic nature of the infections suggests that individual factors play an important 
role in pathogenesis. Studies of experimental cryptococcosis in animals was started at 
the end of the 19th century, immediately after the first human cases of cryptococcosis 
was described by Busse. Unfortunately, most of the natural host animals are inconven- 
ient for use in the laboratory and, instead, several species of laboratory animals includ- 
ing the mouse, rabbit, guinea pig, and rat have been used as an experimental model 
for cryptococcosis. Mice are highly susceptible to C. neoforrnans, enough to develop 
easily the fatal disease and, mainly for this reason, they have been most frequently 
used to produce experimental cryptococcal infections. Mice have offered a preferable 
model of systemic cryptococcosis for studying several important aspects of cryptococ- 
cosis, in particular those pertaining to pathogenesis, immunity, and chemotherapy.324 
Some other species of laboratory animals have been useful for creating rather localized 
forms of the disease. 

B. Murine Models of Systemic Cryptococcosis 
1.  Introduction 

There are few animal models for the study of systemic cryptococcosis. Among them, 
the murine model has been most frequently and preferably used for several reasons: 
(1) mice are highly susceptible to C. neoforrnans, (2) murine cryptococcosis is similar 
to the disease in humans in many aspects,309~3'8~319~3Z5-335 (3) mice are relatively easy to 
handle and can be used in greater numbers than larger animals, and (4) a great bank 
of knowledge of immunological features and immunogenetics has been established for 
various mouse strains. Fatal cryptococcal infection has been produced by using various 
routes of inoculation, such as intracerebral (intracranial), intravenous, and intraperi- 
toneal routes. Kong and L e ~ i n e ~ ~ ~  reported that 50% lethal doses of C. neoforrnans in 
inoculated mice increased in this order. Each of these three routes of inoculation is 
sufficiently effective for inducing systemic cryptococcal infection and the resultant fa- 
tal cryptococcosis, in particular following intravenous challenge, has been used by 
large numbers of investigators as a valid model for studies of virulence of various C. 
neoforrnansstrains and pathogenesis and immunology of cryptococcosis, as well as for 
evaluation of newer anticryptococcal treatment regimens. However, intracerebral, in- 
travenous, and intraperitoneal routes are all artificial routes of infection and the re- 
sulting disease may or may not simulate cryptococcosis acquired by a natural route of 
infection. Pappagianis et a1.337 demonstrated that each of the three artificial routes of 
infection allowed rapid dissemination of C. neoforrnans to the internal organs. How- 
ever, when the lungs were the portal of entry, primary pulmonary disease was initiated 
and dissemination to  the internal organs was delayed. Smith et a1.335 have observed 
that mice infected by the inhalation of aerosols containing high concentrations of cryp- 
tococci developed progressive cryptococcosis which was analogous to the human dis- 
ease. This line of evidence offers the rationale that this route of inoculation is more 
preferable to explore the pathogenesis of cryptococcal infection. 
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2. Intravenous and Zntraperitoneal Infection Models 
Fatal cryptococcosis in mice can be solidly established by intravenous or intraperi- 

toneal injection of saline suspension of C .  neoformans cells. The mortality, survival 
time, and infective rate, as well as severity of clinical signs and histopathological 
changes, depends on the biological features and inoculum size of the challenging strain 
of C.  neoformans, on the one hand, and the natural and/or acquired resistance of the 
host animal which can be compromised by immunosuppressive treatment, on the 
other. The work of Rhodes et a1.,338 who studied experimental cryptococcosis in several 
inbred mouse strains, showed that either decreasing the challenge dose of cryptococci 
or changing the intravenous route to the intraperitoneal route of inoculation resulted 
in prolonged survival time, but neither change affected the observed patterns of sur- 
vival. 

Symptomatology and histopathology of experimental cryptococcosis has been de- 
scribed, typically, for infected mice which survived 3 weeks or longer after intravenous 
challenge with various doses of C. neoformans cells. After challenge, mice usually 
appeared normal until nearly 1 week prior to the time when they developed symptoms 
of CNS involvement, including distended craniums and locomotor dysfunction. Most 
mice died several days after the first recognized CNS signs.339 At necropsy, large num- 
bers of viable cryptococci were recovered from not only the brain, but several other 
organs including the lungs, liver, spleen, and  kidney^.^^^-^^* Examination of H.  E. 
stained sections from dying or sacrificed animals showed degrees of microscopic le- 
sions in various organs involved. The histopathology of murine cryptococcosis has 
been characterized by preferential occurrence of either one of the two different types 
of lesions in organs involved: one was granulomatous and the other ~ y s t i ~ . ~ ~ ~ - ~ ~ ~  In a 
recent series of intensive studies performed in Miyaji's laboratory, it was clearly dem- 
onstrated that such a discrete tissue reaction is relevant to the richness of mononuclear 
phagocytic cells existing in the tissue which differs from organ to organ; granuloma- 
tous lesions predominate in the tissues with plenty of macrophages, such as pulmonary, 
hepatic, or splenic tissues, whereas cystic lesions occur exclusively in tissues with fewer 
or a scanty number of macrophages, such as cerebral 

Organ distribution and kinetics of distribution of C.  neoformans in mice adminis- 
tered intravenously was investigated by Duke and Fromtling who used [75Se]-seleno- 
methionine-labeled and unlabeled c r y p t o c o ~ c i . ~ ~ ~  The injected organisms were rapidly 
cleared from the blood of mice and then accumulated in the lungs, liver, and kidneys 
and, to a lesser extent, in the brain within 1 hr. While cryptococci were cleared from 
the lungs 24 hr after challenge, viable yeasts persisted in the brain, liver, spleen, and 
kidneys, and additional growth of the organisms occurred only in the brain, lungs, and 
kidneys. It suggests that C.  neoformans has a predilection to these three organs. 

Heavily or moderately encapsulated yeast cells harvested from cultures of clinical 
isolates of C. neoformans have been generally used as challenge inoculum. So far as 
described, all such strains belong to serotype A group (perfect state, F. neoformans). 
Yeast cells of C. neoformansserotype A seem most likely to be the infectious form and 
are found abundantly in nature. Many of the C. neoformans strains used in the murine 
model have been reported to achieve 100% mortality in 1 to 4 weeks after infection 
when mice were challenged with intravenous doses of lo4 to lo6 cells. The tendency to 
believe that heavily or moderately encapsulated C. neoformans strains are of greater 
virulence for mice than thinly encapsulated or nonencapsulated strains of the same 
species otherwise conferred similar biological properties is generally acceptable. This 
might be related to  the finding that C.  neoformans cells with small capsules were more 
easily phagocytized than those with large capsules in the host 

The use of a thinly encapsulated, low-virulent pseudohyphal strain of C.  neoformans 



has recently been introduced for studies in the pathogenesis of this o r g a n i ~ m . ~ ~ ~ - ~ ~ ~  This 
strain, an isolate from bird excreta, has a low virulence for mice.354 However, the 
animals intravenously challenged with this strain developed nonfatal infection exclu- 
sively involving the brain, where the viable yeasts persisted for sufficiently long pe- 
riOd.354.357 It was also found by other investigators that the strain could only be isolated 
from the brain of intraperitoneally infected mice 4 weeks p o s t i n f e c t i ~ n . ~ ~ ~  Naturally 
occurring or artificially induced low-virulent or avirulent strains of C. neoformans are 
useful as live vaccine for sensitizing mice or conferring acquired immunity to crypto- 
coccal infection. Reiss and Al t~re-Werber~~ '  described a mutant strain which lacks 
both of the two traits, capsule formation and phenol oxidase activity, characteristic 
for all virulent C. neoformans strains. Their mutant grew well at 5°C and at room 
temperature and was not reverted to the virulent wild type. Staib and M i ~ h r a ~ ' ~  ob- 
served that mice infected with the above-mentioned low-virulent C.  neoformans strain 
with predilection to the brain developed severe CNS symptoms with increased mortal- 
ity when uremia was induced by intramuscular injection of 0.15 m1 of glycerol in the 
animals. Fromtling et recommended the usefulness of experimental cryptococ- 
cosis produced in glycerol-induced acute uremic mice for studies of immune compe- 
tence in the uremic state. 

Several immunosuppressive agents have proven to decrease the survival time or le- 
thal dose of challenge inoculum of cryptococci in mice infected intravenously. These 
include: whole body X - i r r a d i a t i ~ n , ~ ~ ~  a trichothecen mycotoxin from Fusarium diace- 
t o x y s ~ i r p o n o l , ~ ~ ~  cyclophosphamide,33y and antilymphocyte serum.361 In mice, cyclo- 
phosphamide appears to affect host response to C. n e o f ~ r m a n s ' ~ ~  or impair host re- 
sistance to the organism.33y Monga et al.340 created B-cell-deficient mice by admin- 
istration of rabbit antimouse-p-antiserum to newborn animals for studying the role of 
antibodies in host defense against experimental cryptococcosis. As a result, they could 
not find any difference between thus prepared B-cell-deficient mice and the normal 
mice in the susceptibility to intravenous challenge with C. neoformansand the intensity 
of delayed-type hypersensitivity reaction to the organism. 

3. Intracerebral Infection Models 
Based on the concept that an appropriate animal model should include established 

meningitis as the principal site of cryptococcal infection, Graybill and his collaborators 
developed a murine model of meningitis by direct intracerebral inoculation of crypto- 
cocci in order to assess the potential efficacy of several anticryptococcal drugs for oral 
uSe.363-366 They infected mice by injecting 10' to 104 cryptococci in 0.03 m1 water deliv- 
ered from a tuberculin syringe through a 26- to 27-gauge needle inserted 3 to 5 mm 
into the center of the cranial vault or using a direct puncture in the midline, about 6 
mm posterior to the orbit.363366 Infected mice exhibited typical progression from nor- 
mal appearance to ruffled fur, bulging cranium, hunched back, and finally death. 
Histologically, the mice developed infection characterized by diffuse meningitis and 
extracerebral d i s ~ e m i n a t i o n . ~ ~ ~  

4. Zntranasal Infection Models 
Several investigators prefer the intranasal route of inoculation to produce experi- 

mental cryptococcosis because it is considered to be the normal route of infection in 
humans. In mice, respiratory cryptococcosis has been induced by exposing the animals 
to soil seeded with C. ne~formans '~ '  and, more recently, by intranasal instillation of 
saline suspension of ~ r y p t o ~ o ~ ~ i ~ ~ ~ . ~ ~ ~ - ~ ~ ~  or by inhalation of aerosolized suspension of 
the yeasts.332.335 
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In instillation model, lightly anesthetized mice are injected intranasally with 0.005 to 
0.05 m1 of a suspension of inoculum containing approximately 103 to 104 viable cells 
of C. neoformans delivered onto one nostril with a 20-gauge needle.334.369.370 Lim et 
al.369 followed C. neoformans growth in various tissues of mice infected with a rela- 
tively small dose of inoculum (103) by the intranasal instillation route in comparison 
with that of animals infected intraperitoneally. The majority of mice infected intran- 
asally did not have cryptococci in the lungs immediately after inoculation. Instead, the 
organisms were found in the head region, but not the brain or mandible. Most likely, 
after intranasal infection, cryptococci lodged in the nasal passages and either remained 
there for a period of time without multiplying, or colonized the membranes of the nasal 
passages before entering the lungs. Entrance to the lungs could have occurred by the 
organism moving down the respiratory tract and/or by hematogenous or lymphatic 
spread. In the intraperitoneally infected mice, cryptococci would have to become blood 
borne to populate the lungs.369 Ritter and L a r ~ h ~ ~ ~  studied the incidence of mortality 
and the infective pathway of C. neoformansin mice following an intranasal instillation 
of 104 viable cells. Mice appeared to be more resistant to intranasal route of infection 
than intraperitoneal route of infection. At the end of 12 weeks, 83% of the mice inoc- 
ulated intraperitoneally died, whereas the average percentage of death for intranasally 
inoculated mice was 54% .334 These investigators also observed that C. neoformanswas 
recovered from all organs, including the liver, spleen, kidneys, brain and heart, of the 
intranasal group of mice at  the 4th and 5th week postinfection, although the lungs 
were most frequently infected. At the 8th week, the lungs appeared as a sole site of 
infection and after 12 weeks postinfection, 5% of infected mice had cryptococci only 
in the lungs and brain.334 

Karaoui et induced pulmonary cryptococcosis by using the Henderson appa- 
ratus, a modification of that apparatus described by H e n d e r ~ o n ~ ~ '  to expose the mice 
to aerosols containing the organisms generated by a collison nebulizer. Pulmonary 
cryptococcosis was not established until day 7 postinfection, probably for the same 
reason as that observed for the instillation model. Once established, however, it served 
as the primary source of cryptococci for subsequent dissemination to the liver, the 
spleen, and finally to the brain. At day 56, C. neoformans was recovered from the 
lungs (100%) and brain (33%), but not cultured from any other organs.332 This sug- 
gests the existence of an alternate line of dissemination to the CNS besides the hema- 
togenous spread as postulated by W i l ~ o n . ~ ~ '  Thus cryptococcosis acquired by the res- 
piratory route should offer a more valid model for the natural infection than 
cryptococcosis acquired by the artificial route of inoculation. 

5. Applications 
a. Immunological Studies 

Because of the development of useful murine models of systemic cryptococcosis, 
studies of the immunological responses to C. neoformans, especially those involved in 
the defense against cryptococcal disease, have rapidly progressed in the last few dec- 
ades. Establishment of several different types of murine models has enabled us to use 
various approaches to explore the very complicated functioning immune systems. For 
example, a number of investigators have attempted to stimulate protection of mice 
against cryptococcosis by immunization with several different types of vaccines, such 
as killed whole cells or cell fractions324.373.374 and live cells of virulent or avirulent 
StrainS329.358.369.374-377 administered via various routes, viz., in t raven~us ly ,~ '~  intraperi- 
t ~ n e a l l y , ~ ~ ~ . ~ ~ ~  i n t r a n a ~ a l l y , ~ ~ ~ . ~ ' ~  directly by the pulmonary route,369.376 intracutane- 
o u ~ l y , ~ ~ ~  or ~ u b c u t a n e o u ~ l y . ~ ~ ~  The established murine models of cryptococcosis have 
made it possible to perform extensive studies on the possible role of several immune 



responses in the defense against this disease. The voluminous information accumulated 
suggests a questionable role of antibodies in protection of mice from cryptococcal 
infection. Although there are few papers which showed a significant increase of sur- 
vival time of C. neoformans infected mice receiving passive transfer of antibod- 
i e ~ , ~ ~ ~ . ~ ~ ~  larger numbers of groups of investigators were unable to protect mice, as well 
as other experimental animals, from a challenge infection with cryptococci after pas- 
sive transfer of a n t i b o d i e ~ . ~ ~ ' - ~ ~ ~  On the other hand, evidence for a crucial role of cell- 
mediated immunity which can be typically expressed as delayed-type hypersensitivity 
reaction in host-defense against cryptococcosis has been provided by a number of stud- 
ies with adequately designed experimental systems using murine models369~370~37s~3855387 
or guinea pig models.388 Primary dependence of expression of cell-mediated immunity 
on T-lymphocytes and mononuclear phagocytes has become increasingly evident and, 
in murine models, the major role of nonspecifically activated macrophages in resist- 
ance to C. neoformansinfection has firmly been p r ~ v e n . ~ ~ ~ - ~ ~ '  This line of immunolog- 
ical study, particularly concerned with natural or acquired immunity to cryptococcosis, 
has been remarkably accelerated by introduction of certain inbred strains of mice with 
a selective immunodeficiency of cell-mediated or T-cell-dependent immune function. 
Congenitally athymic (nude) mice and, less frequently, New Zealand Black (NZB) mice 
have been successfully used by a number of investigators for exploring the possible role 
of cell-mediated immunity in the defense against cryptococcal infection. All the pub- 
lished data show an increased susceptibility of nude mice and NZB mice to lethal in- 
fections with C.  neoformans as compared with heterozygous immunocompetent litter- 
mate animals and normal CBA mice, respectively.328~347~348.385-387 These, and a number 
of comparable results obtained from the experiments in which mice treated with im- 
munosuppressive drug or anti-lymphocyte serum were studied,324.340.361.362.372,392.393 1 ed 
us to the consideration that T-lymphocytes play a central role in the defense against 
cryptococcosis in mice. 

Apart from the role of cell-mediated immunity, the importance of humoral factors 
or, more precisely, complement (C') systems in defense against cryptococcal infection 
has been stressed by a large number of workers who performed studies in human and 
animal models394-400 since early work on properdin consumption in fatal murine cryp- 
~ ~ C O C C O S ~ S . ~ ~ ~  In recent years, those types of inbred mouse strains which are genetically 
deficient in the 5th component of C' (CS-) (e.g., BlO.D2/oSn mice) were developed, 
and they provided a useful and expedient model for studying the possible role of the 
alternate C' pathway in the resistance of animals to cryptococcal infection. Rhodes and 
his co-worker have demonstrated that CS- mice were more highly susceptible to fatal 
infection with C. neoforrnans than CS-sufficient mice otherwise with the same geno- 
type, and that this relative difference in susceptibility correlated with phenotype of the 
animals and was a stable, inheritable trait which is probably under the control of a 
single gene.33",341 All of evidence tempted Fromtling and Shadomy40' and Griffin402 to 
propose a general scheme of the protective immune system toward C. neoformans 
which suggests that it may depend on a complex interaction of both cellular and hu- 
moral immune factors, i.e., stimulation of a sensitized host by cryptococci may trigger 
a delayed-type hypersensitivity reaction which serves primarily to initiate lymphokine 
production and activate macrophages to kill phagocytized yeast cells. 

b. Evaluation of Antifungal Regimens 
Some of the murine models of systemic cryptococcosis are considered to be useful 

for testing in vivo therapeutic efficacy of antifungal agents. Mice infected with fatal 
doses of C.  neoformans intravenously,342,359.403-407 intraperitoneally,362.364.368~408~409 in- 
t r a ~ e r e b r a l l y , ~ ~ ~ - ~ ~ ~  or i n t r a n a ~ a l l y ~ ~ ~ . ~ ~ ~  have been employed to evaluate anticryptococ- 
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cal efficacy of antifungal drugs. Occasionally, experimental models were produced in 
X-irradiated mice,359 steroid-treated mice,370 or nude mice364.408 with the intention to 
test in vivo activity of drugs under conditions which mimic those for the compromised 
human host. In the murine models, decreased incidence of mortality, decreased viable 
counts cultured from involved tissues, and increased survival time are usually used as 
criteria for effectiveness of drug activity. Studies with one or more of the murine 
models have proven a significant protective and/or therapeutic efficacy of the follow- 
ing drugs: flUCytosine,342.359.365,40334066408 amphotericin B,342.359.365,368.370,406,408,409 keto- 
C0naz01e,362-364.3688406,409 BAY n 7 133 ,364,407 m i ~ o n a z o l e , ~ ~ ~  i t r a c o n a ~ o l e , ~ ~ ~  and ICI 
153,066,364 used alone or in appropriate combinations. 

C. Other Animal Models with Special Reference to Some Specific Clinical Forms of 
Cryptococcosis 
l .  Introduction 

Several specific forms of cryptococcosis, including cutaneous, ocular, and gastroin- 
testinal infections, have been successfully produced in mice following challenge with 
C. neoformans via selected routes of inoculation. The rabbit, although a convenient 
animal for experimental purposes, has been much less frequently used because this 
species seems to be innately resistant to cryptococcosis. Rabbits tolerated intravenous, 
intraperitoneal, and intracisternal injection of large inocula of C. neoformans without 
developing persistent or fatal i n f e ~ t i o n . ~ ' ~  In rabbits, localized infections without ac- 
companying dissemination have been produced in the skin,4" in the anterior chamber 
of the and in part of the 1ungs413 by direct topical inoculation of cryptococci. 
More recently, Perfect et have developed a new model for cryptococcal meningitis 
in cortisone-treated rabbits. 

Like rabbits, guinea pigs are resistant to cryptococcal infection, whereas rats are 
more susceptible. All these three species of laboratory animals have not been studied 
extensively as compared with mice. Only a limited number of papers were published 
which dealt with experimental cryptococcosis induced, with or without cortisone-treat- 
ment, in either of the species. Most of the animal models reported to be established are 
those of the localized forms of the disease such as cutaneous, pulmonary, ocular, or 
myocardial cryptococcosis, which have never been reported with mice. Potential appli- 
cations of these models include studies of the mechanism of susceptibility and resist- 
ance to cryptococcosis as well as assessment of antifungals. 

2. Cutaneous Infection Models 
Experimental cutaneous cryptococcosis has been produced in a variety of laboratory 

animals, although predominantly in m i ~ e . ~ ~ ~ . ~ ~ ~ , ~ ~ ~ - ~ ~ ~  Usually the subcutaneous route 
of infection has been selected. However, mice or guinea pigs have also been unsuccess- 
fully infected by intradermal injection or by a direct application to the scarified skin 
with inocula of C. n e o f o r m a n ~ . ~ ~ ~  The general course of the infection in mice was 
described by several investigators.329~378~415~418~420 Cutaneous or subcutaneous crypto- 
coccosis was not fatal for the great majority of mice infected, but developed lesions 
confined to the dermis that did not resolve quickly. Rather, the yeast inoculum sur- 
vived and proliferated for a month or longer and very few animals died of systemic 
cryptococcosis. Probably dissemination to the internal organs occurred through hem- 
atogenous or lymphatic spread.329.416.418.420 Conflicting results were obtained by 
Bergman345 who observed that a majority of subcutaneously infected mice succumbed 
to cryptococcosis. Staib and M i ~ h r a ~ ~ ~  reported the incidence of death among mice 
which were inoculated intramuscularly with a high-virulent isolate of C. neoformans. 
Cutaneous infections caused by a low-virulent or avirulent C. neoformans strain have 



often been used to study protective immune responses to subsequent challenge of fatal 
doses of the o r g a n i ~ m . ~ ~ ~ . ~ " . ~ ~ ~  

3. Chronic Meningitis Models 
Felton et produced localized pulmonary lesions in rabbits by direct inoculation 

of C. neoformans into the lung. They observed a mononuclear inflammatory reaction 
in the meninges and noncaseating granulomas in the brain, but were unable to dem- 
onstrate cryptococci in the CNS by microscopic or culture studies. In more recent 
years, Perfect et developed a new rabbit model of chronic cryptococcal meningitis 
using cortisone-treated animals. They injected 0.3 m1 of a suspension of cryptococci 
into the cisterna magna of each rabbit through a 25-gauge needle, under sedation. 
After intracisternal challenge, animals developed chronic progressive meningitis that 
was fatal in 2 to 12 weeks. Incidence and severity of infection was related to cortisone 
dose, but not to inoculum size. In addition to a similarity to the human disease, this 
rabbit model has an advantage over murine model in that, because of the larger size of 
rabbits, repeated aspiration of useful volumes cerebrospinal fluid may be possible. 
This model was workable for studying the effect of anticryptococcal antibodies on 
cryptococcal meningitis42z as well a the therapeutic efficacy and pharmacokinetics of 
several systemic antifungal agents, such as ketoconazole, amphotericin B, and flucy- 
t o ~ i n e . ~ ~ ~  

4. Pulmonary Cryptococcosis Models 
Graybill et experimentally induced cryptococcal infection in normal rats and 

congenitally athymic (nude) rats by inoculating C. neoformans cell suspensions intra- 
tracheally. They gave the challenge inoculum directly into the right main stem bron- 
chus via a blunt-ended feeding needle inserted through the trachea, which had been 
surgically exposed, and passed through beyond the carina. After inoculation, immu- 
nocompetent rats developed hard nodular lesions in the ipsilateral lung which con- 
tained caseous centers with numerous cryptococci. Over the course of a 9-month pe- 
riod, the lesions shrunk and were resolved. In contrast, nude rats developed progressive 
cryptococcosis with widespread dissemination. These investigators considered that rats 
may provide a valid model for studying pulmonary cryptococcosis. Gadebusch and 
Gikas4" compared the effect of cortisone on pulmonary cryptococcosis experimentally 
induced in rats and guinea pigs. Cortisone-treatment rendered the disease more severe 
in rats, and latent infections were manifested in both species of animals. 

5. Ocular Cryptococcosis Models 
In rabbits, ocular cryptococcal infection has been induced by injecting saline suspen- 

sions of C. neoformans directly into the anterior chamber of the eye4" or by the intra- 
venous When challenged intravenously, cryptococci were cultured from cho- 
rioretinae, as well as from brains and kidneys, of a majority of rabbits 1 to 2 weeks 
after inoculation, without any ophthalmoscopically observable lesions.426 

In mice, ocular cryptococcal infections have been produced by a greater number of 
investigators who injected inocula of C. neoformansdirectly into the eye427-429 or intra- 
venously .430-432 Using the low-virulent strain with predilection toward the brain,354 
Staib et could induce nonfatal cerebral cryptococcal infection with selective in- 
volvement of the eyes. Glycerol-induced uremia increased the incidence of selective 
involvement of the CNS including the eye.357 

Blouin and Cello432 selected the cat as experimental model and infected each animal 
by the intra-arterial route of inoculation. Under dissociative anesthesia, the left com- 
mon carotid artery was surgically exposed and 1 m l  of cryptococcal suspension was 
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injected through a 25-gauge needle. Infected cats developed a progressive, multifocal 
chorioretinitis comparable to the naturally occurring feline disease. The severity of the 
ocular disease, the incidence of spread of infection into the fellow eye, and the incident 
dissemination to the internal organs were shown to be related to the inoculum size. 
None of the cats died over the 32-day observation period.432 

6. Myocarditis Model 
Nagai et developed experimental cryptococcal myocarditis models by inoculat- 

ing C. neoformans intrarenally into rabbits and rats. On the 16th day (or later) postin- 
fection, both species of infected animals developed myocarditis in the heart, with ac- 
companying lesions characterized by focal necrosis and infiltration of small round cells 
in the myocardium. 

7. Gastroin testinal Colonization Model 
Green and B ~ l m e r ~ ~ ~  inoculated mice with C. neoformans by the oral route through 

tubing inserted into the stomach. Of the inoculated animals, 24% shed viable crypto- 
cocci in feces for several weeks after inoculation and approximately 3% of the animals 
died of disseminated cryptococcosis 9 to 19 weeks after inoculation. Pre- and posttreat- 
ment with cortisone failed to increase susceptibility to C. n e ~ f o r m a n s . ~ ~ ~  

IV. MYCOTIC KERATITIS 

A. Introduction 
Mycotic keratitis (keratomycosis) is an infection of the cornea by fungi. Although a 

rare disease previously, it has been occurring with increasing frequency within the past 
three decades.435 Both clinical and experimental evidence indicates that the increased 
incidence of mycotic keratitis is associated with widespread use of corticosteroids, im- 
munosuppressive drugs, and broad-spectrum  antibiotic^.^^^-^^" 

The normal cornea is resistant to invasion by fungi. It is well known that cornea1 
mycoses, as well as other ocular mycoses, mostly occur after an ocular injury or after 
a preceding ocular infection or inflammatory disease. Often patiens with such diseases 
have been treated topically or systemically with antibacterial antibiotics or steroids; 
these treatments render the cornea more susceptible to fungal invasion. Thus, mycotic 
keratitis should be considered an opportunistic fungus infection. 

The major fungal agents involved in mycotic keratitis are members of the genus 
Candida, particularly C. albicans and, less frequently, C. guilliermondii, C. pseudotro- 
picalis, C. parapsilosis, and C. krusei,439-441 members of the genus Aspergillus, most 
commonly A. fumigatus, A. flavus, and A. niger; and Fusarium solani.435.442.443 Be- 
sides, a diversity of fungi, which have been considered nonpathogenic or low-patho- 
genic to  humans, have been isolated as causal organisms from cases of mycotic kera- 
titis. They include both yeastlike fungi, such as Rhodotorula rubra (Rhodotorula 
mucilaginosa) and Trichosporon sp., and filamentous fungi, such as Curvularia lun- 
ata,444.445 Cylindrocarpon tonkinensis, Botryodiploidia theobromae, and Phialophora 
g o ~ g e r o t t i . ~ ~ ~  In addition, each of Drechslera spiniferd4' and Rhizoctonia sp.448 was 
isolated from one case each of mycotic keratitis. 

Such increasing incidence of the disease during the last decade, its serious lesions, 
and the absence of therapeutic antifungal drugs available for ocular applications make 
it a significant problem in present day medicine. This serious situation has motivated 
many scientists to develop those animal models of mycotic keratitis which are workable 
for preclinical evaluation of the antifungal agents, as well as for study of the etiopath- 
ology of the disease. With very few exceptions, all the animal models have been pro- 



duced in rabbits, with or without pretreatment with steroid, following intracorneal 
inoculation of a variety of fungi. 

B. Rabbit Models of Mycotic Keratitis 
1. Introduction 

The rabbit has been preferentially used to produce the model with a sustained, pro- 
gressive corneal infection with fungi, probably because rabbit eyes have long been 
recognized by ophthalmologists as a favorable and easy-to-handle experimental models 
and also have been shown to be sufficiently susceptible to experimental infections with 
most of the fungal pathogens of keratitis in humans. Many of the rabbit models of 
fungal corneal disease thus far developed appear to parallel, partly at least, human 
disease in terms of clinical manifestations and histopathology. However, the severity 
and duration of the disease established is influenced by several experimental condi- 
tions, such as inoculation techniques and size of infecting inoculum, and, more 
strongly, by topical or systemic pretreatment of the animal with steroid or other pre- 
disposing agents. 

2. Infecting Inocula 
The infecting organism that has been most often used to obtain experimental my- 

cotic keratitis in rabbits is C. albicans, and it is followed by A. fumigatusand F. solani 
in this order. Besides these three species of fungi, which predominate as the causal 
agents of human keratomycosis, stock cultures and clinical isolates of a number of 
low-pathogenic, saprophytic fungi have been tested for their capacity to induce exper- 
imental infections in the rabbits' cornea with or without positive results. The list of 
such fungi include: C. k r~se i ,4~ '  R. r ~ b r a , " ~ ~  A. 11iger,4~O A. t e r r e u ~ , 4 ~ ~ , ~ ~ '  Geotrichum 
sp., Cephalosporium sp. ,45' B. theobromae, Pseudallescheria b ~ y d i i , ~ ~ ~  and Rhizoc- 
tonia sp.448 

C. albicans and other yeast-like fungi - Standard strains from stock cultures and 
strains isolated from the patient with Candida k e r a t i t i ~ ~ ~ ' . ~ ~ ~  or cutaneous c a n d i d i a s i ~ ~ ~ ~  
have been successfully employed for infecting animals; there may be considerable var- 
i ance~ in the pathogenicity to rabbit eye among different strains of C. albi~ans.~'' 
Following intracorneal inoculation of R. rubra isolated from a human deep keratitis, 
there was no evidence of development of progressive infection in normal or cortisone- 
treated rabbits.449 Cultures of yeastlike fungi can be grown well on conventional micro- 
biological solid agars, such as Sabouraud dextrose agar, yeast-extract agar, and Tryp- 
ticase agar, at  25 to 37°C. Yeast cells are harvested from 2- to 4-day-old cultures, 
washed off the medium, and finally suspended in sterile saline to prepare the experi- 
mental cell suspensions. 

Aspergilli, Fusarium and other filamentous fungi - With A. fumigatus and other 
aspergilli, well as F. solani, spores are usually harvested from cultures grown on Sa- 
bouraud dextrose agar or potato-dextrose agar at 25 to 28°C for 3 to 15 days and 
suspended in sterile saline, the resultant suspension being employed as the inoculum, 
The duration of incubation period should be that at which abundant sporulation has 
occurred. Foster et selected an isolate of F. solani from a known virulent ulcer 
which grew well at 37°C for preparing inoculum of this fungus. Such thermotolerant 
strains would be better at producing progressive infections in animal tissues. Different 
from most other investigators who used the inoculum of A. fumigatus or F. solani 
which consisted mainly of dormant spores, this group of investigators has prepared A. 
fumigatus inoculum from germinated spores of this fungus that can be induced from 
the dormant spores after 3 to 4 hr incubation. A dematiaceous pigmented fungus B. 
theobromae was grown for several weeks on banana agar until pycnidia were evi- 
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dent.452 Then the pycnidia were isolated and crushed to release conidia. When sporu- 
lation is poor, the mycelial growth obtained from shaking cultures in Sabouraud dex- 
trose broth can be employed to prepare the inoculum as was done by Srivastava et 

with Rhizoctonia sp. 

3. Methods o f  Inoculation 
The rabbit models of mycotic keratitis have been successfully produced in the ani- 

mals following intracorneal inoculation of the pathogen suspension under general and/ 
or topical anesthesia. Several different inoculation techniques, such as superficial cor- 
neal abrasion (or scarification), trephination (or microtrephination), and inter- (intra-) 
lamellar injection. 

Some groups of investigators have induced Candida keratitis in the rabbit eye using 
the "Cignetti" method, in which the inoculation was performed by making cross- 
hatched scratches on the anterior part of the corneal stroma with a toothed chalazion 
currette filled with the C. albicans cell ~ u s p e n s i o n . ~ ~ ~ - ~ ~ ~  Alternatively, the cell suspen- 
sion in an approximate volume of 1 m! was spread over the abraded areas with a 
platinum ~pa tu l e .~~O A sterile scalpel was also used by some others to make superficial 
scarification of the cornea.461.462 

In order to establish the rabbit model of mycotic keratitis more effectively, the tre- 
phination method has often been employed in which the fungal cell or spore suspension 
was inoculated into open cornea1 wounds made by sterile glass trephine.451.455.463 0" J 1 

and his c o - ~ o r k e r s ~ ~ ~ - ~ ~ ~  developed a method to perform multiple inoculation in rabbit 
cornea with microtrephination which could produce a highly reproducible quantitative 
model of fungal infections of the rabbit corneal stroma. The principle of this method 
was based on the technique that had been developed and used for measuring antiviral 
effects in vivo.467-469 Seventeen cornea1 wounds (microtrephinations), half cornea1 
thickness, were cut in a regular pattern in each cornea of the rabbits, using a sterile 
glass trephine 1.5 mm diameter and 100 mm long, under the operating microscope, 
and the trephine tube loaded with the pathogen suspension was then inserted into each 
of the trephine sites. This model may enable us to obtain a great deal of data based on 
multiple microtrephine inoculation sites that would allow reliable statistical analysis in 
a small number of animals. O'Day et also described a model of C. albicansinfec- 
tion in the rabbit cornea, using the trephination method. They trephined eight wells, 
one-half stromal thickness in depth, in the cornea of each eye in a regular pattern with 
a glass trephine prepared from a hematocrit tube 1 mm in diameter. Each well was 
then inoculated using a second trephine loaded with the inoculum. 

A larger number of the rabbit models of mycotic keratitis have been produced by 
simple injection of infecting inocula into the corneal stroma. Many investigators have 
described the infection protocol with this interlamellar injection method which can be 
generalized as follows: the corneas of anesthetized rabbits are injected intralamellarly 
with 0.02 to 0.1 m l  volumes of the suspensions of fungal cells or spores containing 105 
to 109 viable or particle units per m! by a 25- to 27-gauge needle attached to a tuber- 
culin-type or other type of microsyringe.441,448-453.470.471.473-478 AS compared with the 
trephination method, the interlamellar inoculation of the inoculum tends to produce a 
deep and severe infection of the cornea that lasts for longer periods.475 In the present 
model, the inoculum may be deposited deep within the corneal stroma and produce a 
persistent infection, while the epithelium remains undisturbed. Therefore, this interla- 
mellar model would be useful for studying antifungal agents under conditions that 
more closely parallel human disease.475 

Ishibashi and his  co-worker^^^^.^'^-^^' have developed a modified method for intra- 
corneal injection. In this method, an intralamellar pocket was first made in the mid- 



cornea and then 0.01 m l  of the inoculum was injected into the pocket with a 27-gauge 
needle on a microsyringe. Using this inoculation technique, these investigators have 
successfully established the reliable model of Candida and Fusariurn keratitis in corti- 
sone-treated rabbits which has proven useful for evaluation of antifungal d r ~ g s . ~ ~ ~ . ~ ~ ~  

4. Effects of Several Experimental Conditions 
As is the case with many other experimental infections, the severity of infection in 

the established models of mycotic keratitis depends on the size of infecting inoculum. 
Working with the Candida keratitis model obtained after the scarification method for 
inoculation, Segal et al.461 demonstrated that the rabbits inoculated with 104 C. albi- 
cans cells developed a mild infection within 10 to 14 days, whereas the rabbits inocu- 
lated with 106 organisms developed, within 5 to 7 days, a severe ocular infection with 
more severe clinical signs, such as corneal ulcer and hypopyon. A similar effect of the 
inoculum size was also observed by the same investigators with experimental A. fu- 
rnigatus keratitis; inoculation of 104 spores did not produce infection; 10' spores 
yielded variable results; and 106 spores, with or without cortisone treatment, resulted 
in a severe infection.46z The microtrephination model of C. albicans infection also 
clearly demonstrated the dose-relationship of the pathogens and the host animal, with 
the lower concentration suspensions of the pathogens producing lower rates of infec- 
tivity while the higher concentrations produce higher rates of infectivity.463 

Since the earlier work of Lay451 who reported that cortisone applied to traumatized 
rabbit corneas in the presence of pathogenic fungi resulted in increased incidence of 
culture-positive mycotic keratitis, the animal models of C. albicans, A. fumigatus, or 
F. solani keratitis have been produced more often in rabbits which had been subcon- 
junctivally o r  topically treated with steroids than  in untreated normal ani- 
ma1s.441.448.454.456-458846O.463.472.473,477-48O,482-484 

A more direct comparison in the susceptibility to experimental keratomycosis was 
made by several investigators between the steroid-treated and untreated control rab- 
bitS.450.452.461.462 Foster et succe~sf~l ly established cornea1 infections with or with- 
out steroid pretreatment of the rabbits following intralamellar injection of actively 
germinating conidia from thermotolerant strains of F. solani. In this model, although 
sustained culture-positive ulcers were produced in 35 to 40% of the animals 2 weeks 
later, pretreatment with subconjunctival steroid was necessary to produce progressive 
culture-positive ulcers in higher percentage of eyes at 2 and 3 weeks.452 Franqois and 
Rys~elaere~~O suggested that topical or subconjunctival administration of steroid upon 
intracorneal inoculation of F. solani and aspergilli aggravates the normal lesions by a 
lowering of the tissue defense reaction and an inhibition of the inflammatory reaction, 
thus leading to an easier invasion and more pronounced proliferation of mycelia. 
O'Day et reported that topical steroid given alone not only worsened experimen- 
tal mycotic keratitis but also adversely influenced the efficacy of several antifungal 
drugs, such as pimaricin, flucytosine, and miconazole, when given in combination. 

Several other predisposing agents, such as intravenously administered antilympho- 
cytic serum and whole-body X-irradiation, have been also demonstrated to have a 
significant potentiating effect on Candida keratitis in D evelopment of 
experimental mycotic keratitis looks to be enhanced by superimposed bacterial infec- 
tions. Mahan et reported that corneal ulcers produced in normal rabbits or ste- 
roid-treated rabbits by intracorneal injection of A. fumigatus together with Staphylo- 
COCCUS aureus were more severe than those produced after intracorneal injection of A. 
fumigatus alone. 

5. Clinical Signs and Histopathology 
Infections in the cornea usually begin 24 to 48 hr after intracorneal inoculation of 
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reasonable amounts of suspension of fungal cells or spores and last for varying periods 
depending on the size of infecting inoculum, predisposing treatment, and/or inocula- 
tion technique e m p l o y e d ~ 4 4 1 , 4 5 4 - 4 5 8 , 4 6 3 - 4 6 6 . 4 7 0 . 4 7 1 . 4 7 3 . 4 7 S . 4 7 9  When the infection is estab- 
lished in the animals, the eyes develop several clinical signs characteristic of keratitis, 
such as corneal ulcer, hypopyon, and proptosis and, sometimes, result in perforation 
Of COrnea.441.454.462.471,473 During the progressive stage of infection, conjunctival secre- 
tions and corneal scrapings are often c u l t u r e - p ~ s i t i v e . ~ ~ ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

Histopathologically, the infected eyes usually show a pronounced inflammatory cell 
infiltration, absence of corneal epithelium and destruction of corneal stroma,441.471.475 
and, moreover, presence of extensive mycelial or mycelial-phase growth of fungi within 
the stroma.4s4,471.475 

The severity of corneal lesions has often been read using several types of scoring 
systems that were graded according to the area, density, and/or intensity of the le- 
si0nS.454.466.486 Such systems may be useful to quantify the effects of antifungal agents. 

6. Applications for Assessment o f  Antifungal Agents 
Almost all the rabbit models of mycotic keratitis have been originally developed to 

provide the reliable and reproducible in vivo system sensitive enough for accurate study 
of quantitative effects of the antifungal drugs on the eye in reasonable numbers of 
animals. Various models of corneal infections with C. albicans, A. fumigatus, and F. 
solani have been employed by many investigators for testing the currently available 
antifungal drugs and demonstrated that most of them had curative and/or protective 
effect when administered topically and/or systemically. Such antifungal drugs to which 
the animal models favorably responded are amphotericin B (intravenous or topi- 
Ca1),455.458.471 pimaricin (natamycin, t o p i ~ a 1 ) , ~ ~ ~ . ~ ~ ~ . ~ ~ ~ . ~ ~ ~ . ~ ~ ~  clotrimazole 
econazole miconazole (intravenous or topical),441.45s.462.463,47',479 ketocona- 
zole (oral or t o p i ~ a 1 ) , ~ ~ ~ , ~ ~ ~ , ~ ~ ~ . ~ ~ ~  and flucytosine (oral or topica1).455,461.475 On the other 
hand, conflicting results have been reported with some drugs; topical application of 
miconazole or nystatin to  C. albicans keratitis models457 or subconjunctival treatment 
with pimaricin of A. fumigatus keratitis in rabbits487 has failed to show efficacy. 

C .  Other Animal Models 
There are only a limited number of studies in which experimental mycotic keratitis 

has been induced in species other than the rabbit. Foster et initially used owl 
monkeys to obtain A. fumigatus or F. solani keratitis, but they replaced them in later 
experiments with albino or pigmented rabbits, since it was found that owl monkeys 
were no more advantageous than rabbits. Burda and Fisher488 failed to produce exper- 
imental Cephalosporium keratitis in untreated or cortisone-treated mature rabbits by 
intracorneal inoculation with a saline spore suspension because of possible inherent 
antifungal properties of the animal. Thus, these workers abandoned the rabbit as a 
model, and successfully used mature rats who could establish culture-positive corneal 
ulcers when the animals were treated either systemically or topically with steroids after 
intracorneal injection of spores of each of several filamentous fungi including Cepha- 
losporium sp., Fusarium sp., A. fumigatus, and other a ~ p e r g i l l i . ~ ~ ~  

V. ZYGOMYCOSIS 

A. Introduction 
Zygomycosis (mucormycosis) can be defined as a disease caused by various zygo- 

mycetes. The synonymous term "phycomycosis" is no longer used because fundamen- 
tal changes in the classification of fungi have made it o b s ~ l e t e . ~ ~ ~ . ~ ~ ~  Twelve species of 



zygomycetes, classified in eight genera, are now listed as well-authenticated causative 
agents or human z y g o m y ~ o s i s : ~ ~ ~  Absidia corymbifera, Basidiobolus haptosporus, 
Conidiobolus coronatus, C. incongruus, Cunninghamella bertholletiae, Rhizomucor 
pusillus, Mucor ramosissimus, Rhizopus microsporus, R. oryzae, R. rhizopodiformis, 
R. arrhizus, and Saksenaea vasiformis. 

In immunocompromised patients, primary pulmonary infection is the most frequent 
form of mucormycosis. Infection is often acquired through inhalation of spores with 
subsequent germination and initial proliferation of hyphae which occurs in the lower 
bronchi and alveoli.492 However, depending upon the portal of entry, the disease also 
involves the rhinofacial-cranial area, gastrointestinal tract, skin, and, infrequently, 
other organ systems.493 As a result, its clinical forms develop not only as pulmonary 
infections, but also as cutaneous, subcutaneous, rhinocerebral, and systemic infec- 
tions. Invasion by the hyphae of the walls and lumens of blood vessels is common and 
leads to thrombosis and infarction of surrounding tissues. Venous structures may also 
be involved, in which case tissue hemorrhage is prominent. Hematogenous or lym- 
phatic dissemination of the infection tends to occur if host defense mechanisms are 
compromised. Individual cases of zygomycosis are identified by demonstration of 
characteristic mycelial forms of histological sections from isolated tissue. The myce- 
lium of these fungi is nonseptate and is much broader than that of the fungi with a 
filamentous tissue form. Many of the human pathogenic zygomycetes are also recog- 
nized as opportunistic pathogens of domestic Various zygomycetous 
fungi have been implicated in mycotic abortion of cattle.494 

Experimental studies on zygomycosis have been done with both normal and predis- 
posed laboratory animals challenged with spores of zygomycetes by various routes of 
inoculation. Mice have been intravenously injected or intranasally instilled with spores 
of A. corymbifera (A. ramosa) and R. pusillus, and internal lesions with or without 
the death of the animals have been r ep~ r t ed .~~ ' -~ 'O  Intracerebral and intraperitoneal 
injection of A. corymbifera and R. arrhizus spores has been reported to be effective in 
causing mild or severe lesions in the brain and other internal organs.497-499,511 

The alloxan-diabetic rabbits, intranasally instilled with spores of various zygomy- 
cetes, have been employed as the useful animal models of cerebral z y g o m y c ~ s i s . ~ ~ ~ - ~ ' ~  
Intratracheal and other routes of inoculation have also been employed to establish 
various forms of zygomycosis in diabetic  rabbit^.^'^-^^' Experimental infection with 
zygomycetes have been much less frequently produced in predisposed rhesus 
m ~ n k e y ~ ~ ~ ~ - ~ ~ ~  and diabetic rats.524 

B. Murine Models of Zygomycosis 
1. Intravenous, Intracerebral, and Zntraperitoneal Models 
a. Introduction 

Murine models of zygomycosis have been produced by inoculation with spores of 
several zygomycetous fungi, most of which are human pathogens, into normal and 
compromised mice by the intravenous, intracerebral, or intraperitoneal routes. The 
systemic type of zygomycosis, where infection was established by the intravenous 
route, was most frequently used for studying the etiology, immunology, and histopath- 
ology of this disease. Since it is accepted that zygomycosis is usually associated with 
some predisposing condition which has modified the immunological competence of the 
hosts, the experimental studies of zygomycosis have often been done in mice treated 
with corticosteroids or some other immunosuppressive agents in order to modify their 
natural resistance. A number of papers show that corticosteroids are highly effective 
in predisposing mice to intravenous infections of zygomycetes.499~506~525~526 However, 
the effects of such treatments may not closely resemble the situation in natural immu- 
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nodeficient states. To circumvent this problem, certain strains of mice which naturally 
develop selective immunodeficiency disorders, such as congenitally athymic nude (nu/ 
nu) mice and New Zealand Black (NZB) mice, have also been employed to establish 
murine models of systemic zygomycosis. 

b. Fungi for Inoculation 
Absidia corymbifera has been most frequently used to infect laboratory mice. It was 

selected because mice are susceptible to both natural and experimental infection with 
this f ~ n g ~ s . ~ ~ ~ ~ ~ ~ ~  Several other human pathogens, such as R. pusillus, R. oryzae and 
R. arrhizus, were also demonstrated to be pathogenic for normal and cortisone-treated 
mice when fungal spores were inoculated i n t r a v e n o ~ s l y . ~ ~ ~ ~ ~ ~ ~  Corbel and E a d e ~ ~ ~ ~  and 
Kitz et al.'06 made comparisons of the effects of intravenous inoculation of various 
strains of A.  corymbifera, isolated from clinical or veterinary sources and from the 
environment, without revealing any fundamental difference among them. Kitz et a1.s27 
reported the potential of a thermotolerant zygomycete Radiomyces embreei, which is 
not known as an etiologic agent in human beings, to cause lethal zygomycosis in mice. 

c. Infections in Normal Mice 
According to the experimental procedures described by Corbel artd A e d e ~ , ~ ~ ~ ~ ~ " '  A. 

corymbifera and some other zygomycetes were grown aerobically 011 malt agar slopes 
at 37°C until profuse sporulation had occurred, usually between 2 and 4 days after 
inoculation, and spores harvested in phosphate buffered saline (pH 7.4) by gentle shak- 
ing with glass beads. Then the suspensions were decanted, allowed to stand briefly, 
and the supernatants separated from the beads and debris. The total number of spores 
per unit volume was determined by direct counting in a cell-counting chamber. Viabil- 
ity was determined by plate counts on malt-extract agar. Volumes of inoculum used 
were 0.1 m l  for intravenous inoculation and 0.2 m l  for intraperitoneal and subcuta- 
neous inoculation. Intracerebral inoculations were done by injecting 0.025 m l  volume 
of suspension into the left cerebral hemisphere. 

When C3H mice were inoculated with the A.  corymbifera suspension thus prepared 
at  doses in excess of lo3 viable units, by the intravenous route, a variable proportion 
of mice developed lethal zygomycosis of the CNS within 2 to 8 days; the proportion of 
mice affected was related to  the inoculum size, doses of 5 x lo7 spores producing lethal 
infection in 90 to 100% of the mice.499.s01 At necropsy, fungal hyphae, frequently sur- 
rounded by infiltrations of mononuclear cells, could be demonstrated in the brain. 
Lesions were also often present in the kidneys; in other organs they were rare, but the 
presence of viable fungal spores could be detected by cultural procedures.499 Similar 
clinical and histopathological findings were obtained after CBS mice were intrave- 
nously inoculated with R. pusillusand R. oryzae, as well as A.  c ~ r y m b i f e r a . ~ ~ ~  Smithsos 
also reported that normal mice inoculated intravenously with los spores of A. corym- 
bifera developed brain and kidney infections. The LDsO value for 5-week-old mice was 
estimated to be lo4 spores. However, mice up to 21-days-old appear to be more suscep- 
tible to zygomycosis than older animals.499 

Intracerebral inoculation of A. corymbifera spores was much more effective in es- 
tablishing infection than inoculation by the intravenous route, and invariably produced 
lethal infection even with very small doses of spores.499 The clinical and histological 
features of the disease were almost identical with those resulting from intravenous 
inoculation. After intraperitoneal injection of A. corymbifera spores, although most 
animals remained healthy, typical signs of cerebral infection were produced in dead 
mice and, a t  necropsy, nonseptate hyphae were present in the brain, kidneys, and liver 
and also in the peritoneal exudate.499 Lesions of the internal organs have been reported 



to be produced in mice which had been injected spores of R. arrhizus, but not of A. 
corymbifera, by the intraperitoneal r o ~ t e . ~ ~ ~ . ~ "  M etastatic subcutaneous granuloma 
developed in mice 5 months after sequential intravenous and intracerebral inoculation 
of A. corymbifera spores.498 Other routes of inoculation such as the subcutaneous, 
intranasal, and oral administration were not effective in producing any signs of infec- 
tion in normal mice.499 

d. Infections in Cortisone-Treated Mice 
Treatment of mice with cortisone (acetate) lessened their resistance to infection with 

A. corymbifera spores, which had been challenged by the intravenous or intraperito- 
neal route, and promoted dissemination of the f ~ n g ~ s . ~ ~ ~ . ~ ~ ~  The susceptibility to this 
infection was also increased by reticuloendothelial blockade but was not increased by 
pretreatment with azathioprine, cyclophosphamide, or antithymocyte serum, suggest- 
ing that the natural resistance of mice to A. corymbifera infection might be dependent 
upon phagocytic cell function.499 Following intravenous inoculation with A. corymbi- 
fera spores, hyphal growth was confined to the brain and kidneys in the normal mice, 
whereas in cortisone-treated mice, hyphal growth was found in the liver and lungs, as 
well as the brain and kidneys.s2s~s26 

e. Infections in Congenitally Immunodeficient Mice 
Intravenous infection of athymic nude mice with A. corymbifera spores and infec- 

tion of aging NZB mice with spores of A. corymbifera, R. pusillus and R. oryzaewere 
effective in establishing systemic zygomycosis.s02~504 NZB mice are known to sponta- 
neously develop a selective deficiency of cell-mediated immune functionsz8 which be- 
comes more severe with increasing age and is related to selective depletion of the thy- 
mus-dependent (T) lymphocyte population.s29 Corbel and Eadess02~s04 found that there 
was no difference between aging NZB mice and normal mice or between nude mice 
and their phenotypically normal littermates in the susceptibility to lethal infections 
caused by the zygomycetes in terms of mortality, and clinical and histopathological 
characteristics. The suggestion is that thymus- (or T-lymphocyte-)dependent immune 
processes do not play an essential role in primary resistance to zygomycosis. 

f. Infections in Alloxan-Diabetic Mice 
Of the predisposing diseases to zygomycosis in humans, diabetes mellitus has oc- 

curred most frequently. Shofield et a1.497 made comparison of the susceptibility of 
alloxan-induced diabetic mice with that of normal mice to intravenous infection with 
R. arrhizus, but they could not find evidence showing that chronic alloxan-diabetes 
alters the experimental infection in mice. 

2. Intranasal and Intrasinusly Infected Models 
a. Introduction 

As described above, murine models of zygomycosis have often been produced by 
employing an intravenous, intracerebral, or intraperitoneal route of inoculation. How- 
ever, the relevance of the mycotic infections resulting from such a route of inoculation 
to pulmonary zygomycosis observed in humans is not clear, since the fatal and widely 
disseminated hyphal zygomycosis reported in the previous studies differs markedly 
from the pulmonary infections occurring in humans. This raises a necessity to develop 
a simple and reliable murine model for pulmonary and disseminated zygomycosis in 
which was employed a route of infection similar to that observed in human pulmonary 
zygomycosis. Kitz et and Waldorf et a1.s07 have successfully developed murine 
models of pulmonary zygomycosis in cortisone-treated mice, resulting in disease that 
was similar to human zygomycotic infections. 
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Zygomycosis in humans is rare in the absence of preexisting disease states known to 
affect immune competence.530 One such underlying disease is diabetes mellitus, and its 
specific association with zygomycosis is well doc~rnen t ed .~~ '  To assess the influence of 
diabetes in predisposition to pulmonary and cerebral zygomycotic infections, murine 
models of diabetic zygomycosis have also been developed by Waldorf et a1.509,510 

b. Infections in Cortisone-Treated Mice 
Murine models of pulmonary zygomycosis have been established in cortisone-treated 

mice in intranasal instillation of spores of A. corymbifera or R. p u s i l l ~ s . ~ ~ ~ ~ ~ ~ ~  S pores 
were harvested from 4-day-old malt-extract agar cultures grown in Roux bottles at 
37°C and suspended in aqueous 0.01% Tween 80 solution.507 Spores thus suspended 
were administered intranasally using the method of Levine et a1.532 that was originally 
developed for establishing pulmonary murine coccidioidomycosis. Cortisone acetate, 
in saline with 0.01% Tween 80, was administered subcutaneously just before the inoc- 
ulation of spore  suspension^.^^^^^^^ Some groups of investigators demonstrated that 
intranasal inoculation of cortisone-treated mice with the zygomycetous spores resulted 
in a fatal zygomycotic infection which presents pathology closely resembling pulmo- 
nary zygomycosis observed in humans, extensive tissue necrosis in the vicinity of hy- 
phae and a suppurative host response, and that in such infected mice, subsequent sys- 
temic fungal dissemination occurred by means of blood-borne thrombi as is again 
observed in zygomycosis in humans. The 50% infectious doses were 2.4 x lo4 CFU for 
lung infections and 2.7 x lo5 CFU for brain infections.507 Treatment of normal mice 
with corticosteroids appears to be prerequisite to establish murine models of pulmo- 
nary zygomycosis. In uncortisone-treated mice inoculated intranasally with much 
larger doses of zygomycetous spores, no mortality, infection, or clinical signs of dis- 
ease were seen, although spores introduced, then localized in the lung, were capable of 
seeding other t i s s ~ e s . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  The absence of germinated R. pusillus spores in inocu- 
lated but uncortisone-treated mice may be due to a reversible inhibition of spore ger- 
mination rather than destruction of spores by the host.508 

c. Infections in Streptozotocin-Diabetic Mice 
Diabetes mellitus, especially with ketoacidosis, has been the most commonly recog- 

nized underlying disease associated with pulmonary and rhinocerebral forms of zygo- 
my~os is .~~O Murine models of these species forms of zygomycosis have been developed 
by Waldorf et a1.509.510 in diabetic mice. Diabetes was induced by streptozotocin in 4- 
to 6-week-old, pathogen-free white mice.509 Streptozotocin in a dose of 250 mg/kg was 
injected intraperitoneally into mice, in which a mild ketoacidotic diabetes developed 
within 7 days. Spores of R. oryzaewere administered intranasally using the inoculation 
technique described above507 into the mice 7 days following injection of streptozotocin. 
The inoculated diabetic mice developed fatal infection with histopathology resembling 
pulmonary zygomycosis observed in humans. The mean lethal dose was 1.2 x lo4 CFU, 
and 70% of the deaths occurred between days 1 and 4 after inoculation.509 Experimen- 
tal cerebral zygomycosis was established when R. oryzae spores (lo6 in 0.05 mP) were 
inoculated directly into the ethmoid sinus via the anterior nasal cavity of diabetic mice. 
Ninety percent of diabetic mice died after inoculation with lo6 spores. Although intra- 
sinus inoculations caused minimal direct trauma and lower levels of brain inocula than 
the intranasal route, progressive cerebral infections were induced in diabetic mice.s09.510 

C .  Experimental Zygomycosis in Rabbits 
1. Introduction 

The alloxan-diabetic rabbit has been extensively used for establishing several differ- 



ent forms of zygomycosis. One of the merits of this model is the similarity with a 
typical form of the disease in compromised human hosts (diabetes). Experimental cer- 
ebral zygomycosis, established following intranasal instillation with spores of zygo- 
mycetes into diabetic rabbits, has been frequently used to study the etiopathology of 
zygomycosis and the pathogenicity of various zygomycetes.5'2-516 This route of inocu- 
lation was also used to infect granulocytopenic rabbits with zygomycete~.~~' A more 
specific form of pulmonary zygomycosis in diabetic rabbits has been established by 
employing the intratracheal route of i n o c u I a t i ~ n . ~ ' ~  Local inoculation of spores of zyg- 
omycetes produced cutaneous, subcutaneous, or orbital infections depending on the 
site of i n j e c t i ~ n . ~ ' ~ - ~ ~ '  

2. In tranasal Models 
Cerebral and pulmonary zygomycosis has been established following the intranasal 

instillation of spores of various species of zygomycetes into ketotic rabbits with al- 
loxan-induced d i a b e t e ~ . ~ ' ~ - ~ l '  Spores harvested from 4- to 7-day-old cultures on potato- 
dextrose agar were suspended in sterile 0.15 M saline, and the suspensions were admin- 
istered to  the rabbits by nasal instillation 48 hr after alloxan treatment.5's.516 For in- 
tranasal instillation, 1 m l  amounts of the spore suspensions (lo7 spores/ml) were 
dropped into nares of the rabbits while they were restrained at a decline of about 30". 
With this method of inoculation, Reinhardt and his c o - w ~ r k e r s ~ ' ~ ~ ~ ~ ~  demonstrated that 
a number of thermotolerant species of Rhizopus (R. arrhizus, R. chinensis, R. micros- 
porus, R. oligosporus, R .  oryzae, and R. rhizopodiformis), A. corymbifera, and R. 
pusillus cause cerebral zygomycosis in ketotic diabetic rabbits and that most isolates of 
Rhizopusare consistently more pathogenic than isolates of the latter two species. These 
results support evidence provided earlier by Bauer et a1.5'2.513 and Kaplan et a1.514 

Intranasal infection with R. oryzae was also produced in rabbits with sustained, 
severe leukopenia and granulocytopenia induced by repeated injections of nitrogen 
mustard.517 Initially, these animals developed extensive fungus lesions at the site of 
inoculation which later became granulomatous and tended to heal. Therefore, the be- 
havior of the infection in this model looks greatly different from the unchecked pro- 
gression of zygomycosis in the animal with acute alloxan diabetes. 

3. Intratracheal Models 
Although the above-mentioned procedure is effective in establishing cerebral infec- 

tions, its value for the production of pulmonary zygomycosis is limited. Instead, intra- 
tracheal inoculation of spores into the lungs would be a better method for establishing 
pulmonary zygomycosis. Elder et a1.518 produced the pulmonary form of zygomycotic 
infection by intratracheal inoculation of the suspensions of R. arrhizus spores into 
rabbits in the acute toxic phase of alloxan diabetes. For inoculation, a rabbit was 
anesthetized with ether, and the trachea was surgically exposed. During the injection 
of the spore suspensions, the rabbit was held on the right side at such an angle as to 
allow the material to run into the right main-stem bronchus. The infection resulted in 
great proliferation of the hyphal form of the fungus in the bronchi and 

4. Intraderrnal, Subcutaneous, and Orbital Models 
Sheldon and Bauer5'9.520 demonstrated that intradermal and subcutaneous injection 

of R. oryzae spores into rabbits with acute alloxan diabetes and acidosis well-estab- 
lished the cutaneous type and the subcutaneous granulomatous types of infection, re- 
spectively, at  the site of inoculation. Development of a more specific type of zygomy- 
cosis localized in the orbital region in alloxan-diabetic rabbits was reported by 
Mahajan et al.521 When R.  oryzae spores were inoculated into the orbit of normal or 
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cortisone-treated rabbits, no microbiological or pathological evidence of infection was 
produced. However, orbital infection, as evidenced by proliferating fungi as well as 
development of necrosis and granulomatous reaction in the retro-orbital tissue, was 
established in cortisone-treated alloxan-diabetic  rabbit^.^'' Although in the infected 
animals fungal growth invasively involved sclera, choroid, and episclera, the infection 
remained clinically unmanifested. 

D. Other Animal Models 
Rhesus monkeys and rats have been less frequently used for producing experimental 

infections with zygomycetes. Disseminated type of lethal infection was established in 
prednisolone-treated rhesus monkeys which had been injected intravenously with 5 to 
9 x lo6 spores of R. rhizopodiformi~.~~~ The lesions of the disease in the infected mon- 
keys were fulminated in the kidneys and gastric mucosa, and minimial and focal in the 
other viscera. Rhino-orbital type of zygomycosis was also produced in rhesus mon- 
k e y ~ . ~ ' ~  Experimental cutaneous zygomycosis of normal and alloxan-induced diabetic 
rats were produced and used by Sheldon and BauersZ4 to study the role of the tissue 
mast cells or both groups of animals in relation to the acute inflammatory reaction to 
this experimental infection. 
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INDEX

A

Abrasion method of inoculation, 60—61
Absidia, 18

corymbifera, 135—139
ramosa, 135

Acid-mucopolysaccharide, 31
Acremonium, 67

kiliense, 69
Actinomadura

madurae, 67, 69
pelletierii, 67

Actinomycetoma, 67—69
Agar implantation method, 3—5
A/HeJ mice, 81
AKR/J leukemic mice, 46
Alloxan-diabetic

guinea pigs, 119
mice, 107, 114, 137
rabbits, 135, 138—139
rats, 140

Aminogtycoside, 121
Amphotericin B

in aspergillosis, 108
in candidiasis, 114, 117, 121
in cryptococcosis, 128, 129
intravitreous, 118
in mycotic keratitis, 134
in pulmonary blastomycosis, 82
in pulmonary paracoccidioidomycosis, 92

Ampicillin, 121
Amyloidosis, 119
Antibiotics

broad-spectrum
in aspergillosis, 103
in candidiasis, 111, 121
in mycotic keratitis, 130

polyene, 120
Antifungal agent evaluation

Candida vaginitis in, 120
in cryptococcosis, 127—128
endophthalmitis in, 118
by infant-mouse model, 121
murine models for, 108
in mycotic keratitis, 134
in vivo, 65—67

Antilymphocytic serum, 106, 125, 133
Antithymocyte serum, 137
Arthritis, 119
Arthroconidia of C. immitis, 9, 85—86
Arthroconidium stage of fungi, 6—8
Anhroderma

benhamiae, 58
vanbreuseghemii, 62—64

Aspergilloma, 104
Aspergillosis, 39—40, 103—111

allergic bronchopulmonary, 104, 110
avian, 111

cranial, 110
in humans, 103—104
invasive, 103—104
murine model of, 105—108
other animal models of, 109—111
pulmonary, 104, 110
rabbit models of, 108—109

Aspergillus
acute lymphocytic leukemia from, 46
bronchopulmonary, 105
flavipes, 105
flavus

aspergillosis from, 103—111, see also
Aspergillosis

disorders caused by, 104
mycotic keratitis from, 130

fumigafus
aspergillosis from, 103—111, see also

Aspergillosis
classification of, 20, 41
colonization of, 104
disorders caused by, 104
dual murine infection with, 25—26, 48
endocarditis from, 109
endophthalmitis from, 109
eumycetoma produced by, 69
injection into leukemic mice, 47
murine infection from, 39—40
mycotic keratitis from, 130—134
parasitic form of, 18
susceptibility of NZB mice to, 113

nidulans, 105—107
niger

aspergillosis from, 103, 104, 109
colonization of, 104
mycotic keratitis from, 130, 131

tamarii, 107
terreus

aspergillosis from, 103, 105—108
mycotic keratitis from, 131

ATCC 26199 mice, 81
Athymic nude mice, see nu/nu mice
Avian aspergillosis, 111
Azathioprine, 114, 137

B

BALB/c mice
candidiasis in, 113
chromomycosis in, 56
C. immitis injection of, 86, 87
paracoccidioidomycosis in, 91, 92
pulmonary blastomycosis in, 81
sham-operated, 42
splenectomized, 44—46

Basidiobolus haptosporus, 135
BAY n 7133, see Vibunazole
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B-cell-deficient mice, 125
Beige mice, 38—39
Blastomyces dermatitidis

blastomycoses from, 80—84
budding of, 3
classification of, 20, 40
infection from, 35
intranasal instillation of, 81
isolation from soil, 83
mycelial-conidia form of, 83
spherical cells of, 14
transformation of, 11—12, 14
yeast form of, 81
yeast-like cells of, 7

Blastomycosis, 35—36, 80—84
mycelial-conidia infection models of, 83—84
pulmonary, murine model of, 81—82
from yeast form of B. dermatitidis, 81

B10LP mice, splenectomized, 41
Botrypodiploidia theobromae, 130, 131
Bronchoalveolitis, 92

c
C5~ mice, 127
C57 mice

blastomycosis in, 81
candidiasis in, 113, 119
coccidioidomycosis in, 86, 87

Candida
acute lymphocytic leukemia from, 46
endophthalmitis, 116—117
albicans, 19

candidiasis from, see Candidiasis
classification of, 20, 40
endophthalmitis from, 109
infection from, 36—37, 48
injection into leukemic mice, 46—47
mycotic keratitis from, 130—134
resistance to, 34
variance in virulence of, 112—113

glabrata, 111, 117
guilliermondii, 111, 117, 130
krusei, 111, 117, 130, 131
parapsilosis, 111, 117, 130
pseudotropicalis, 111, 130
stetlatoidea, 111, 117, 118
tropical is, 111

Candida endophthalmitis, 116—117
Candida keratitis, 131—132
Candidiasis, 36—37, HI—122

localized, animal models of, 118—122
arthritic, 119
cerebral, 121—122
cutaneous, 118—119
for cystitis, 120
for endocarditis, 122
for exogenous endophthalmitis, 118
gastrointestinal, 121
muscular, 119

oral, 120
pulmonary, 121
subcutaneous, 119
for vaginitis, 119—120

peritoneal, 116
superficial, 111
systemic, animal models of, 112—118

intracardiac and intraarterial, 116
intravenous and intraperitoneal, 112—116
for local manifestations, 116—118

turkey crop, 120
Carrageenan, 23, 47
Cat

chorioretinitis in, 129—130
sporotrichosis in, 73—74

Cattle models of placentitis, 110
CBS mice, 136
CD2F1 mice, 113
Cellophane tape method of inoculation, 61
Cephalosporium, 131, 134
Ceratocystis stenoceras, 70
Cerebral candidiasis, 121—122
Cerebral zygomycosis, 135, 139
CPU, see Colony-forming unit
C3H, mice, 81, 113, 136
Chain of oidia, 12
Chains of chlamydospores, 12
Chicken, C, albicans infection in, 118
Chlamydospores, terminal and intercalary, 10, 11
Chondroitin sulfate colloidal iron, 48
Chromoblastomycosis, see Chromomycosis
Chromomycosis

in mice
cerebral, from C. trichoides, 35
from E, dermatitidis, 30—33
from F. pedrosoi, 33—35, 54
phaeohyphomycosis and, 54—57

"Cignetti" method, 132
Circling syndrome, 87
Cladosporium

bantianum, 54, 55, 57
carrionii, 54, 57
trichoides, 35, 40

Cleavage process, 9
Clotrimazole, 134
Coccidioides immitis

agar block containing, 5
classification of, 20, 41
coccidioidomycosis from, 37—39, 84—87
endospore formation of, 3
intraperitoneal instillation of, 86
intravenous injection of, 86—87
parasitic cycle of, 10—13
transformation of, 9

Coccidioidomycosis, 9, 37—39, 84—87
Colony-forming units (CPU)

in Chromomycosis, 30
in cryptococcosis, 23, 24, 45

Complement (C') systems, 127
Conidiobolus

coronatus, 135
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incongruus, 135
Corneal mycoses, 130
Corticosteroids

in aspergillosis, 103
in mice, 105—107
in rabbits, 108

in candidiasis, 114, 119
in dermatophytosis, 58
in mycotic keratitis, 130

Cortisone
in aspergillosis, 104, 108, 110
in candidiasis, 115, 119, 121

topical, 118
in cryptococcosis, 128, 129
in fungal infections, 41
in mycetoma, 69
in zygomycosis, 137—139

Corynebacterium parvum vaccine, 106
Cryptococcal myocarditis, 130
Cryptococcosis

murine model of, 21—26, 122—130
effect of splenectomy in, 44—46
pulmonary, 122, 126
respiratory, 125
symptomatology and histopathology in, 124
systemic, 123—128

naturally occurring, 123
other animal models of, 128—130

for chronic meningitis, 129
cutaneous, 128—129
gastrointestinal, 130
for myocarditis, 130
ocular, 129—130
pulmonary, 129

pulmonary, 122
Cryptococcus neoformans

acute lymphocytic leukemia from, 46
cellular responses to, 25
classification of, 20, 40
cryptococcosis from, 122—130
cystic lesions from, 22
dual infection with, 25—26
infection from, 21—26

in splenectomized mice, 44—46
low-virulent strains of, 124—125
parasitic form of, 19
splenomegaly from, 41
susceptibility to, 48

of NZB mice, 113
yeast cells of, 124

Cunninghamella bertholletiae, 135
Curvularia lunata, 130
Cutaneous cryptococcosis, 128—129
Cutaneous lesions from C. albicans, 117, 118
Cutaneous zygomycosis, 140
Cyclophosphamide

in aspergillosis, 108
in candidiasis, 114
in cryptococcosis, 125
injury to T-lymphocytes by, 47
in zygomycosis, 137

Cyclophosphamide-induced neutropenic canines,
115

Cylindrocarpon tonkinensis, 130
Cystitis, 120

D

Darling's disease, see Histoplasmosis
DBA mice, 81, 86
ddY mice

aspergillosis in, 39—40
chromomycosis in, 30—35, 56
sham-operated, 42
splenectomized, 42—44
sporotrichosis in, 27

Dematiaceous fungi, 54—55
Dermatophytes

eumycetoma produced by, 70
granules produced by, 67
hyphae of, 3

Dermatophytoses, 7, 57—67
animal models of, 58—65

animals used in, 58
inoculation in, 60—65
organisms used in, 58—60

effects of antifungal agents in, 65—67
Dextran sulfate, 47
Diabetic ketoacidosis, 48
Diabetic zygomycosis, 138
Dimorphism, 2
Dog

candidiasis in, 115
dermatophytosis in, 58, 59
histoplasmosis in, 90
sporotrichosis in, 74

Drechsler spicifera, 54, 130

E

Econazole, 120, 134
Endocarditis, 109, 122
Endophthalmitis, 109, 116—118
Endosporulation, 9
Escherichia coli, 121
Estradiol, 121
Estrogens, 120
Eumycetoma, 67, 69—70
Exophiala

dermatitidis
classification of, 40
fission by, 3
infection from, 30—33
sclerotic cells of, 13
yeast-like cells of, 32

jeanselmei
chromomycosis from, 31, 54
eumycetoma produced by, 69
granules produced by, 67
skin tests with, 57
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moniliae, 54
spinifera, 31, 54
pathogenicity of, 33

Extracutaneous inoculation, 65

dimorphic, 2
"Fungus ball", 104
Fusarium, 18, 41, 134

solani, 130, 131, 134
Fusarium diacetoxyscirponol, 125
Fusarium keratitis, 133F

Ft mice, 86
FilobasidieUa

bacillispora, 122
neoforms, 122

Flucytosine
in aspergillosis, 108
in candidiasis

gastrointestinal, 121
by subcutaneous injection, 119
systemic, 114
vaginal, 120

in cryptococcosis, 128, 129
in mycotic keratitis, 133, 134

Fonsecaea
compactum, 54
pedrosoi

classification of, 20, 40
fission by, 3
infection from, 33—35, 54—56
lesions from, 33
sclerotic cells of, 13
transformation of, 9—11

Fungal infections, see also specific topics
in mice, 1—52

in acute lymphocytic leukemia, 46—47
agar implantation method in, 3—5
classification of pathogenic fungi in, 5—20

with nonsaprobic parasitic forms, 6—18
with saprobic-like parasitic forms, 18—19

effect of splenectomy on, 41—46
histopathologic course of, 21
tissue responses against, 21—41

with mononuclear cells in host defense,
21—33

with polymorphic- and mononuclear cells in
host defense, 33—39

with polymorphonuclear leukocytes in host
defense, 39-̂ 0

opportunistic, 36, 101—140
aspergillosis as, 103—111
cadidiasis as, 111—122
cryptococcosis as, 122—130
mycotic keratitis as, 130—134
zygomycosis as, J34—140

Fungi, pathogenic
classification of, 5—20

with nonsaprobic parasitic forms, 6—18
changing via arthroconidium stage, 6—9
changing via chlamydospore stage, 9—15
changing via direct budding from hyphae,

16—18
with saprobic-Hke parasitic forms, 18—19

dematiaceous, 54—55

G
Gastrointestinal candidiasis, 121
Gastrointestinal colonization of C. neoformans, 130
Gentamicin, 121
Geotrichum, 131
Glycerol-induced acute uremic mice, 125
Granuloma formation in mice, 21

effect of splenectomy on, 41—46
role against sporotrichosis, 26—27

Granulomatous lesions in mice
from C. neoformans, 23, 24, 26

in splenectomized mice, 45, 46
from B. dermatindis, 36, 37
in dermatophytosis, 57
from E. dermatitidis, 31
from F. pedrosoi, 33, 34, 56
from H. capsulatum, 28, 29
from H. farciminosum, 30
from P. brasiliensis, 36, 37
from S. schenckii, 27, 28

in splenectomized mice, 42—43
Griseofulvin, 67
Guinea pigs

abrasion inoculation of, 60—61
lesion from, 62

actinomycetoma in, 68, 69
alloxan-diabetic, 119
blastomycosis in, 84
candidiasis in, 115—119
coccidioidomycosis in, 87
dermatophytosis in, 58
Hartley-strain white, 60, 65
histoplasmosis in, 90
intravenous inoculation of, 65
in "Kaken" method of antifungal evaluation,

65—66
occlusive dressing inoculation of, 63—65
one-point prick inoculation of, 62—63
oral treatment of mycosis in, 67
paracoccidioidomycosis in, 91, 93, 94
sporotrichosis in, 73

Gum tape method of inoculation, 61

H

Hamster
blastomycosis in, 84
histoplasmosis in, 90
paracoccidioidomycosis in, 91, 93
sporotrichosis in, 73

Histoplasma
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capsulatum
budding of, 3
classification of, 20, 40
intratracheal injection of, 89
soil isolates of, 88-—89
splenomegaly from, 41
var, capsulatum, 16—18, 28—30
var duboisii, 18
yeast form of, 88, 90

farciminosum, 30
Histoplasmosis, 28—30, 87—90
Host defense

against C. albicans, 113—114
against cryptococcosis, 127
mononuclear cells in, 21—33

in chromomycosis, 30—33
in cryptococcosis, 21—26
in histoplasmosis capsulati, 28—30
in sporolrichosis, 26—28

polymorphonuclear leukocytes in, 39—40
in aspergillosis, 39—40

polymorphonuclear and mononuclear cells in,
33—39

in blastomycosis and paracoccidioidomycosis,
35—36

in candidiasis, 36—37
in chromomycosis, 33—35
in coccidioidomycosis, 37—39

Host-parasite interaction in pulmonary
blastomycosis, 82

Hydrocortisone, 47
Hyphae

of B. dermatitidis, 11—12
of C. immitis, 9
of C. trichoides, 36
direct budding of, 16—18
of E. dermatitidis, 30
of F. pedrosoi, 33—34
of//, capsulatum, 16—17
of M. cirrosus, 15
of P. brasiliensis, 12
of P. marneffei, 9
of S. schenckii, 16

I

ICR mice, leukemic, 47
Imidazoles, 82
Immunity

cell-mediated, 21, 28, 41
humoral, 28

Immunomodulators, 82, 114
Immunosuppressive drugs

in aspergillosis, 103, 106—108
in candidiasis, 111
in fungal infections, 41

Inhalation of Aspergillus, 107
Inoculation of dermatophytes, 60—65
Intraarterial inoculation with C. albicans, 112—116
Intracardiac inoculation with C. albicans, 112—116

Intracerebral cryptococcal infection, 125
Intracerebral zygomycosis, 135—137
Intradermal injection of/?, oryzae, 139—140
Intramuscular injection of C. albicans, 119
Intranasal instillation

of B. dermatitidis, 81
of C. immitis, 85—86
of C. neoformans, 125—126
in zygomycosis, 137—139

Intraperitoneal administration
of A.flavus, 108
of B. dermatitidis, 82
of C. albicans, 112—116
of C. immitis, 86
of C. neoformans, 124—125
of//, capsulatum, 89, 90
of P. brasilliensis, 93
in zygomycosis, 135—137

Intrasinus inoculation in zygomycosis, 137—138
Intratracheal inoculation

of A. fumigatus, 110
of C. albicans, 121
of//, capsulatum, 89

Intravenous injection
of A. fumigatus, 105
of B. dermatitidis, 83
of C. albicans, 112—116
of C. immitis, 86—87
of C. neoformans, 124—125
of//, capsulatum, 89, 90
of P. brasilliensis, 92—93
in zygomycosis, 135—137

Iron-transport cofactors, 47
Itrazole

in aspergillosis, 108
in candidiasis, 114
in cryptococcosis, 128
in vaginitis, 120

K

"Kaken" method, 65—66
Keratitis, mycotic, see Mycotic keratitis
Ketoconazole

in aspergillosis, 108
in blastomycosis, 82
in candidiasis, 114, 121
in cryptococcosis, 128
in endophthalmitis, 117
in mycosis, 67
in mycotic keratitis, 134
in paracoccidioidomycosis, 92
in vaginitis, 120

Kupffer's cells, 32

L

p-Lactam, 121
Leptomeningitis, 121—122
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Leptosphaeria senegalenxis, 67
Listeria monocy to genes, 41
Lymphocytic leukemia, 46—47

M

Macroconidla, tuberculate, 88
Macrophage inhibition factor (MIF), 27—28
Madurella

grisea, 67
mycetomatis, 67, 69

Maduromycosis, see Mycetoma
Meningitis, 125, 128—129
Mice, see also specific strains; Murine models

actinomycetoma in, 68, 69
agar implantation in, 3—5

effect of B. dermatitidis on, 11—12, 14
effect of E. dermatitidis on, 13
effect of F. pedrosoi on, 13, 55—56
effect of M. cirrosus on, 15
effect of P. brasilicnsis on, 12, 15
effect of H. capsulatum on, 16—18

alloxan-induced diabetic, 107, 137
B-cell-deficient, 125
complement-deficient, 113
dermatophytosis in, 65
eumycetoma in, 69
glycerol-induced acute uremic, 125
intranasal inoculation of, 81
leukemic, 46—47
nitrogen mustard-induced neutropenic, 106
parasitic cycle of C. immitis in, 10—14
sporotrichosis in, 71—72
strains and age in pulmonary blastomycosis

model, 81
streptozotocin-diabetic, 138
white, C. bantianum infection in, 57

Miconazole
in candidiasis, 114
in cryptococcosis, 128
in endophthalmitis, 109, 117
in keratomycosis, 133
in mycosis, 67
in mycotic keratitis, 134
in vaginitis, 120

Microabscesses in mice
from C. neoformans, 45
from C. trichoides, 35
from E. dermatitidis, 30
from F. pedrosoi, 33, 56
from S. schenckii, 21

Microascus
cinereus, 15
cirrosus, 15
trigonosporus, 15

Micrococcus
auduoini, 60
canis, 58—60, 65
ferrugineum, 70
gypseum, 58, 59, 65

Microconidia transformation, 18
Micro foci

in mice livers, 23
in splenectomized mice, 42, 45

Microtrephination, 132, 133
MIF, see Migration inhibition factor
Migration inhibition factor, 27—28
Monkey

aspergillosis in, 110
capuchin, candidiasis in, 112
coccidioidomycosis in, 87
mycotic keratitis in, 134
rhesus, 110, 140
sporotrichosis in, 74
zygomycosis in, 140

Mononuclear cells, 21—33
in blastomycosis, 36
in chromomycosis, 30—35
in coccidioidomycosis, 37
in cryptococcosis, 21—26
in histoplasmosis capsulati, 28—30
in paracoccidioidomycosis, 36
in splenectomized mice, 42
in sporotrichosis, 26—28

"Mouse-thigh lesion", 119
Mucor, 18

ramosissimus, 135
Mucormycosis, see Zygomycosis
Muramyl dipeptides, 82
Murine models, see also Mice

of aspergillosis, 105—108
of candidiasis, 112—114, 118
of coccidioidomycosis, 85—87
of cryptococcosis, 123—128
of histoplasmosis, 88—90
of paracoccidioidomycosis, 91—94
of pulmonary blastomycosis, 81—82
of sporotrichosis, 71—72
of zygomycosis, 135—138

Mycelial-conidia blastomycosis, 83—84
Mycelial form

of fungi
changing via arthroconidium stage, 6—9
changing via chlamydospore stage, 9—15
changing via direct budding from hyphae, 16—

18
of P. brasiliensis, 93—94

Mycetoma, 67—70
Mycoses

animal models of, 53—74, 79—94
for blastomycosis, 80—84
for chromomycosis and phaeohyphomycosis,

55—57
for coccidiodomycosis, 84—87
for dermatophytoses, 58—65
for histoplasmosis, 87—90
for mycetoma, 68—70
oral treatment of, 67
for paracoccidioidomycosis, 90—94
for sporotrichosis, 70—74

histopathological characteristic of, 21
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splenomegaly in, 41—42
Mycotic keratitis, 130—134
Myocarditis, 130

N

Natamycin, 134
NCI mice, 92
Neomycin, 121
New Zealand black (NZB) mice

aspergillosis in, 106
candidiasis in, 113
cryptococcosis in, 127
zygomycosis in, 136

Nitrogen mustard, 47
Nitrogen mustard-induced neutropenic mice, 106
Nocardia

asteroides, 67—69
brasilliensis, 67—68
caviae, 61—68

nu/+ mice, see nu/nu mice
nu/nu mice (congenitally athymic nude)

blastomycosis in, 35—36
nu/+ mice and

aspergillosis in, 40, 106
candidiasis in, 36—37, 113
chromomycosis in, 30—35, 56—57
coccidioidomycosis in, 38—39
cryptococcosis in, 21—26, 127, 129
dermatophytosis in, 58
E. dermatitidis infection in, 56—57
histoplasmosis in, 89
histoplasmosis capsulati in, 28—30
intraperitoneal injection of, 86
sporotrichosis in, 26—28, 72

paracoccidioidomycosis in, 35, 92
zygomycosis in, 136, 137

Nystatin, 121, 134
NZB mice, see New Zealand black mice

o
Occlusive dressing inoculation, 63—65
Ocular cryptococcosis, 129—130
One-point prick inoculation, 62—63

for antifungal evaluation, 66—67
Opportunistic fungi, see Funga] infections
Orbital injection of /? , oryzac, 139

yeast form of, 92—94
Paracoccidiodomycosis, 35—36, 90—94
Parasitic forms of pathogenic fungi, 1, see also

Fungi, pathogenic
classification of, 5—20

nonsaprobic, 6—18
saprobic-like, 18—19

Pathogenic fungi, see Fungi, pathogenic'
Penicillin, oily, 69
Penicillium marneffei, 9
Peritoneal candidiasis, 116
Phaeohyphomycosis, 54—57
Phialophora

gougerotti, 130
parasitica, 54
repens, 54
richardsiae, 54
verrucosa, 54, 55, 57

Pimaricin, 109, 133, 134
Pine's medium, 17
Placentitis in cattle and sheep, 110
Plasmodium berghei, 41
PMNs, see Polymorphonuclear leukocytes
Polymorphonuclear leukocytes (PMNs)

in aspergillosis, 40
in candidiasis, 37
in chromomycosis, 33—35
in coccidioidomycosis, 38
in cryptococcosis, 23, 25
in histoplasmosis capsulati, 28, 29
in pulmonary blastomycosis, 83
in splenectomized mice, 42
in sporotrichosis, 27
suppression of, 41

Polysaccharide capsule, 25
Prednisone, 106
Primate model of aspergillosis, 110
Pseudallescheria boydii

classification of, 18, 41
eumycetoma produced by, 69
mycotic keratitis from, 131

Pulmonary aspergillosis, 104, 109
Pulmonary blastomycosis, 81—83, 110
Pulmonary candidiasis, 121
Pulmonary coccidioidomycosis, 85—86
Pulmonary cryptococcosis, 111, 126, 129—130
Pulmonary histoplasmosis, 88, 89
Pulmonary paracoccidioidomycosis, 92, 93
Pulmonary zygomycosis, 137, 139
Pyrenochaeta romeroi, 67

P

Paracoccidioides brasiliensis
budding of, 3
classification of, 20, 40
infection from, 35—36, 90—94
isolates from, 91—92
mycelial form of, 93—94
transformation of, 12, 15

R

Rabbits
actinomycetoma in, 68, 69
alloxan-diabetic, 138—139
aspergillosis in, 108—109
candidiasis in, 114—116
cryptococcosis in, 128

ocular, 129
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cystitis in, 120
dermatophytosis in, 58
endocarditis in, 109, 122
endophthalmitis in, 109, 116—117
eumycetoma in, 69
histoplasmosis in, 90
meningitis in, 129
mycotic keratitis in, 131—134
paracoccidioidomycosis in, 93
ringworm in, 60
sporotrichosis in, 73
synovitis in, 119
zygomycosis in, 138—140

Radiation, 41, 47
Rats

actinomycetoma in, 68, 69
alloxan-induced diabetic, 140
aspergillosis in, 110
blastomycosis in, 84
candidiasis in, 115
paracoccidioidomycosis in, 93
P. verrucosa and E. jeanselmei infections in, 57
SPF, 120
white

chromocytosis in, 56
sporotrichosis in, 72—73

Wistar, candidiasis in, 120
zygomycosis in, 140

Respiratory cryptococcosis, 125
Rhesus monkey, 110, 140
Rhinocladiella aquaspersa, 54
Rhizoctonia, 130—132
Rhizomucor pusillus, 135—139
Rhizopus, 18

arrhizus, 135—137, 139
chinensis, 139
tnicrosporus, 135, 139
oligosporus, 139
oryzae, 48, 135, 136, 139
rhizopodiformis, 135, 139

Rhodotorula rubra, 130, 131
Ringworm

in antifungal evaluation, 67
in guinea pigs, 58, 60, 62, 65

s
Saccharomyces cerevisiae, 119
Saksenaea vasiformis, 135
Saprobic forms of fungal infections, 2
Sheep models of placentitis, 110
Silica, 47
SPF rats, 120
Spherical cells of fungi, 6—9
Splenectomy in mice, 41—46
Splenomegaly, 41—42
Sporothrix schenckii

budding of, 3
classification of, 20, 40
granulomatous lesion from, 28

infection from, 26—28
resistance of splenectomized mice to, 42-

splenomegaly from, 41
sporotrichosis from, 70—74
transformation of, 16

Sporotrichin reaction, 26
Sporotrichosis, 26—28, 70—74
Stalked yeast cells, 17
Staphylococcus aureus, 133
Steroid hormone, 47
Streptomyces

paraguayensis, 67
somaliensis, 67

Streptozotocin-diabetic mice, 138
Subcutaneous injection

of B. dermatitidis, 82
of C. albicans, 119
of H. capsulatum, 90
of P. brasilliensis, 93
of/?, oryzae, 139

Swiss albino mice, 56
Swiss mice, blastomycosis in, 84
Swiss white mice

CD1, 92
coccidioidomycosis in, 37—38

T

Tobramycin, 121
Trephination, 132
Trichophytin skin test, 57—58, 64—65
Trichophyton

asteroides, 58, 59
granulare, 58, 59
gypseum, 65
mentagrophytes

dermatophytosis from, 58
by abrasion inoculation, 60—61
by intravenous inoculation, 65, 67
by occlusive dressing inoculation, 63—65
by one-prick inoculation, 62—63

in "Kaken" method, 65—66
ringworm from, 60, 65

purpureum, see T. rubrum
quinckeanum, 58, 59, 65
rubrum

classification of, 20
dermatophytosis from, 58
mycetoma from, 70
ringworm from, 60
spherical cells of, 8
transformation of, 6—8
yeast-like cells of, 16

Trichosporon, 130
Turkey crop candidiasis, 120

u
UIBC, see Unbound-iron binding capacity



Unbound-iron binding capacity (UIBC), 48

V

Vaginitis, 117, 119—120
Vibunazole (BAY n 7133)

in aspergillosis, 108
in candidiasis, 114
in cryptococcosis, 128
in vaginitis, 120

w
Wangiella (Exophiala) dermatitidis, 54—57
Wistar rats, 120

X

X-irradiation
in aspergillosis, 107
in candidiasis, 114, 121
in cryptococcosis, 125
in keratomycosis, 133

Y

Yeast cells

167

of C. neoformans, 124
in mouse liver, 29
in splenectomized mice, 43—44, 46
stalked, 17
transformation from microconidia, 18

Yeast-like cells
of B. dermatitidis, 7
of E. dermatitidis, 32
of fungi changing from mycelial form

via arthroconidium stage, 6—9
via chlamydospore stage, 9—15
via direct budding from hyphae, 16—18

z

Zygomycetes, 41
acute lymphocytic leukemia from, 46
fulminant infection with, 48

Zygomycosis, 40, 134—140
cerebral, 135, 139
diabetic, 138
in humans, 138
murine models of, 135—138
other animal models of, 140
pulmonary, 137, 139
in rabbits, 138—140
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