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ABSTRACT

THE ROLE OF MACROCYCLIC TRICHOTHECENE MYCOTOXINS IN THE
NASAL TOXICITY OF MICE EXPOSED TO STACHYBOTRYS CHARTARUM

By
KARA NICHOLE CORPS
The contribution of Stachybotrys chartarum to damp building-related
illness (DBRI) has not been fully established. The purpose of this thesis
research was to investigate the role of macrocyclic trichothecene mycotoxins in
nasal and pulmonary toxicity in mice. Repeated exposures to Roridin A (RA)
resulted in atrophy of olfactory epithelium (OE), loss of olfactory sensory neurons
(OSNSs), and neutrophilic rhinitis. Additional effects were observed in respiratory
epithelium (RE), nasal transitional epithelium (NTE), and glands of the nose.
Loss of OSNs persisted 3 wks after the last intranasal instillation of RA. In a
second study, nasal pathology in response to repeated intranasal instillations of
Satratoxin G (SG) was compared in weanling and adult mice. Weanling and
adult mice were equally susceptible to the effects of SG with respect to atrophy
of OE, loss of OSNs, and neutrophilic rhinitis. Repeated intranasal instillations of
the spores of S. chartarum, SG, or a combination of both revealed that nasal
pathology is dependent on macrocyclic trichothecenes and that spores do not
play a role in atrophy of OE and loss of OSNs. In contrast, SG did not impact
changes in the lungs that were induced by exposure to spores. Taken together,
the results of these studies indicate that macrocyclic trichothecenes could

contribute to reported nasal symptoms of DBRI.
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CHAPTER1
INTRODUCTION
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Exposure to various mold species in damp indoor environments garnered
sufficient public concern that the Centers for Disease Control requested that an
Institute of Medicine (IOM) committee undertake a thorough review of the
available literature discussing the link between damp indoor spaces and health
effects [1]. Damp Building-Related lliness (DBRI) is poorly defined and includes
a variety of ill health effects and vague symptoms. Reports indicate that DBRI is
a worldwide issue [2]. The IOM committee identified several areas of research
currently lacking in the literature, including potential exposure and risk
assessment, further animal studies to characterize mechanisms of pathology,
identification of target organs, quantification of mycotoxins in indoor
environments, and evaluation of the mechanistic involvement of mycotoxins.
Particularly, the committee cited the need for establishment of mycotoxin dose-
response relationships and interactions with other potential environmental
contaminants that may be present in a damp indoor environment [1]. The nose
represents a potential target organ for inhaled mold spores and mycotoxins due
to its ability to trap inhaled particulate matter [3]. Stachybotrys chartarum is a
ubiquitous fungus that has been the center of much public attention due to its
suggested involvement in DBRI, particularly with regard to the macrocyclic
trichothecene mycotoxins it produces [1,4]. The purpose of the following studies
was to characterize and quantify the nasal pathology resulting from intranasal
exposure to a representative macrocyclic trichothecene, Roridin A (RA); to
compare the effects of intranasal exposure to Satratoxin G (SG), a macrocyclic

trichothecene produced by S. chartarum, in the noses of weanling and adult



mice; and to investigate the effects of intranasal exposure to S. chartarum
spores, SG, and co-exposures of both spores and SG on the noses and lungs of
mice. The hypothesis driving my thesis research is that S. chartarum - induced
toxicity is dependent on macrocyclic trichothecene mycotoxins.

Chapter 2 contains a review of the current literature, including discussions
of DBRI, S. chartarum and its secondary metabolites, suggested mechanisms of
macrocyclic trichothecene toxicity, methods for environmental detection and
quantification of indoor molds and mycotoxins, the pathogenicity of S. chartarum,
and the results of various in vivo studies.

In Chapter 3, | will present the results of my investigation of the dose-
response effects of a representative macrocyclic trichothecene mycotoxin, RA,
that was repeatedly instilled into the nasal passages of mice. Histopathology,
morphometric lesion analyses, flow cytometric inflammatory cytokine data, and
inflammatory gene mRNA expression data are discussed. The persistence of
lesions induced by repeated exposures to RA is also presented. Gene
expression data presented in this chapter were contributed by Dr. Zahidul Islam,
and histopathology reports were contributed by Dr. Jack Harkema.

In Chapter 4, | discuss my study comparing the effects of SG, a
macrocyclic trichothecene produced by S. chartarum, in the noses of weanling
and adult mice. Histopathology and morphometric analyses of pathological
changes in the olfactory epithelium are presented. Histopathology reports were

contributed by Dr. Jack Harkema.
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Chapter 5 contains a co-exposure study investigating the effects of S.
chartarum spores and SG on the nasal passages and lungs of mice.
Bronchoalveolar lavage fluid (BALF) cytology and inflammatory cytokine data,
nasal histopathology, and morphometric analyses of nasal lesions are discussed.
Histopathology reports were contributed by Dr. Jack Harkema.

In Chapter 6, | present my overall conclusions resulting from the above
mentioned studies, as well as suggestions for future directions for further studies

investigating S.chartarum and macrocyclic trichothecene mycotoxins.
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CHAPTER 2
LITERATURE REVIEW



Damp Building-Related lliness

Indoor air quality has been the subject of much investigation in recent
years due to increasing reports of Damp Building-Related lliness (DBRI). DBRI
is a term commonly applied to the range of signs and symptoms associated with
damp indoor environments. It is thought to be a product of modem, climate-
controlled buildings with self-contained ventilation systems. Though associations
have been made between ill health effects and specific buildings for 30 years,
establishing causality has proven difficult. Complaints of iliness due to specific
buildings have been noted in most countries throughout the world that record
such information [2]. Exposure to a damp environment can occur in the home or
in an occupational setting, and these different exposures could potentially result
in different clinical manifestations. People who report symptoms associated with
specific indoor spaces often note a resolution of those symptoms when they
leave the environment in which they are affected [4].

A variety of causes have been postulated to explain DBRI. Inhalation of
volatile organic compounds (VOC), which originate from organisms such as
bacteria and fungi, or construction materials, such as drywall and concrete, have
been linked to headaches and nose irritation, and appear to contribute to fatigue
in human studies [5]. Headaches have also been linked to discomfort due to the
temperature of the indoor environment. Odors may also trigger otherwise
unexplained symptoms [2]. Fungi have been found colonizing air filters, metal air
ducts, and building insulation in an office environment, often in areas of water

collection in air flow ducts. Samples from these surfaces also contained VOC,



thought to have originated from the Penicillium spp. and Cladosporium spp. that
were isolated [6,7]. A variety of building conditions, such as humidity levels,
have recently been investigated in relation to human discomfort [8]. One
characteristic that appears in many reports of DBRI is the presence of excessive
moisture or humid conditions [1]. Often damp conditions are discovered upon
investigation of such buildings after complaints of iliness by occupants.

Some authors have chosen to categorize building-related symptoms into
five groups, which include sensory irritation (eye, nose, and throat), neurologic or
general symptoms, nonspecific hypersensitivity reactions, skin irritation, and odor
or taste symptoms [5]. An Institute of Medicine (IOM) report concluded that
damp indoor environments are associated with upper respiratory tract symptoms
(nasal congestion, runny or itchy nose, sneezing, and throat irritation) as well as
some lower respiratory tract symptoms and syndromes (wheeze, cough, asthma
exacerbation, and hypersensitivity pneumonitis in susceptible people). The
report also concluded that sufficient evidence did not exist to link a variety of
other symptoms and conditions, such as dyspnea (shortness of breath), sinusitis,
airflow obstruction, and cognitive dysfunction, to damp indoor conditions [2].

Buildings can become damp in a variety of ways, some of which may not
be noticed by occupants. Water device failure', plumbing problems, rainwater
leakage, groundwater infiltration, and even occupant activity can create a moist
environment. Building materials also play a role due to their porous nature.
Materials consisting of larger pores or a higher number of pores, such as

composites made from paper and wood, cellulose, and gypsum, are of particular



concern because moisture content or humidity need not be high to allow growth
of fungal organisms. Conditions in which water continually or intermittently
reaches these materials such that drying does not occur are most conducive to
creating a damp environment [1]. Modern ventilation systems in many office
buildings prove to be the source of moisture, or materials within ventilation

systems previously became damp and are found to harbor fungal organisms [4].

Damp Indoor Environments and Mold

Mold growth was extremely common in the gulf coast in water-damaged
buildings, including the majority of damaged dwellings, following the recent
hurricanes Katrina and Rita. The indoor and outdoor concentrations of mold and
mold products, as well as bacterial endotoxin (lipopolysaccharide, LPS), were
found to be exceptionally high and led to warnings urging the use of respirators
and protective equipment [9].

It has been suggested that 20-40% of North American and Northern
European buildings have mold growth [10]. The presence of certain molds in
indoor environments has been linked to hypersensitivity reactions in allergic
individuals and infections in immunocompromised individuals [11,12]. Recently
both mold spores and mold fragments, such as portions of hyphae and particles
derived from extra- and intracellular structures, have been associated with
allergenicity and asthma [13]. A survey study conducted by the National Institute
for Occupational Safety and Health (NIOSH) found a link between a building with

long-term, repeated water damage and respiratory symptoms such as adult
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onset asthma, nasal and eye irritation, wheezing, hypersensitivity pneumonitis
and exacerbation of existent asthma in employees who had worked there for one
or more years. A strong association with the need to take sick days due to
respiratory symptoms was also found among employees working in this particular
building [14]. Studies have shown a link between damp, moldy conditions in
schools and poor performance of the attending students, as well as symptoms
fitting DBRI in both students and teachers [15]. Cooley et al. investigated the
role of mold in DBRI in 48 schools in the United States. Several different mold
species were isolated from each of the schools. Notably, two species were found
to be strongly associated with DBRI — Penicillium spp. and Stachybotrys
chartarum [4].

A number of mold species, including Penicillium spp., Rhizopus spp.,
Altemaria spp., Cladosporium spp., and Aspergillus spp., are frequently isolated
from damp buildings [4,7,16,17,18). S. chartarum is isolated less commonly, and
has been shown to occur in approximately 13% of homes, compared to 96% of
homes for Penicillium spp., or 89% of homes for Cladosporium spp. [16,18].
When isolated, it is typically found in lower quantities than other molds like
Aspergillus spp., and has not been found as the sole mold contaminant of water-
damaged materials [16,19]. Similarly, S. chartarum was not isolated in a study of
outdoor recreational exposure to mold species, whereas spores resembling
Cladosporium, Penicillium, and Aspergillus spp. were commonly isolated [20]. S.
chartarum has, however, resulted in great public health concern due to its

association with a cluster of cases of idiopathic pulmonary hemorrhage (IPH) in
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infants [21,22]. Other authors have also suggested that the presence of S.
chartarum should be cause for concern for the occupants of affected buildings
due to variety of reported ill health effects [16,23,24,25]. Given the increased
public interest and potential implications for litigation resulfing from exposure to

moldy conditions [18,26], further investigation of S. chartarum is warranted.

Stachybotrys chartarum

S. chartarum is a ubiquitous, saprophytic fungus that grows on cellulose-
containing materials [16,23]. It is commonly referred to as “black mold” or “toxic
black mold” [26]. It was known in the past as both S. alternans and S. atra,
though these names are now considered obsolete [16,18]. It may be found in a
variety of outdoor materials, such as soil, hay, grains, and plant debris, but is not
commonly isolated in the air. The spores form in clusters and are coated in a
layer of polysaccharide “slime,” thus making dissemination into the air less likely
without drying and disturbance of the spores [16,18]. S. chartarum is a member
of the fungi imperfecti, having septate hyphae and lacking a known sexual stage
of reproduction [18,27]. The spores, or asexual reproductive structures, of S.
chartarum are approximately 7-12 X 4-6 um [28,29]. While the hyphae are
typically colorless, the spores are dark, oval in shape and either smooth or
rough-walled [27]. Growth of S. chartarum requires a relatively high amount of

humidity compared to other molds such as Aspergillus spp., with optimal growth

occurring at 93% humidity at 25°C (77°F) [18]. The necessary conditions for

growth of S. chartarum can occur in small, local environments even when the
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overall humidity in a given room is lower than the required level. In particular,
wood and wood composites, commonly used in building construction, allow mold

growth at low levels of water activity, or local relative humidity [10].

Secondary Metabolites of S. chartarum

Molds produce secondary metabolites, products that are unnecessary for
the growth and reproduction of the fungi, in addition to compounds needed for
survival of the organism. One structural component common to the cell walls of
many fungi, bacteria, and plants is (1—3)--D-glucan. A recent review
concluded that there may be an association between exposure to this cell wall
component and airway inflammation and other airway symptoms. The author
notes, however, that evidence is currently lacking for a definitive link to human
health effects [30].

Andersen et al. recently reported that 2 major groups, or “chemotypes,” of
S. chartarum exist, with the groups producing different types of mycotoxins. The
mold produces a variety of active secondary hetabolites with a number of
biological effects [31]. VOC appear to contribute very little to symptoms
attributed to exposure to S. chartarum [32]. Approximately 40 different
spirocyclic drimanes are produced. These compounds are known to inhibit
enzyme activity, inhibit Tumor Necrosis Factor (TNF)-a release, disrupt
complement, and result in cytotoxicity and neurotoxicity. Additionally, spirocyclic
drimanes are capable of stimulating plasminogen, fibrinolysis, and thrombolysis.

They are produced in large quantities, and the exact role in the biology of the
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fungus as well as the implications for human health are unknown [10,26,31,33].
A cyclosporine analogue that may lead to immune suppression is also produced,
though its potential role in human health effects has not been investigated
[10,16].

Proteinases produced by S. chartarum have been suggested as
contributors to health effects. In a recent study investigating two strains
representing the two chemotypes of S. chartarum, multiple proteinases were
produced by both strains. Interestingly, it appeared that the chemotype
considered less toxic with respect to the types of mycotoxins produced had
higher proteinase activity than the more toxic chemotype. Growth conditions also
impacted production of proteinases. The majority of these were identified as
serine proteinases, though only one, stachyrase A, has been characterized [34].
Proteinases and a hemolytic compound, stachylysin, may be partly responsible
for pulmonary pathology related to changes in collagen IV dynamics and thus
may play a role in pulmonary hemorrhage in infants [26,34]. Stachylysin was
isolated and characterized in 2001. It is a slow-acting hemolysin that completely
lyses red blood cells in the same manner as a B-hemolysin of bacteria [35]. It
was localized to the inner cell wall of the spore of S. chartarum [36]. Stachylysin
was found to cause hemorrhage in an earthworm model and was therefore
proposed as a potential mechanistic explanation for reported instances of
hemorrhage [37]. Like the proteinases, it appears that the less toxic chemotype

tends to produce more stachylysin than the more toxic chemotype. Also similar
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to the proteinases, growth conditions affect the production of the hemolysin

[34,35].

Mycotoxins of S. chartarum
Mycotoxins are perhaps the most studied products of fungi. Mycotoxins
are low-molecular-weight secondary metabolites produced by a variety of fungal
species and thus are widely varied in structure and toxic effects [38,39]. In some ‘
cases, mycotoxins are produced in situations of low nutrient availability or less “
than ideal growth conditions [16]. Health effects resulting from mycotoxin
exposure are most commonly associated with ingestion of moldy grains and
other food sources. The aflatoxins produced by Aspergillus spp. and ergot
alkaloids produced by Claviceps spp., for example, are known to produce
toxicoses significant to human and animal health [16,39]. Mycotoxicoses, the
toxic syndromes caused by exposure to various mycotoxins, are not explained by
infection with the fungal organism or by allergic hypersensitivity to the fungus
[16,40]). S. chartarum produces several different mycotoxins capable of
producing different effects. The two chemotypes of S. chartarum are divided
specifically by the types of mycotoxins produced, with one group producing
atranones and the other producing macrocyclic trichothecenes [31,41].
Atranones A-G were structurally characterized in 2000. They possess
various stereochemical variations based on a carbocyclic ring of eleven carbons,

and are related to dolabellane diterpenes [41]. Two-thirds of S. chartarum

isolates produce atranones [31]. These strains tend to be less cytotoxic than
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those producing macrocyclic trichothecenes, though exposure to spores of the
less cytotoxic chemotype results in production of inflammatory mediators such as

Interleukin (IL)-6, TNF-a, and Nitric Oxide (NO) [33].

Trichothecene Mycotoxins

Both chemotypes of S. chartarum are capable of producing simple,
trichothecene mycotoxins, such as trichodermol and trichodermin, in varying

quantities [31,33]. Trichothecenes are sesquiterpenoid metabolites with the base

formula C15H24. They are characterized by a 9,10-double bond and a 12,13-

epoxytrichothene, a tetracyclic 12,13-epoxy ring present in all trichothecenes. A
number of rearrangements and side chains differentiate the various types of
trichothecenes, particularly with respect to oxygenation patterns (Figure 1)
[38,42,43]. These mycotoxins are resistant to ultraviolet light, sunlight, heat (up
to 120°C), and x-rays. They are acid stable but alkali labile [18].

Trichothecenes are divided into four groups, with Groups A, B, and C
encompassing the simple, or non-macrocyclic, trichothecenes [42]. T-2 toxin,
from Group A, and 4-deoxynivalenol (DON), from Group B, are of note due to
their production by Fusarium spp., which have a propensity for contaminating

grain crops and animal feeds [16,38,42]. The Group C trichothecene baccharin

is produced by Baccharis megapotamica, a plant species, and is not of concern
with respect to human health [26,42]). The Group D, or macrocyclic,

trichothecenes contain a 4,15-macrocyclic ester linkage [38]. They are produced

by Trichothecium, Myrothecium, and Stachybotrys spp. and include the roridins,
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Figure 1. General structures of (A) simple trichothecenes and (B) macrocyclic
trichothecenes (Adapted from Tuomi et al., 1998).
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satratoxins, and verrucarins [38,42]. Macrocyclic trichothecenes are produced
via modification of a simple trichothecene, trichodermol, which may be processed
further to one of two other simple trichothecenes, trichodermin or verrucarol. The
immediate precursors of macrocyclic trichothecenes, trichoverroids, are derived
from verrucarol [33].

The macrocyclic trichothecenes Satratoxin G (SG), Roridin A (RA), and
Verrucarin A (VA) had greater cytotoxic effects than the simple trichothecenes T-
2 toxin, DON, and nivalenol (NIV) [44]. SG was shown to induce expression of
proinflammatory cytokines in the same macrophage cell line at lower doses than
DON [45]. Engler et al. [46] showed that VA and RA had greater toxicity in a -
galactosidase inhibition toxicity assay than T-2 toxin, DON, and NIV. Based on
the results of these studies, it is thought that macrocyclic trichothecenes are
more toxic than simple trichothecenes. Approximately one-third of S. chartarum
isolates produce macrocyclic trichothecenes [31]. Those produced include
roridin E, roridin L-2, verrucarins B and J, isosatratoxins F and G, and satratoxins
F, G, and H (Figure 2) [10,28,31]. Macrocyclic trichothecenes have been
primarily localized to the outer plasmalemma and inner cell wall, with a small
amount in the outer cell wall of spores [47]. Trichothecenes including satratoxins
have been identified in spores aerosolized from cultures of S. chartarum [48).
Yike et al. observed that the JS5817 strain of S. chartarum contained
approximately 1 picogram of SG per spore [49]. Recently macrocyclic
trichothecenes have been identified on particulates smaller than spores,

including house dust [50]. Some authors have indicated that macrocyclic
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Satratoxin H

Isosatratoxin F OH Roridin L-2

Figure 2. Structures of some of the macrocyclic trichothecene mycotoxins
produced by S. chartarum (Adapted from Nielsen, 2003; Pestka et al., 2008).
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trichothecenes may displace out of S. chartarum spores and into aqueous
solutions [26,28,51]. Macrocyclic trichothecenes from S. chartarum have also
been identified in indoor air samples [62,53]. It was observed that the
macrocyclic trichothecenes in aqueous supernatant fluid from washed spores are
capable of inhibiting protein synthesis [51], indicating that these mycotoxins may

produce adverse effects in the absence of spores.

Mechanisms of Trichothecene Mycotoxin Toxicity

Trichothecenes are particularly known for their interference with ribosome
function. They are potent inhibitors of protein synthesis, a function mediated by
binding to the peptidyl transferase site of 60S eukaryotic ribosomes [38,54,55].
Trichothecenes inhibit polypeptide chain initiation or elongation depending on
various side chain substitutions [56]. The 12,13-epoxytrichothene is responsible
for protein synthesis inhibition, and removal of the epoxide group, or removal of
the 9,10-double bond, has been shown to decrease toxicity [38,42].

Leukocyte cultures have been utilized to elucidate some of the cellular
mechanisms by which trichothecenes induce toxicity. Trichothecenes, including
satratoxins and roridins, have been shown to activate c-Jun N-terminal kinase
(JNK), mitogen-activated protein kinases (MAPK) such as p38, p53, and
extracellular signal-related kinase (ERK) [44,55,57,58,59]. Activation of JNK and
p38 alone was found to be insufficient for induction of apoptosis [55].
Cytotoxicity induced in leukocytes by satratoxins was correlated with apoptosis

and induction of MAPK [44]. Interestingly, it appears that trichothecenes may
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induce both apoptotic and anti-apoptotic intracellular signaling simultaneously
[59]. DON and SG have been shown to induce mRNA expression of
macrophage inflammatory protein-2 (MIP-2) [45], and it was recently
demonstrated that T-2 toxin and DON are capable of causing cleavage of rRNA
and inducing RNases [60]. Trichothecenes may stimulate the immune system or
cause immune suppression, depending on the dose of mycotoxin given. This is
likely due in part to the sensitivity of leukocytes to the effects of trichothecenes
both in vitro and in vivo [61]. Together, all of these pathways have been
suggested to facilitate a “ribotoxic stress response” resulting in apoptosis of cells
and upregulation of proinflammatory cytokines [44,45,55,57,59,60,61].
Production of reactive oxygen species (ROS) has also been postulated as
a potential mechanism of toxicity [44]. Satratoxin H has been shown to induce
lipid peroxidation, ROS generation, and apoptosis in cultured neural crest-
derived pheochromocytoma cells (PC-12) [62]. In this study, the authors
suggested that ROS may also contribute to the development of a “ribotoxic stress
response.” In another recent study it was reported that macrocyclic
trichothecenes induced DNA fragmentation in fetal lung fibroblasts [63]). Wang
and Yadav [64] applied methanol-extracted toxins from S. chartarum spores to
mouse alveolar macrophages. DNA damage was followed by apoptosis,
confirmed by DNA comet formation and activation of caspases 3 and 7. The
authors did not detect increases in inflammatory cytokines but noted a decrease

in intracellular reduced glutathione accompanied by an increase in oxidized
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glutathione, indicating oxidative stress. Expression of p53 and the MAPK p38
and JNK occurred in the macrophages [64].

Islam et al. [65] recently used cultured neural crest-derived
pheochromocytoma (PC-12) cells to investigate the cellular apoptosis
mechanisms of SG. Satratoxin H was recently shown to induce apoptosis in this
cell line [66]. SG induced DNA fragmentation and expression of proapoptotic
genes 2 days after exposure to SG. Double-stranded RNA-activated protein
kinase (PKR), CAD, and p53 expression was significantly increased in SG-
treated cells. Expression of BAX was upregulated at 18 hours and 2 days after
treatment with SG. The authors of this study did not detect changes in caspase-
3 expression at any point during the experiment. Application of inhibitors of
caspase 3 failed to prevent apoptosis induced by SG, suggesting that the
mechanism may be caspase 3-independent. Inhibition of PKR resulted in
prevention of apoptosis and suppression of proapoptotic gene expression. The
authors also observed that SG causes translocation of apoptosis-inducing factor
(AIF) to the nucleus, and that this translocation is prevented by application of a
PKR inhibitor. They therefore concluded that SG-induced apoptosis is caspase
3-independent and PKR-dependent in PC-12 cells [65]. However, PKR inhibitors
did not prevent apoptosis and expression of pro-apoptotic genes in cultured OP-6
cells, a line of immortalized cells representing a late stage of olfactory sensory
neuron development [Dr. James J. Pestka, personal communication]. These

studies indicate that the toxic effects of trichothecene mycotoxins appear to

22



involve extensive intracellular signaling, immune modaulation, induction of

proinflammatory cytokines, and apoptotic mechanisms.

Assessing S. chartarum Exposure: Detection

Determining what constitutes a realistic exposure to S. chartarum for
humans in water-damaged buildings is important to allow contextual evaluation of
the results of animal studies. Several authors have suggested that studies
investigating DBRI should assess whether exposure to both S. chartarum and its
mycotoxins may have occurred in damp indoor environments [28,50,53,67]. A
number of methods for sampling indoor fungi exist, many of which were recently
reviewed [67] and will not be discussed here. Methods specifically applicable to
detection and quantification of S. chartarum and its secondary metaboﬁtes are

considered here.

General Microbiological Methods

Culturing is commonly used with vacuum or air sampling methods that
allow impaction of fungal spores onto culture media, though sampling may be
accomplished using sterile swabs on contaminated surfaces as well [10,67,68].
Andersen and Nissen [69] tested 22 different fungal culture media and found that
only those containing plant-based materials resulted in good growth of S.
chartarum. The primary benefit of this method is the ability to identify fungi to the
species level, though several authors have noted that precise identification

requires the skills of a trained mycologist and may be time consuming [67,68].
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Additionally, culturing does not evaluate non-viable spores. High-Performance
Liquid Chromatography (HPLC) analysis of toxin production revealed that S.
chartarum spores remain toxigenic following storage on cellulose-containing
materials for two years [70], indicating that methods assessing only viable spores
may not reflect realistic exposures. Total fungal propagule counts utilize air
sampling methods with filters that collect all spores, but this method does not
allow identification to the species level [68], which is important when using
indirect detection methods, such as mycotoxin measurement [67,71]. Culture
methods are plagued by results that differ based on the nutrient media used,
laboratory that processes samples, and competition between multiple species of
mold [68]. This is of particular concern given that S. chartarum is typically found
with many other mold species and has proven difficult to culture from indoor
samples [16,19,23,53,68,72]. Air sampling has been considered problematic due
to the short sampling periods typically used for individual rooms [68]. A recent
advance that improves on traditional air sampling techniques involves a personal
sampler that collects samples in disposable tubes, allowing assessment by a

variety of different methods [73].

Specific Detection of S. chartarum

Xu et al. [74] recently described a protein found specifically in the spores
and mycelia of S. chartarum. Polyclonal antibodies were raised against this
protein and were demonstrated to lack cross-reaction with a variety of other mold

species. The authors suggest that the antibody could be used as a sensitive
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assessment method for environmental S. chartarum. A monoclonal antibody
specific for a protein found in spores of S. chartarum was utilized to detect
aerosolized spores in an experiment conducted by Green et al. [13]. A fairly
specific competitive enzyme-linked immunosorbent assay (ELISA,
immunochemical assay for a specific antigen in a sample) was used to detect
stachylysin, though the authors note that all isolates of S. chartarum tested in this
study produced stachylysin, and thus the assay is not useful for estimating
exposure to mycotoxins [75]. An exceptionally specific real-time polymerase
chain reaction (rt-PCR, technique used to amplify and quantify a targeted DNA
molecule or sequence) assay for S. chartarum was applied to assess house dust
and other samples taken from indoor environments, though this method does not
differentiate the two chemotypes of S. chartarum or measure mycotoxins

[26,76,77).

Detection of Trichothecene Mycotoxins

Samples for detection of trichothecenes can be taken from a variety of
sources, such as carpet, house dust, and room air [10,67,71]. A sensitive
bioassay for trichothecenes utilizing luciferase expression has been described
[78]. Polyclonal antibodies to SG have been developed and used in a
competitive ELISA to detect macrocyclic trichothecenes [52,79]. This ELISA was
used in a study of 19 flooded houses for measurement of macrocyclic
trichothecenes that illustrates the difficulty of detecting these mycotoxins in

indoor air samples. A statistically significant level of macrocyclic trichothecenes
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was found only in dust samples from floor surfaces [53]. Brasel et al. [52]
recently used an ELISA assay to test air samples collected in buildings
contaminated with S. chartarum. The concentrations of trichothecenes detected
in these samples were found to increase with air disturbance or increased
sampling time.

Bloom et al. [80] successfully applied HPLC-tandem Mass Spectrometry
(MS, technique used to determine chemical structure and fragmentation patterns
of chemicals) and Gas Chromatography (GC, chromatography method utilizing
an inert gas to separate components of solutions)-tandem MS to the detection of
macrocyclic trichothecenes produced by S. chartarum. In this study, cultured
fungi did not necessarily correlate with detected mycotoxins. These results were
similar to those observed by another group [81]. Bloom et al. [80] suggested that
MS-based methods may be an effective way to determine potential macrocyclic
trichothecene exposure when culture fails to confirm the presence of S.
chartarum. This method was applied to house dust, dust cultures, and
vacuumed samples in addition to air samples. Importantly, the authors sampled
the air in an area defined as the breathing zone, which is suggested to more
closely approximate a potential human exposure [80,82].

Recently liquid chromatography (LC, technique to separate the
components of solutions)-tandem MS were used to quantify Satratoxins G and H

from indoor air samples collected over a 15 hour period. Airborne concentrations

of Satratoxins G and H were 0.25 and 0.43 ng/m3. respectively, indicating a

potential dose that a person might be exposed to via inhalation [83]. While the
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authors noted that the building from which the samples were collected had a
known problem with S. chartarum contamination, they did not describe the
building in detail and thus broad application of the results to a variety of
circumstances is questionable.

SG-serum albumin adducts were identified in elegant in vitro and in vivo
studies utilizing human and animal samples [84]. The authors suggest that these
adducts represent a potential biomarker for detection of exposure to S.
chartarum. Interestingly, SG adducts were found in 2 domestic cats that
developed acute pulmonary hemorrhage during anesthesia. The cats came from

an indoor environment found to have mold growth [85].

Assessing S. chartarum Exposure: Risk of Exposure

Assessing the risk of exposure to S. chartarum and its macrocyclic
trichothecene mycotoxins has been addressed due to the potential health effects
resulting from exposure [1,18,29,67,81]. Materials containing cellulose with long-
term water damage, particularly from damaged or poorly constructed roofs, have
been considered those most at risk for mold contamination [86]. Tuomi et al.
determined that assessments of inhalation exposure risk should not be made
solely from analysis of the fungal contaminants of construction material samples
[81]. As has been noted [18], the presence of S. chartarum does not guarantee
that a toxigenic strain is present, and the identification of macrocyclic
trichothecenes does not mean that the mold is present, nor does is indicate

exposure. Water activity (local relative humidity) has been indicated as the most
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important factor determining S. chartarum growth on various materials [86].
Some sampling methods, such as vacuuming, are suggested to overestimate
potential exposure levels, and it has therefore been suggested that sampling be
performed only under normal room conditions and activity levels [16].

Questions have been raised regarding the feasibility of inhalation
exposure to S. chartarum and macrocyclic trichothecenes [11,12,18,32,87]. The
number of spores in indoor air is affected by physical activity in a building,
outdoor airflow that may impact airflow within a building, and changes in
ventilation and other factors that are caused by the act of sampling areas of mold
growth [10]. The spores of S. chartarum were found to be highly resistant to
dispersion in the air, likely due to the polysaccharide coat in which the spores
grow. When exposed to airflow at low velocity, they are initially released in a
large cloud, followed by sporadic release of individual or small numbers of spores
[29,88]. Low humidity appears to enhance the release of mold spores from
growth surfaces [10]. Due to the size of S. chartarum spores, they are likely to
settle and thus may not be detected in air samples [16,29].

It has been postulated that even if spores were inhaled, they would not
reach the lungs due to their size [32]. However, particles less than 10 um may
reach the lungs, particularly those less than 2.5 um in diameter. Lung deposition
is greater for small particulates than for larger particulates, and smaller particles
tend to remain in the lung for longer periods [89]. This highlights the significance
of the studies by Brasel et al. [50,52] in that particulates smaller than spores in

indoor air, such as house dust, could reach the lungs. Fungal fragments of S.
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chartarum, which vary in size between 0.03 and 0.79 um, have 230-250-fold
higher deposition in the respiratory tract than spores [88]. Dry spores of S.
chartarum have been shown to aerosolize and have a mean respirable diameter
of 5 ym [28,90]. Spores might lodge in the nose rather than reaching the lungs
[32]. As noted above, macrocyclic trichothecene-containing spores have been
found in indoor air [49]. Additionally, Tucker et al. indicate that 19 billion spores
could be present in 1 square meter of S. chartarum growth on a surface. The
results of their study indicate that approximately 0.2% of that growth may be
released into the air if an airflow disturbance occurs. They note that if each
spore contained 0.1 picogram of macrocyclic trichothecenes, this release would
result in a toxin load in the air of approximately 4 pug [29].

It is possible that in some cases, both chemotypes of S. chartarum might
be found and thus their combined effects should be considered [28], as should
the potential combined effects of exposure to S. chartarum and other
environmental compounds such as endotoxin [26]. Vesper et al. have proposed
an “Environmental Relative Moldiness Index” based on 36 species of mold
‘commonly isolated from homes and suggest it may be useful in assessing mold
burdens [77]. Attempts to assess the potential results of exposure have often
disregarded the difference between acute and chronic exposures and have
involved very high doses of spores, effectively overestimating the risk of adverse
effects [11]. Potential exposure levels for humans have thus not been

established, though recommendations have been made for the remediation of
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mold-contaminated buildings [1,11]. A variety of in vitro and in vivo studies have

however attempted to characterize the effects of exposure to S. chartarum.

Pathogenicity of S. chartarum

S. chartarum was recognized as a problematic contaminant in the early
1930’'s when a group of horses developed a unique syndrome characterized by
stomatitis, oral necrosis, rhinitis, and conjunctivitis, which typically progressed to
include hemorrhage, thrombocytopenia, leukopenia, coagulopathy, and
neurological alterations such as irritability, blindness, and gait disturbances.
Death frequently followed these symptoms, though an “atypical” form was more
highly fatal and involved loss of sensorimotor reflexes, hypersensitivity to pain,
blindness, and extreme irritability. The syndrome was termed
Stachybotryotoxicosis to reflect the theory that these signs were caused by a
metabolite of the fungus [91]. An outbreak of stachybotryotoxicosis was also
described in sheep. High mortality rates accompanied signs of anorexia,
anemia, pulmonary edema and congestion, and hemorrhage in the lungs,
trachea, bronchi, intestines, and nose [92]. Cases of stachybotryotoxicosis in
people were reported in areas affected by the equine disease. Most developed a
localized dermatitis, though some developed symptoms such as bloody rhinitis
and cough and reported pain in the nose and throat, as well chest tightness that
were attributed to inhalation exposure to mold-contaminated sources.

Interestingly, these and other people exposed in occupational settings recovered
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rapidly when exposure temporarily ceased, though symptoms returned upon re-

exposure [91].

Infectivity of S. chartarum

Molds are known to cause deleterious effects on human health by three
mechanisms — hypersensitivity or other adverse immune response, irritant and
toxic effects due to secondary metabolites produced by the mold, or direct
infection [18]. Studies have not shown infection to be a mechanism of injury
involved in pathology attributed to S. chartarum [12,18]. Viable spores of S.
chartarum were recovered in BALF from a young patient whose home was found
to be contaminated with the mold [93]. S. chartarum has been observed to
germinate in the lungs of 4 day-old, infant rats. Viable spores were recovered
from 14 day-old rats but germination was not observed. In addition to
germination, intratracheal (IT) instillation of spores resulted in neutrophilic
inflammation and poorly formed granulomas associated with spores. Infant rats
had decreased growth and increased mortality compared to control animals. The
growth and mortality rate of 14 day-old rats was not significantly different from
control animals. S. chartarum did not establish an infection in spite of

germination [94].

Allergenicity of S. chartarum

Allergic and hypersensitivity reactions to molds are known to be either IgG

or IgE mediated, with the most common form of reaction being acute
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hypersensitivity mediated by IgE antibodies (Type | hypersensitivity). Generally,
outdoor mold exposure is considered more relevant than indoor exposure to
mold allergies [11,12]. Approximately 10% of the population in the United States
is estimated to have antibodies to mold antigens, and 5% are expected to
manifest some form of clinical disease as a result of exposure [11]. Occupational
studies in which indoor mold exposure was confirmed have failed to detect
specific antibodies to S. chartarum [95,96]. A study of intranasal exposure in
mice also noted a lack of antibodies against S. chartarum in serum samples [97].
The protein recently isolated by Xu et al. was shown to be antigenic in people
[74], and this would seem to support the production of anti-S. chartarum
antibodies in humans. Hyphal fragments have been shown to release allergens
and are found in higher quantities in indoor air than intact spores and may be
capable of contributing to allergic responses [12,88]. The IOM report concluded
that exposure to molds in indoor environments is likely to contribute to asthma
symptoms [1]. S. chartarum has been found in the homes of asthmatic children
in higher quantities than those found in the homes of nonasthmatic children,
though an association could only be suggested because this increase was not
statistically significant [98]. Two studies report differing results regarding the
effects of S. chartarum spores in a model of ovalbumin (OVA) - induced
sensitization. Rosenblum et al. [99] observed that allergic airway inflammation
caused by OVA decreased the inflammatory response to spores, rather than
increasing airway susceptibility to the effects of the spores. Leino et al. [100]

showed that inflammatory cytokine and chemokine expression was increased in
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OVA-sensitized mice exposed to spores, and that a severe pulmonary
inflammation resulted. However, like several other studies, serum samples
contained no antibodies specific to S. chartarum. Many researchers have noted
a lack of overall evidence to support an exact link between allergic responses
and S. chartarum, and thus further investigation of this aspect is warranted

[12,16,18,26].

Pulmonary Toxicity

Several studies have investigated the pulmonary effects of exposure to

spores of S. chartarum. A single IT instillation of 1X104 spores resulted in

neutrophilic alveolitis and identification of spores in lung histopathology. At 3
days after the instillation, the inflammatory infiltrate consisted mainly of
histiocytes, and by 7 days after the instillation inflammation had cleared and

spores were no longer observed. The same group conducted repeated IT
exposures of 1X105 spores and observed neutrophils, macrophages,
multinucleated giant cells, and eosinophils in the alveoli 4 days after the last
exposure [101]. IT instillations of approximately 7X1 04 S. chartarum spores in

mice resuited in granulomatous pulmonary inflammation, occasional
lymphocytes, and cellular debris in alveolar airspaces. Capillaries appeared
dilated and engorged between 24 and 48 hours after the instillation.
Macrophages were observed to contain hemosiderin between 24 and 72 hours

after instillation. Immunohistochemistry revealed decreased collagen IV labeling
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in spore-treated mice. The authors quantified alveolar airspace and found
significant decreases in spore-treated mice while there were no changes in saline
control animals. The authors also instilled a group of animals with isosatratoxin F
and found no evidence of inflammation, decreased collagen IV staining,

hemosiderin-laden macrophages, or decreased alveolar airspace [102].

Pulmonary Studies in Infant Rats

Studies in Cleveland, Ohio and Kansas City, Missouri found a link
between damp indoor environments, S. chartarum, and IPH in infant humans.
Subsequent reviews by the CDC and IOM concluded that a sufficient causative
link between S. chartarum and IPH had not been established. The search for
further evidence of a connection between IPH and exposure to S. chartarum led

to several studies in infant rats [21,22,103,104,105]. Infant rats were exposed to
various doses of spores via single IT instillation. 2.7 X105 spores per gram body
weight (bw), which corresponds to 270 nanograms (ng) of SG per gram bw, was

the determined LDsg dose. Rat pups that died were found to have significant

pulmonary hemorrhage. 1.1 X1O5 spores per gram bw was found to produce the

lowest mortality while still inducing pathology. BALF from rat pups exposed to
this dose contained primarily alveolar macrophages at 3 days after instillation,
though lymphocytes and neutrophils were also present. IL-1p and TNF-a levels
were also increased in BALF. Inflammation appeared to resolve by 8 days after

instillation, with no evidence of inflammatory cells or proinflammatory cytokines
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detectable in the BALF. Decreased respiratory rate, increased tidal volume, and
increased pulmonary resistance were observed in spore-exposed rat pups seven

days after instillation. Evaluation of lung histopathology was conducted in infant

rats exposed to 4-8 X105 spores per gram bw. Focal hemorrhage, hemosiderin-

laden macrophages, and granulomas were found, with more severe hemorrhage
in animals instilled with higher numbers of spores [49]. A recent study produced

interesting results, though the authors did not extrapolate beyond their findings.
IT instillation of 1X1 04 spores of S. chartarum over 4 to 12 weeks resulted in

pulmonary arterial hypertension (PAH) in mice, which the authors suggested may
be an applicable model for human PAH [106]. Intact, ethanol-extracted, and

autoclaved spores were compared to determine if other proteins produced by S.

chartarum were involved in pulmonary inflammation. IT instillations of 1X1 05

spores in infant rats were used to evaluate effects on alveolar space and
inflammatory cells and cytokines in BALF. Alveolar space was most significantly
reduced by intact spores, followed by ethanol-extracted and autoclaved spores.
Neutrophils, lymphocytes, macrophages, IL-1B, TNF-a, and total protein were
increased in BALF. The most significant changes in inflammatory cells,
cytokines, and protein levels were seen in intact spores, followed by autoclaved
and ethanol-extracted spores, indicating that fungal proteins may be contributing

to the inflammatory response [107].

Differential Pulmonary Effects of the Chemotypes of S. chartarum
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Rand et al. [108] observed significant changes in alveolar macrophages
and type Il alveolar cells in response to IT exposure to either S. chartarum
spores or isosatratoxin F. These cells were found to be highly sensitive, and
alterations such as swelling and irregularly aligned cristae were observed in the
mitochondria of type Il alveolar cells. In another study, a single IT instillation of
S. chartarum spores or isosatratoxin F resulted in impaired incorporation of
surfactant components [109]. Stachylysin and SG have been immunochemically
identified in alveolar macrophages and type |l alveolar cells [36,47). IT exposure
to the spores of a macrocyclic trichothecene producing-strain induced increased
mRNA expression of macrophage inflammatory protein 2 (MIP-2) and surfactant
protein-D (SP-D) compared to a non-toxin producing strain. The authors also
noted an increase TNF-a expression in all groups receiving spores compared to
control animals receiving IT saline [110]. In contrast, Leino et al. [97] did not
detect differences in IL-1B, IL-6, and TNF-a in BALF collected from mice
receiving toxin-producing and non-toxin producing strains of S. chartarum.
These cytokines were significantly increased compared to saline controls, as
were several chemokines including MIP-2 and monocyte-chemoattractant protein

(MCP-1). Inflammatory infiltrates in BALF were also similar between the two

chemotypes, with an IT instillation of 1X1O5 spores inducing increases in
macrophages, neutrophils, and lymphocytes.
Other groups have also addressed the differences in toxicity between the

two chemotypes of S. chartarum. Ochiai et al. [101] noted a more severe

inflammatory infiltrate in the alveoli of animals exposed to a toxin-producing
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strain. In another study, IT exposure to the same macrocyclic trichothecene-
producing strain resulted in dose-dependent increases in total protein, albumin,
and IL-6 in BALF compared to an atranone-producing strain, though total protein,
albumin, and IL-6 were also increased in animals receiving the atranone-
producing strain compared to control animals. The macrocyclic trichothecene-
producing chemotype was also found to be more cytotoxic at a high exposure
level (3000 spores per gram bw), but no difference in cytotoxicity was noted at
the low exposure dose (30 spores per gram bw). Interestingly, TNF-a levels
were similar in the BALF of animals exposed to both chemotypes of S.
chartarum, and IL-1B, while initially increased equally in both strains, remained
significantly increased for a longer period in animals receiving the atranone-
producing strain. These authors found a no adverse effect level (NOAEL) of 30
spores per gram bw for both chemotypes of S. chartarum [111]. They noted that
some of the differences in the known effects of exposure could likely be
attributed to differences in the two strains, as has been suggested by previous
studies [36,109].

When Yike et al. [49] exposed infant rats to ethanol-extracted,
trichothecene-free spores, they found little adverse effect after IT instillation, and
therefore concluded that pulmonary toxicity was at least in part due to toxins
produced by S. chartarum. Rao et al. [112] found that methanol-extracted spores
exhibited little toxicity compared to intact spores, and most parameters measured

in BALF, such as inflammatory cell infiltration, hemoglobin concentrations, and
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albumin content, were not significantly difference between rats receiving

methanol-extracted spores and saline.

Murine Strain Differences in Pathology Resulting from Exposure to S. chartarum

Some important considerations were recently described by Rosenblum et
al. [113] in a study comparing the pulmonary responses of BALB/c and C57BL/6
mice to IT instillation of S. chartarum spores. Comparable numbers of spores
were found in the lungs of BALB/c and C57BL/6 mice immediately after
instillation. BALB/c mice had significantly higher levels of TNF-a, KC, and MIP-2,
MCP-1, IL-18, IL-6, and other cytokines and chemokines in BALF compared to
C57BL/6 mice, though both strains had increases of these inflammatory
cytokines compared to control animals. BALB/c mice also had a higher number
of neutrophils and higher levels of a marker of neutrophil degranulation than the
other strains. The authors concluded that BALB/c mice were the most sensitive
to the pulmonary effects of S. chartarum exposure, and C57BL/6 mice were the
most resistant. The authors note that alveolar macrophages from C57BL/6 mice
have higher phagocytic capacity than those from BALB/c mice and suggest that
this may partially explain the strain difference. They also point out that, while
typically model-dependent, BALB/c mice tend to be Th2 immune response
dominant, and C57BL/6 mice are Th1 dominant. Such differences in people may

contribute to individual sensitivity to inhalation exposures of S. chartarum.

Intranasal Instillations of S. charfarum
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Nikulin et al. [114] instilled SG-containing spores into the noses of mice

and evaluated the resultant changes in the lung. A single instillation of 10‘5

spores resulted in infiltration of neutrophils, lymphocytes, and macrophages into
the alveolar spaces, bronchioles, and interstitium on histopathology.
Hemorrhagic exudates were also noted in the alveolar spaces. In the same
study, another group of mice was instilled with a S. chartarum strain that did not
produce macrocyclic trichothecenes. The result of this study was similar to those
reported by others [101,110] in that significantly milder pulmonary inflammation

was noted in mice instilled with the strain that did not produce macrocyclic

trichothecenes. In a subsequent study, mice instilled with 103 or 105 spores

twice a week for 3 weeks had similar, dose-dependent inflammatory infiltration.

The authors again compared the two chemotypes of S. chartarum and found a
similar trend. Mice instilled with 105 spores that did not contain macrocyclic

trichothecenes had only mild inflammation, and no inflammation was observed in

the mice instilled with 103 spores [115].

Nasal Pathology and Intranasal Instillations of S. chartarum

As previously mentioned, the nose represents a potential target of S.
chartarum and macrocyclic trichothecene-induced toxicity due to the potential for
spores to lodge in the nasal passages [32,88]. The nose has many functions,
including conditioning of incoming air, absorption of water-soluble gases,

trapping of particulates, and metabolism of inhaled xenobiotics [3]. Few studies
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have investigated the effects of intranasal instillations of S. chartarum or
macrocyclic trichothecenes in the nose [97,100]. A single intranasal instillation of
SG was found to induce dose-dependent apoptosis of olfactory sensory neurons
(OSNs) and atrophy of olfactory epithelium (OE) in C57BL/6 mice. Interestingly,
the OE of the dorsal medial meatus was unaffected. A neutrophilic rhinitis was
also observed at 24 hours post-instillation. NOAEL and lowest observed adverse
effect level (LOAEL) were found to be 5 and 25 ug/kg bw, respectively.

Maximum atrophy of OE was observed at 3 days after instillation with a dose of
500 ug/kg bw. Ethmoid turbinates (ET) were microdissected and rt-PCR was
used to evaluate pro-apoptotic gene expression. Fas, FasL, p75NGFR, p53,
Bax, caspase 3, and caspase-activated DNase (CAD) were elevated in mice
instilled with SG. Increased expression of the inflammatory cytokines TNF-a, IL-
1a, IL-1B, and IL-6, and the chemokine MIP-2, was also observed. The olfactory
nerve and glomerular layers of the olfactory bulb (OB) of the brain were also
found to be atrophied. TNF-a, IL-6, and MIP-2 expression were also increased in
the OB of SG-instilled animals. Mice exposed to 100 ug/kg bw for 5 consecutive
days showed similar atrophy and apoptosis of OE [116].

A study investigating the effects of single intranasal instillations of another
representative macrocyclic trichothecene mycotoxin, Roridin A (RA, Figure 3),
recapitulated the observations of the SG study. RA is commercially available
and was used as a surrogate for SG. Mice dosed with 250 or 500 ug/kg bw had
apoptosis of OSNs and atrophy of OE and the olfactory sensory nerve layer of

the OB at 1 and 3 days after the instillation but not at 6 and 12 hours following
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Figure 3. Chemical structure of Roridin A. (Adapted from
http://www.cbwinfo.com/Biological/Toxins/trichothecene_mycotoxins.htm)
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instillation. Neutrophilic rhinitis was observed at 3 days after instillation of RA.
Rt-PCR was again utilized to assess proapoptotic gene expression as well as
proinflammatory cytokine and chemokine expression. Expression of Fas, PKR,
p53, Bax, and CAD were observed. Expression of Fas was noted to increase at
6 hours following instillation, preceding apoptotic death of OSNs.

Proinflammatory cytokines and chemokines were assessed in
microdissected ET and OB. TNF-a, IL-1B, IL-6, and MIP-2 expression was
increased at 6 hours and remained elevated at 1 day in ET. IL-6 and MIP-2
expression was elevated in OB between 6 and 12 hours [117].

The results of these studies indicate that the nose is indeed a potential
target of macrocyclic trichothecene toxicity, though they provide information only
on acute intranasal exposures in adult mice. The purposes of the following
studies were to i) investigate the effects of repeated intranasal exposures to a
representative macrocyclic trichothecene, RA, ii) compare the effects of SG in
the nasal passages of weanling and adult mice, and iii) investigate the nasal and

pulmonary effects of intranasal co-exposures to S. chartarum spores and SG.
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CHAPTER 3
Epithelial, Inflammatory, and Mucous Responses in the Nasal Airways
Of Mice Repeatedly Exposed to the Macrocyclic Trichothecene Mycotoxin

Roridin A: Dose-response and Persistence of Toxicant-Induced Injury

57



ABSTRACT

Macrocyclic trichothecene mycotoxins are produced by molds, like Stachybotrys
chatarum, that contaminate water-damaged buildings and are associated with
several illnesses including those of the upper respiratory tract. The purpose of
the present study was to determine the adverse effects of repeated exposures to
a representative macrocyclic trichothecene, Roridin A (RA), on the nasal airways
of laboratory mice. Female C57BL/6 mice were exposed to a single daily,
intranasal, instillation of RA (0.4, 2, 10, or 50 ug/kg bw) in saline (50 pl) or saline
alone (controls), five days per week for two consecutive weeks, followed by four
days in a third consecutive week. Other mice were intranasally instilled with 250
pg/kg RA, once a day, four or five days per week, for two weeks (nine days total).
All mice were sacrificed 24 hours after the last instillation and nasal airways were
processed for histopathologic, immunohistochemical and morphometric
analyses. Dose-response analyses revealed that the no-effect and lowest-effect
levels were 2 and 10 ug/kg bw, respectively. RA exposure induced a dose-
dependent neutrophilic rhinitis with mucus hypersecretion, arophy and exfoliation
of nasal transitional and repiratory epithelium, olfactory epithelial atrophy, and
loss of olfactory sensory neurons (OSNs). Mice exposed to 10, 50 and 250
pg/kg bw had approximately 20%, 70% and 90% less OSNs, respectively, in their
markedly atrophic OE compared to that in control mice. Though nasal
inflammation and excess luminal mucus was resolved by three weeks after the
last intranasal instillation, loss of OSN was still present in OE. These results

suggest that nasal inflammation, mucus hypersecretion, and olfactory
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neurotoxicity may be important adverse health effects associated with repeated
airborne exposures to RA or similar mycotoxins found in the indoor air of

severely water-damaged buildings.
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INTRODUCTION

Damp building-related iliness (DBRI) includes a number of respiratory,
immunological, and neurological conditions that have been associated with
airborne exposure to toxic black mold, Stachybotrys chartarum (Andersson et al.,
1997; Nielsen, 2003). An Institute of Medicine expert committee recently
concluded that there is sufficient scientific evidence to suggest an association
between exposure to moldy, damp indoor environments and upper respiratory
tract symptoms (nasal congestion, runny or itchy nose, sneezing, throat irritation)
as well as some lower respiratory tract symptoms and syndromes (wheeze,
cough, asthma exacerbation, and hypersensitivity pneumonitis in susceptible
people) (Institute of Medicine, 2004). This committee, however, also concluded
that there was insufficient evidence to link damp conditions to other health
conditions, including pulmonary hemorrhage and neurological effects (e.g.,
memory loss).

S. chartarum is a saprophytic fungus that grows on damp cellulosic
building materials such as wallboards, ceiling tiles, and cardboard (Andersson et
al., 1997; Boutin-Forzano et al., 2004; Tuomi et al., 1998; Tuomi et al., 2000). It
has been suggested that S. chartarum or its trichothecene mycotoxins could be
possible etiologic contributors to building-associated respiratory iliness (Fung et
al., 1998; Hossain et al., 2004; Jarvis et al., 1986; Jarvis et al., 1998; Kilburn,
2004). Pestka et al. (2008) have recently reviewed the state of research on S.
chartarum, trichothecene mycotoxins, and DBRI. It is clear from this review and

the recent Institute of Medicine report (2004), that DBRI still remains a public
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health enigma and much more research is needed in the areas of mechanisms,
dose-response and exposure assessments.

Satratoxins are macrocyclic trichothecene mycotoxins that are found in
spores and mycelial fragments of S. chartarum (Gregory et al., 2004). Both
fungal spores and mycelial fragments may become airborne and inhaled under
the right conditions. In a recent study, we demonstrated that mice intranasally
instilled once with a relatively low amount (250 ng) of Satratoxin G (SG) develop
rapid and dramatic loss of olfactory sensory neurons (OSNs) through apoptosis
in both the nose and brain (Islam et al., 2006). In a subsequent study, we found
that Roridin A (RA), another macrocyclic trichothecene of similar chemical
structure, also induced rapid apoptosis and marked loss of OSNs in the nasal
airways and the olfactory bulb (OB) of mice after a single intranasal instillation
(Islam et al. 2007).

The purpose of the present study was to extend our research on the nasal
toxicity of macrocyclic trichothecenes by determining the long-lasting effects of
repeated intranasal exposures of RA on the nasal epithelium of mice. RA was
again chosen as a representative macrocyclic trichothecene due to the lack of
commercially available SG and the difficulty in purifying large amounts of this
mycotoxin for in vivo research. RA is commercially available and is produced in
large quantities by the Myrothecium genus of fungus. As previously mentioned,
we have shown that the acute nasal toxicity of RA mimics that of SG in the

murine nose and brain after a similar, single, intranasal dose (Islam et al., 2007).
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MATERIALS AND METHODS
Experimental Design

Studies were carried out in accordance with National Institutes of Health
guidelines and overseen by the All University Committee on Animal Use and
Care at Michigan State University. Pathogen-free female C57BL/6 mice (7-8
weeks, Charles River, Portage, Ml) were randomly assigned to experimental
groups (n = 6). Mice were housed in polycarbonate cages containing Cell-Sorb
Plus bedding (A & W products, Cincinnati, OH) and covered with filter bonnets.

Room lights were set on a 12-hour light/dark cycle. Temperature and relative

humidity were maintained between 21-24°C and 40-55% humidity, respectively.

RA was purchased from Sigma Chemical Co. (St. Louis, MO). The toxin was
evaluated by HPLC and a single peak was detected at 260 nm, indicating purity >
99% (Hinkley and Jarvis 2001).

We initially conducted a study to determine the dose-response
relationships of RA and nasal injury in mice receiving repeated daily intranasal
instillations. For these instillations, mice were lightly anesthetized using a mixture
of 3.5% isoflurane (Abbott Laboratories, IL) and 96.5% oxygen. Mice received
an intranasal instillation of 0, 0.4, 2, 10, or 50 pg/kg body weight (approximately
0, 7, 36, 180, or 900 ng, respectively) of RA in 50 pL of pyrogen-free saline
(Abbott Laboratories, IL; 25 pL per nostril) once a day, five days a week for two
consecutive weeks, followed by four consecutive days in the third week.
Therefore at the end of the last instillation, mice had received a total intranasal

dose of 0, 0.1, 0.5, 2.5 or 12.6 ug of RA. An additional group of mice similar in
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strain, gender, and age (n = 6), were intranasally instilled once daily with a high
RA dose of 4,500 ng (250 ug/kg body weight) for nine days (five consecutive
days the first week and four consecutive days the second week, total intranasal
dose of 40.5 ug).

A subsequent study was conducted to determine the persistence of toxin-
induced nasal lesions at three weeks after the end of the last instillation. We
chose only the highest daily dose (250 ug/kg body weight) for this study. Mice
(n=6/group) received single daily intranasal instillations for nine days (five
consecutive days the first week and four consecutive days the second week).

Mice were sacrificed at one day or three weeks after the last instillation.

Animal Necropsies and Tissue Processing

At the designated time of sacrifice, mice were deeply anesthetized with an
intraperitoneal (ip) injection of 0.1 ml of 12% sodium pentobarbital and
euthanized by exsanguination via the abdominal aorta. After death, the head
from each mouse was immediately removed from the carcass and the lower jaw,
skin, muscles, eyes, and dorsal cranium were removed. The nasal cavities were
flushed with 500 pL of 10% neutral buffered formalin (Fischer Scientific, Fair
Lawn, NJ) using a 1 mL syringe and 20-gauge cannula, retrograde through the
nasopharyngeal meatus. Nasal cavities were then immersed in a large volume
of the same fixative and stored for 24 hours prior to further processing. Following
fixation, the heads were decalcified in 13% formic acid for 7 days and then rinsed

in tap water for at least four hours.
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Transverse tissue blocks at four specific anatomic locations from the
heads of the mice were selected for light microscopy as previously described
(Young, 1981; Harkema et al., 2006; Islam et al., 2006). Briefly, the proximal
section (T1) was taken immediately caudal to the upper incisor teeth; the middle
section (T2) was taken at the level of the incisive papilla of the hard palate; the
third nasal section (T3) was taken at the level of the second palatal ridge; and the
most caudal nasal section (T4) was taken at the level of the intersection of the
hard and soft palates, through the proximal portion of the olfactory bulb (OB) of
the brain (Figure 4). |

Nasal tissue blocks were processed for histopathologic,
immunohistochemical and morphometric analyses. All of these blocks were
embedded in paraffin, and the anterior face of each block was sectioned at a
thickness of five microns and stained with hematoxylin and eosin for routine light
microscopic examination. Additional slides were stained with Alcian Blue (pH
2.5)/Periodic Acid Schiff (AB/PAS) to identify acidic and neutral mucosubstances
stored in mucus-secreting cells of airway surface epithelium and underlying nasal

glands (septal and lateral nasal glands and Bowman's glands).

Immunohistochemistry

Additional tissue sections were immunohistochemically stained to identify
neutrophils in the nasal mucosa and mature OSNs in olfacto& epithelium (OE).
Tissue sections intended for olfactory marker protein (OMP; present only in

mature OSNs) immunohistochemistry, T1-T4, were first incubated with a
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Figure 4. Location of nasal epithelial populations (A) Right nasal passage of the
murine nose with septum removed, exposing nasoturbinate (N), maxilloturbinate
(MT), and ethmoid turbinates (E1-6); vertical lines indicate anterior surfaces of
transverse tissue blocks (T1-T4) that were selected for microscopic examination.
SE, squamous epithelium; TE, transitional epithelium; RE, respiratory epithelium;
OE, olfactory epithelium. (B) Cross-sectional views of T1-4. Na, naris; NP,
nasopharynx; NPM, nasopharyngeal meatus; OB, olfactory bulb; HP, hard
palate; DM, dorsal medial meatus; DLM, dorsal lateral meatus; LM, lateral
meatus; MM, middle medial meatus; VM, ventral meatus; NPM, nasopharyngeal
meatus; MS, maxillary sinus; S, septum. Asterisk = location of the lateral nasal
glands.
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nonspecific protein blocking solution containing normal sera (Vector Laboratories

Inc., Burlingame, CA). The sections were then pre-treated with 3% H202 in

methanol to eliminate endogenous peroxidase. The sections were then
transferred to a 1:4000 dilution of primary polyclonal antibodies directed against
OMP-containing sensory neurons (goat anti-OMP antibody provided by Dr. Frank
Margolis, University of Maryland). Sections were incubated in biotinylated anti-
species IgG. Immunoreactivity of OMP was visualized using Vector R.T.U. Elite
ABC-Peroxidase Reagent followed by Nova Red Chromagen.

T1-T4 sections designated for anti-neutrophil staining were first incubated
with a nonspecific protein blocking solution containing normal sera (Vector
Laboratories Inc., Burlingame, CA). The sections were then transferred to a
1:200 dilution of primary monoclonal antibodies directed against neutrophils
(rabbit anti-rat neutrophil antibody provided by Dr. Robert Roth, Michigan State
University). Anti-neutrophil antibody treatment was followed by anti-rabbit IgG,
Streptafidin-Phosphatase complex (KPL Laboratories, Gaitherburg, MD), and
Fast Red chromagen. Following immunohistochemistry, slides were lightly

counterstained with hematoxylin.

Light Microscopy and Morphometric Analysis

Standard morphometric techniques were used to estimate the numeric cell
density of OSNs in the OE lining the medial surface of second ethmoid turbinates
(ET2; T3), the dorsal meatus (DM; T2), and the septal vomeronasal organ (VO;

T1) (Figure 4). All cell counts were determined using light microscopy at a final
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maghnification of 790X. Numeric cell density was quantitatively estimated by
counting the number of nuclear profiles of OMP-positive cells and dividing by the
length of the underlying basal lamina. The length of basal lamina was
determined by measuring the contour of the basal lamina on a digital image
using Scion Image (Scion Corporation, Fredrick, MD).

To morphometrically estimate the severity of the nasal inflammatory
response, nuclear profiles of immunohistochemically stained neutrophils were
counted in the nasal mucosa lining the maxilloturbinates (MT) in T1. Numeric cell
densities for these inflammatory cells were calculated like OSNs and expressed
as the number of neutrophils per length of basal lamina.

Thickness of OE lining the 1) dorsal medial meatus (T2) and 2) the medial
surface of ethmoid turbinate (ET2) was morphometrically estimated using a
standard cycloid grid overlay and computer software specifically designed for
point and intercept counting (Stereology Toolbox, Davis, CA) as previously
described in detail (Hyde et al., 1990; Hyde et al., 1991; Islam et al., 2006).
Briefly, microscopic measurements were made at a final magnification of 1920X
using a light microscope coupled to a 3.3 megapixel digital camera (Q-color 3
Camera, Quantitative Imaging Corp., Burnaby, BC, Canada) and a Dell

Dimension 8200 (Dell, Austin, TX). The thickness (7) of OE, as measured by
volume (pm3) of OE per unit area (pm2) of basal lamina, was estimated from

point and intercept counts with a 136-point, 35-curve cycloid grid by the equation:
r = (3.2 x Pp)/(2 x lo), where Pp is the number of points counted for the OE and

lo is the number of intercepts of the basal lamina. OE thickness at the two
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intranasal sites was calculated for each mouse from point and intercept counts
covering the entire dorsal medial meatus (T2) and the entire medial surface of
ET2 in both the right and left nasal airways.

The volume density (Vs) of AB/PAS-stained mucosubstances in the
respiratory epithelium lining the nasopharyngeal meatus (NPM) in the T4 nasal
section was quantified using computerized image analysisand standard
morphometric techniques. The area of AB/PAS-stained mucosubstance was
calculated from the automatically circumscribed perimeter of stained material
using a Dell XPS 400 computer and Scion Image (Scion Corporation, Fredrick,
MD). Basal laminar length was calculated from the contour length on the
digitized image. The volume of mucosubstances per unit of surface area of basal
lamina was estimated using a previously described method (Harkema et al.,

1987). The Vs of the intraepithelial mucosubstances was expressed as

. 2 .
nanoliters of mucosubstance per mm™ of basal lamina.

The Vs of AB/PAS-stained mucosubstances in subepithelial Bowman's
Glands in the lamina propria of ET2 in the T3 nasal section was quantified using

a technique similar to that described above. The Vs of mucosubstances in

) . 2
Bowman'’s Glands was also expressed as nanoliters of mucosubstance per mm

of basal lamina.

The Vs of AB/PAS-stained mucosubstances in the Lateral Nasal Glands
(LNG, Stenos Glands) surrounding the maxillary sinus in T3 was quantified using
image analysis and standard morphometric techniques. The area of AB/PAS-

stained mucosubstance was calculated from the automatically circumscribed
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perimeter of stained material using a Dell XPS 400 computer and Scion Image
(Scion Corporation, Fredrick, MD). The length of the basal lamina underlying the
modified respiratory epithelium lining the maxillary sinus was calculated from the
contour length on the digitized image. The dorsal, ventral, and medial areas of
the glands, which contain PAS-staining mucosubstances, were selected for
measurement purposes. The volume of mucosubstances per unit of surface
area of basal lamina was estimated using a previously described method

(Harkema et al., 1987). The Vs of the mucosubstances was expressed as

. 2 .
nanoliters of mucosubstance per mm™ of basal lamina.

Nasal Lavage, Cytology and Flow Cytometry

The nasal passages of mice receiving 0 and 250 ug/kg RA and sacrificed
at one day after the last instillation were lavaged immediately after death and
prior to tissue fixation with 500 pL of saline retrograde through the
nasopharyngeal meatus using a 20 gauge cannula and a 1 mL syringe.
Approximately 98% of the lavage fiuid was recovered. 85 pL of the collected
nasal lavage fluid was taken for cytospin and 10 uL was taken for
hemocytometry. After cytospin was complete, the slides were prepared and
stained using a standard Diff Quick staining protocol (Dade Behring, Newark,
DE). Differential cell counts were used to quantify cells on stained slides.

The concentrations of IL-6, IL-10, MCP-1, TNF-a, INF-y, and IL-12 in nasal
lavage fluid were determined using Cytometric Bead Array Mouse Inflammation

Kit (BD Biosciences, San Diego, CA). Concentrations of IL-2, IL-4, and IL-5 were
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also determined using a Cytometric Bead Array mouse Th1/Th2 Cytokine CBA
(BD Biosciences, San Diego, CA). Measurements were carried out according to
manufacturer’s instructions using a FACSCalibur and BD CBA Analysis software

(BD Biosciences, San Jose, CA). Cytokine concentrations are expressed as

pg/ml.

Real-time PCR analyses for inflammatory cytokines and chemokines

Animals designated for Real-Time PCR (rt-PCR) analysis of nasal and
brain tissues (only mice exposed to 0 or 250 pg/kg RA) were sacrificed 24 hours
after the final intranasal instillation of RA. The head of each mouse was removed
and the skin, muscles, eyes, and lower jaw were removed from the head. The
nose was split in a saggital plane adjacent to the midline of the head. The nasal
septum was removed to expose the nasal turbinates, found on the lateral wall of
each nasal passage. A dissection microscope and ophthalmic surgical
instruments were used to remove the ethmoid turbinates (ET), maxillo- and naso-

turbinates (MNT), and OB. Collected tissues were then submerged in an
appropriate volume of RNAIaterTM (Ambion Inc., Austin, TX). RNA was isolated
using RNeasy® Protect Mini kit (Qiagen Inc. Valencia, CA) within 7 days of tissue
collection. Rt-PCR for cytokine genes IL-1, IL-6, TNF-a, INOS, MCP-1, MUCS5D,

and MIP-2 were performed on an ABI PRISM® 7900HT Sequence Detection

System using Tagman One-Step RT-PCR Master Mix and Assays-on—DemandTM

primer/probe gene expression products according to the manufacturer's
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protocols (Applied Biosystems, Foster City, NY). Relative quantification of gene
expression was carried out using an 18S RNA control and an arithmetic formula

method as previously described (Islam et al., 2006; Audige et al., 2003).

Statistics

All data was analyzed using SigmaStat v. 3.1 (Jandel Scientific, San
Rafael, CA). Criterion for significance was set at p < 0.05. Morphometric data
were analyzed using a one-way or two-way analysis of variance (ANOVA) with
Student-Newman-Keuls post hoc test. The dose-response effects of RA were
evaluated by comparing groups receiving RA to a control group receiving only
the saline vehicle. The persistence of nasal lesions quantified using
morphometric techniques were evaluated by comparing groups receiving RA to
their respective saline vehicle controls, as well as comparing between groups

sacrificed at one day and three weeks after the last instillation of RA.

RESULTS
Animal responses to RA instillations

In the initial dose-response study, no significant clinical signs were
observed in mice repeatedly instilled with doses of 50 pg/kg bw RA or less. In
contrast, mice instilled with the highest dose of RA, 250 ug/kg bw, became
markedly lethargic with signs of respiratory distress (dyspnea) after the ninth day
of RA instillation. It was therefore decided not to continue with the high-dose

intranasal instillations and to sacrifice these mice the following day.
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Repeated intranasal RA exposure induced dose-dependent rhinitis and mucus
hypersecretion at one day post-exposure

As an illustrative guide to complement the nasal histopathology described
below, Figure 4 provides a diagrammatic representation of the key intranasal
landmarks and surface epithelial cell populations lining the nasal airways
(meatus) throughout the murine nose.

Repeated RA instillations induced nasal epithelial and inflammatory
lesions predominantly in mice that received the two highest doses (50 and 250
png/kg bw). Only minimal epithelial changes were found in mice instilled with 10
pg/kg RA, and no nasal lesions were present in any of the mice receiving lower
doses of RA or the saline vehicle alone. Mice instilled with the highest dose of
RA and sacrificed 24h after the ninth daily instillation had a severe, bilateral
rhinitis characterized by a marked, mixed, inflammatory cell infiltrate composed
mainly of neutrophils and lesser numbers of mononuclear cells (lymphocytes and
monocytes). This exposure-induced neutrophilic rhinitis was also associated with
marked mucosal edema and atrophy of airway surface epithelium. Inflammatory
changes in the mucosal tissues were present throughout the nasal airways (T1-
T4), but slightly more severe in the proximal airways (T1-2 compared to T3-4).

Concurrent with RA-induced rhinitis, there were also copious amounts of
secreted AB/PAS-stained mucus, containing inflammatory cells (mainly
neutrophils) and epithelial cellular debris, in the proximal and distal nasal airway

lumens of high-dose RA-instilled mice (Figure §). Mucopurulent material
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T3

Figure 5. Airway mucosubstances in nasal section T3 of mice instilled with 250
ng/kg RA. (A) Cross-section representation of nasal section T3. Blue box
indicates area represented in panels B-E. Yellow outline indicates location of
lateral nasal glands surrounding the maxillary sinus (MS). 3E, ethmoid turbinate
3; mm, medial meatus. Panels B-E, following page.
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Figure 5 continued.

Figure 5 cont'd. (B-E) Photomicrographs of H&E (B,C) or AB/PAS (D,E) stained
nasal section T3 in animals intranasally instilled with saline (B,D) or RA (C,E).
Arrows indicate significant accumulation of mucus in the airways of animals
instilled with RA. Asterisk indicates the lateral nasal glands surrounding the
maxillary sinus (MS), with loss of PAS-staining mucosubstances in mice instilled
with RA (C,E). 3E, ethmoid turbinate 3; mm, medial meatus; S, septum.
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partially occluded some of the smaller meatuses between the ETs in the more
distal nasal sections (T3, T4). Considerably less luminal mucus was present in
the nasal airways of mice that received 50 pg/kg RA. Though these mice had
conspicuous RA-associated nasal inflammatory and epithelial lesions of the
same morphologic character as the high dose RA mice, these changes were less
severe, as reflected in the morphometric analyses described later in this report.

In the most proximal nasal sections (T1, T2) of RA mice exposed to the
two highest doses of RA, there was marked interstitial edema and neutrophil
infiltration in the mucosal tissues lining the MNT (Figure 6), and to a slightly
lesser degree in the mucosa lining the lateral walls and nasal septum. Mice
repeatedly instilled with 50 and 250 pug/kg RA had 784% and 1,685% more
neutrophils in the mucosa lining the maxilloturbinates (T1) as compared to saline-
instilled control mice (Figure 7). The numeric densities of neutrophils in the
maxilloturbinates of mice exposed to 10 pg/kg RA, or lower doses, did not differ
significantly from those of control mice.

In mice exposed to 50 or 250 ug/kg RA, nasal transitional epithelium
(NTE) lining the lateral meatus in T1 was mildly to markedly atrophic due to toxin-
induced epithelial degeneration, necrosis and exfoliation (Figure 6). In a few
areas, the normally low cuboidal, nonciliated NTE was replaced by a thin
squamoid regenerative epithelium. In addition, there was histologic evidence of
necrosis of turbinate bone (mild loss of trabecular bone with numerous lacunae
without osteocytes), that was most prominent in the proximal aspects of

maxilloturbinates of mice instilled with the highest dose of RA. Interestingly, RA
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Figure 6. Marked edema and neutrophilic influx (rhinitis) of the MT and lateral
wall in nasal section T1. Light photomicrographs of the MT and lateral wall from
mice instilled with saline alone (A,C) or 250 ug/kg RA (B,E,F). Blue rectangle in
C indicates the location of photomicrographs in nasal section T1. Tissues A and
B were stained with H & E. Tissues D, E, and F were immunohistochemically
stained with a monoclonal antibody directed against murine neutrophils (red-
stained cells indicated by arrows). Rectangle in E indicates the location of the
tissue in F. e, nasal transitional epithelium; Ip, lamina propria; tb, turbinate bone;
DM, dorsal meatus; LM, lateral meatus; MM, medial meatus; S, septum; VM,
ventral meatus; VO, vomeronasal organ; HP, hard palate.
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Figure 7. Dose-dependent neutrophilic rhinitis in mice instilled with RA.
Significant neutrophilic influx in the epithelium and lamina propria (mucosa) of
mice instilled with 50 or 250 ug/kg RA. Bars represent group means + standard
error of the mean (SEM). a indicates significantly different from respective saline
control group (p<0.05).
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induced only minimal to mild changes to respiratory epithelium (RE) lining the
mid and dorsal nasal septum (T1, T2), the dorsal meatus (T1), lateral wall (T2),
and distal aspects of the MNT (T2). In some focal sites, there was attenuation or
loss of surface cilia with replacement of the RE with a thin nonciliated, low
cuboidal or squamoid regenerative epithelium. These changes in RE were more
severe and consistent in mice instilled with 250 ug/kg, compared to those instilled
with 50 pg/kg RA.

Concomitant with the marked accumulation of luminal mucus in the nasal
airways of high-dose RA mice, there was conspicuous loss of AB/PAS-stained
mucosubstances in the mucous goblet cells of RE lining the mid and ventral
aspects of the proximal septum (T1) and the more distal NPM (T4; Figure 8).
Compared to saline-instilled control mice, animals exposed to 50 and 250 ug/kg
RA, had 42% and 86% less AB/PAS-stained mucosubstances in RE of the NPM,
respectively. In contrast, mice exposed to 10 ug/kg RA had a 48% increase in
stored mucosubstances in the RE lining the NPM, as compared to controls
(Figure 8).

In addition to the decreases in stored mucosubstances in the RE lining the
nasal airways of mice instilled with the two highest doses of RA, these same
mice also had marked loss of AB/PAS-stained mucosubstances in nasal glands
located in the subepithelial lamina propria of the proximal septum (septal glands;
T1, T2) and in the lateral wall surrounding the maxillary sinus (T3; lateral nasal
gland; Figure 9). Mice instilled with 50 and 250 pg/kg RA had 55% and 95%

less AB/PAS-stained mucosubstances in the LNG, respectively, as compared to
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T4

Figure 8. RA-induced changes in the volume density (Vs) of mucus in the
respiratory epithelium lining the NPM. (A) Diagrammatic representation of nasal
section T4. Red dots indicate location of morphometric measurement of mucus
Vs. Blue rectangle indicates the location of photomicrographs. OB, olfactory
bulb; 6E, ethmoid turbinate 6; S, septum. Panels B-E, following page.
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Figure 8 continued.

npm

Figure 8 cont'd. (B-E) Light photomicrographs of mucus (arrows) in respiratory
epithelium (e) in animals instilled with saline alone (B), 10 pg/kg (C), 50 pg/kg
(D), or 250 pg/kg RA (E). b, bone. Panel F, following page.
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Figure 8 continued.
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Figure 8 cont'd. (F) Dose-dependent changes in the Vs of mucus in the
epithelium lining the NPM. Bars represent group means + standard error of the
mean (SEM). a indicates significantly different from respective saline control
group, b indicates significantly different from saline and 250 pg/kg groups,and ¢
indicates significantly different from saline, 50 pg/kg, and 250 pg/kg groups,
(p<0.05).
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Figure 9. RA-induced changes in the volume density (Vs) of mucus in the LNG.
(A) Diagrammatic representation of nasal section T3. Yellow dots indicate the
location of the LNG surrounding the maxillary sinus (MS). Blue rectangle
indicates the location of photomicrographs. Panels B-E, following page.
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Figure 9 continued.

Figure 9 cont'd. (B-E) Light photomicrographs of the LNG (asterisk) of mice
instilled with saline alone (B), 10 pg/kg (C), 50 nug/kg (D), or 250 pg/kg RA (E). e,
respiratory epithelium lining the MS; b, bone. Panel F, following page.
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Figure 9 continued.
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Figure 9 cont'd. (F) Dose-dependent decreases in the Vs of mucus in the LNG
of mice instilled with 50 or 250 ug/kg RA. Bars represent group means ¢
standard error of the mean (SEM). a indicates significantly different from
respective saline control and 50 ug/kg groups; b indicates significantly different
from respective saline control group, (p<0.05).
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saline-instilled control mice (Figure 9). Interstitial edema and neutrophil
infiltration were also present in the interstitial tissue surrounding these affected
glands. With this marked loss of intracellular mucosubstances, there was also
bilateral atrophy of the glandular tissue, but without histologic evidence of
epithelial cell necrosis or apoptosis. No significant exposure-related histologic
changes were present in the nasal glands of mice that were repeatedly instilled
with lower RA doses of 0.4, 2, or 10 pg/kg'bw.

In contrast to RA-induced changes in the amount of intraepithelial
mucosubstances in the RE lining the airway surfaces and the subepithelial nasal
glands, there was no histologic evidence of any change in the amount or
character of mucosubstances in Bowman'’s glands underlying the OE at one day
after RA exposure. Morphometric determinations of the Vs of mucosubstances
in these olfactory glands in ET2 (T3) did not statistically differ among the
experimental groups (saline-controls similar to RA-exposed mice; data not

shown).

Repeated RA exposure induces OE atrophy and loss of OSNs

Another prominent nasal epithelial lesion that was present in both the 50
and 250 ug/kg RA-instilled mice was widespread atrophy of the OE that normally
lines the dorsocaudal regions of the nasal airways (T1-T4; Figures 10, 11). This
marked atrophy of OE was due to selective loss of OMP-stained OSNs, rather
than a loss of adjacent sustentacular or basal cells in this neuroepithelial tissue.

There was also concomitant atrophy of nerve bundles in the lamina propria
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Figure 10. Loss of OSNs in the DM of T2. (A) Diagrammatic representation of
nasal section T2. Red dots indicate location of morphometric analysis and
photomicrographs. (B) Dose-dependent loss of OSNs in the DM. Bars represent
group means + standard error of the mean (SEM). a indicates significantly
different from respective saline control, 50 pg/kg, and 10 pg/kg groups; b
indicates significantly different from respective saline control and 50 pg/kg
groups; c indicates significantly different from respective saline control group,
(p<0.05). (C-F) Photomicrographs of OMP-stained tissue sections from mice
instilled with saline (C), 10 ug/kg (D), 50 ug/kg (E), and 250 pg/kg RA (F). Bar =
50 um. DM, dorsal meatus; oe, olfactory epithelium; n, nerve bundle; b, bone.
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Figure 11. Dose-dependent atrophy of OE and loss of OSNs. (A) Diagrammatic
representation of nasal section T3. Red dots indicate location of
photomicrographs and morphometric analyses. 2E, ethmoid turbinate 2. Panels
B-E, following page.
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Figure 11 continued.

Figure 11 cont'd. (B-E) Light photomicrographs of mice instilled with saline
alone (B,C) and 250 pg/kg RA (D,E). Sections were stained with H & E (B,D) or
an antibody directed against OMP (C,E). oe, olfactory epithelium; Ip, lamina
propria; tb, turbinate bone; arrows indicate OMP-stained nerve bundles. Bar =
50 um. Panels F-G, following page.
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Figure 11 continued.
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Figure 11 cont'd. (F,G) Morphometric analyses of the thickness of olfactory
epithelium (OE) lining 2E (F) and the number of olfactory sensory neurons
(OSNs) per mm basal lamina (G). Bars represent group means + standard error
of the mean (SEM). a indicates significantly different from respective saline
control group (p<0.05).
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underlying the affected OE. Associated with these neuroepithelial changes was
a mild to moderate inflammatory cell influx (mainly neutrophils) in the lamina
propria, and to a lesser extent in the OE. As compared to saline-instilled
controls, mice exposed to 250 ug/kg RA had a 51% reduction in OE thickness

- (atrophy) and 70% less OMP-stained OSNs in the OE lining the DM (T2) at one
day post-exposure. Though mice exposed to 10 and 50 pug/kg RA had no
morphometrically detected reductions in OE thickness, these mice had significant
losses of OMP-stained OSNs in the DM, 21% and 50%, respectively (Figure

10).

In a more distal intranasal site lined by OE, the medial aspect of ET2,
mice exposed to 50 and 250 pg/kg RA had 41% and 45% reductions in OE
thickness (atrophy) with 69% and 92% less OMP-stained OSNs, respectively,
compared to saline-instilled control mice (Figure 11). Mice exposed to 10 ug/kg
RA or less had no morphometrically detectable alterations in either OE thickness
or OSN numeric density.

Concurrent with the dramatic loss of OMP-positive OSNs in the OE and
lamina propria in the nasal mucosa of mice exposed to the highest dose of RA,
there was also marked bilateral atrophy and vacuolation of the outer tissue layer
(olfactory nerve layer) of the olfactory bulbs (OB; T4; Figure 12). Loss of OMP-
staining was also evident in the adjacent glomerular layer of the OB where axons
of OSNs first synapse with other neurons of the brain. A conspicuous influx of

neutrophils was also present in these affected areas of the brain (i.e., mild toxic
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Figure 12. Atrophy and inflammation of the OB. (A) Diagrammatic
representation of nasal section T4. Red dots indicate area of atrophy. OB,
olfactory bulb; 6E, ethmoid turbinate 6; S, septum; NPM, nasopharyngeal
meatus; HP, hard palate. Panels B-G, following page.
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Figure 12 continued.

W

Figure 12 cont'd. (B-G) Light photomicrographs of outer layers of the OB in T4
of mice instilled with saline alone (B,C,D) or 250 ug/kg RA (E,F,G). Tissues B,E
stained with H & E. Tissues C, F immunohistochemically stained to detect OMP
in OSNs located in the olfactory neuronal layer (ONL) and glomerular layer (GL).
Tissues D,G immunohistochemically stained with an antibody directed against
murine neutrophils. EPL, external plexiform layer. Bar = 50 um.
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encephalitis; Figure 12). These histopathologic changes were also evident, but
to a lesser degree, in mice exposed to 50 ug/kg, but not to lower doses of RA.

Interestingly, only mice exposed to 250 pug/kg RA also had marked atrophy
of the OE in the bilateral vomeronasal organ located within the ventral septum in
T1 (Figure 13) and the OE of the organ of Massera (septal organ) bilaterally
lining small focal areas in the proximal ventral septum (T2). Like in the RA-
induced atrophy of the OE lining the main nasal airways, the OE atrophy in these
intranasal chemosensory organs was due to a selective loss of OSNs (Figure
13). Mice exposed to this high dose of RA had 83% less OSNs in the VO,
compared to saline-controls, at one day post-exposure (Figure 13). A summary
of all dose-related nasal lesions induced by repeated RA instillations one day

post-exposure are provided in Table 1.

RA induces neutrophil infiltration and inflammatory cytokines in nasal lavage fluid

Nasal lavage fluid from saline-instilled control mice contained only a few
nasal epithelial cells and only occasional neutrophils or other inflammatory cells.
In contrast, nasal lavage fluid from mice repeated instilled with 250 ug/kg RA
contained numerous neutrophils, some mononuclear inflammatory cells, and few
epithelial cells (Figure 14).

Nasal lavage fluids from saline controls and 250 pg/kg RA mice were
analyzed INF-y, TNF-a, MCP-1, IL-6, IL-10, IL-12, IL-2, IL4, and IL-5. IL-2, IL-4,

and IL-5 were not detected in any samples. Levels of INF-y, IL-10, and IL-12
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Figure 13. Loss of OSNs in the VO. (A) Diagrammatic representation of nasal
section T1. Blue rectangle indicates location of photomicrographs and
morphometric analysis. DM, dorsal meatus; LM, lateral meatus; MM, medial
meatus; MT, maxilloturbinate; S, septu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>