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CHAPTER 1: GENERAL INTRODUCTION

There has been increasing concern about husbatrdsg, infectious diseases,
and reproductive fitness of laboratory fishes,udahg zebrafishDanio rerio (Lawrence
2007; Markovich et al. 2007; Kent et al. in pre§d)ere is a paucity of information
regarding the response of zebrafish to husbandegsirs and the subsequent effects on
susceptibility to diseases and fithess. Many ofaggumptions regarding stress, disease,
and reproduction in zebrafish are borrowed fronepflsh species and often mammalian
laboratory animals (Baker 2003; Kent et al. in pye$he hardy nature of zebrafish,
which has greatly contributed to its success @&search model, has perhaps delayed the
examination of husbandry stress in this specieseNleeless, husbandry stress may
affect disease prevalence and reproduction an@ sera potential source of variation
during experimentation. It was the goal of thisdigation to examine the response of
laboratory zebrafish to husbandry stressors anduhsequent effects on disease

susceptibility and reproductive fithess.

Zebrafish

Zebrafish are cyprinids native to the Indian sutticeent and were first described
by Hamilton (1822) in his survey of fishes of thartges River. The domestication of
zebrafish began over a century ago. Zebrafish Wustamported to Europe for the
aguarium trade in 1905 and gained popularity inlip@0s as a valuable experimental and
teaching organism (Creaser, 1934). Subsequentbyafieh were used in physiological
studies, particularly in breeding experiments (Batod Farley, 1974; Laale, 1977). Dr.
George Streisinger developed zebrafish as a modslutly the genetics of vertebrates
(Streisinger 1981).

Over the past 30 years, zebrafish have been widslyg as vertebrate research
organisms, primarily for developmental geneticgl mcreasingly for toxicological and
environmental monitoring, cancer, aging, behavjaatl disease studies (Kishi 2004;
Trede et al., 2004; Parng 2005; Wright et al. 2@¥;kman 2007, Scholz and Mayer
2008). The small size, high fecundity, transpaegnbryos, rapid development, and ease

of culture in the laboratory have made zebrafigihlyi favorable research models



(Westerfield 2007; Matthews et al. 2002). Availékibf the whole genome sequence
and numerous mutant lines facilitates studies wébgment and physiology (Mullins
2002; Phelps and Neely 2005). Similarities betwasyrafish and mammalian genetics
suggest that the zebrafish is an excellent vertelmnadel of human developmental and
disease processes (Fishman 2001; Epstein and iEgO@H). In addition, zebrafish may
prove to be a useful genetic model for aquacukpexies (Dahm and Geisler 2006).

Despite the wide use of zebrafish in researtte Is known about the optimal
rearing environment for this species. Poor envirental conditions have been implicated
in disease outbreaks and reproductive impairmerglatafish facilities (Matthews 2004;
Lawrence 2007; Westerfield 2007). However, thegakspecific husbandry parameters
have not been adequately assessed, suggestintyer foeed to measure and elucidate
how husbandry stressors affect zebrafish healtHiaretss (Lawrence 2007).

Biological Stress

The concept of biological stress was first introel by Hans Selye who described
it asthe non-specific responses of the body to any deif&alye 1936; 1950). The idea
for stress arose from the concept of homeostasedatively constant steady state
maintained within certain tolerable limits (Canri829) and the concept ofailieu
intérieur or internal environment of the body in which celle nourished and maintained
in a state of equilibrium (Bernard 1865). Sinceoitigjinal introduction, the concept of
stress has evolved and our ideas about stressigerit change. More recently stress has
been described dise physiological cascade of events that occurswemeorganism is
attempting to resist death or re-establish homeéasteorms in the face of a perceived
threat(Schreck et al. 2001).

Stress of Fishes

The stress response of fishes is similar to thather vertebrates (Wendelaar
Bonga 1997). Three phases of the stress respoxeéban described by the General
Adaptation Syndrome paradigm (Selye 1950), inclgditarm, resistance, compensation
and recovery or exhaustion and death. The inigakal response to stress involves the

production of catecholamines, including epinephand norepinephrine, as a primary



alarm response to a perceived threat. Catecholamieluce secondary effects such as
increased respiratory and cardiovascular functimhthe mobilization of energy
resources (Reid et al. 1998).

Cortisol, the primary corticosteroid of fishesp®duced in primary response to a
stressor and is widely used as an indicator o§stire fishes (Schreck 1981; Wendelaar
Bonga 1997; Barton 2002). Control of the secretiboortisol is a complex process
which is regulated by the hypothalamic-pituitariemenal (HPI) axis (Yao and Denver
2007). Sensory information is translated to nepatlhways which converge in the pre-
optic area of the hypothalamus eliciting the prdaucof the neurohormone
corticotropin-releasing hormone (CRH). CRH eligiteduction of adrenocorticotropin
(ACTH) by the anterior pituitary which, in turn,i@ts production of cortisol from the
interrenal tissue of the kidney (Flik et al. 2006urtisol circulates in the blood, and
binds to receptors in various tissues to mobilizergy, and modulate hydromineral and
immune balance (Takei and Loretz 2006; Bury andns®2007).

Regulation of the HPI axis is achieved by negateeziback. Cortisol binds to
receptors in the pituitary and hypothalamus tobrhproduction of ACTH and CRH
while ACTH feeds back on the hypothalamus to inth@t®RH production. Additionally,
cortisol may also feedback on the interrenal tebifurther cortisol production
(Bradford et al. 1992). Further control of cortisecretion and may be achieved by
adrenergic pathways (catecholamines; Reid et 8BY1Negative feedback is also
controlled by neural pathways and gene expressibmioch of what controls cortisol
secretion is still largely unknown for fishes (Atsand Vijayan 2008).

Circulating cortisol is typically measured to deténe stress levels in individual
fish (Barton 2002). Whole-body cortisol has beerasueed in developmental stages of
fishes due to inadequate blood volume for accuaaédyses of circulating cortisol (de
Jesus et al. 1991; Pottinger and Mosuwe 1994; Baray. 1995; Feist and Schreck
2002). Whole-body corticosteroids have also beeasmed in smaller adult fishes
including, three-spined stickleback3asterosteus aculeatBottinger et al. 2002), as
well as zebrafish (Pottinger and Calder 1995).

Cortisol is associated with the alarm and rescgrhases of the stress response

and has a broad spectrum of secondary effectshnarticularly in energy mobilization



as well as in the regulation of hydromineral andhume balance (Schreck 1996; Barton
2002; Dhabhar 2002). Under conditions of short-termacute stress, compensation or
recovery may occur as the fish adapts to the siréSshreck 1981). However, the
tertiary effects of chronic elevation of cortisntiude reduced growth rate, impaired
reproduction and suppressed immune function (SkHr@86; Schreck et al. 2001;

Barton 2002). Additionally, altered behavior, sashdecreased learning and predator
avoidance and impaired migration, may occur asaltref exposure to stressors.
Although a stress response is necessary to enalmieganism to adapt and overcome the
threat, under conditions of chronic stress, theotida value of the stress response is
typically lost, as indicated by reduced health imess (Schreck 2000).

Diseases of Zebrafish

Transmission of pathogens and exacerbation oasésein fish populations
involves a dynamic interplay of host, pathogen, andronmental factors (Reno 1998).
Diseases typically emerge in aquaculture with iases in production and trade of the
cultured species between farms or laboratories (dusind Peeler 2005). Increased
stocking density increases contact between mengb@sohort and facilitates the
transmission of pathogens. Furthermore, crowdiagdhng, transport during breeding,
grading, vaccination, and experimental manipulaticmassociated with increased stress
in cultured fishes (Schreck 1981, 2000).

Stress and elevated cortisol levels have been demaded to exacerbate diseases
of fishes. Cultured fishes are susceptible to indes diseases, the severity of which is
often associated with environmental or husbandessors (Meyer 1991). There are
currently no effective treatments for the most canrdiseases of laboratory zebrafish.
In addition, stress is believed to exacerbate des@azebrafish colonies (Matthews 2004)
but this has not been empirically examined. Bettaeterstanding husbandry stressors and
diseases of zebrafish may prove to be an effeatwans of control.

There are several diseases which affect laboraeyafish. Opportunistic
environmental bacteria, ciliates, and dinoflageatan cause dermal and systemic
infections (Matthews 2004). Additionally, intestirapillarid nematodes

(Pseudocapillaria tomentoyaave been associated with chronic wasting anglasms



of the intestine (Kent et al. 2002). Water mouldd &ungi may also present disease
problems in poorly managed facilities (Matthews 200

The two most common and problematic diseaseshyhfish are mycobacteriosis
and microsporidiosis both of which have been asgediwith chronic progressive
disease, although fish often appear clinically tigalAstrofsky et al. 2000; Matthews et
al. 2001; Kent and Bishop-Stewart 2003; Kent e2@04). Chronic diseases in other
laboratory animals that do not cause clinical disd@ave been demonstrated to alter host
physiology and affect research results (Baker 208Bilar chronic infections in food
fishes may be acceptable as long as mortalitywsalod growth not affected; however,
such diseases in laboratory fishes, such as zsbrafiay alter the physiology of the host
and introduce variation into experiments (Kentletrapress). It is essential to better
understand how zebrafish physiology is affectedtrpnic diseases and what role stress

plays in this dynamic interaction.

Mycobacteriosis

Mycobacteriosis commonly affects both wild andirdd fishes (Decostere et al.
2004).Mycobacterium marinupM. chelonagM. abscessysandM. fortuitumare the
most common species of mycobacteria infecting §gl@hinabut 1999). Chronic
proliferative mycobacteriosis is characterizedlwy formation of granulomas, while sub-
acute and acute forms of the disease are assowdtedecrosis and acid-fast bacilli
scattered diffusely among the kidney, liver, splesard often all visceral organs
(Ferguson 2006). Often no external signs are ptes#ih advanced stages of the disease
occur (Whipps et al. 2008), at which time non-spesigns present including
emaciation, hemorrhagic and dermal lesions, lethangd death (Gauthier and Rhodes in
press).

Infection of zebrafish witt. marinumisolates has resulted in 100% infection
with mortality between 30 and 100% whereas infectiasth M. chelonagM.
peregrinum or M. abscesustsolates resulted in low to moderate infectiorvptence
with negligible mortality (Watral and Kent 200®lycobacterium haemophiluhras been
identified as the causative agent of outbreakebrafish facilities resulting in high

mortality (Whipps et al. 2007). Conversel, chelonaausually causes minimal



mortality in well-maintained laboratories, even whish exhibit histological changes
and a relatively high prevalence of infection (Wisget al. 2008). Although differences
in the virulence and pathogenicity Mfycobacteriunspp. play a significant role in
subsequent outbreaks of disease (Watral and Ké&m)2Bbe rearing environment may
also be important.

Stress has been demonstrated to suppress the emegponse in animal models
for mycobacteria. The acute inflammatory resporisaibimmune-prone mice infected
with M. aviumwas reduced during swimming stress (Martins anda&gl995). Restraint
stress impaired the activation of T-cells in midgehwnycobacterial infections (Zwilling
et al. 1992). Host resistanceNb boviswas reduced in hamsters with increased serum
cortisol levels (Righi et al. 1999; Palermo-Net@kt2001). Zebrafishagl mutants,
lacking fully functional T and B cells, were hypsusceptible to infection withl.
marinum failing to control bacterial growth (Swaim et 2006).

Many Mycobacteriunmspecies are ubiquitous in the aquatic environnmeaking
control by avoidance of these pathogens very dilfi¢-urthermore, there is no effective
treatment for mycobacteriosis in zebrafish. A baftederstanding of the pathogenesis of
Mycobacteriunspp., including factors affecting host susceptijpilinay enable zebrafish
researchers to manage this pathogen and prevenitiabidisease outbreaks through

effective husbandry practices.

Microsporidiosis

Microsporidia are spore-producing obligate inttedar fungal parasites infecting
a wide variety of animals including protozoa, fishkirds, and mammals (Canning and
Lom 1986; Hirt et al. 1999; Shaw and Kent 1999;i&idnd Weiss 2006).
Approximately 150 species of microsporidia are ¢tifee to fishes with a wide
distribution in freshwater and marine habitats (Land Nilsen 2003). The spores of
microsporidia are quite resistant and capable ofigng outside the host for weeks and
often months (Amigo et al. 1996; Shaw et al. 2000a)

Transmission of fish microsporidia can occur vigastion of infected fish tissue
containing spores, cohabitation with infected indiinals, or vertically from parent to
offspring (Shaw et al. 1998; Speare et al. 199&]f*hand Goodwin 2008). After



ingestion, spores swell during germination in theand a polar tubule, everted from
each spore, pierces the host gut epithelium anahtbetive sporoplasm passes directly
into the host cell cytoplasm (Cali and Takvoria®9p The parasite undergoes
developmental stages known as merogony, duringhthie parasite increases numbers,
and sporogony, during which resistant spores ardymed (Canning and Lom 1986).

Spores may be contained within host-parasite cexesl known as xenomas
(Chatton 1920). Xenoma formation is characterizgtiypertrophy of the host cell and
the formation of granulomatous tissue (Dykova 1®taw and Kent 1999). Upon
completion of the life-cycle of the parasite, tlgma ruptures releasing spores into the
tissue which may be ingested and destroyed by myéembut are often released into the
environment to infect susceptible hosts (Cannirdylasm 1986). Hyperplasia of tissue
surrounding the xenoma may also occur. Tissue repay occur but the original
function of the tissue is often not restored.

Xenoma-forming microsporidia which infect fish inde the gener&lugea
Loma Tetramicrg andPseudolomgShaw and Kent 1999; Matthews et al. 2001).
Microsporidian infections may restrict fish growahd limit productivity in fisheries and
aguaculture (Dykova 1995). Significant mortalitgrft microsporidiosis may occur in
environments which favor transmission, such as agtiae (Shaw and Kent 1999).
Microsporidiosis is becoming an increasing problaraboratory fishes, including

zebrafish, as their culture increases.

Microsporidiosis of zebrafish

Microsporidiosis was first reported in zebrafisimast 30 years ago (de Kinkelin
1980), and this microsporidium was recently assignea new genus and species,
Pseudoloma neurophiliMatthews et al. 2001), which we henceforth réden this
chapter a®seudolomaMicrosporidiosis is the most common disease lodtatory
zebrafish, affecting the central nervous systemsamdatic musclegnd is associated with
emaciation, spinal deformity, and morbidity (Mattiseet al. 2001; Kent and Bishop-
Stewart 2003). The sporesdeudolomare contained within xenomas and infections
are characterized by multiple xenomas in the hiaghb spinal cord, nerve roots, and

occasionally within the somatic muscle (MatthewaleR001). Free spores are found



within phagocytes and are associated with sevarenec myositis, meningitis, and
encephalitis (Matthews et al. 2001; Kent and BisBogwvart 2003). Ovarian tissue is
often infected and occasionally eggs may haRssudolomapores indicating potential
for vertical transmission (Kent and Bishop-Stevzf®3).

Stress has been implicated in the exacerbatiomabsporidiosis in zebrafish but
has yet to be examined. In other animal models &xjgoto corticosteroids generally
increases the intensity of microsporidiosis. Nuats,Rattus norvegicysand gerbils,
Meriones unguiculatysnfected withEnterocytozoon bieneysind given the synthetic
corticosteroid, dexamethasone (DEX), produced mpoges than infected animals given
a placebo (Feng et al. 2006). Clinical signs ofeghalitozoonosis were associated with
reduced antibody titers and only apparent in irdeéchice treated with DEX (Lallo et al.
2002; Herich et al. 2006). In turb&cophthalmus maximusjected withMicrogemma
caulleryi, DEX treatment reduced the ability of macrophamas$ neutrophils to ingest
spores (Leiro et al. 2000)oma salmonaeinfected rainbow troutdncorhynchus mykiss
had higher infection intensities when treated VX (Lovy et al. 2008).

There is currently no effective treatment Reeudolomaldentifying factors
affecting the exacerbation Bseudolomanfections may aid in controlling outbreaks of
disease in this intensively cultured biomedicategsh model (Reno 1998; Lawrence
2007).

Stress, Disease, and Fish Reproduction

In addition to increasing susceptibility to diseastress also affects the
reproduction of captive fishes (Brooks et al. 19%@velopmental biology is the
cornerstone of zebrafish research and a consistemly of good quality eggs is
fundamental to a productive zebrafish laboratogwtence 2007; Westerfield 2007).
Stress has been implicated when breeding is podurang high mortality of embryos.
However, the effects of stress on zebrafish reprtvdei fithess have not been well
documented.

Stress has a variable effect on reproduction, lisidlependent upon numerous
factors, including the species, gender, reprodactivategy, and the nature of the stressor
(Schreck et al. 2001; Wingfield and Sapolsky 20&&inbow trout and brown trout,



Salmo trutta subjected to chronic crowding stress in the m®ptior to spawning had
increased plasma cortisol and produced smaller agg®ffspring with reduced survival
(Campbell et al.1994). Increased maternal cortrsdamselfishPomacentrus
amboinensiswas associated with reduced larval size (McCckri298, 2006). The

timing of stressors is important in determining éfiects on reproduction. Rainbow trout
subjected to random stressors during late maturatiauring the entire maturation
period ovulated 2 weeks earlier than control fisthwo significant effects on fecundity
or fertilization (Contreras-Sanchez et al. 1998)e& during early vitellogenesis resulted
in smaller eggs and fry but there was no significhiference in juvenile weight.

Fish pathogens have also been demonstrated toa ¢l reproductive fitness of
fishes. A negative relationship between ovum maslstlae intensity of cestode infection
has been demonstrated for sticklebaGasterosteus aculeat(sleins and Baker 2003).
Among microsporidia, infections are associated Vatlure to spawn, a reduction in
early-life fecundity, and an inability to produceble offspring (Summerfelt and Warner
1970; Wiklund et al. 1996; Futerman et al. 200®m8times pathogenic infections have
no effect on reproductive fitness (Candolin andgf@001) or may result in early
maturation and spawning (Haine et al. 2004). Thggssts that host reproduction may be
altered to facilitate vertical or horizontal trarisgion to other susceptible hosts.

The impact of disease on zebrafish reproducti@noa been examined. Both
mycobacteria and microsporidia affect the ovaridssb suggesting that the reproduction
of zebrafish may be affected by these diseasesltislas 2004). Furthermore, the
energetic cost of combating infection may leavefisent resources for reproduction
(Schreck 1996; Schreck et al. 2001). In combinatvdh husbandry stress, disease may
significantly impact the reproductive potentialzafbrafish.

Aims of Resear ch

Prior to initiating this dissertation researchrayke study had examined the
zebrafish cortisol response to handling and transtieess (Pottinger and Calder 1995).
There was a lack of information on the role of rarglry stress on infectious diseases of
laboratory zebrafish. Furthermore, it was not krew stress and infectious diseases

affected zebrafish reproduction.
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This dissertation was designed to better undedidtaa nature of husbandry stress
with respect to the whole-body cortisol responise dusceptibility to infectious diseases,
and the reproductive fitness of laboratory zebhafidhe overall goal of this dissertation
was to draw together the following 3 specific aimfishe research in order to recommend
management suggestions which will optimize zebndfigssbandry and minimize the

impacts of disease while ensuring optimal growtti @productive fitness.

The specific aims of this research were:

1) To determine the whole-body cortisol responsaduiit zebrafish to acute stressors
(i.e., handling) and chronic stressors (i.e., @deksity), and their relationships with
feeding regimen, fish weight, and gender

2) To determine the effects of husbandry stressommycobacteriosis caused by virulent

(M. marinum) and non-virulentNl. chelonag species in adult zebrafish

3) To determine the sequential developmerRs#udolomanfections in stressed and
non-stressed zebrafish, including the effects efitifiection, stress, and stress combined

with infection, on mortality, infection intensitgrowth, and reproduction
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Abstract

Plasma cortisol levels have been used to evalbatsttess response in a variety of
cultured fish species. However, little is known abthe stress response of zebrafish,
Danio rerio, despite its extensive use as a laboratory resesganism. Due to its small
size, evaluation of whole-body cortisol has prodidemeans to assess zebrafish stress
levels. Understanding the role of crowding on zédihavhole-body cortisol would allow
researchers to optimize various rearing proceddites.aim of this study was to
determine the zebrafish whole-body cortisol respdnsrowding stress. Baseline
cortisol values have not been established for fisbraherefore, we compared specific
treatment groups acclimated to similar conditidl'e. crowded zebrafish at a high
density (40 fish/L) for 3 h (acute stress), or §sléchronic stress). Crowding resulted in
a four-fold increase in mean whole-body cortisgklen both groups compared to
zebrafish maintained at a much lower density (GistBL). Additional experiments
demonstrated that the cortisol response to crowasgmodulated by fasting, feeding,
and density. In large glass aquaria (76 L), fastealyded fish (40 fish/L) had
significantly higher cortisol compared to fastedntol fish (0.2 fish/L). Furthermore,
weight was inversely related to cortisol level asted, crowded fish held in large glass
aquaria. For fed fish, crowding did not signifidgnhcrease cortisol level, suggesting an
interaction between feeding and crowding. In sr@adks (4 L), crowding (40 fish/L) did
not significantly increase cortisol compared toteolrfish held at 4 fish/L. Our results
suggest that whole-body cortisol is a useful inicaf crowding stress in fasted, adult
zebrafish. Understanding how crowding and otheirenmental conditions affect
zebrafish fitness could aid in optimizing zebraftggbwth, health, and reproduction as
well as improving the consistency and reprodudipdif in vivo studies that use this

popular vertebrate model.

Keywords Cortisol; Crowding; Density; Feeding; Husbandsyress; Zebrafish
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I ntroduction

Successful fish culture depends upon providingaaing environment suitable to
the species of interest (Colt, 1991; Klontz, 19%)boptimal conditions may result in
chronic stress in fish culture facilities (Schret®81, 2000; Barton and lwama, 1991).
Understanding how the rearing environment affdutsstress response of cultured fishes
is critical for optimizing production and maintangi health and welfare (Pickering, 1992;
Schreck, 2000; Ellis et al., 2002).

The stress response has been described for nusiesbspecies (Schreck, 1981,
2000; Barton and lwama, 1991; Wendelaar Bonga, ;1B8iton, 2002). Stress has been
defined as a physiological cascade of events tt@tre when an individual attempts to
re-establish homeostatic norms in the face of agrezd threat (Schreck et al., 2001).
The immediate response to stress is believed ambptive, allowing the organism to
respond to the perceived threat, whereas chromsssis considered to be maladaptive,
with impacts on growth, reproduction, and the imeuoesponse (Maule et al., 1989;
Pickering, 1992; Schreck et al., 2001). Stress laésoimplications for fish welfare, a
growing concern for national, regional, and insittnal animal care and use
organizations (Ellis et al., 2002; Erickson, 2003).

The steroid hormone cortisol is widely acceptedragdicator of stress in fish
generally increasing after exposure to physicalsswors (Schreck, 1981; Barton and
lwama, 1991; Wendelaar Bonga, 1997; Barton, 208andling and severe crowding
greatly increase the cortisol levels of numerosk fipecies (Strange et al., 1978;
Redding and Schreck, 1983; Vijayan et al., 1995 et al., 1999). Fish crowded at
moderate densities typically respond with smalldrdignificant elevations in cortisol
(Schreck et al., 1985; Patifio et al., 1986).

Circulating cortisol levels are typically measutedietermine the stress condition
of an individual fish (Redding et al., 1984; Momet al., 1999). Alternatively, whole-
body cortisol levels have been used to assessrdss sesponse of developing salmonids
and flatfish because blood volumes are insufficiergrovide measurements of
circulating cortisol (de Jesus et al., 1991; deidesid Hirano, 1992; Pottinger and
Mosuwe, 1994; Barry et al., 1995; Feist and Schr2ok2). Similarly, whole-body
corticosteroids have been measured in smaller &dhés including, three-spined
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sticklebacksGasterosteus aculeatBottinger et al., 2002), as well as zebrafidanio
rerio (Pottinger and Calder, 1995).

Environmental parameters, including temperatumes bf day and feeding
regimen, have been shown to affect the cortisgaese to crowding and other stressors
(Barton et al., 1988; Lankford et al., 2003; Daw804). In the absence of other stressors,
fasting of fish may result in increased (Petersuh @mall, 2004), decreased (Barton et
al., 1988) or unchanged (Czesny et al., 2003; iy#tiet al., 2003) cortisol levels
depending upon species. Different feeding reginmeay alter the cortisol response to
stressors. Feeding gilthead sea bregparus auratahigh levels of arachidonic acid
reduced the cortisol response to crowding (Van Atrdgtaal., 2004). Similarly, vitamin E
supplementation reduced density-dependent cortisa¢ases in the teleo$tiaractus
mesopotamicu@Belo et al., 2005). Feeding regimen should besictaned in stress
studies, particularly when little is known about 8tress response of the species being
examined (Schreck, 1981, 1993, 2000).

Zebrafish are used extensively for studies ofel@dte genetics, development,
and physiology (Grunwald and Eisen, 2002; Rubinst2003). Zebrafish have been
favored as research models due to their small Bigh,fecundity, transparent embryos,
rapid development, and ease of culture in the ktboy (Westerfield, 2000; Matthews et
al., 2002). Availability of the whole genome segeceand numerous mutant lines
facilitates studies of development and physioldgul(ins, 2002; Phelps and Neely,
2005). Similarities between zebrafish and mammajemetics suggest that the zebrafish
is an excellent vertebrate model of human developah@nd disease processes
(Fishman, 2001; Epstein and Epstein, 2005).

Despite the wide use of zebrafish in researdte I known about the optimal
rearing environment for this species. Poor envirental conditions, including poor
water quality, overcrowding, high stress, and pidiet, have been implicated in disease
outbreaks at zebrafish facilities (Matthews, 2004terestingly, the role of these
environmental parameters in the etiology of diséwsenot been well examined. Poor
water quality, including hypoxia and exposure twaggenic compounds, has been
demonstrated to impair both reproduction and deareknt of zebrafish (Nash et al.,

2004; Shang and Wu, 2004); however, the roles efip husbandry parameters have
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not been adequately assessed. The stress respaedgadish has not been characterized,
although there have been suggestions that redstiess will improve production
(Westerfield, 2000; Matthews et al., 2002; Matthe@304).

To date, a single study has examined physiologitats and whole-body
corticosteroids in zebrafish during toxicologicabgedures (Pottinger and Calder,
1995). Whole-body corticosteroids were found talseiitable indicator of transport
stress; zebrafish corticosteroids rapidly declimgtiin 1 h of transport but increased
after periodic netting during a 96-h semi-statst fgocedure (Pottinger and Calder,
1995). The effects of crowding on zebrafish whobdepcortisol levels have not been
determined. Better understanding how crowding @hdrchusbandry parameters affect
the whole-body cortisol levels of zebrafish wilbprde further insight into rearing stress
in this widely used fish model.

The primary aim of this study was to determinewvim®le-body cortisol response
of adult zebrafish to crowding stress. A secondamy was to determine if laboratory
setting, tank density, feeding regimen, fish weighdl gender affected whole-body
cortisol level. We tested the specific hypothebas: (1) crowding increases whole-body
cortisol and (2) laboratory setting, density, fegdiweight, and gender modulate the

cortisol response to crowding.

Methods

Zebrafish (adult, wild-type, AB strain), aged 91 months, were provided by
the Zebrafish International Resource Center (ZIRGhe University of Oregon in

Eugene, Oregon, USA and were maintained at 28-€29 °

Experiment 1: conducted at the Fish Performance aGenetics Laboratory

Ninety fish (two-thirds male, one-third female)redransported from the ZIRC to
the Fish Performance and Genetics Laboratory (FRGOregon State University (OSU)
in Corvallis, Oregon, USA. Fifteen fish were randpmllocated to each of six tanks (60
L) in a 6000-L recirculated freshwater system, ppad with large capacity rotating
drum filters (10% freshwater exchange/day), anchia@ied at 28—-29 °C; ammonia (0
mg/L), nitrite (0 mg/L) and pH (~7) were measuredy Fish were acclimated for a
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period of 7days and fed to satiation once dailyh\wgtramin Tropical Flakes aquarium
fish food (Tetra Holding U.S. Inc., Blacksburg, VBSA). Photoperiod was 14-h
light/10-h dark.

The crowding stressor consisted of brief nettind erowding of fish in modified,
roughly cube-shaped, acrylic boxes (~ 500 mL voluwigih were subsequently placed
into the acclimation tanks. The aim of this studyswto test the effects of crowding, not
poor water quality. Therefore, to ensure the watelity of the crowded group was
similar to that of the noncrowded (control) groupsimerous 3 mm holes were drilled in
the walls of the boxes to allow water to flow thgbithe rough edges of the holes were
sanded to prevent injury of the fish. The effectraéume of the boxes was 375 mL
resulting in a density of 40 fish/L. The controhdéy was 15 fish in the 60-L
acclimation tanks (0.25 fish/L). Control fish weret handled (netted) after acclimation
to minimize stress and cortisol response (SchrEagl).

We used replicate tanks for each of two crowdiagations: an acute crowding
period of 3 h or a chronic crowding period of 5 sl§yable 2.1). These crowding
durations were chosen based on previous crowdutiest done with other teleosts
(Schreck et al., 1985; Barton et al., 1988; Vazztra., 2002). We sampled one control
tank at each of the 3-h and 5-day sampling times sWpped feeding all groups,
including the controls, the day before crowdingdreghe fish were not fed during the
experiment. We sampled control fish by dip nettimgm from the 60-L tank. Sampling
time for all control fish was less than 30 s to imiize a possible stress response
(increased cortisol) from netting (Schreck, 198¥¢ sampled the crowded fish by lifting
the crowding boxes out of the 60-L tank. Crowded eontrol fish were immediately
euthanized with an overdose of buffered tricainéhaee sulfonate (500 mg/L MS-222).
Individual fish were blotted on paper towels to temm excess water, immediately frozen
in liquid nitrogen for 10-30 s, and placed in irndival 2.0 mL plastic, screwcap
centrifuge tubes. The samples were stored at —8intiCwe extracted the cortisol. All
procedures were carried out in accordance withrisigutional Animal Care and Use
Committee at Oregon State University (LAR# 2446).
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Experiment 2: conducted at the Zebrafish Internatial Resource Center

Experiment 1 was repeated at the ZIRC to valittedause of whole-body cortisol
as an indicator of crowding stress in a zebrafestearch facility. The ZIRC employs a
large recirculated freshwater system (~37 000 L; fi@%hwater exchange/day), filtered
through large sand filters and biofilters, with smtently monitored water quality
parameters; ammonia (0 mg/L), nitrite (O mg/L)rati¢ (5 mg/L), pH (7.2— 7.4);
dissolved oxygen (7 mg/L) (D. Lains, personal comioation). Repeating the
experiment under different husbandry conditionsvedld us to compare
the responses of the same genetic strain reateaidifferent environments and to
assess the general applicability of whole-bodyisolras a stress indicator for zebrafish.

To examine how crowding in different tank types aolumes affects whole-
body cortisol response, we made a few modificatiorthe methods used in Experiment
1. We used clear, rectangular, 4 L plastic tankh am effective volume of 3.7 L (Thoren
Aquatics model 91007) and 76 L glass aquaria, bbtihich are commonly used in
zebrafish research laboratories (Westerfield, 2008)wding was achieved using the
same small acrylic boxes used in the ExperimeReplicate crowded and control fasted
4 L tanks were used (tank n=4). Both fasted anddpticate control and crowded 76 L
tanks were used (tank n=8) (Table 2.1).

Fifteen fish were randomly allocated to each tan# acclimated (9 days) prior to
beginning the experiment. Fish were fed twice d@ilgtramin Tropical Flakes and brine
shrimp nauplii Artemiasp.) during acclimation according the ZIRC feedingtocols
(Westerfield, 2000). Roughly equal numbers of naaid female, 9—-12-month-old AB
wild-types were randomly allocated to each tankaftotal of 15 fish per tank. The
gender of each fish was recorded upon samplingterchine whether there were any
gender-specific effects on cortisol levels.

We included fed and fasted control and crowdeattnent tanks to measure the
effect of feeding on whole-body cortisol (76 L agaanly). Fed groups were fed brine
shrimp twice daily. Crowded fish were fed brineistp via a tube placed into the
crowding container. Feeding was ceased the daydesémpling. We used replicate
tanks of each treatment combination for a total2tanks (Table 2.1). A total of 180 fish

were used for Experiment 2.
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Sampling of fish, including euthanasia and fregzimas performed as described
in Experiment 1. Samples were transported on dryddOSU and stored at
—80 °C until analyzed. All experimental procedungse approved by the Institutional
Animal Care and Use Committee at the Universitpoggon (Protocol # 03-01R).

Whole-body cortisol extraction

The term whole-body cortisol was used to desdhleeportion of corticosteroid
extracted and measured by a cortisol specific mamrmunoassay (RIA). It is possible that
the cortisol antibody may be recognizing otherisottmetabolites in the whole-body
fraction that have not yet been identified (Potingt al., 1992). Nevertheless, we feel
confident based on previous studies that the ntgjofithe corticosteroid recognized by
the assay was cortisol. Thus, we have chosen time“tehole-body cortisol” as a
descriptor (Redding et al., 1984; Feist and Schr2gR?2).

Whole-body cortisol was extracted using a modiftcaof a method used with
Chinook salmon@ncorhynchus tshawytscheggs and embryos (Feist et al., 1990 as
modified by Feist and Schreck, 2002). Individualoleh frozen zebrafish were thawed,
individually weighed, and placed in a glass tebet(15x85 mm). Each fish was
homogenized in deionized water (0.5 mL) for 45-1sieg a Tissue Tearor
(BioSpec Products, Inc. model: 985370-04). Homotgeoa the Tissue Tearor probe was
rinsed into the sample tube with an additional@l5aliquot of deionized water. The
homogenized samples were vortexed briefly and placeice. The probe was cleaned
between samples with distilled water, 100% ethaanad, then rinsed again with distilled
water. The homogenized contents of the glassubstwere transferred to a larger test
tube (16x125 mm) to facilitate extraction. The orad tube was rinsed with diethyl ether
(Mallinckrodt Baker, Inc. 0848-10) which was tragrséd to the larger tube for
subsequent extraction.

Each sample was extracted twice with 8 vol. (8 wilLdiethyl ether. For each
extraction, tubes were vigorously vortexed witheettor 30 s and briefly centrifuged
(2700 rpm for 2—3 min) to separate the aqueousetmet layers. The bottom layer
(aqueous homogenate) was frozen in liquid nitrdge20 s and the top ether layer was

poured into a new test tube (16x100 mm) and dned$peed-Vac centrifuge
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(Savant Instruments, Inc. SVC100H). Extractioncgdficies were determined for each
extraction by adding tritiated cortisol [hydrocsdne ([1,2,6,7-3H]-Cortisol; Dupont
NEN #NET-396)] to homogenized samples (n=4) andaeking the samples using the
above methods. All sample cortisol values wereemted for extraction efficiency.
Following the second extraction, the samples weegldn a fume hood overnight,
reconstituted with 1 mL phosphate-buffered saliith 126 gelatin (PBS-G), vortexed for
30 s, and stored at 4 °C for at least 24 h (noentizain 96 h) before measurement of
cortisol.

The average extraction efficiencies of cortisohirwhole zebrafish ranged from
75% to 78%. This was similar to the extractionaiincies obtained by other studies
examining whole body cortisol levels in Chinookmnsah (Feist and Schreck, 2002), and
chum salmonQncorhynchus ket@e Jesus and Hirano, 1992).

Cortisol radioimmunoassay

Cortisol in the whole-body extracts was measuredgian RIA from the method
of Redding et al. (1984), as modified by Feist &atireck (2002). Known cortisol
concentrations (Sigma 4001) ranging from 3.125ybg/tto 1250 pg/tube were used to
create a standard curve to which sample cortidakegacould be compared. Replicates of
each sample were measured to give an average saanpésl concentration. The
cortisol concentrations obtained from the RIAs wakdated by verifying that serial
dilutions of sample extracts matched the standardec Whole-body extracts spiked with
known high and low concentrations of cortisol wereasured to verify consistency
between RIAs. Intra-assay and inter-assay variatias accepted at no more than 10%.
The cross-reactivity of the cortisol antibody wathrtisone was 3.3% (determined from
previous studies).

The detection limit of the cortisol RIA was 6.2§/fube. The majority of the
samples were well above the detection limit buesahof the control fish had cortisol
values below the detection limit. Fish below datectimits were assigned the detection
limit value (6.25 pg); this equated to betweendhd 2.0 ng cortisol per gram of fish
weight. The optimal volume of whole-body extraat flee RIA was determined to be 25

uL from a 1-mL suspension. The raw cortisol valyggtube) were corrected for
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extraction efficiency, dilution volume, and weigditthe fish. The average weights of the
thawed fish were 301 mg (£6.5 mg) for Experimeantl 309 mg (£6.9 mg) for
Experiment 2.

Statistical analyses

Statistical analyses were performed using a statisoftware program (S-Plus
2000, MathSoft Inc., Seattle WA, USA). Replicatégach treatment were compared
using Student's t-tests. Treatment replicates weoded if there was no significant
difference. For Experiment 1, treatments were capypasing an analysis of variance
(ANOVA) with post-hoc Fisher's LSD. For Experimehttreatments in the 76-L aquaria
were also compared using an ANOVA (Fisher's LSBitiol and crowded fish in the 4-
L tanks were compared using a Student's t-test-pdwametric tests (Wilcoxon rank test
or Kruskal-Wallis rank test) were used for compamief the sample variances were not
equal. Gender was included in a linear model terdahe its significance on cortisol
level. The relationship between cortisol and figight was evaluated using a linear
model (y=mx+b; where y=cortisol, x=weight) with &iar, least squares fit.

Significance differences between treatment grovgre reported at=0.05.

Results
Sampling, extraction and cortisol RIA

There was no morbidity or mortality of the fishrohg Experiment 1 or 2. A few
fish from each of the control tanks were not samhjplecause we were unable to net these
individuals in less than 30 s. Although the sanyalgances were not equal in all cases,
similar results were obtained using parametric ramu-parametric methods; therefore, we
used parametric methods for our comparisons. Toexrethe number of fish sampled was
slightly less for the control tanks for both expeents. Comparisons of the cortisol
values of replicate tanks using the same treatimditated no significant differences
(Experiment 1: p>0.415; Experiment 2: p>0.1641)erEfiore, we pooled data from
replicate treatment tanks.
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Experiment 1

Both the 3-h and 5-day crowded groups had meareauly cortisol levels
approximately four-fold greater than that of thatol group (p<0.0025; Fig. 2.1). There
was no significant difference between the 3-h auldyp crowded groups (p=0.302). Fish

weight was not a significant factor predicting ot level in any treatment group.

Experiment 2

Fasted, crowded fish had a mean cortisol levatfold higher than that of fasted,
control fish (p=0.0002), similar to the resultskofperiment 1; however, among the fed
groups of fish, crowding did not significantly imase mean cortisol level (Fig. 2.2).
There was no significant difference in the cortisekls of fasted versus fed control fish.
There was also no significant difference betweentlean cortisol levels of crowded
versus control fish held in 4 L tanks, even thotlghcrowded density was ten-fold
greater than the control density (p=0.264; Fig).Za2nder was not a significant factor
determining whole-body cortisol.

Fish weight was significantly related to whole-partisol level among fasted,
crowded fish (pooled) held in 76 L aquaria (p=0308ig. 2.3). Regression analysis
revealed an inverse relationship between cortisdlfssh weight: Cortisol = 22.0674 -
0.0434_weight; B=0.3035. Fish weight was not predictive of cortigstel in any of the

other treatment groups.

Discussion

To optimize reproduction, reduce disease outbreaksbrafish facilities, and
increase the reproducibility of zebrafish studiess important to monitor stress and
establish standards for rearing conditions. We lireonstrated significant increases in
whole-body cortisol with crowding. Our study as Wad a previous study of zebrafish
whole-body corticosteroids during toxicological pedures (Pottinger and Calder, 1995),
suggest that whole-body cortisol is useful as aeg@nndicator of stress in zebrafish.
Whole-body cortisol techniques have been previoussd for evaluating stress of small
fishes (Pottinger et al., 2002) and may be usefubptimizing production and evaluating
stress in other small fish species.
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Zebrafish whole-body cortisol versus previous sesli

Previous measurements of zebrafish whole-bodycosteroids were found to be
about 1 ng/g fish in control (non-stressed) fisbt{irger and Calder, 1995), very close to
those we have reported in the current study. Tinggests a relatively consistent resting
level among laboratory zebrafish populations. Amadglt three-spined stickleback held
under control conditions mean whole-body corticamtelevels ranged from 2 to 8 ng/g
fish (Pottinger et al., 2002), within the rangecoftisol values we reported in zebrafish.

The mean cortisol levels of both control and creddebrafish were much higher
than those measured in developing salmonids séj¢otstressors. Whole-body cortisol
for developing Chinook salmon ranged from 1.5 togdg fish (Feist and Schreck, 2002),
2 to 10 times less than adult zebrafish. A numibelifterences between these studies
could contribute to different cortisol levels, inding differences in species, life-stage,
and rearing temperature. For example, the abditgspond to stress, as indicated by
increased cortisol level, generally increasessisdrow older (Pottinger and Mosuwe,
1994; Barry et al., 1995; Feist and Schreck, 2@¥2sch et al., 2005). Differences in the
type, severity, and timing of stressors may alstrioute to differences in cortisol
responses between these studies (Schreck, 1981).

Whole-body cortisol levels in developing Japarfesender,Paralichthys
olivaceusg(2.5—-11 ng/g fish; de Jesus et al., 1991) and ckaimon (2.5-20 ng/g; de
Jesus and Hirano, 1992) are more similar to thaséwnd in zebrafish. A recent study
examining the ontogeny of cortisol in gilthead be@am showed a similar range of
values that increased during development (Sziseh,62005). Interestingly, these studies
reported whole-body cortisol levels in the absesfcgtressors, further suggesting that life
stage, species, and rearing environment are imgartaletermining fish cortisol levels
(Barton, 2002).

Whole-body cortisol response to crowding

Crowding in 76 L aquaria resulted in a significamtrease in whole-body cortisol
levels, whereas crowding in 4 L tanks did not. Bgtbups of fish were crowded at the
same density (40 fish/L). However, fish in sma#ldr tanks were acclimated at a higher
density (4 fish/L) compared to those in larger 7&duaria (0.2 fish/L). Fish crowded in
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large aquaria experienced a 200-fold increasemsitlefrom acclimation, whereas fish
crowded in small tanks experienced only a 10-foldtease in density. The greater
relative change in density in the larger aquarig iveve been perceived as a greater
threat, thus eliciting a greater cortisol respof&sehreck, 1981). Because acclimation
differed between experiment and tank type (Expemir2¢ comparisons are limited.
Nevertheless, our results suggest that tank type&zermay influence the whole-body
cortisol response to crowding.

Whole-body corticosteroids of mildly stressed adéish (transported and briefly
handled) were found to be in the range of 9 nglg (Pottinger and Calder, 1995), very
similar to what we found in the current study. Téiggests that the whole-body cortisol
response to mild stress may be similar acrossrdiftgpopulations of zebrafish held
under different laboratory conditions. Converséhg whole-body cortisol response to
chronic crowding (15 fish in 1500 mL for 5 days)fa$ted three-spined sticklebacks was
considerably higher than our study, at 35 ng/g @bttinger et al., 2002). Rearing
environment as well as species differences in tintessol response to crowding may
explain differences between the studies (BartoQ220

Feeding, social aspects and effects of fish size

The diets fed during acclimation differed betw&aperiments 1 (formulated
feed) and 2 (live and formulated feed). Conceivatiigre could be an effect of
acclimation diet on the stress response (Schr&93,1Van Anholt et al., 2004).
However, it was beyond the scope of this studyetemnine such effects of diet on the
subsequent response to stress. Interestingly, dveed similar significant increases in
fish acclimated to different diets but subjecteditailar chronic crowding (fasted)
conditions in Experiments 1 and 2.

Feeding did not significantly affect the corti$eels of non-crowded fish in the
current study. Cortisol levels of fed versus fadtel vary widely among fish species.
Fasting did not significantly affect the plasmatsmi levels of rainbow trout,
Oncorhynchus mykig®ottinger et al., 2003) or juvenile wallegjzostedion vitreum
(Czesny et al., 2003). However, fasted juvenilenGbk salmon had significantly lower

plasma cortisol levels compared to fed fish (Bagbal., 1988). Conversely, fasting of
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channel catfishictalurus punctatusresulted in a significant increase in plasmaisoit
(Peterson and Small, 2004).

Interestingly, among the fed groups, we did netasignificant increase in mean
cortisol levels with crowding. One explanation niegythat a significant source of energy
ameliorates the stress of crowding and, perhapterinables the fish to cope with this
stressor compared to fish that are unfed. Althahghe was no effect of feeding among
fish maintained at the control densities, the ext@ve effects of feeding and crowding on
cortisol levels suggest an important role of thexdfag regimen.

Biliary clearance may be greater in fed fish thasted fish resulting in a greater
accumulation of corticosteroid metabolites in tile bf fasted fish, indirectly increasing
whole-body cortisol levels (Pottinger et al., 192002). This may have been more
evident among crowded fish as opposed to confpaldicularly among the fasted groups.
Despite this possibility, the specificity of theARa&ntibody for cortisol (not its
metabolites), the fact that our extraction procedsirould eliminate conjugated steroids,
and the validation of the extracts for paralleliseduced the possibility of detecting
these metabolites even if they were present irexti@cts.

There was an inverse relationship between boayasiz cortisol level among
fasted, crowded fish, reared in 76 L aquaria. Liafigl are typically socially dominant
(Qverli et al., 2004). Socially dominant fish gesfr have much lower cortisol levels
than subordinate fish reared under the same condi{Ejike and Schreck, 1980; @verli
et al., 1999; Sloman et al., 2001). Zebrafish @dig@lggression and establish dominance
hierarchy with tank cohorts (Gerlai, 2003). Whiminance hierarchies may breakdown
under extreme crowding (Li and Brocksen, 1977 )dnehies may persist under mild
crowding conditions (Sloman and Armstrong, 2002pdFdeprivation has been
demonstrated to increase aggressive behavior, stiggenhancement of dominance
hierarchies of Atlantic salmo&almo sala(Symons, 1968). It is conceivable that mild
crowding, in the absence of food, enhanced the danae hierarchies resulting in the
inverse relationship between fish weight and colsvel among crowded and fasted
fish.
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Individual variation and baseline cortisol values

There was a wide variation in individual cortiselels in all treatment groups,
with the exception of the fasted control groupssTi® not uncommon in crowding and
other stress studies with fish (Wendelaar Bong8y 1Barton, 2002; Feist and Schreck,
2002). Genetic factors and social hierarchiessh fave been demonstrated to affect
individual responses to stress. There is a gebasts of the stress response that has
allowed for selection of individuals with high almv cortisol responses (Pottinger and
Carrick, 2001; Fevolden et al., 2002). It is readia to assume that a genetically
unselected zebrafish population will show a braatye of cortisol responses to
crowding, density, and feeding regimen based oh genetic and social factors.

Baseline cortisol values for zebrafish have nernbestablished. Fish reared under
control conditions (not crowded) in Experimentsntl 2, demonstrated whole-body
cortisol levels ranging from 2.1 to 4.7 ng/g fighg. 2.4), which could be considered a
baseline cortisol range for AB adult zebrafish. Aidaally, Pottinger and Calder (1995)
found control (baseline) whole-body corticosterdmiszebrafish to be in the range of
0.4-1.0 ng/g fish. Differences in rearing facifgPGL vs. ZIRC), feeding regimen
(fasted vs. fed), density (0.2, 0.25, 4 fish/L)daank size (4 L, 60 L, 76 L) may have
accounted for the range of cortisol values in tiffeiént groups of control fish. We are
cautious in suggesting that rearing zebrafishgrécular density is stressful. Cortisol,
albeit at low, non-stress levels, is needed fomabrdevelopment and growth (Schreck,
1993). Further studies are needed to correlatésobhevels with zebrafish fithess
parameters such as reproduction and susceptitalifysease. This will aid in establishing
baseline cortisol levels for optimal zebrafish hieaind welfare.

Conclusions

The hardy nature of zebrafish was demonstrateglthis study as reflected by
the lack of morbidity and mortality as well as firesence of normal feeding behavior
during the 5-day crowding period. Despite the absei any apparent ill effects due to
crowding, inconsistent laboratory environments ratigct the quality and consistency of
research with laboratory fishes including zebraffalirthermore, the rearing environment
should be considered a critical component to fistfave, an increasing concern for fish
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husbandry. Whole-body cortisol could be used ambtd assess stress, optimize rearing
conditions, and improve the health and welfarehf popular vertebrate model. This

technique could also be useful for assessing stnestier small laboratory fishes.
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Table 2.1: Treatment specifications for Experimkrgbnducted at the Fish Performance

and Genetics Laboratory (FPGL) and Experiment Bdaoted at the Zebrafish
International Resource Center (ZIRC).

Treatment Experiment Density (fish/L) Tank Type Fed
(location)

Control 1 (FPGL) 0.25 60 L fiberglass No
3-hour Crowding 1 (FPGL) 40 60 L fiberglass No
5-day Crowding 1 (FPGL) 40 60 L fiberglass No

Fasted Control 2 (ZIRC) 0.2 76 L glass No
Fasted Crowded 2 (ZIRC) 40 76 L glass No

Fed Control 2 (ZIRC) 0.2 76 L glass Yes

Fed Crowded 2 (ZIRC) 40 76 L glass Yes
Fasted Control 2 (ZIRC) 4 4 L plastic No
Fasted Crowded 2 (ZIRC) 40

4 L plastic No



33

45 .
40 - .
35
2 30 - : :
2 25 - .
3 20 ‘ ‘
2 20
8 15 - : —14.3D
o -£.11.7 b
10 7 ®
5 - : :
+3.2 a : .
0 ‘
no crowding 3-hour crowding 5-day crowding
(n=20) (n=22) (n=21)

Figure 2.1 Experiment 1Crowding significantly increases cortisol levdtsdividual
whole-body cortisol (ng/g fish) of adult zebrafsibjected to no crowding, 3-h or 5-day
crowding. The dash (-) indicates the mean valueach treatment group. Different letters
indicate a significant difference between the meamisol values of the treatment groups
(p<0.0025).
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treatments. Different letters above the standam &ars indicate a significant difference
between treatment groups (p=0.0002; n=24-25).
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Abstract

Zebrafish,Danio rerio, are frequently handled during husbandry and exysztal
procedures in the laboratory, yet little is knoviaoat the physiological responses to such
stressors. We measured the whole-body cortisoldefeadult zebrafish subjected to net
stress and air exposure at various intervals odr faperiod; cortisol recovered to
control levels by about 1 h post-net-stress (PM&).then measured cortisol at frequent
intervals over a 1 h period. Cortisol levels wemrenthan 2-fold higher in net stressed
fish at 3 min PNS and continued to increase peakiridp min PNS, when cortisol levels
were 6-fold greater than the control cortisol rarigean cortisol declined from 15 to 60
min PNS, and at 60 min, net-stressed cortisol wiggmthe control range. Because the
age of fish differed between studies, we examimesting cortisol levels of fish of
different ages (3, 7, 13, and 19 months). Therewtds variation in resting cortisol
among tanks with the same age fish. The variabilityesting cortisol increased with age
and older fish tended to have higher resting carisggesting that the age of fish may
contribute to variation during experimentation. Thpid response and recovery of
cortisol after net handling likely reflect the int@ve domestication of zebrafish which

would select for rapid responses to net handling.

Keywords Age; Biomedical modeDanio rerio, Fish husbandry; Stressors
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I ntroduction

Cultured fishes are confined, crowded, capturaddied, and transported during
routine husbandry (Piper et al., 1992; Klontz etE95). These procedures are stressful
and elicit physiological changes in response tagieed threats (Schreck, 1981; Dauvis,
2006). Changes may be rapid or delayed, long-tershart-term depending upon
numerous factors including the species and lifgestd the fish, the nature of the
stressor, and other environmental factors (Schi2@80; Barton, 2000, 2002).

Stress has been described as a cascade of plgysablevents that occurs after
perception of a threat, during which an organistanapts to restore homeostatic norms
(Schreck et al., 2001). The hormone cortisol isimgry stress indicator in fishes, which
typically increases during exposure to acute oomiarstressors (Schreck, 1981;
Wendelaar Bonga, 1997; Barton, 2002; Ramsay €2@06). Plasma cortisol levels are
typically used as an indicator in larger fish spedBarton and Iwama, 1991, Wendelaar
Bonga 1997), whereas whole-body cortisol is ofteedufor smaller fishes, due to
inadequate blood volume to accurately measure plasmisol (Feist and Schreck, 2002;
Pottinger et al., 2002; Ramsay et al., 2006). Stevr increases in cortisol are believed
to be adaptive, whereas repeated or chronic inesgascortisol are maladaptive resulting
in decreased growth, impaired reproduction, anceemed susceptibility to infectious
diseases (Maule et al., 1989; Schreck et al., 288#&ij et al., 2003; Jentoft et al., 2005).

Handling of fishes typically elicits a cortisolsgonse, but the nature of this
response is quite variable. The cortisol respong®itmon husbandry stressors such as
crowding and handling has been described for nunsespecies, particularly salmonids
(Schreck, 1981, 1982; Barton, 2000). After a 38ig@handling stress, salmonids can
elevate cortisol levels 20 to 100 fold within 1Scfreck, 1981; Barton, 2000); however,
the magnitude of this response and recovery tinedmirol levels varies greatly with
species (Barton, 2002). Juvenile white suckéepstomus commersomlevate plasma
cortisol levels after 5 min of chasing with a netlaecover to control levels 6 h later
(Bandeen and Leatherland, 1997). In contrast, jilevgallid sturgeonScaphirhynchus

albus exhibit a low cortisol response to acute handsitrgss (Barton et al., 2000) even
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though this is the predominant steroid producethis/species in response to stress
(Webb et al., 2007).

Although the cortisol response to husbandry strsdsas been described for
many aquatic species, less is known about the nsgpaf fishes commonly used for
biomedical research. Zebrafidbanio rerio, are widely used as vertebrate research
organisms, primarily for developmental geneticsl mcreasingly for toxicological,
cancer, behavioral, and disease studies (Trede 8084; Dahm and Giesler, 2006;
Wright et al., 2006; Beckman, 2007). Few studiesshexamined the effects of
husbandry stress on zebrafish (Ramsay et al., 2&60@;ence, 2007). Stress is often
implicated when breeding is poor and during outksez disease (Westerfield, 2007)
suggesting a further need to measure and eludmatehusbandry stressors affect
zebrafish.

Pottinger and Calder (1995) described recoverggiof zebrafish whole-body
corticosteroids after transport; whole-body cortenoids were highest upon arrival in
the laboratory but recovered significantly 1 hdaling transfer to aquaria. Increases in
the whole-body cortisol of zebrafish, in resporsditect and visual contact with a
predator, have also been reported (Barcellos,e2@0.7). We have recently described
increases in the whole-body cortisol of zebrafisheisponse to crowding (Ramsay et al.,
2006). However, the cortisol response to net hagdind air exposure has not been
examined.

The aim of this study was to describe the wholdybmortisol response of adult
zebrafish to an acute handling stressor. Determgihow zebrafish respond to common
husbandry stressors will allow researchers to impittandling of fish, and ultimately,
the health and fitness of their fish, while minimiz husbandry-associated sources of

variation in experiments.

Methods

Zebrafish (adult, AB wild types) were providedthg Zebrafish International
Resource Center (ZIRC) at the University of OregoBugene, Oregon, USA. Acrylic
tanks (4 L, Thoren Aquati®s91007) were each stocked with 10 fish, maintaines
recirculation system at the ZIRC (Ramsay et alo&®esterfield, 2007). A total of 260
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fish (age: 7 months) were used for the 24 h Stadg;fish (age: 13 months) were used
for the 1 h Study; 120 fish (ages: 3, 7, &8d 19 months) were used for the Age Study.
An acclimation period of 7 to 10 d was used proinitiating experiments. Fish were fed
twice daily (ZIRC Mastermix and brine shrimp naupfirtemiasp.) during the
acclimation and experimental periods accordingairC feeding protocols (Westerfield
2007).

Net stress protocol and sampling

All sampling commenced at approximately the same bf day (10:00 — 11:00
h) in order to minimize the possibility of fluctuabs in cortisol due to natural circadian
rhythms (Schreck, 1981).

24 hour study

Net stress was administered to each stress traatar. All fish were netted,
suspended in the air for 3 min, returned to thegioal tanks for 3 min, and suspended in
the air for an additional 3 min. Duplicate tankdish were sampled at 9 min, 39 min, 69
min, 3 h, 8 h, 12 h, and 24 h post-net-stress (F5;3.1A). Duplicate control tanks, to

which no net stress had been administered, werpledrat similar intervals over 24 h.

One hour study

The dynamics of the cortisol response followingsteess was examined over
more frequent intervals during a 1 h period. Thaesaet stress protocol was
administered as for the 24 h study. Duplicate tnesit tanks of 10 fish were sampled at
3,6,9, 15, 22, 30, and 60 min PNS (Fig. 3.1B)plixate control tanks were sampled at
0, 15, and 60 min PNS.

Age study
We used 7 month old fish for the 24 h Study andnd®th old fish for 1 h Study.

Differences in control cortisol levels between 8tadies suggested that age may affect
resting cortisol levels. To investigate this furtht@plicate tanks of fish aged 3, 7, 13, or
19 months were held under similar control condgi¢tO fish in a 4 L acrylic tank) for a
period of 2 weeks after which they were sampledifoole-body cortisol.
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Sampling procedures

Sampling of fish, including euthanasia and fregzimas performed as described
by Ramsay et al. (2006). Upon sampling, fish wertbanized with buffered tricaine
methane sulfonate (500 mg/L MS-222), blotted orepapwels to remove excess water,
immediately frozen in liquid nitrogen, and storeéd&°C until analyzed. All
experimental procedures were approved by the inistital Animal Care and Use
Committee at the University of Oregon (Protocol3#01R).

Whole-body cortisol extraction and measurement

Whole-body cortisol was extracted using the metbiddamsay et al. (2006).
Whole zebrafish were thawed, weighed, homogeniaed extracted twice with 8 mL of
diethyl ether. Extraction efficiency was determiriedeach extraction by adding tritiated
cortisol to homogenized samples (n = 4) and extrg¢he samples as described above.
Average extraction efficiency was 73%, similar te\pous studies that examined whole
body cortisol levels in zebrafish (Ramsay et 00&), Chinook salmor®ncorhynchus
tshawytschgFeist and Schreck, 2002), and chum saln@rketa(de Jesus and Hirano,
1992).

Cortisol in the whole-body extracts of individdesh was measured using a
radioimmunoassay (RIA) from the method of Reddihgle(1984), modified and
validated by Ramsay et al. (2006). Consistency betwassays was verified by
measuring cortisol in whole-body extracts spikethwinown concentrations of cortisol.
Intra-assay and inter-assay variation was accegitad more than 10%. The detection
limit of the cortisol RIA was 3.125 pg/tube. All wle-body cortisol values were above
the detection limit. Cortisol values (pg/tube) wecgrected for dilution factors, weight of

fish, and extraction efficiency. The average weigfhthe thawed fish was 224 mg 247

mg).

Statistical analyses

Statistical analyses were performed using théstitatl software program S-
PLUS 7 (Insightful Corp., 2005, Seattle, Washinytéior each study, the weights of fish
in each treatment were examined and compared asiagalysis of variance (ANOVA).
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For the 24 and 1 h Studies, replicates of eacttrrent time PNS were compared
using a Welch’s modified t-test. The cortisol dixtan treatment replicates were pooled
if there was no significant difference. Two 95% fid@nce intervals of control cortisol
values were reported as a control cortisol rangedch the 24 and 1 h Studies. Net-
stressed cortisol values at each time PNS were amdpo those of each control cortisol
range using an ANOVA. Non-parametric tests (Wilaoxank test or Kruskal-Wallis
rank test) were used for comparison if the samateances were not equal. For the 1 h
Study, relationships between cortisol and time P& evaluated using a linear
regression model (y= mx + b; where y=cortisol, rmiPNS) to describe the increase in
cortisol and another linear regression model teriles the decrease in cortisol.

For the Age Study, an ANOVA was used to comparamesrtisol values
between triplicate tanks within each age groupaiment tanks of the same age were
pooled if there was no significant difference alnel ineans of different age fish were
compared using ANOVA.

Significance differences were reporteda0.05.

Results

There was no observed morbidity or mortality & fish during the experiments.
Comparisons of the cortisol values of replicat&ks$asubjected to the same treatment
indicated no significant differences in either 82eh or 1 h Study. Therefore, data from
control tanks was presented as a control cortesuje to which net-stressed groups were
compared. For the Age Study, significant differenlbetween triplicate tanks of the same
age group did not allow us to pool data from regikctanks. Although the sample
variances were not equal in all cases, similarltesiere obtained using parametric and
non-parametric methods; therefore, we reported mdylts from parametric

comparisons.

Age study

Mean resting cortisol values varied widely (Fi®2Z®). The range of cortisol
values tended to increase with age and was masil@iamong the oldest fish (19
months old; Fig. 3.2B). Three month old fish weidlsggnificantly less (212 $4 mg)



44

than fish at the other ages. There were no sigmifidifferences between the weights of
the 7, 13, and 19 month old fish (36713 mg).

One hour study

We found that 3 to 15 min after netting stresstisol levels increased linearly
from 2.5 to 6 fold higher than control levels. Theartisol decreased linearly to control
levels. Sixty minutes after netting stress, werdhtidetect a significant difference
between control and net stressed fish (Fig. 3.3).

The positive (1) and negative (2) linear relatiopstbetween cortisol and time PNS were
explained by the models:

(1) cortisol = 7.26 + 1.78 time (R = 0.591; p=0; Fig. 3.3).

(2) cortisol = 39.5 — 0.58 time (R = 0.556; p=0; Fig. 3.3).

There were no significant differences in the wesgsf fish in any of the treatment
groups.

24 h study

At 9 min PNS, mean cortisol increased almost 8-folnet-stressed fish
compared to the control fish (Fig. 3.4). By 39 nuartisol was about 50% greater in net-
stressed fish compared to controls. Cortisol legétbe net stressed individuals were
significantly lower compared to controls 69 min PN8e mean cortisol values 12 h after
net stress was significantly higher than contrble Tortisol values at all other time points
did not differ between the net-stressed groupscantrol range. There were no

significant differences in the weights of any of filsh in the treatment groups.

Discussion

Our study describes the cortisol response of asdtafish to acute handling
stress; this complements our previous study thatéxed the cortisol response of
zebrafish to chronic crowding stress (Ramsay £2806). Despite the wide use of
zebrafish as a research organism, there are feawelgarding the stress response as it
relates to husbandry (Lawrence, 2007). Better wtdeding how zebrafish respond to
handling will allow researchers to create a reaengironment for optimal health and

reproduction while minimizing husbandry-associatedrces of variation. Additionally,
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zebrafish may be developed as a model of stresicaculture species (Dahm and
Geisler, 2006; Alsop and Vijayan, 2008).

There was no mortality during or after nettingnar stressors often result in
mortality in other fishes, notably salmonids (Sahk;el982; Schreck et al., 1995) and
marine fishes (Davis et al., 2001; Suski et alQ7)0In addition, zebrafish responded and
recovered rapidly from the acute stress. An extenisistory of domestication and
physiological adaptations favorable to laboratargure may explain the ability of
zebrafish to endure husbandry stressors withouatfgignt mortality (Creaser, 1934;
Eaton and Farley, 1974; Laale, 1977; Dahm and &ei2006). Domesticated zebrafish
have a reduced startle response compared to z#badftained from wild populations
(Robison and Rowland, 2005). Behavioral differerfaetsveen wild and domesticated
zebrafish reflect differences in genetic profilégright et al., 2006). In addition, the
cortisol response is highly heritable in fish@sérli et al., 1999; Pottinger and Carrick,
2001; Fevolden, et al., 2002). Continuous spawaimgshort generation time of
zebrafish likely facilitated rapid selection ofitsafavorable to survival in a laboratory
environment, including the ability to respond talaacover from husbandry stressors

such as net handling.

Rapid linear increase in whole-body cortisol afteet handling

Zebrafish rapidly increase whole-body cortisolisvupon exposure to net stress
with peaks occurring 9 min after netting. When eaad at more frequent intervals over
a 1 h period, cortisol peaked at an even highezl latv15 min, confirming that zebrafish
rapidly produce cortisol in response to net steggbair exposure. In a similar study
examining transport stress in zebrafish, whole-boayicosteroids peaked 30 min after
transfer from holding tanks to transport contair{®wsttinger and Calder, 1995). This was
the first measurement following transfer. Therefares not possible to know whether or
not this value would have been higher 15 minutesr &afansfer. Peak whole-body cortisol
values in our study ranged from 28 to 30 ng/g. Thimuch greater than the peak values
found by Pottinger and Calder (1995) which rangedhf4 to 9 ng/g. The nature of the
stressor (brief handling and transfer rather tlewee net handling and air exposure)

may have resulted in a much greater cortisol respanour study. Additionally,
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differences in temperature between studies (28$use25C) may explain differences in
the magnitude and timing of peak cortisol respqafireck, 2000).

Zebrafish demonstrated a linear increase in whol#y cortisol over time. Davis
and Small (2006) showed a similar linear increagglasma cortisol values among
sunshine bas$/orone chrysopg M. saxatilis exposed to a 15 min low water stressor
with plasma cortisol levels peaking at 20 to 30 pist-stressor. Differences in the
nature and duration of the stressor as well asepaad temperature differences may
have resulted in differences in the timing and nitagle of the cortisol response.
Nevertheless, the similar linear increase in coksiggests that a better understanding of
the dynamics of the cortisol response followingasyre to handling stressors could be

examined to create husbandry protocols that mirarsizess in aquaculture.

Recovery from net handling: clearance of cortisol

Whole-body cortisol levels recovered to that & tdontrol range by 1 h after net
stress for both the 24 h and 1 h Studies. Similarhole-body corticosteroids of adult
zebrafish had recovered to baseline values 1 oviiallg transport (Pottinger and Calder,
1995). Pottinger and Calder (1995) also notedzbhtafish are less sensitive to changes
in environment and recover relatively rapidly froransport stress compared to
salmonids. Zebrafish are frequently handled durigine laboratory procedures
(breeding, tank cleaning, etc.). Stress conditigriias been shown to attenuate the
cortisol response of Chinook salm@mncorhynchus tshawytschia subsequent stressors
(Schreck et al., 1995). Previous experience wittilar handling stressors may have
facilitated the rapid recovery of elevated cortigotontrol levels.

Interestingly, at 69 min after net stress, coltisgels among the net stressed fish
were significantly lower than the control range gesfing an increased rate of cortisol
clearance in the first 69 min after net stress. dlkarance rate of cortisol was increased
in coho salmon®Oncorhynchus kisutclafter netting and crowding stress or chronic
administration of exogenous cortisol (Redding eti#84). Bradford et al. (1992)
demonstrated evidence for ultra-short-loop negdéedback of cortisol secretion by the
interrenal of coho salmon in the presence of etl/&vels of exogenous cortisol.

Elevated whole-body cortisol as a result of sevetestress may have increased the
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clearance rate of cortisol as well as suppressesabsecretion, resulting in
significantly lower cortisol levels at 69 min afteet stress.

The cortisol of the net stressed group at 12 h RESsignificantly higher than
the control cortisol range. The 12 h group was dadhat approximately 22:00 h, during
which time the facility is typically void of actity and people. Barcellos et al. (2007)
have demonstrated increased cortisol in zebrafisim wisual contact with a predator. It
is possible that unanticipated visual contact whiin sampler just prior to sampling
elicited a slight but significant elevation in tbertisol of previously stressed zebrafish,
perhaps in anticipation of another net stressor.

The relationship between cortisol and time fromtd 60 min was linear. Davis
and Small (2006) also demonstrated a decreasasmpl cortisol among channel catfish,
Ictalurus punctatusand sunshine bass of a similar linear natureerAft30 s handling
stressor, coho salmon showed a linear decreasasma cortisol from 1 to 3 h post-
stress; however, subsequent measurements at@nd 24 h post-stress did not reflect a
linear decrease (Patifio et al., 1987). The natus&ressor, species of fish and
environmental conditions of the experiment alluefhce the recovery of cortisol levels to

baseline.

Resting cortisol: effects of age

Cortisol values varied widely between tanks df it the same age, indicating a
possible tank effect. We were not able to discesnedfect of tank position as
demonstrated in other studies (e.g. Speare €ét95) but could not pool the data from
replicate tanks for comparison. Nevertheless, rénadtwas toward increased variability
in resting cortisol in older fish. The 3 and 7 nfootd fish tended to have lower cortisol
than the 13 and 19 month old fish. As animals hgeal cortisol secretion typically
increases and is associated with decreased healtinereased disease problems
(Sapolsky et al. 1986; Butcher and Lord 2004). Zédin may experience similar age-
related increases in cortisol which may subsequerftéct the health of the fish.

Differences in the cortisol levels of the contgobups between the 24 hand 1 h
Studies may also be the result of slight differsncesampling procedures during each

experiment. During the 24 h Study, sampling acgésitvere performed in closer
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proximity to the tanks than during the 1 h Studige Transparent acrylic tanks allowed
the fish to see activity outside of the tank, whicy have been perceived as a threat.
Zebrafish rely on visual cues to avoid threats sagpredators (Fleisch and Neuhauss,
2006; Barcellos et al., 2007; Spence et al., 20D&. close proximity of treatment tanks
to control tanks allowed control fish to see diste treatment fish which may have
elicited a slight but significant increase in wholedy cortisol among the control fish.
Although there were slight differences in controttsol levels between the 24 hand 1 h
Studies, the cortisol levels of the net stress&ulitere much greater than control groups.

Conclusions

Zebrafish responded and recovered rapidly to &testness protocol used in our
study. Extensive domestication suggests selecfitmaits favorable for survival in a
laboratory environment, including the ability todeme net handling and air exposure.
Despite the ability of zebrafish to recover rapifityn handling stressors, increasing the
frequency and duration of handling may alter theadgics of the cortisol response and
necessitate longer recovery periods. Differencdsmdling procedures among
laboratories may increase the husbandry-asso@atades of variation in experiments.
Additionally, reproduction and disease resistaneg be affected long after cortisol
levels have recovered. Older zebrafish tended e haher variation in resting cortisol
levels than younger zebrafish suggesting that ga important factor in the dynamics
of the cortisol response of this species. Betteleustanding how handling stressors and
age affect whole-body cortisol, reproduction, arsgdses of zebrafish may allow
improvements in the husbandry, health, and comsigtef studies that use this important
model.
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Figure 3.1: Timeline of net stress protocol. Figrevnetted from their tanks, suspended
in the air for 3 min, returned to their originahks to rest for 3 min and subjected to a
second 3 min net stressor. For the 24 h Studyjchaipltanks (n=10) were sampled at 9
min, 39 min, 69 min, 3 h, 8 h, 12 h, and 24 h atternetting. For the 1 h Study,
duplicate tanks (n=10) were sampled 3, 6, 9, 15302and 60 min after netting.
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Figure 3.2: A) Mean whole-body cortisol (ng/g fiskight;= SEM) of triplicate tanks
(a,b,c) of different aged fish (3, 7, 13, 19 mopthsld at the same density (2.5 fish/L).
Cortisol values were not pooled because of sigamficlifferences between triplicate
tanks of the same age group. Different letter alibeestandard error bars indicate a
significant difference between cortisol values witbach age group. B) Box-plot of
whole-body cortisol (ng/g) of zebrafish of diffeteages. The bottom and top of the
boxes represent the interquartile range (IQR) efdata (25 - 75" percentile). The line
through each box represents the median for eachrage. The shaded area of the box
represents the 95% confidence interval for eachgamep. The whiskers extend to
1.5*IQR; data points beyond this range are repteseny dots with lines and are
outliers.
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Figure 3.3: Individual whole-body cortisol valuemy(g fish weight) over time (min) after net str€ss Study). Net-stressed
fish (e) were held in a net for 3 min, allowed to recofger3 min and suspended again in a net for 3 nish &t time 0 min
received no net stress prior to sampling. Meansmvalues at each time post-net stress (PNSepresented by a line
passing through the points. There was a positheali relationship between cortisol and time frota @5 min PNS (cortisol =
7.3 +1.76x time; R = 0.595, p=0) and a negative linear relationskiveen cortisol and time from 15 to 60 min PNS
(cortisol = 39.5-0.5& time; R = 0.56, p=0).
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Figure 3.4: Mean whole-body cortisol (ng/g fish gigi £SEM; n=20) over time (24 h
Study). Net-stress groups (gray bars) were heldenged in a net for 3 min, allowed to
rest in their original tanks for 3 min and thenmersded in a net for 3 min. The control
cortisol range (- - -) is summarized as a 95% damfce interval (controls received no net
stress prior to sampling. Significant differences@.05) between the control and net
stressed groups are indicated with an asterisk (*).
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Abstract

Mycobacteria are significant pathogens of labasarebrafishDanio rerio
(Hamilton). Stress is often implicated in clinichkéease and morbidity associated with
mycobacterial infections but has yet to be examimighl zebrafish. The aim of this study
was to examine the effects of husbandry stressoeebrafish infected with
mycobacteria. Adult zebrafish were exposeMia@obacterium marinuror M. chelonag
two species that have been associated with diseasbrafish. Infected fish and controls
were then subjected to chronic crowding and hagditressors and examined over an 8-
week period. Whole-body cortisol was significarglgvated in stressed fish compared to
non-stressed fish. Fish infected with marinumATCC 927 and subjected to husbandry
stressors had 14% cumulative mortality while notaldy occurred among infected fish
not subjected to husbandry stressors. Stressedrifsieted withM. chelonaeH1E2, from
zebrafish, were 15-fold more likely to be infectBdn non-stressed fish at week 8 post-
injection. Sub-acute, diffuse infections were mooenmon among stressed fish infected
with M. marinumor M. chelonaghan non-stressed fish. This is the first study to
demonstrate an effect of stress and elevated cbaitsthe morbidity, prevalence, clinical
disease, and histological presentation associaittadmycobacterial infections in
zebrafish. Minimizing husbandry stress may be éffeat reducing the severity of
outbreaks of clinical mycobacteriosis in zebrafestilities.

Keywords:MycobacteriaStress, Cortisol, Zebrafish, Husbandry
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I ntroduction

Mycobacteriosis is a common disease of wild arltlced fishes (Decostere,
Hermans & Haesebrouck 2004). Among the more comspeuaies infecting fishes are
Mycobacterium marinupM. chelonagM. abscessuandM. fortuitum(Chinabut 1999).
Piscine mycobacteriosis is a chronic progressigeatie. There are often no external
signs until advanced stages of the disease durdmghwon-specific signs are present
including emaciation, hemorrhagic and dermal lesidgthargy, and death (Gauthier &
Rhodes in press). The chronic proliferative formhe disease is characterized by
granulomas, while sub-acute forms of the diseas@ssociated with necrosis and acid-
fast bacilli scattered diffusely among affecteduiss including the kidney, liver, spleen,
and often all visceral organs (Ferguson 2006).

Aquarium fishes are particularly susceptible tacobacterial infections (Pate,
Jerti¢, Zolnir-Dowt & Ocepek 2005; Zanoni, Florio, Fioravanti, RossP&aro 2008)
and mycobacteria have been identified as signifipathogens of zebrafisBanio rerio
(Astrofsky, Schrenzel, Bullis, Smolowitz & Fox 2Q08ent, Whipps, Matthews, Florio,
Watral, Bishop-Stewart, Poort & Bermudez 2004; S&wo, Kasuga, Kim, Lee, Lee,
Park, Baek, Lee, Kim, Lee, Lee, Cho & Park 2006;pph, Dougan & Kent 2007).
Zebrafish are excellent hosts for these bacteahanwe been increasingly used to study
the pathogenesis of mycobacteriosis (Prouty, CoBatker, Jagadeeswaran & Klose
2003; Tobin & Ramakrishnan 2008). The increasingutarity of zebrafish as a research
model (Dahm & Geisler 2006; Lieschke & Currie 208} resulted in a significant
increase in the number of laboratories rearinggdirey, and transporting zebrafish. This
increases the potential for dissemination and ekatien of infectious diseases, such as
mycobacteriosis (Kent, Feist, Harper, Hoogstratetkel] Law, Sanchez-Morgado,
Tanguay, Sanders, Spitsbergen & Whipps in press).

The pathogenesis Mycobacteriunspp. from zebrafish research facilities has
recently been examined (Watral & Kent 2007). Infaciwith M. marinumisolates
resulted in 100% infection with mortality betweehahd 100%. Infection with.
chelonagM. peregrinumor M. abscesusisolates resulted in low to moderate infection

prevalence with negligible mortality. Recentl, haemophilunihas been identified as
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the causative agent of outbreaks resulting in mgintality in zebrafish facilities (Whipps
et al. 2007). Conversely, in well-maintained laltori@sM. chelonaaisually causes
minimal mortality, even when fish exhibit a relaly high prevalence of infection and
histological changes (Whipps, Matthews & Kent 20@early differences in the
virulence and pathogenicity dycobacteriunspp. play a significant role in subsequent
outbreaks of disease (Watral & Kent 2007), butrdaing environment may also play an
important role.

Husbandry stress is often considered a factoxacerbating diseases of fishes.
Stress is a physiological cascade of events tlatreavhen organisms attempt to
maintain homeostatic balance after perceptiontbfeat (Schreck, Contreras-Sanchez &
Fitzpatrick 2001). The response to stress typidattjudes elevation of the stress
hormone cortisol (Barton 2002). Stress is adaptivé@er acute conditions but
maladaptive under conditions of chronic or repeateess (Schreck 2000). Chronically
stressed fish tend to be more susceptible to patitognd diseases that non-stressed fish
(Schreck 1996).

We have recently described increases in whole-lsodysol levels of zebrafish
exposed to chronic crowding or acute handling stness(Ramsay, Feist, Varga,
Westerfield, Kent & Schreck 2006; Ramsay, FeistgdaWesterfield, Kent & Schreck
in review). Chronic stress and elevation of cottisgenerally immunosuppressive and
often a factor contributing to increased diseas®gence and morbidity in fish
populations (Kent & Hedrick 1987; Maule, Tripp, Ki@ai & Schreck 1989; Saeij,
Verburg-van Kemenade, van Muiswinkel & Wiegertj@92; Dror, Sinyakov, Okun,
Dym, Sredni & Avtalion 2006), and stress has beaplicated in exacerbating
mycobacteriosis in zebrafish (Harriff, Bermudez &K 2007; Westerfield 2007).

In animal models for mycobacteria, stress has bleemonstrated to suppress the
immune response. Swimming stress decreased the iaflammatory response of
autoimmune-prone mice infected with avium(Martins & Aguas 1995). Restraint
stress impaired the activation of T-cells in midéhwnycobacterial infections (Zwilling,
Brown, Christner, Faris, Hilburger, McPeek, Van EgpHartlaub 1992). Host resistance
to M. boviswas reduced in hamsters with increased serunsoblévels (Righi,

Pinheiro, Guerra & Palmero-Neto 1999; Palermo-N8amtos, Guerra, Santos &
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Pinheiro 2001). Zebrafistagl mutants, lacking fully functional T and B cellserg
hyper-susceptible to infection witl. marinum(strain M) because of a failure to control
bacterial growth (Swaim, Connolly, Volkman, Humb&brn & Ramakrishnan 2006).
Similar impairments to adaptive immunity may resulih chronic stress (Schreck 1996)
suggesting that stress may increase susceptitalityycobacterial infections in zebrafish.

Many Mycobacteriunmspecies are ubiquitous in the aquatic environnmeaking
control by avoidance of these pathogens very dilfi¢-urthermore, there is no effective
treatment for mycobacteriosis in zebrafish. A baftederstanding of the pathogenesis of
Mycobacteriunspp., including factors affecting host susceptipilinay enable zebrafish
researchers to manage this pathogen and prevenitiabidisease outbreaks through
effective husbandry practices. The aim of this gtwds to examine the role of husbandry
stressors on the susceptibility of adult zebratftssimycobacterial infections. We chose
the type strain oM. marinumATCC 927 because it resulted in a high infection
prevalence and low mortality in previous studiesum laboratory (Ostland, Watral,
Whipps, Austin, St-Hilaire, Westerman & Kent 2008atral & Kent 2007) anil.
chelonaeH1E?2 because it resulted in a moderate infectiengdence, negligible
mortality, and is commonly found in apparently tiealfish in zebrafish facilities
(Whipps et al. 2008).

Materials and methods
Bacteria and growth conditions

Mycobacterium marinurPATCC 927 was originally obtained from the American
Type Culture Collection (Manassas, VA USA), firsblated over 80 years ago from
aquarium fish (Aronson 1926). Prior to infectiontieé fish in our studyM. marinum
was passed through hybrid striped b&dsrone saxatilisx M. chrysopsOstland et al.
2008), re-isolated on Lowenstein-Jensen medium @Rdmnexa KS USA) and used for
anin vivo pathogenesis study (Watral & Kent, 2007; Ostlanal.€2008). The\.
chelonaeH1E2 was isolated from zebrafish (TU strain) dgniautine screening at a
zebrafish facility (Whipps et al. 2008).

The growth conditions of ea®. marinumandM. chelonaavere identical. Fresh
colonies of bacteria were suspended in Middlebrdid® broth containing 1% albumin-
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dextrose-catalase (ADC, Becton Dickson, Sparks, Ml 0.1% Tween (Sigma-
Aldrich, St. Louis MO) to prevent clumping of thadieria. The cultures were placed on
a rocker at 28C for 5 days. The presence of mycobacteria in thi®m@s was verified by
acid-fast staining via the Kinyoun method (Hardwy@nostics, Santa Maria CA, USA).
Concentrations of the inocula were adjusted usiegdlane’s standards and verified by
plating on Middlebrook 7H10 media with 10% olei¢échalbumin dextrose-catalase
(OADC, Becton Dickson, Sparks MD).

Fish husbandry and experimental design

Zebrafish (AB strain; 15-19 months old; 2/3 male8, females) from the
Zebrafish International Resource Center in Eug&ie|USA were randomly allocated to
acrylic tanks (10 L) in a Bio-safety Level 2 Labng at Oregon State University in
Corvallis, OR USA. Tanks were filled with static-delorinated city water and fish were
allowed to acclimate for 2 weeks at a density 6f-12 fish/liter. Water temperature was
maintained at 27-28. Ammonia and nitrite levels were monitored dai$jng test kits
and water changes were performed periodically. #altilly, box-type aquarium filters
with porous lava rock were placed into each tamkbfological filtration. Fish were fed
twice daily (Zeigler adult zebrafish diet, Zeig#ros. Inc., Gardners, PA USA) during

the acclimation and experimental periods.

M. marinum-stress study

Treatments were randomly assigned to 12 tanks @adlining 15 fish (180 fish
total; average wet weight: 54130 mg). Four tanks were assigned tdvhemarinum
infected tanks; two of these tanks were assignée tstressed. marinumstress) and
two were assigned to receive no strédsrharinumcontrol). The remaining eight tanks
were assigned to be sham-infected; four of thedestavere assigned to be stressed
(sham-stress) and four were assigned to receistress (sham-control). Fish in all four
of theM. marinuminfection tanks were processed for histology amtliced for bacteria.
Fish in two sham-stress and two sham-control taveee processed for histology and
cultured for bacteria. Fish in the remaining twarshstress and two sham-control tanks

were examined for whole-body cortisol only.
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M. chelonae-stress study

We repeated the protocol used for fhemarinumstudy usingVl. chelonagbut
we did not measure whole-body cortisol during gtigdy. We, therefore used four tanks
injected withM. chelonadg2 M. chelonaestress, 2\. chelonaecontrol) and four sham-
injected (2 sham-stress, 2 sham-control). Each ¢ankained 17-20 fish; a total of 109
fish were used for this study. The average wet e fish was 484 mg (20 mg).

Infection of fish and stress protocol

Exposure to the bacteria was performed as deschip&Vatral & Kent (2007).
Briefly, fish were anesthetized with 150 mg/L buéeé tricaine methane sulfonate (MS-
222; Argent, Redmond WA, USA). Each fish from théection tanks was
intraperitoneally (IP) injected with 5@ inoculum to achieve a target dose of 5 £ 10
colony-forming units (cfu) per fish. The actual dasceived by fish in thiel. marinum
study was 1 x T0cfu/fish while fish from thevl. chelonaestudy received the target dose
of 5 x 10 cfu. Fish from the infection-control tanks werashinjected IP with sterile
distilled water (5QuL).

One week following injection, stressors were adst@ned to the stress tanks. A
continuous crowding stressor was administerednferduration of the studies. Fish were
crowded in rectangular breeding cage inserts, avidlse bottom, placed into the 10 L
tanks so the edges of the breeding cage restduedop edges of the tank; the crowding
density was 30 fish/L. In addition to continuouswding, various handling stressors
were administered randomly to ensure the fish didacclimate to the stressors. Fish
were exposed to air by lifting the breeding cageaduhe water for various durations
from 30 sec to 3 min. This was often repeatedgeitimmediately or later in the day
(within 2-4 h). Rapid repeated emersion and immoarsif fish out of and into the water
was also performed for periods up to 3 min. Lowex&iandling was performed by
holding the fish in the breeding cages so theikbaeere out of the water for periods up
to 3 min. Handling of fish was performed at least@daily for the duration of the
experimentM. marinumcontrol and sham-control groups were maintaingtieat

acclimation density (1.5 — 2 fish/L). Whole-bodytteol levels of sham-control and
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sham-stress groups were measured at one weel(fafik) and two weeks (8 fish/tank)
after stressors were initiated.

Cumulative mortality was measured over an 8 weg@eemental period which
started after the fish were injected. Moribund figkre removed from the tank just prior
to death. Mycobacterial infections were evaluatgdhistology and culture favl.
marinumstudy and by histology alone for the chelonaestudy. The number of infected
fish in each group was compared at week 4 (5 ashjtpost-injection (PI) and the
remaining fish were sampled and evaluated at week Bdditionally, the numbers of
fish with diffuse (sub-acute) infection were congzhbetween groups at week 4 and 8 PI.

All experimental procedures were approved by tistitutional Animal Care and
Use Committee at Oregon State University (ACUP #314

Histology

Upon sampling, fish were euthanized with buffelé8g-222 (500 mg/L), placed
in Dietrich’s fixative (Gray 1954) and processedtigtology. Prior to processing,
preserved fish were de-calcified using 5% trichémetic acid in Dietrich’s fixative. Mid-
sagittal sections were cut and stained using afieddinyoun’s cold acid-fast stain to
identify mycobacteria. Briefly, slides were de-génézed, rehydrated and placed into
carbol-fuchsin (8 g basic fuchsin HCI, 40 mL 95%é&ttol, 200 mL deionized water, 16
mL liquefied phenol) for 15 minutes. De-stainingsay@erformed in a 1% hydrochloric

acid solution in 70% ethanol for 2 minutes. Metmgélue was used to counter-stain.

Bacterial culture

For theM. marinumstudy, prior to processing for histology, bacteviere
cultured from each fish. The spleen and a porticth® liver were removed from each
fish and placed in 100L phosphate-buffered saline (PBS). A 1% cetylpyniigin
chloride solution (10QL) was added to this preparation. The tissues weneually
homogenized and incubated overnight at room tenyreréo remove contaminants. The
samples were rinsed twice with PBS, re-suspendddMOuL PBS and plated on
Middlebrook 7H10 plates. The plates were incub&bed-10 days at 28C and bacterial
growth (cfu) was recorded. Bacteria were not celtuior theM. chelonaestudy as a
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previous study with this same isolate in our labmsashowed an excellent correlation

between culture and histology using acid fast stgi(Whipps et al. 2008).

Whole-body cortisol

Whole-body cortisol was measured using the metiidRamsay et al. (2006).
Whole zebrafish were homogenized and extracteddursol using diethyl ether.
Samples were corrected for extraction efficiency aeight. Cortisol was measured in
the extracted samples using a radioimmunoassaysi§tency between assays was
verified by measuring cortisol in whole-body extsaspiked with known concentrations

of cortisol. Intra-assay and inter-assay variati@s accepted at no more than 10%.

Statistical analyses

Statistical analyses were performed using S-PLWI&sightful Corp., 2005,
Seattle, Washington). Whole-body cortisol levelsloplicate treatment tanks were
compared using a Welch’s modified t-test and podl#aere was no significant
difference between the duplicates. Pooled stressddon-stressed groups at week 1 and
2 post-stress were then compared using an analygegiance (ANOVA) with Fisher’s
LSD.

Fisher's Exact Tests were used to determine tkeagth of associations between
treatment groups and prevalence of infection ovgdence of diffuse infection. An odds
ratio (OR) was used to determine whether the ofidgiang infected were different
between stressed and non-stressed groups. Oduls wetiie also used to determine if the
odds of having a diffuse infection were greatemleein stressed and non-stressed groups.
The odds were considered significant at OR>2 (Lodkr2008). Comparisons were
made within each study but not between studies.

Significance differences between treatment groug® reported at=0.05.

Results
Background infection with Pseudoloma neurophilia

During theM. marinumstudy, the microsporidiun®seudoloma neurophilja
parasite of the central nervous system of zebrafisis found in many of the histological
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sections of the fish. The prevalence”oineurophiliawas 57% in the sham-injected tanks
and 81% in thé/. marinuminjected tanks (Table 4.1). There was a stronga@ason
between infection groupM. marinuminjected vs. sham-injected) and the prevalence of
P. neurophiliainfection (p=0.0076)Pseudoloma neurophilizzas not detected in the fish

from theM. chelonaeexperiment.

Whole-body cortisol (M. marinum study)

There were no significant differences betweenicap@s of the same treatment;
therefore the data were pooled. Whole-body cortisad significantly higher in the
stressed groups compared to the control groups 4Fiy There was no difference
between the cortisol of the control groups from kvéeo week 2 post-stress. However,
among the stressed groups cortisol was signifigdover at week 2 compared to week 1

post-stress.

Histopathology and culture

Infected fish from both th®l. chelonaeandM. marinumstudies exhibited
characteristic mycobacteriosis including granulo@#taining acid-fast bacilli in the
visceral organs and kidney, (Fig. 4.2 A,B,E,F; Hicp, Appendix Figure A4.1).
Additionally, diffuse infections associated witHlammation caused by acid-fast bacilli
scattered in the kidney, liver and gastrointestiradt were identified in numerous
individuals, particularly among stressed fish (M@ C,D,G,H, Fig. 4.5, Appendix
Figure A4.2).

Acid-fast bacterial colonies were recovered fradnr#fected fish from both the
M. marinumstress anél. marinumcontrol groups. Colony counts ranged from 1 X 10
cfu to 7 x 1d cfu (Fig. 4.3). Individuals with the highest ba@écounts were from the
stressed groups. Histopathology was more sensitiidentifyingM. marinuminfections
than culture (Table 4.2).

Cumulative mortality over time

During theM. marinumstudy, there was no morbidity among Memarinum
control tanks. Cumulative mortality was 14% amdmgN. marinumstress tanks (Fig.
4.4; Table 4.1). Interestingly, there was 3% madstah both the sham-control and sham-
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stress tanks but there was no evidence of mycaf@dteection in any individuals from
these groups. However, many of the individual$ease sham-infected tanks were
infected withP. neurophilia(Table 4.1).

For theM. chelonaestress study, all fish in one of the control-dremks
unexpectedly died at week 5 PI. There were no mgcialia or other pathogens
identified from this group. There was no additiomadrtality among any of the other

groups.

Prevalence of mycobacterial infections

None of the control fish in thd. marinumstress study became infected with
mycobacteria. Conversely, almost all of the fisht tivere injected witiM. marinumwere
infected at both week 4 and 8 PI (Table 4.1). Tioeeg odds ratios were not compared
for theM. marinumstress study because the odds of being infectedng@ theM.
marinumgroups, were the same.

For theM. chelonaestress study there was a single fish in one o§Han-stress
tanks that had acid-fast mycobacterial rods irsthien bladder. There was no further
histological evidence of mycobacteria in any viat&ssues and no internal or external
signs of mycobacteriosis.

Among theM. chelonaenfected groups, at week 4 Pl there was no assogia
between stress treatment and infection (p=0.478)vever, at week 8 PI, there was a
positive association between stress treatmentrdadtion (p=0.03); the stressed group

was over 15-fold more likely to be infected thae tton-stressed group (OR=15.11).

Prevalence of diffuse infections

There was a strong association between stregsmgatiand diffuse infections for
fish infected withM. marinum(p=0.0012; Table 4.1ptressed fish infected witid.
marinumwere almost 7-fold more likely to have diffuse ictfiens compared to fish that
were not stressed (OR = 6.97). At week 4 PI, tiaex® no association between stress
treatment and diffuse infections figt. chelonaenfected fish (p=0.285). However, by

week 8 PI, there was a strong association betweesssreatment ard. chelonae
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infection (p=0.0045); stressed fish were over l@i-foore likely to have diffuse infection
than non-stressed fish (OR = 11.43).

Discussion

Mycobacteriosis is a significant disease of labmyazebrafish (Astrofsky et al.
2000; Kent et al. 2004; Whipps et al. 2007), witheffective treatments currently
available. Indeed, zebrafish are a highly susckpsipecies based on laboratory
transmission studies comparing zebrafish to medakgias latipegBroussard & Ennis
2007) and hybrid striped baddprone chrysopg Morone saxatiligOstland et al. 2008).
Better understanding the factors affecting dissation and exacerbation of this disease
may aid in controlling outbreaks in zebrafish coésn We have demonstrated husbandry
stress exacerbates mycobacterial infections intaébkrafish. To our knowledge this is
the first study linking stress and disease in labtmy zebrafish.

We detected background infection with the microgjom, P. neurophilia
during theM. marinumstudy.Mycobacteriunspp. and®. neurophiliaare both common
pathogens of laboratory zebrafish and co-infedsamot uncommon (M.L. Kent, V.
Watral and J.M. Ramsay, personal observatidhsjeurophiliainfects the central
nervous system and somatic muscle of zebrafishsaassociated with emaciation, spinal
deformity, and low-level chronic mortality (MatthewBrown, Larison, Bishop-Stewart,
Rogers & Kent 2001; Kent & Bishop-Stewart 2003)eTow-level mortality among the
sham-control and sham-stress groups, which werativegor mycobacteria, may be
attributable tdP. neurophilia Interestingly we found a higher prevalence of
microsporidiosis in zebrafish infected with marinum Microsporidiosis tends to be
more prevalent in immune-suppressed individualgli@i& Weiss 2006) and
mycobacteriosis has been demonstrated to suppnessnity (Fenton & Vermeulen
1996; Moura & Mariano 1997).oma salmonaéMicrosporidia)—infected rainbow trout,
Oncorhynchus mykig§valbaum), treated with the immune-suppressingh®tic steroid
dexamethasone, had increased parasitic infectmmgared to untreated fish (Lovy,
Speare, Stryhn & Wright 2008). Further investigatom the effects of co-infection with
mycobacteria and microsporidium may be useful mm@dling these common pathogens

of zebrafish
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In theM. chelonaestudy, we found one fish with a mycobacterial itifeT of the
swim bladder. Similar background levels of mycobdathave been found in previous
studies in our laboratory (Harriff et al. 200Environmental mycobacteria, suchMs
chelonaeandM. fortuitum, are common in freshwater aquaria (Zanoni et@82, and
M. fortuitumis commonly isolated from fish without causingedise (Beran, Matlova,
Dvorska, Svastova & Pavlik 2006). Our laboratorg baamined hundreds of histological
sections of zebrafish stained with acid-fast thfoagr diagnostic service of the NIH
Zebrafish International Resource Center (http:#afh.org/zirc/health/index.php), and
we frequently see acid-fast bacteria only in thmiha of the intestine and swibdadder.
The swim bladder can easily be colonized via theagwebrafish are physostomus.
Moreover, infection of this organ is a common fimglin zebrafish mycobacteriosis
(Whipps et al. 2008).

Mycobacterial infections were more readily ideetif by histopathology than
culture for theMl. marinumstudy.Mycobacterium marinuns fastidious in culture
making this method of identification less sensitivan histology for this particular
species of mycobacteria (Kent et al. 2004). Corehgrshere is a strong correlation
between culture and histopathology with chelonagWhipps et al. 2008)M. chelonae
exhibits more rapid growth thawvi. marinumwhich could account for the better
correlation between culture and histopathology (Mghiet al. 2008).

Among theM. marinuminjected group we were able to achieve almost 100%
infection after injection with 1 x F&fu with no mortality among groups not subjected t
chronic stressors. Similarly, 100% of zebrafishaviefected at a dose of *L6fu, with no
mortality (Prouty et al. 2003). Our dosage usetthen present study was much lower than
that used in previous virulence trials with zelstafiWatral & Kent 2007; Ostland et al.
2008), where injection of the same straifvbfmariumcaused 100% infection and about
30% mortality in non-stressed fish. Goldfi€grassius auratusnjected with 10 cfu M.
marinumall survived 8 weeks PI (Talaat, Reimschussel, \asan & Trucksis 1998).
Leopard frogsRana pipiensinjected with 23 cfuM. marinum(M) developed chronic
disease with no mortality (Ramakrishnan, ValdiWeKerrow & Falkow 1997).

Identifying the minimum and maximum dose require@¢hieve a chronic infection with
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no mortality may be useful for studying the effeatstress during chronic
mycobacteriosis.

Whole-body cortisol levels were higher for stres8®n non-stressed groups, and
consistent with our other studies (Ramsay et &I62®amsay et al. in review). Stressed
groups, infected witivl. marinum experienced 14% cumulative mortality while non-
stressed groups experienced no mortality. Thisesgneth studies with other species.
Daily handling significantly increased plasma cswtilevels and reduced the survival of
carp,Cyprinus carpidL., injected withTrypanoplasma borrel{Saeij et al. 2003).

Goldfish infected withAeromonas salmonicidand subjected to handling stress had
significantly elevated plasma cortisol levels assed with decreased survival among
stressed groups (Dror et al. 2006). Chronic cdrirgection of leopard frogs injected

with M. marinum(M) resulted in 70% mortality over a 19 week pdnighile frogs not
treated with cortisol experienced no mortality (Rémmshnan et al. 1997). Mice injected
with M. tuberculosiexperienced similar increases in mortality whgadted with
corticosteroids (Batten & McCune 1957). In a prergistudy, zebrafish injected with 5 x
10" cfu of the same strain M. marinum(ATCC 927) had 30% mortality over an 8 week
period (Watral & Kent 2007) suggesting that chrastiess and elevated cortisol may
lower the dose dfl. marinumwhich will result in mortality.

Fish injected withM. chelonaalid not experience any mortality over an 8-week
period.M. chelonaas typically found at background levels in zelshffacilities and has
been associated with low levels of mortality (<208hjch are often attributed to poor
husbandry and stress (Astrofsky et al. 2000; Keat.€2004; Whipps et al. 2008). A
greater percentage of stressed catfidiajurus punctatuswere positive foEdwardsiella
ictaluri compared to those not stressed (Small & Bilodé)bp Although stressed
groups infected witiM. chelonaealid not experience any mortality in our study, stel
individuals were 15-fold more likely to be infectadd show histological lesions
compared to non-stressed individuals. Althoughirtfected-stressed fish did not die over
the 8 week study, the increased prevalence oftiofeby this common, ubiquitous
bacterium probably increases the likelihood of ralitst associated with infection.
Moreover, with fish used in research, underlyingoaiic conditions that cause low-grade

or subclinical infections should be avoided becdabeg may add non-protocol induced
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variables, including inadvertent alterations in pisiology of the host, which were not
accounted for in the original experimental desigis may confound research results
(Baker 2003; Kent et al. in press).

Diffuse infections were greater in stressed grdabps in non-stressed groups for
bothM. marinumandM. chelonaenfected fish. This was likely due to impaired #igil
to sequester the bacteria in granulomas. For ebeamgbrafishragl) with impaired
immunity failed to control mycobacterial growth uééng in increased diffuse infections
(Swaim et al. 2006). In leopard frogs, injectiorihngortisol resulted in impaired
formation of granulomas and increased replicatiomycobacteria in tissues
(Ramakrishnan et al. 1997). Stress generally resltieehost response (acute
inflammatory, T-helper cell activation) to mycobaal infections subsequently
increasing host susceptibility to infection (Zwillj et al. 1992; Martins & Aguas 1995;
Palmero-Neto et al. 2001).

In conclusion, husbandry stress increased climis@lase associated with
mycobacterial infections. Withl. marinum stressors increased mortality and diffuse
infections. WithM. chelonaga less virulent bacterium), stressors increased th
prevalence of infection and diffuse infections, Biat not cause mortality. Mycobacteria
are ubiquitous in the environment making eradicatibthis pathogen very difficult.
Effective management of mycobacteria by minimizmugbandry stress in the zebrafish
laboratory may be a reasonable means of contradlinigreaks of disease and ensuring

continued success in zebrafish research.
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Table 4.1: Zebrafish were injected whtycobacterium marinurar M. chelonaeor distilled water (DW; sham-injection) and
some were exposed to stressors over an 8-weeldp&aplicate tanks of the same treatment are itediday the letters A and
B. Morbidity (proportion of fish) was measured oaer 8 week period. The prevalence of infection exaduated by culture or
histology at week 4 and 8 post-injection (PI) Theportion of fish with diffuse infections was meesai at week 4 and 8 PI.
The proportion of fish which were positive lBseudoloma neurophiligia histology was measured. * Unexplained montalit
of a sham-injected tank M. chelonaeStudy at week 5 Pl (ho mycobacteria present).

Positive (culture or histology) Diffuse infections
Injection Tank Inoculum Stressor Moribund Week 4Week 8 Moribund Week 4 Week 8 Moribund Pseudo
(x 1C9) (P1) (P1) (P1) (P1) -lomg
M. marinum A 1 Y 1/15 5/5 8/9 1/1 3/5 5/9 1/1 13/15
M. marinum B 1 Y 3/14 5/5 6/6 3/3 2/5 5/6 3/3 14/14
M. marinum A 1 N 0/14 5/5 9/9 NA 1/5 2/9 NA 10/14
M. marinum B 1 N 0/15 5/5 10/10 NA 1/5 2/10 NA 10/15
DW A 0 Y 1/15 0/5 0/5 0/1 NA NA 0/1 5/15
DW B 0 Y 0/15 0/5 0/5 NA NA NA NA 9/15
DW A 0 N 1/15 0/5 0/5 0/1 NA NA 0/1 10/15
DW B 0 N 0/15 0/5 0/5 NA NA NA NA 9/15
M. chelonae A 500 Y 0/18 4/9 9/9 NA 3/9 9/9 NA 0/17
M. chelonae B 500 Y 0/16 a/7 8/9 NA a/7 7/9 NA 0/18
M. chelonae A 500 N 0/14 5/7 a/7 NA 5/7 217 NA 0/14
M. chelonae B 500 N 0/18 5/8 5/10 NA 5/8 5/10 NA 0/18
DW A 0 Y 0/21 1/10 0/11 NA 0/10 NA NA 0/21
DW B 0 Y 11/21* 0/10 0/11 NA NA NA NA 0/10
DW A 0 N 0/21 0/10 0/11 NA NA NA NA 0/21
DW B 0 N 0/21 0/10 0/11 NA NA NA NA 0/21

Ll
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Table 4.2: Proportion of fish positive for mycobexth by culture (acid-fast colonies) and
histology (acid-fast bacterial rods) at weeks 4 &mbst-injection (PI).

Week 4 PI Week 8 PI

Culture Histopathology Culture Histopathology

M. marinumstress 2/5 2/5 3/9 5/9
tank A

M. marinumstress 1/5 4/5 3/5 3/5
tank B

M. marinumcontrol 0/5 4/5 2/9 6/9
tank A

M. marinumcontrol 0/5 4/5 8/10 7/10

tank B
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Figure 4.1:M. marinumstress experiment. Mean whole-body cortisol (rigly; +SEM,;
n=15) of control groups (no stressors) and stremsps (chronic crowding and random
daily handling) one and two weeks after the stness@re initiated. Replicate tanks of
the same treatment were pooled because they wesggndicantly different. Different
letter above the standard error bars indicaterafgignt difference between treatment
groups (p<0.05).
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Figure 4.2: Histological sections of zebrafisherted withMycobacteriunspp. (acid-
fast staining). Arrows = individual bacteria irsiens Bars = 10um. AM. marinum
Granuloma in liver. B) High magnification of A.) ®. marinum diffuse infection in
anterior kidney, with numerous bacteria within pp@ages. D) High magnification of C,
M = macrophage replete with bacteria. NE)chelonae- granuloma in mesenteries
ventral to kidney. F) High magnification of E shiag bacteria. GM. chelonaediffuse
infection in mesenteries. H) High magnification®thowing bacteria.
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Figure 4.3: Bacterial colony counts individuahfisom theM. marinumStudy. Counts
ranged from 100 to 70000 colony-forming units (cfOpe individual in thé. marinum
stress group had a colony count 70000 cfu (not shmwFigure).
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Abstract

Pseudoloma neurophiliéMicrosporidia) is a common disease of zebrafiXmio rerio,
including those used as research models. We coedlacstudy comprised of three
separate experiments to determine the effectsedsbn pre-existing and experimental
Pseudolomanfections and the subsequent effects on surviyralith and reproduction.
In fish (AB strain) with pre-existing infectiongysss or feeding cortisol increased
mortality over 7 weeks compared to no stress dismitreatment. In contrast, no
mortality was observed with experimentally-expoBel (TL strain) over 10 weeks. A
third experiment involved experimental exposurdBffish to Pseudolomand exposure
to crowding and handling stress. No mortality wesogiated witlPseudoloma
regardless of stress treatment over a 20 weekgéetiowever, the onset of infection
occurred sooner in stress-treated fish. Stresdis@mtly increased the mean intensity of
infection (described as xenoma area / spinal cazd i} histological sections) at week 20
PE (post-exposure). In fish with pre-existing infewes, myositis, was significantly
greater in stressed and cortisol-treated fish thase not stressed. With experimental
exposure of AB fish, weight decreased in stresseldraected groups from week 13 to
20 PE but not in the control group. Regarding felitynthe number of larvae hatched at
5 days post fertilization was negatively associatétd mean infection intensity among
Pseudolomanfected and stressed AB fish. These three ex@sisnare the first to show
empirically thatPseudolomaan be associated with reduced weight and fecyratitd

that stress can exacerbate the severity of thetinfe

KEYWORDS:Pseudoloma neurophiljé&tress, Growth, Reproduction, Mortality,

Microspora
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I ntroduction

Microsporidia are spore-producing obligate inttadar parasites with over 150
species infective to fishes (Shaw and Kent 199%9n lamd Nilsen 2003).
Microsporidiosis was first reported in zebrafiEanio rerio, almost 30 years ago (de
Kinkelin 1980), and this microsporidium was recgmtssigned to a new genus and
speciesPseudoloma neurophiliéMatthews et al. 2001), which we henceforth rédein
this chapter aBseudolomaMicrosporidiosis, the most common disease of latooy
zebrafish, affects the central nervous system anthic muscleand is associated with
emaciation, spinal deformity and morbidity (Mattleet al. 2001; Kent and Bishop-
Stewart 2003). The sporesd$eudolomare contained within host-parasite complexes
known as xenomas (Chatton 1920; Lom and Dykova R@&®udolomanfections are
characterized by multiple xenomas in the hind hrgginal cord, nerve roots, and
occasionally within the somatic muscle. Free sp{pesbably from ruptured xenoma) are
found within phagocytes and are associated witkrggxchronic myositis, meningitis and
encephalitis (Matthews et al. 2001; Kent and BisBogwvart 2003). Ovarian tissue is
often infected and occasionally eggs may haRsmudolomapores indicating potential
for vertical transmission (Kent and Bishop-Stevef®3; Fig. 5.12, Appendix 2).

Zebrafish are popular biomedical and environmemsdarch models (Dahm and
Geisler 2006; Scholz and Mayer 2008). The numbéalmdratories rearing, breeding, and
transporting zebrafish has increased, subsequiectiyasing the potential for
dissemination and exacerbation of diseases sucticagsporidiosis (Kent et al. in press).
Control of infectious diseases in zebrafish lalmmias typically involves quarantine and
chlorine disinfection of eggs (Westerfield 2007)chsporidian spores are durable and
remain infective for long periods (Shaw et al. 2808nd chlorine treatments used for
disinfecting zebrafish eggs have proven to be eutiffe for killingPseudolomapores
(Ferguson et al. 2007). Optimizing rearing condisionay aid in controlling diseases of
zebrafish such as microsporidiosis (Lawrence 20@7cted fish often appear clinically
healthy (Matthews 2004; Whipps and Kent 2006) sstyge that another factor, such as

rearing environment, may play a key role in theesigy of Pseudolomanfections.
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Husbandry stress is often implicated in infectidiseases of cultured fishes
(Schreck 1996). Stress is an adaptive and dynahyisiglogical state which occurs after
an organism perceives a threat and attempts toregghysiological balance (Schreck et
al. 2001). Chronic stress and elevation of cortisgenerally maladaptive resulting in
immune suppression and increased susceptibilityféatious diseases (Schreck 1996),
and cortisol is typically used as an indicatortoéss in fishes (Barton 2002). In addition,
stress has been demonstrated to reduce growtlepratiuctive fitness of fishes
(Campbell et al. 1994; Schreck 2000; Schreck e1G1).

Under conditions of chronic stress and elevatiotodtisol, immune suppression
is typical and often contributes to increased disgaevalence and morbidity in fish
populations (Kent & Hedrick 1987; Maule et al. 198%eij et al. 2003). Stress has been
suggested to exacerbate microsporidiosis in zedbraiiut this has yet to be examined
(Westerfield 2007). We described increases in Zisbravhole-body cortisol following
chronic crowding or acute handling stress (Ramsay. 2006; Ramsay et al. in review).

In other animal models exposure to corticostergetserally increases the
intensity of microsporidiosis. Nude raiattus norvegicysand gerbilsMeriones
unguiculatus infected withEnterocytozoon bieneuand given the synthetic
corticosteroid dexamethasone (DEX), produced mpoees than infected animals given
a placebo (Feng et al. 2006). Clinical signs ofeghalitozoonosis were associated with
reduced antibody titers and only apparent in irdeéchice treated with DEX (Lallo et al.
2002; Herich et al. 2006). In turb@&cophthalmus maximusjected withMicrogemma
caulleryi, DEX treatment reduced the ability of macrophamas$ neutrophils to ingest
spores (Leiro et al. 2000)oma salmona&anfected rainbow troutncorhynchus mykiss
had higher infection intensities when treated VX (Lovy et al. 2008).

In addition to increasing susceptibility to diseastress also affects reproduction.
Developmental biology is the cornerstone of zebhafesearch and a consistent supply of
good quality eggs is fundamental to a productivaaksh laboratory (Lawrence 2007,
Westerfield 2007). Stress has been implicated vidneading is poor or during high
mortality of embryos However, the effects of stresszebrafish reproductive fitness

have not been well studied.
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Stress has a variable effect on reproduction, lisidlependent upon numerous
factors including the species, gender, reproductive sisatand the nature of the stressor
(Schreck et al. 2001; Wingfield and Sapolsky 20&&inbow trout and brown trout,
Salmo trutta subjected to chronic crowding stress in the m®ptior to spawning had
increased plasma cortisol and produced smaller agg®ffspring with reduced survival
(Campbell et al.1994). Increased maternal cortisdmselfishPomacentrus
amboinensiswas associated with reduced larval size (McCckri298, 2006). The
timing of stressors is important in determining éfieects on reproduction. Rainbow trout
subjected to random stressors during late maturatiauring the entire maturation
period ovulated 2 weeks earlier than control fisthwo significant effects on fecundity
or fertilization (Contreras-Sanchez et al. 1998)e& during early vitellogenesis resulted
in smaller eggs and fry but there was no significhfference in juvenile weight.

In addition to the effects of stress on reprodugtpathogens may impair
reproductive fitness. The microsporidia are ontheffew groups of parasites known to
disrupt the endocrine system of fishes resultingeproductive impairment. Heavy
infections ofPleistophora mirandellaé the gonads of roacRutilus rutilus,were
associated with intersex, and infected fish wergblato produce viable offspring
(Wiklund et al. 1996)Drosophilaspp. infected witiubulinosema kinghad up to 55%
reduction in early-life fecundity with increasedval mortality and delayed larval
development (Futerman et al. 2005). Golden shiméested withOvipleistophora
ovariae had reduced fecundity and failed to spawn duestruction of the ovaries
(Summerfelt and Warner 1970). Conversely, in soases pathogenic infections do not
negatively affect reproductive fitness as with latory male sticklebacks infected with
cestodes (Candolin and Voigt 2001). Moreover, ampgis, Gammarus roeselinfected
with microsporidia, matured and spawned earlien tise not infected (Haine et al.
2004), suggesting that pathogens may manipulaterépoduction in order to facilitate
vertical or horizontal transmission to other susitdp hosts.

There is currently no effective treatment Reeudolomaldentifying factors
affecting the exacerbation Bseudolomanfections may aid in controlling outbreaks of
disease in this intensively cultured biomedicategsh model (Reno 1998; Lawrence

2007). Furthermore, elucidating how husbandry-aaseadt factors affect reproductive
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fitness will aid researchers in optimizing the aahrctive output of zebrafish. The aims
of this study, comprised of three separate experisevere to examine the effects of
Pseudoloman growth and reproduction. Also, we attempteditidate the role of
husbandry stressors or feeding cortisoPseudolomanfections, including the effects of

stress on the sequential development of the parasd the severity of associated disease.

Materialsand Methods
Fish husbandry and sampling

Experiments were conducted at the Zebrafish Déeskaboratory (ZDL) at
Oregon State University, Corvallis OR, USA, whiged a flow-through system of de-
chlorinated, de-gassed city water maintained &C2@mmonia, nitrite, chlorine: 0
mg/L; pH: 6.5-7.2). Box aquarium filters with posolava rock were placed into each
tank for biological filtration. Photoperiod was th4ight: 10 h dark. A 7-14 day
acclimation period was used prior to initiating ekments.

Non-lethal sampling of fish consisted of anesth&sil50 mg/L buffered tricaine
methane sulfonate (MS-222; Argent, Redmond WA, U%A&jhal sampling of fish
consisted of an overdose of MS-222 (500 mg/L). Weights (mg) and fork lengths
(mm) were measured at various intervals during eageriment. Condition factor (CF)
was calculated using the formula 100 * weight (thighgth (mmf.

Stress treatment

Various stressors, including crowding, net harglinth air exposure, and
simulated transport, were administered as streasmients during the experiments. These
stressors have all been demonstrated to elevatafigtbwhole-body cortisol (Pottinger
and Calder 1995; Ramsay et al. 2006; in review)v la@ter crowding involved
removing the majority of the water from a tank Mieg the fish just enough water to stay
upright; fish were typically crowded in this manrier 1-4 h. Fish were also temporarily
crowded in a net, by netting all of the fish frortaak and placing the net, containing
fish, back into the tank; fish were typically crogelin a net for 1-2 h. Acute net handling
was also performed in which all of the fish wer#ted out of the tank and held
suspended in the air for various periods rangiagftL-3 min; this procedure was often



89

repeated after short periods of recovery (e.gaginfor 3 min, recover in tank for 3 min,
in net for 3 min, etc.). Transport stress was adstened by netting all fish out of the tank
into a smaller tank. This tank was then transpaotteshother laboratory to simulate
transport experienced during sampling. Fish weoasionally, anesthetized with MS-
222 (150 mg/L) and allowed to recover prior to reing them to their tanks. These
stressors were administered a random intervalslarations at least 5 days per week
over the entire experimental periods (specifiedwgto ensure that the fish did not
acclimate to them.

Whole-body cortisol

Whole-body cortisol was measured by the method®aofisay et al. (2006). First,
whole zebrafish were homogenized and the lipidiporxtracted using diethyl ether.
The efficiency of extraction efficiency was detened by adding tritiated cortisol to
homogenized samples, extracting the samples andumeg the amount of tritiated
cortisol recovered. All samples were correctedeiraction efficiency and weight.
Cortisol was measured in the extracted sampleg @smdioimmunoassay. Consistency
between assays was verified by measuring cortisehiole-body extracts spiked with
known concentrations of cortisol. Intra-assay andriassay variation was accepted at no

more than 10%.

Histology

Fish were euthanized and placed in Dietrich’stiizea(Gray 1954) and processed
for histology. Preserved fish were de-calcifiecbptb processing using 5%
trichloroacetic acid in Dietrich’s fixative. Mid-g#tal sections were cut and stained using
a modified Kinyoun'’s cold acid-fast method to idgnPseudolomapores and
associated histological changes because acidtfass $1ave been demonstrated to be
effective at detecting microsporidian spores (Jbsapal. 2006). The method used was
similar to that used by the NIH Zebrafish Internatill Resource Center (ZIRC)
diagnostic service (http://zebrafish.org/zirc/hie@iseaseManual.php), except de-

staining was reduced to less than one minute tarerehred staining of spores.
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Infection intensity was normalized by measuring déinea of parasite (xenomas)
occupying visible spinal tissue using SP®RAdvanced imaging software (Diagnostic
Instruments Inc., Sterling Heights, MI, USA). Threa of visible spinal tissue was
measured followed by the area of xenomas and spothe spinal tissue. The percent
area occupied blseudolomavas then calculated to give xenoma area. Myasitis
individual fish was evaluated using a scoring sys(@ = no myositis, 1 = one area of

myositis, 2 = two areas of myositis, 3 = three @renareas of myositis).

Experiments

Cortisol-dose Experiment (AB Straini\ preliminary study was performed to determine
what dose of cortisol, administered by feeding, dalevate zebrafish whole-body
cortisol levels. Adult zebrafish (AB strain; 13 ntbs old; 120 fish) were obtained from a
zebrafish facility. We randomly allocated fish t@drylic tanks (30 fish per 10 L tank)
and acclimated for one week. Fish in each tank wep®sed to different doses of
cortisol by feeding (0, 5, 33 and 1(Q cortisol/g feed). Cortisol was dissolved in ethian
and sprayed onto Zebrafish diet (Zeigler Bros.,I@@ardners, PA USA) at the
appropriate dose. Cortisol-treated feed was allowedty overnight in a fume hood and
stored at —20C. The dose of cortisol was verified by the methoidRamsay et al.
(2006). Fish were fed to satiation twice daily &eding behavior was monitored.
Whole-body cortisol was measured from 5 fish pek taefore beginning the experiment
(week 0) and at week 1, 2, 4, and 6 post-expo$Ee. (

Pre-existing Infection (AB strair)A population of zebrafish (AB strain; 13 months;old
2/3 male, 1/3 female) with a pre-existiRgeudolomanfection was obtained from a
zebrafish facility. Six acrylic tanks (16 L) weraah stocked with 50 fish. The following
treatments were administered to the tanks ovewk @eriod. STRESS: two tanks
received the stress treatment, described above TCXIR.-FED: Two tanks were fed
cortisol-treated zebrafish diet. Cortisol feed \wespared at a dose of g cortisol /g
feed as described in the preliminary study. Theeadsortisol was determined from the
Cortisol-dose Experiment examining changes in wiboléy cortisol in zebrafish fed

different doses of cortisol over a 7 wk period (FHdLA). CONTROL: the remaining two
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tanks were held at the acclimation conditions ¢B/ii). The stressed and control tanks
were fed zebrafish diet sprayed with absolute ethand air-dried overnight.

We evaluated morbidity and mortality over a 7 vekipd as well as changes in
clinical disease associated wiRiseudolomanfection. On Day 1, five fish were lethally
sampled from each tank and processed for histdlmggtermine the baseline indices of
disease for the population. At wk 1 and 6, wholelboortisol was measured in 5 fish
/tank; in the stress tanks, cortisol was measubechih following net handling and air
exposure in order to measure peak cortisol resp@emsay et al. in review). Fish were
weighed and measured on Day 1 and at wk 7 of thererent to determine differences

in growth between treatments.

Experimental Exposure and Growth (TL straii preliminary experiment was
conducted to evaluate the effectdPseudolomanfection on body weight. A total of 66
fish (TL strain; 5 months old) were initially dived into two 16 L tanks. One tank of fish
was exposed tBseudolomdy placing the carcasses of R8eudolomanfected fish
(minus viscera) into the tank for a period of 4 slajhe second tank was exposed in a
similar manner to carcasses fréteeudolomafree fish.Each tank was divided (2
controls and 2 exposed), and held for 10 wk. Fishevthen weighed and the infection
determined by screening spinal cords in tissue snesang Fungi-Fluor chitin stain
(Kent and Bishop-Stewart 2003). Length data arepnotided as the tails of TL fish are
long and variable in length making accurate congoas difficult.

Experimental Exposure and Stress (AB straiApproximately 600 juvenile zebrafish
(AB strain; 4 wk old) fromPseudolomanegative adultsvere obtained from a zebrafish
facility and transported to the ZDL. These fish &zeandomly allocated to 8 tanks and
acclimated for 2 wk. During the acclimation pericgh were fed brine shrimp nauplii,
Artemiasp., and fed zebrafish larval diet (Westerfiel®@20 Diets were changed during
the experiment as fish grew. Adult zebrafish dieaddition to brine shrimp nauplii, was
fed to fish 3 months and older. Prior to initiatihg experiment, 20 fish were lethally
sampled from the population, to determine the l@sglveight and length, and identify
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any existing?seudolomdy histology. The following 4 treatments were ramdly
assigned to the tankBseudolomastressPseudolomsstress, control. Stress treatment,
described above, was administered starting at ®del toPseudolomdor sham-
exposure) and continued for the duration of theedrpent, until week 20 PE. Control
fish were maintained at the acclimation densitfigh/L) and not crowded, handled, or
transported, except during spawning.

We exposed fish by harvesting spores from zeltrafiected withPseudoloma
and feeding the spores to our infection groupstyHeseudolomanfected fish were
euthanized. The brains and spinal cords were redhaninced in sterile deionized water,
and passed through sterile needles of decreasiad®X8, 23, 26 gauge) to break up the
tissue. The tissue was then passed throughuad€ell strainer and centrifuged (2000
rpm) for 20 minutes. The pellet, obtained from déunging, was re-suspended and the
centrifugation repeated. The spores in the re-sugrkpellet were counted using a
hemocytometer. Fish in the tanks assigned to leeted withPseudolomavere fed
spores at a dose of 10 000 spores/fish. Duringsxeowater flow into the tanks was
turned off and fish were fed brine shrimp to proenmigestion of spores. At this time,
control and stress tanks were sham-exposed byrigédine shrimp with the water to the

tanks turned off.

Histology, growth measurement, and spawnrtit week 4 post-exposure (PE), 10 fish
were removed from each tank, euthanized, weighedsored, and processed for
histology. Fish were paired spawned at week 8ah8,20 PE prior to being sampled. We
evaluated the effects of each treatment on fecyiitmber of eggs spawned) and the
number of larvae hatched at 5 days post fertilra(dpf). We chose 5 dpf because first
feeding occurs at about this time (Westerfield J06@eding is highly variable among
larvae and we did not want differences in feedimpiag larvae to be a factor affecting
survival.

Spawning was performed according to protocols as¢de ZIRC (Westerfield
2007). We spawned five pairs of fish from eachttreant tank (10 pairs/treatment) at
each 8, 13, and 20 week PE. From each tank, 5 raates females were randomly

selected and paired. In the afternoon (15 00 QL) ®f the day before the spawning
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was to occur, each pair was placed into a crodaimigwith screen insert and divider
(Thoren Aquatics, Inc., Hazelton, PA); the male wksed on one side of the divider
and the female was placed on the other side adithéer. When the lights came on the
next morning (08 00 h), the divider was removedrnfithe crossing cage allowing the
pairs to spawn. Pairs were left to spawn for up tmurs. If fish did not spawn within 2
hours, water changes were performed to facilitateveing (as suggested by Westerfield
2007).

After the fish had spawned, the fish were remdvenh the crossing tank,
euthanized, weighed and measured, and placed ietddd’s fixative for histology.
Eggs were carefully rinsed with clean water from figh system and placed into Petri
dishes containing embryo media (Westerfield 20038) density of 50 eggs per dish.
Dead eggs were removed daily and the number ohbdt@arvae was recorded up to 5
dpf.

Group spawning (non-lethal) of each tank was peréal at weeks 6, 10, and 15
PE to ensure fish did not become egg-bound (asested) by Westerfield 2007).
Spawning was set up according the methods of tRE€A{Westerfield 2007). In the
afternoon on the day before the spawning was taratfish were netted out of their
tanks. Tank inserts with a false bottom were planemleach treatment tanks in order to
allow eggs to fall through the bottom. Each grofipsth was returned to their respective
tanks containing the tank inserts. Spawning ocdutne following day after the lights
came on. The tank inserts were then removed frentathks and the fish were placed

back into the tanks.

Statistics

Statistical analyses were performed using S-PLWI&sightful Corp., 2005,
Seattle, Washington). For the preliminary cortifeded dose-response study, we
compared median cortisol values using a Kruskalig/abn-parameter test due to the
small number of fish sampled at each time point.vidmole-body cortisol, weight, length,
xenoma area, and myositis score, duplicate tredttagks within each study were
compared using a Welch’s modified t-test and podlétere was no significant

difference between the duplicates. Pooled cortigeight, length, xenoma areas, and
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myositis scores of different treatments within eatidy were compared using an
analysis of variance (ANOVA) with Fisher's LSD. Weed Fisher’s exact tests to
evaluate the association between treatment grodipi@valence of infection, mortality,
and, spawning success. We compared the numbegsfggduced and number of
hatched larvae 5 dpf produced by each treatmenipgusing an ANOVA. The
relationship between the number of hatched larvadrgection intensity (xenoma area)
was determined using regression analysis. Thevdata explained by fitting a regression
model to the data (y=mx+b), where y=hatched laarasx=xenoma index, m=slope of

the line and b=y-intercept. Significant differeneesre reported at=0.05.

Results
Cortisol-dose Experiment (AB strain)

Median wole-body cortisol was highest among fisth % or 33.g/g cortisol for 7
weeks (Fig. 5.1A). We did not calculate the staddarors for the median values due to
non-normal distribution of the data which redudesdccuracy of the standard error
values. Feeding activity was reduced in the 10@ jggftisol group, and this group had
whole-body cortisol levels similar to those of ttantrol dose (Qug/g cortisol) at week 6
PE. Therefore, we selected a dose 0fid@ cortisol (in between 5 and d8/g cortisol)
for the Pre-existing Infection — AB experiment irder to ensure consumption of

cortisol-feed and elevation of whole-body cortisol.

Pre-existing Infection — AB experiment

Whole-body cortisol Replicate tanks of the same treatment wereigotfeantly

different; therefore we pooled the data. Whole-boaltisol was significantly higher in
the stressed groups compared to the control andgaeied groups at both week 1 and 6
PE (Fig. 5.1B). There was no significant differebetween the control and cortisol-fed
groups at either week 1 or 6 PE. Among stressédcstisol was significantly lower at

week 6 compared to week 1 PE.

Weight, length, and condition facteiThe overall mean initial weight of fish was 569

11 mg and the overall mean final weight of fish \&d4 +16 mg; with no significant
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difference between treatment tanks at either tiaglitionally, the initial and final
weights did not differ significantly from one anethalthough there was a trend toward
increasing weight over time (p=0.058). The meagtlerf fish did not differ between
treatments. Final length (340t3 mm) was significantly greater than initial déim (33_+
0.2 mm). Condition factor did not differ significiynbetween treatment groups or over
time (mean = 1.35 6.01).

Cumulative mortality, prevalence, and indices dééation- There was some mortality in

all tanks (Fig. 5.2). Mortality occurred earliest@ng the stressed and cortisol-fed groups
during the first week after the treatments were iatstered. A second wave of mortality
occurred in the stress and cortisol-fed groupsnguttie third and fourth week of
treatment. The final phase of mortality occurremhirweek 5 to 7 in all groups including
the controls. At week 7 PE, there was a signifi@asiociation between treatment and
mortality with greater mortality occurring amongetstressed-treated fish compared to
control fish (p=0.018).

Histological examination of infected fish from tRee-existing Infection - AB
experiment exhibited characteristic microsporidiascluding multiple xenomas in the
central nervous system, particularly the spinalugs as well as xenomas in the muscle
tissue, along with myositis associated with chroniammation of the somatic muscle
(Fig 5.3 A,B,C; Fig, 5.10, 5.11, Appendix Figure.Apb Additional tissue reactions
included meningitis associated with rupturing xeasmAn example of the SPOT
analysis used on histological sections to deternfiaexenoma area occupying visible
spinal tissue is provided (Fig 5.3A; Fig. 5.10, Apdix A5.2). All fish were positive for
Pseudolomawhich precluded any examination of differencethim prevalence of
infection between treatment groups. The xenomadiceaot differ between any of the
treatment groups (overall mean=0.85.1%). However, the stress group had the highest
mean myositis score followed by the cortisol-fedugr. The control group has a mean

myositis score that was not significantly differémam the baseline group (Fig 5.4).
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Experimenta Exposure - TL experiment

Ten weeks after exposuieseudolomaexposed fish were visibly smaller than
controls, and females in the control tanks weré@aarly more rotund than those in the
exposed tank$2seudolomapores were observed in the spinal cords or hiash®iof all
exposed fish using Fungi-Fluor stained smears, @dsenone were detected in the control
fish. No significant difference in weight or lengtlas found between the duplicate
treatment tanks so the weights and lengths werke@dor each treatment. The control
group weighed 27% more than tAseudolomaxposed group (control= 48428 mg;

Pseudoloma 354 +14 mg).

Experimental Exposure and Stress — AB experiment

Weight, length, and condition facteiThe mean initial weight of zebrafish at the tiofe

infection was 30 9.5 mg. Weight increased over time from week 43d°E in all
groups (Fig 5.5A). From week 13 to 20 PE, weiglktéased in the control group but was
decreased in all other groups; and the controlgweighed the most (Fig 5.5A). The
initial length of zebrafish was 15.116 mm and the final length was 31.B.27, with
no significant difference between treatment graafpsach time. Condition factor
increased over time from 1.04 to 1.1 and did nffedover between treatments within
each time. Interestingly, at week 20 PE, none efciimtrol fish had a CF less than 1
whereas several individuals from the str&ssudolomandPseudolomastress groups
had a CF less than 1 (Fig. 5.5B).

The individual weights, lengths, and CFs of tish fiemaining at weeks 40 and 52
PE are reported in Fig. 5.6. Generally, fish froraRseudolomanfected tank were

smaller than that of the uninfected tanks.

Cumulative mortality, prevalence, and indices déation- Accidental mortality

occurred on occasion during stress protocol or theéning but néseudoloma
associatednortality occurred in any group until almost onaryafter exposure. No
Pseudolomavas identified in any of the fish prior to expeéental exposure. Histological
presentations of the infection were similar to thesen in the Pre-existing Infection —

AB experiment. One fish in tHéseudolomayroup was infected at week 4 PE. At week 8
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PE, there was a significant association betwe@&sstreatment and infection prevalence;
55% of thePseudolomsastress group and 16% of tRseudolomagroup were positive for
the microsporidium. By week 13, almost 100% of éhesperimentally infected fish were
positive forPseudolomaegardless of stress treatment group. At week2®B% of the
Pseudolomaroup and 100% of theseudolomsastress group were positiyeig. 5.7).
None of the control or stress tanks had any indedtiom week 4 to 20 PE.

At week 4 and 8 PE, only a few fish were infediean thePseudolomaanks
and mean xenoma area was not significantly difte®mong thePseudolomdanks,
mean xenoma area did not differ between treatnrenipg at week 13 PE, but at week 20
PE thePseudolomsstress group had a higher xenoma area than digstsedoloma
group (Fig. 5.8A). There was a trend toward incedamean myositis score with stress
(p=0.09; Fig. 5.8B). However, due to the large antai variation in myositis score,
there was no significant difference between stikssel non-stressed groups.

Among the fish remaining one year PE in the silRgeudolomsstress tank, 16
of 18 fish were positive fdPseudolomavith a median xenoma area of 0.5%.
Additionally, 3 fish in the control tanks were pibge for Pseudoloma

Fecundity and its relationship to infection indiceSecundity and larvae hatched at 5 dpf

are reported in Table 5.1. There was no effeataaitinent (control, stresBseudoloma
Pseudolomastresspn the number of pairs that successfully spawneahyabf time PE.
We did not find any effects of treatment on the meamedian number of eggs laid. We
did not see any effects on the number of larvaehieat at 5 dpf. Within each treatment
group, there was no effect of time (week 8, 13PH) on egg production or larvae
hatched. The raw data are presented in Table p&vidng success, the number of eggs
laid, the number of larvae hatched at 5 dpf, aedorcent larvae hatched at 5 dpf for
each individual pair at week 8, 13, and 20 PE aesgnted in Appendix Table A5.1.

At week 20 PE, there was a negative natural Itiwaic relationship between the
number of eggs laid and xenoma area inRbeudolomsstress group, with males and
females combined, described by the following equrateggs laid = 80 — 61 In (xenoma
area); R = 0.25; p=0.025 (Fig. 5.9A). There was a simiklationship between the
number of larvae hatched at 5 dpf described bydh@wving equation: 61 — 63 In
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(xenoma area); &= 0.3; p=0.01 (Appendix Figure A5.3). At week 2B fsh from the
Pseudolomastress group with a xenoma area greater than pré&uced fewer than 75
larvae hatched at 5 dpf. Although there was noisogmt relationship between the
percent larvae hatched at 5 dpf, there was a temard a negative natural logarithmic
relationship (p=0.06; Appendix Figure A5.3). Amamgle fish, only the were similar
trends toward a negative relationship between &ggdslarve hatched, and percent
hatched and xenoma area described by: eggs 1a0d—=73 In (xenoma area)?#0.3,
p=0.1; larvae hatched = 72-70 In (xenoma are®0R, p=0.09; percent hatched = 53 -
26 In (xenoma area),’R0.3, p=0.1. Among female fish these relationskhipse
described by: eggs laid =71 — 56 In (xenoma aféa)0.2, p=0.1; larvae hatched = 50-
63 In (xenoma area),’R0.3, p=0.1; percent hatched = 48 - 15 In (xenorea)aR=0.1,
p=0.3. Among thé&seudolomaroup (no stress) at week 20 PE, there were mifisignt

relationship between fecundity and xenoma area3RB; Appendix FigureA5.4).

Fish remaining after week 20 RPEDue to a lack of mortality, a number of fish @@med

in each tank after the week 20 PE sampling. Weirtoatl to monitor these groups for
infection. However, at week 23 PE, all fish in Stloé 8 tanks died from an unexpected
failure of the tank water system. We continued tmitor fish from the surviving tanks
(one control tank, one stress tank, @seudolomsstress tank) but no longer
administered stress treatment. Fish from thesestasgke all weighed and measured at
week 40 PE. Fish from thieseudolomanfected tank started to die between week 40 and
52 PE; all fish were euthanized, weighed and mealsand examined by histology at
week 52 PE. Weight, length, and CF data are repporteluding median values, but the
treatments were not compared using statisticad thst to a lack of tank replication

Background infection with Mycobacterium spp.

A small number of fish were positive ftycobacteriunspp. by histology. The
majority of mycobacteria were found in the swimdalar and ovaries. In the Pre-existing
Infection — AB experiment, 22 out of 202 fish (119gre positive for mycobacteria.
With Experimental Exposure and Stress — AB expanimesingle fish was positive for

mycobacteria out of over 400 sampled.
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Discussion

Pseudolomas the most prevalent disease of laboratory zedirafihe infection is
often associated morbidity (De Kinkelin 1980; Maftfs et al. 2001), but infected fish
are often asymptomatic. This is based on examimatid®undreds of zebrafish from
many laboratories submitted to a diagnostic semrogided by the National Institutes of
Health (NIH) Zebrafish International Resource Cegrieigene, OR
(http://zebrafish.org/zirc/health/index.php) ovee past ten years, which included
apparently healthy fish for routine health ched{aithews 2004).

Size and infection

Disease tends to limit the growth potential andditoon of fishesPseudoloma
infected zebrafish are often referred to as halskgny disease” (Matthews et al. 2001)
suggesting that microsporidiosis is associated wélght loss or poor growth. Here, we
present the first empirical data supporting thiseslation. Our two laboratory
transmission experiments with TL and AB zebrafismdnstrated th&seudolomas
associated with reduced size. There are many exsopreduced growth associated
with chronic parasite infections (Crompton 1986aBesh et al. 1996, Barber and
Svensson 2003). Specifically, Speare et al. (1888yved that infections Hy. salmonae
in rainbow trout caused reduced growth, but growis compensated following
recovery. Furthermoré,. salmonaeassociatedeductions in growth were associated with
xenoma onset and accompanied by a reduction inifégkke (Ramsay et al. 2004). It is
not known whether zebrafish recover fréfseudolomar if auto-infection occurs as is
believed to occur for some fish-infecting microsg@ (Rodriguez-Tovar et al. 2003;
Matos et al. 2003; Kent and Speare 2005). Wgkudolomanfections, zebrafish did not
recover over the duration of the study and theytinord to show smaller size as the
infection progressed. Perhaps the most analogéerstion toPseudolomas
Encephalitozoon cunicylwhich infects rabbits and other mammals (WasswhReper
2000). Both species of microsporidia are wide spieaheir respective hosts, including
within research laboratories. Both cause encehalid meningitis, but many animals
are asymptomatic. Infections By cuniculiare associated with stunted growth,
particularly in young dogs, and other clinical chas (Wasson and Peper 2000).
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Although data were derived from two separate expenis, the TL strain showed greater
impacts on size associated with the parasite th@\B strain. This is consistent with
observations in our laboratory with other exposiuglies and from our diagnostic

service. Although not investigated in zebrafisleréhare numerous examples of
differences in susceptibility to parasites amosgstins of the same species of fish (Jones
et al. 2001). With fish microsporidia, differentans of Chinook salmor®.tshawytscha

have shown differences in susceptibility.tmma salmonaéShaw et al. 2000Db).

Stress and growth

We also investigated the effects of stress on tir@andPseudolomanfection,
but first we had to evaluate our stressors. Inppaliminary cortisol dose experiment, we
determined a dose between 5 and 33 ug/g cortisbbest for increasing whole-body
cortisol for the 7 week duration of the experiméfnsh fed the highest dose of cortisol
(100 pg/g) had reduced feed intake and faileddwaté whole-body cortisol. Stress and
exogenous cortisol has been demonstrated to rédedentake (Bernier et al. 2004,
Peterson and Small 2005) which may explain why fetake was reduced in our study.

Whole-body cortisol was significantly elevated amgstressed fish compared to
the control and cortisol-fed groups at both weelnd 6 PE , confirming our earlier
studies (Ramsay et al. in review) indicating tAaseudolomanfections were impacted by
persistent crowding coupled with handling inducthgonic stress and elevated cortisol
levels. Interestingly, cortisol was significantbwler at week 6 than week 1 PE among the
stressed group, suggesting that fish were accligat the random stressors we were
administering. Whole-body cortisol was not sigrafitly elevated among the cortisol-fed
groups compared to the control groups despiteatietiat the dose we used (10 pg
cortisol/g feed) was within the dose range (5 aB@i§/g) in our preliminary cortisol-
dose experiment. A possible explanation for thik laf effect include an increased
clearance rate of cortisol as has been demonsti@tsd/monids exposed to chronic
stress or exogenous cortisol (Redding et al. 198dgative feedback loops suppress
cortisol secretion in the presence of exogenousscblBradford et al. 1992), which may

explain why whole-body cortisol among cortisol-fesh was not elevated.
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Size and stress

Both disease and stress alter metabolism and oxygesumption, often resulting
in less energy available for both growth and repotidn, and may explain the smaller
size of thePseudolomanfected grougBarton and Schreck 1987; Mommsen et al. 1999;
Heins and Baker 2003; Leef et al. 2007). We didseat any effect of stress or feeding
cortisol on changes in weight, length, or conditiactor among fish in the Pre-existing
Infection — AB experiment, perhaps because theviiste near fully grown when the
treatments were initiated. Accordingly, it has beaggested that the finite size of
zebrafish may limit their use as a model to studywgh (Mommsen 2001). Interestingly,
we did see a reduction in weight associated with Btress and infection in the
Experimental Exposure and Stress - AB experimartthbre infection was initiated in
juvenile fish (6 weeks old). Young zebrafish aretipalarly susceptible tseudoloma
(Ferguson et al. 2007), and perhaps the impatteoinfection on growth is most evident
if the infection is initiated when fish are yourMyeights at week 20 PE were significantly
lower than at week 13 PE, among the stressudolomaandPseudolomsastress groups,
while the control group increased weight during theriod. Stressed aRdeudoloma
infected groups had a number of individuals wittoadition factor below 1, while all of
the control fish had condition factors abovétress and elevated cortisol are associated
with metabolic costs that have been demonstrateeldiace growth and condition factor
in fishes (Barton and Schreck 1987; Gregory and \VI#299; Bernier et al. 2004) which

may explain our results.

Mortality and stress

Mortality in the Pre-existing Infection — AB expment was greatest amongst the
stressed group followed by the cortisol-fed andhttiee control groups. Shipping stress
has been demonstrated to increase mortality irsjteneed fish (Goulding et al. 2004; Kall
et al. 2004), and handling stress tends to increasality of diseased fish (Saeij et al.
2003; Dror et al. 2006). Additionally, rainbow ttpinfected with the myxosporean PKX
and implanted with cortisol, experienced increasedtality compared to parasitized fish

not exposed to cortisol (Kent and Hedrick 1987).
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Mortality was not related tBseudolomanfection in both experiments with
laboratory exposure. Juvenile fish were used ferEkperimental Exposure and Stress —
AB experiment, whereas adult fish were used foiRfeeexisting Infection — AB
experiment. Life history stage is important in detming stress and immune
responsiveness (Schreck 1996) and may have intgethe stress-related mortality in
Pseudolomanfected fish. While young fish may be more susitdg, this chronic
infection may require many months before clinidakdse is evident. We began to see
mortality between week 40 and 52 PE. This inde#tatPseudolomaassociated
mortality tends to occur later after infection, winis consistent with observations from
the Pre-existing Infection — AB experiment in titas probable that fish from this

population hadPseudolomdor many months before we initiated our experiment

Histology and prevalence of infection

We observed some differences in the infection@asad with stress at a
histological level. Stress was associated witheradletection of infection in
experimentally exposed fish subjected to stressveek 8 PE, 16% of fish from the
Pseudolomaroup and 55% of fish from tHeseudolomastress group were positive.
Among catfish]ctalurus punctatusinfected withEdwardsiella ictalurj stress increased
the overall percentage of infected fish (Small Biddeau 2005). By week 13 and 20 PE
almost all fish from bottPseudolomaroups were positive in this experiment. This
concurs with Kent and Bishop-Stewart (2003) whe)# f fish were positive for
Pseudolomat week 8 PE and 100% were positive at week 2(HaBbandry stress or
feeding cortisol exacerbated pre-existtgpudolomanfections in adult zebrafish.
Although stress did not affect the size of fishha Pre-existing Infection — AB
experiment, it was associated with increased migo$itdeed, most histological changes
occur as the infection progresses from the cengmlous system to the muscle, where
the most prominent inflammatory changes are obsgerMais is consistent with our
observations from diagnostic cases; when microdposis is the diagnosis for the cause
of morbidity, it is most often associated with ahiomyositis. The sequence of infection
and progression of lesions wilseudoloman zebrafish is similar to gill infections by

Loma salmona@ salmonids (Kent and Speare 2005). In this das&gt xenomas in the
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gills are associated with little inflammation arohical disease. This is followed by
rupture of the xenomas and severe chronic braschiith accumulation of released

spores within phagocytes.

Infection intensity (xenoma area and myositis)

Husbandry stress increased the intensity of irdeauring the Experimental
Exposure and Stress — AB experiment. Mean xenoga\vaas greater among stressed
fish experimentally infected witRseudolomaompared to non-stressed fish at week 20
PE. Stress and cortisol-treatment has been deratedtio increase the intensity of
infection in diseased fish. In Northern pilEssox luciusthe number of gill arteries
infected with nematodes increased after transpass (Kall et al. 2004), and cortisol-
treated rainbow trout had an increase in the depn§iPKX spores in the interstitium of
the kidney (Kent and Hedrick 1987). Interestinghe mean myositis score was not
significantly affected by stress treatment, altHotltere was a trend toward increasing
myositis among stressed fish at week 20 PE. Tlge lamount of variation in the data
may explain why we did not see any difference. Addally, differences in myositis
between stressed and non-stressed groups may éaneriore apparent past week 20
week PE as the infection progressed, but with tdaleplicates beyond 20 weeks PE we
could not evaluate this.

There was no effect of stress or feeding cortisolhe mean xenoma area of fish
with pre-existing?seudolomanfections. The fish used in the Pre-existing ttifen — AB
experiment had a baseline mean parasite area b¥) Whereas during the Experimental
Exposure and Stress — AB experiment, the meanipaeasa was 0.61% for the
Pseudolomaroup and 1.2% for theseudolomsstress group. In the former experiment,
fish were stressed long after the infection washdisthed. There may be a maximum area
of tissue that can be occupied Pgeudolomaafter which the host either resists the
parasite or succumbs to disease. Alternativelyshogt duration of exposure to stressors
or cortisol (7 weeks) may not have been sufficterthange the mean parasite area in
fish with existingPseudolomanfections.

At week 52 PE, a few fish from the control andviwasly stressed groups were

positive forPseudolomalnadvertent infection of thes&seudolomacontrol groups may
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have been due to aerosol transmission of the parfasm adjacent tanks containing
Pseudolomanfected fish. Control tanks were intermixed wiitle infected tanks on the
same racks to randomize differences in extranetbess®rs such as light and the position
of the tank in the room. Aerosol transmission hesnoreported for fish pathogens
including Aeromonas salmonicidandichthyophthirius multifilis(\Wooster and Bowser
1996). Microsporidian spores are capable of sungvelatively long periods outside the
host (Shaw et al. 2000a) and this may have fa@tit&ransmission d?seudolomado the
control and stress tanks. It is not possible tokkmdnen these tanks were exposed to
PseudolomaAlthough these infections appeared to be incaletite inadvertent
transmission oPseudolomalemonstrates the persistence of this parasitehend t

potential difficulty in controlling it in zebrafisfacilities.

Fecundity

In fish infected withPseudolomaincreasing infection intensity was associated
with decreasing reproductive fitness. Althouglessed and infected fish may have
produced fewer eggs, this was not verified staadliy as the number of eggs spawned
and larvae hatched at 5 dpf was extremely varmafilen groups. This is typical for
zebrafish; females produced eggs and spawn mamg tinmoughout the year, but their
egg production can be highly variable (Westerf@d@7). There are relatively few
studies examining the effects of environmental patars on zebrafish reproductive
output (Eaton and Farely 1974; Laale 1977), andtudies that have examined the
effects of stress d?seudoloman reproduction in zebrafish. The lack of any clire
effects on fecundity may reflect the need to batteterstand the dynamics of
reproduction with respect to husbandry (Lawrend&r20

Whereas stress and infectious diseases have beamdnted to reduce fecundity
(Barber et al. 2000; Schreck et al. 2001), theeeeaamples where the reverse occurs
(Gowaty et al. 2007). Candolin and Voigt (2001)ared an inhibitory effect of cestode
tapeworms on reproduction in stickleback malefértatural environment but not in the
laboratory, suggesting that the favorable laboyatowironment, free of predation risk
and fluctuating environment, mitigates the nega#iffects parasitism has on

reproduction. We observed a negative natural Ittyaic relationship between the both
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the number of eggs laid and parasite area at we&kE2among thBseudolomsstress
group; a similar relationship was seen for the neindb larvae surviving to 5 dpf. Only
stressed fish had heavy infections (> 1% xenoma) aamd these fish were consistently
poor spawners. Infection level, not stress treatpéetermined spawning success which
was highly variable in lightly infected or uninfeckfish and poor in heavily infected fish.
This was even the case for the non-stressed figh;ame fish in this group had a heavy
infection (>1% xenoma area) precluding statistarslyses. Interestingly fecundity was
similarly reduced whether males or females weredidd. This suggests a possible effect
of the parasite on spawning behavior or the negrcéd control of sperm release as
Pseudolomaffects the CNS and nerve roots (Matthews etQfl12

Fish with sever®seudolomanfections are typically emaciated and the females
lack large numbers of eggs typical of zebrafishtfhaws et al. 2001Pseudolomas a
chronic persistent disease, and perhaps examiaprgduction in fish with higher
infection intensities later in the infection mawbaesulted in more significant effects of

the parasite on fecundity and offspring survival.

Mycobacteria

A small number of fish were infected withycobacteriunspp. Mycobacteria are
common pathogens of zebrafish (Astrofsky et al.®2@@nt et al. 2004) and have been
found at background levels in previous studies (iffat al. 2007) Environmental
mycobacteria are common to freshwater aquaria ggiéntly isolated from fish without
clinical signs of disease (Beran et al. 2006; Zaebal. 2008; Whipps et al. 2008). The
majority of mycobacteria we saw were in the swiadoler or ovaries. Acid-fast bacteria
are frequently only seen in the lumina of the ititesand swim bladder, which can be
easily colonized from the gut, and are not assediaitith clinical mycobacteriosis (Kent
et al. 2004; Whipps et al. 2008). Fortunately, anfgw experimental fish had concurrent
mycobacteriosis, and thus it is unlikely that #asnpromised our experiment.
Nevertheless, as with any animal used in resedrishimportant to conduct experiments
with fishes that do not have underlying chroni@ations in order to avoid non-protocol

induced variation ifn vivo experiments (Kent et al. in press).

Conclusion



106

Pseudolomas the most common pathogen of laboratory zebraistilittle is
known about husbandry factors that affect the dgaakent and progression of clinical
disease. Our study is an initial step in examitigdynamic interactions of stress,
reproduction, an®seudoloman laboratory zebrafish. We have described thesetgal
development oPseudoloman zebrafish, showing that it persists for well o8emonths
after exposure. Furthermore, we have demonstrhtddtress exacerbates clinical
disease associated wiBseudolomanfections with direct effects on growth.

Fecundity, rather than growth, is usually the mimgtortant criterion in zebrafish
used for research, particularly when used in dgrekntal genetics research.
Reproductive output was negatively related to tiensity ofPseudolomanfection in
stressed fish with heavy infections. Thereforer@aemmmend that if avoidance or
eradication of the parasite is not an option invemg research laboratory, then particular
care should be taken to minimize stress if fecyndian important laboratory endpoint.
Moreover, it should be recognized that sporeBsd#udolomare resistant to chlorine at
the levels used in research laboratories (Fergasah 2007), and there is a risk of
contamination of the next generation or even trertical transmission within eggs (Kent
et al. in press). Further investigation on theraxtéons ofPseudolomanfection and
stress and the subsequent effects on survival,tgramd reproductive fitness will aid in
controlling outbreaks and optimizing zebrafish beahd reproduction in order to ensure
the continued success of this important model fomiedical research.
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Table 5.1Danio rerio. The number of pairs of zebrafish spawned, egigsand hatched and the % viable larvae surviwng t

5 days post-fertilization (dpf) at week 8, 13, &@dpost-exposure (PE) to StreBseudolomaPseudolomand stress and
control conditions (no stress and Rseudolompa Tank A and B indicate replicate tanks within #zne treatment.

Week 8 PE Week 13 PE Week 20 PE
Treatment Tank Number Number % Number Number % viable Number Number %
of pairs ofeggs viable ofpairs ofeggs larvae  of pairs of eggs viable
spawned laid larvae spawned laid (5 dpf) spawned laid larvae
(hatched) (5 dpf) (hatched) (hatched) (5 dpf)
Control A 5/5 89 (47) 52 5/5 199 (162) 74 2/5 2833) 85
Control B 4/5 102 (80) 84 3/5 136 (67) 41 3/5 69)(3 70
Stress A 4/5 72 (31) 45 5/5 193 (91) 48 5/5 13312 91
Stress B 4/5 83 (64) 71 5/5 151 (65) 32 3/5 53 (32) 56
Pseudoloma 4/5 98 (23) 33 3/5 105 (81) 78 5/5 181 (143) 65
Pseudoloma B 5/5 118 (101) 78 4/5 167 (125) 72 3/5 250 (181) 71
Pseudoloma A 4/5 151 (90) 56 3/5 220 (187) 70 5/5 54 (32) 56
stress
Pseudoloma B 4/5 129 (123) 94 5/5 193 (105) 49 3/5 216 (192) 6 8
stress

Vit
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A)
Oweek 0 PE Oweek 1 PE
12 - ® week 2 PE B week 4 PE
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Figure 5.1Danio rerio. A) Median whole-body cortisol (ng/g) after fémglfish O, 5,
33 and 10Qug cortisol / g feed for 0, 1, 2, 4 and 6 weeksM&gan cortisol (ng/g; SEM)
in groups exposed to no stress, cortisol-fed ops&g to stress for one or six weeks.
Different letters over the SEM bars indicate a sigant difference between groups
(p<0.05).
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Figure 5.2:Danio rerio. Cumulative mortality of zebrafish exposed to tress, cortisol-
fed (10 pug cortisol / g feed) or exposed to randoowding and handling stressors over a
7 week period. At week 7, there was a significasbaiation (p=0.018) between

mortality and treatment with the stress-treatedigrieaving significantly higher mortality
than the control group.



117

Figure 5.3.Danio rerio. Histological sections of zebrafish infected witbeudoloma
neurophilia Acid-fast. A. Sagittal section of spinal cordttwmeasurements of xenomas
(square pm). Spinal cord area is 3 422 sq. pm.=E# um. B. Xenoma in somatic
muscle. B = Bar 20 um, Focal, chronic myositis withmerous spores (arrows). Bar = 20

pm.
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Figure 5.4:Danio rerio. Mean myositis intensity score GEM) in fish with existing
Pseudolomanfections. Myositis was assessed by sagittablagical sections of whole-
zebrafish. Myositis intensity scoring: 1 = one apéanyositis, 2 = two areas of myositis,
3 = three or more areas of myositis. The baselinagwas sampled prior to initiating
treatments. Treatments included no stress, featirtgsol or stress for 7 weeks. Different
letters over the SEM bars indicate a significaffedence between groups (p<0.05).
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Figure 5.5Danio rerio. A) Mean weight (mg; SEM) over time (week) in groups
exposed to stresBseudolomaPseudolomand stress, and maintained under control
conditions (no stress and Rseudolompa B) Condition factors of individual fish in
control, stressPseudolomandPseudolomsstress groups at week 20 post-exposure to
thePseudolomaThe dotted line indicates a condition factor of 1
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Figure 5.7:Danio rerio. Prevalence dPseudolomanfection (% infected fish) over time
(week post-exposure) in fish exposedPseudolomandPseudolomand stress. * There
was a significant association between prevalendefeftion and treatment at week 8 PE
(p<0.05).
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Figure 5.8 Danio rerio. A) Mean spinal parasite area (%SEM) and B) mean myositis
score (+SEM) with and without stress at week 13 and 2qri2H 2 Pseudolom®parasite
area at week 13 PE; n=P3eudolomsastress area at week 13 PE) (week 20 PE: n=28
Pseudolomaparasite area and n=3seudolomsstress area). Different letters over the
SEM bars indicate a significant difference betwieatment groups.
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Figure 5.9:Danio rerio. Number of eggs laid vs. parasite (xenoma) ardaa(dveek 20
post-exposure tBseudolomaA) Among thePseudolomanfected-stressed fish the
relationship was described by the following equatieggs laid = 80 — 61 In (xenoma
area); R = 0.25; p=0.025. B) There was no significant ietathip between the the
number of eggs laid and parasite area amongs$kedolomanfected group in the
absence of stress (p=0.62). Male fish are indichyean open circled). Female fish are
indicated by a closed triangla ().
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CHAPTER 6: GENERAL CONCLUSION

The main objective of this dissertation was tocdég the whole-body cortisol
response of zebrafish to husbandry stressors asuthsequent effects on disease
susceptibility and reproduction. We identified wédlody cortisol as a useful indicator of
crowding and handling stress. Additionally, husbgredress increased the intensity of
mycobacterial and microsporidiaRgeudolompinfections. Furthermore, growth and
reproductive fithess were impaired with stress Bedudolomanfection.

The use of zebrafish as laboratory research csgahas greatly increased over
the past 30 years and is expected to continuectease into the foreseeable future. It is
important to minimize stress and diseases in asinmsgd in research (Baker 2003; Kent
et al. in press). The research conducted durirsgdissertation contributed to the
understanding of the responses of zebrafish todngsly stress. The effects of husbandry
stress on diseases and reproduction in laboragdimafish has been described for the first
time. Additionally, descriptions of the relationgtbetween underlying chronic infections
in zebrafish and fithess parameters, including gincamd reproduction, were provided.
This examination of the dynamic interactions betwleeasbandry stress and fitness of
zebrafish provides important data for optimizinglandry conditions and should serve
as a guide for future husbandry stress, diseageegmoduction studies with zebrafish.
Additionally, monitoring and minimizing husbandnyess may be useful for adhering to
institutional and federal animal care guideliney. diksertation also provides a
foundation for the examination of the role of husiiry stress in diseases and
reproduction in other small laboratory fishes, intthg medaka@ryzias latipe}
sticklebacks Gasterosteuspp.), fathead minnow®imephales promelysand guppies

(Poecilia reticulatg.

Whole-body Cortisol Responsesto Husbandry Stressors

My dissertation research provided a useful tobbfssessing stress in zebrafish,
whole-body cortisol. Crowded fish had elevatedisoftcompared to those not crowded.
Net stressed fish responded with rapid increasesrinsol and a similarly rapid recovery
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to control cortisol levels. Additionally, the magmde of the cortisol response was

greater during net stress than during crowding.l&mmcreases in whole-body cortisol
were attained during the disease-stress studighefundicating the suitability of whole-
body cortisol as an indicator of stress in adufiraéish in various laboratory
environments.

Feeding regimen was demonstrated to modulateatis@ response to crowding
and smaller fish tended to have greater responsa®wding than larger fish under
fasting conditions. Zebrafish should be fed reduler minimize the cortisol response to
mild crowding stressors. Additionally, adequatediag may reduce size variation within
a tank of zebrafish subsequently reducing dominarerarchies and elevated cortisol
levels common among subordinate fish (Ejike and&th1980; @Dverli et al. 2004).
Feeding may also reduce aggression and dominaaca@¢hies which can result in
elevated cortisol under mild crowding stress (Sysnb968).

There was no mortality associated with stress,ahstnating the hardy nature of
zebrafish and why it has thrived as a laboratosgaech organism. Zebrafish have an
extensive history of domestication which likely &ips this ability to endure moderate
husbandry stressors without mortality. Furtherntbeenatural history of zebrafish
suggest that they evolved in environment charadrby daily and seasonal variation
accompanied by dramatic changes in the water guaditameters including temperature,
turbidity, flow, and density (Engeszner et al. 200% a result, zebrafish have been able
to adapt and thrive in dynamic agricultural envirants, including rice paddies (Spence
et al. 2006). This ability to adapt to changingiemvments has clearly been
advantageous for the survivability of zebrafisltha laboratory. Furthermore, continuous
spawning and short generation time have likelyliftated selection of hardy fish with a
rapid cortisol response (Fevolden et al. 2002).

There was a large amount of variation in the mgstir control cortisol levels of
zebrafish. Biological variation in resting cortis@s been demonstrated for numerous
species (Hansen et al. 2001; Romero 2002). Restiriiggol may have also been affected
by individual differences in genetic profiles, dorance hierarchies, and slight difference
in environments (Schreck 1981, 2000; Malisch e2@Q7). Individual variation is part of
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normal biological variation (Fraser 2004) but moistconsidered when designing

experiments and interpreting data.

Although age was hypothesized to have an effecesting cortisol, due to a
large amount of variation in the data, statisticalfnificant effects were not
demonstrated. However, as age increased the wariatiwhole-body cortisol also
increased. This suggests that the ability to reégukssting cortisol decreases with age.
Cortisol generally tends to be elevated in oldémaits and is associated with an
increased susceptibility to diseases (Sapolskl; @086). Therefore, it may be prudent to
avoid the use of older zebrafish in research irotd avoid possible elevations in
cortisol. This may create a dilemma for zebrafigimg studies which require older fish
(Gerhard and Cheng 2002). When it is necessargdmlder zebrafish, age should be
consistent to avoid introducing non-protocol soarokvariation into experiments;
furthermore, stress and disease levels should Inétoned to ensure proper interpretation
of results (Kent et al. in press).

Diseases and Stress of Zebrafish

Husbandry stressors and elevated cortisol wexedsd with increased clinical
mycobacteriosis and microsporidiosis in laborawelrafish. In addition, growth and
reproduction were impaired by microsporidiosis atrdss. Although stress alone did not
cause mortality in the studies conducted for Chapteand 3, stress and disease resulted
in mortality in the disease-stress studies condufcieChapters 4 and 5. Furthermore, the
impairment of growth and fecundity during infectiand stress demonstrated that stress
and disease result in decreased productivity ofefisih.

The persistence and spread of these diseaselrafigh colonies may have been
exacerbated by the great increase in the numBdabofatories rearing, breeding, and
shipping zebrafish. Infectious diseases tend teease in aquaculture environments as
production, densities, and trade increase (Mey@i 1®urray and Peeler 2005).
Mycobacteria and microsporidia are ubiquitous aaghble of surviving long periods
outside of their hosts. Once introduced into araaqliure system these pathogens may
be very difficult to eradicate (Francis-Floyd andritvng 1999: Kent et al. in press).
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Mycobacteria, detected in zebrafish systems (Whgt@ad. 2008), may serve as a

reservoir for future infections. Similarly, fish enosporidia have been detected in fish
aguaculture systems (Ramsay et al. 2001) anexpscted thaPseudolomavould also
be detected in zebrafish systems (Whipps and Kedé)2 Effective management by
minimizing stress may be a practical way of comitigldisease outbreaks in zebrafish
facilities.

In the absence of mortality or apparent signdinfcal disease, we demonstrated
a reduction of growth and impairment of reprodutiio fish infected witiPseudoloma
and subjected to stress. The majority of zebrafigdies involve examining various
aspects of early development, which arguably mad@oduction the most important
production parameter for zebrafish culture. Itn&nown how stress and infectious
diseases will further affect zebrafish physiologyl affect research results. However,
close attention should be given to diseases inm¢bry fishes such as zebrafish as these
may introduce non-protocol sources of variatioo iexperiments (Kent et al. in press).
Furthermore, interactions with stress and diseaddlae subsequent effects of

reproductive fitness must be considered.

Recommendations

Recommendations on the control of pathogens dedtiaus diseases in fish
research facilities have recently been publishezh{iet al. in press). Additionally, the
goal of stress management in fish culture is tameneptimal performance and
production (Schreck 1981). Given the inevitabibfystress in zebrafish husbandry
together with the persistence of mycobacteriaRselidoloman zebrafish facilities, we
would like to recommend the following managemerdtsgies for minimizing the
impacts of husbandry stress on underlying chrarfections in order to reduce disease
outbreaks and optimize the growth and fecunditiabbratory zebrafish.

1. Determine if fish are stressed

Routine monitoring of whole-body cortisol levetszaebrafish facilities will
provide information to researchers regarding thesstlevel of fish in their facility. We
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found a wide range of control cortisol levels asroar different studies. Additional

information from zebrafish facilities will providaformation which could be used to
construct range of a baseline cortisol valuesdbotatory zebrafish. Furthermore, these
data could be used to develop husbandry standaatsninimize stress. This dissertation
has provided data on whole-body cortisol level&hstrain zebrafish. There are
thousands of genetic strains of zebrafish useegbgarchers. Monitoring stress levels of
the more popular genetic strains will discern aifigats of genetic strain on the cortisol
response and if different husbandry standards teebd established based on strain.
Finally, developing non-lethal methods of examingtigess levels in zebrafish facilities
would be of great advantage, particularly for resleers with valuable stocks of fish.
Water cortisol methods have been developed for digte species (Scott and Ellis 2007).
| plan to examine cortisol from the water of stezkgebrafish following the completion

of this dissertation.

2. Control pathogens and infectious diseases inraéibh laboratories

Recommendations for the control of fish pathogerginfectious diseases in fish
research facilities have been suggested by Keadt @h press). These include:
identifying pathogens of interest, employing stgégs for avoiding introduction of
pathogens, knowing source history of fish, usingrgatine methods for fish of unknown
history, importing eggs only into a facility, degping specific-pathogen free fish stocks,
controlling the spread of pathogens within zebhafegilities, routinely monitoring fish
in the facility for pathogens, and employing seeltiprograms. To this list we would like
to include minimizing stressful husbandry procedwsech as frequent handling and
crowding which we have demonstrated to increasasdherity of mycobacteriosis and
microsporidiosis in laboratory zebrafish. Develgphusbandry standards to minimize
stress (as suggested in the previous recommenylatarid be an ideal way to reduce the

potential for disease outbreaks in zebrafish faedi



129
3. Understand chronic infections, stress, and reguztion

There is a paucity of information regarding thieets of husbandry stress or
chronic infections with mycobacteria Bseudoloman the reproductive fitness of
laboratory zebrafish. We demonstrated a reductidhe number of viable larvae with
and increase in the intensity B$eudolomanfections. It would be of further interest to
examine if there are any effects of chronic mycetdrda infections on zebrafish
fecundity. We were not able to discern any effetstress alone on the fecundity of
zebrafish; however, there was a large amount odldity in the data. We recommend
increasing the number of replicates in order taaat for this variation. Additionally,
reproduction should be examined over the life effith to account for age-related
differences in reproduction. Furthermore, bettetaratanding the basic biology of
zebrafish reproduction may aid in controlling otFestors which may have been
affecting reproduction in our studies. This willoa¥ the design of studies which will
better discern the nature of the relationship betwaress, chronic infections, and
reproduction. It would also be of interest to exaentihe effects of stress or chronic

infections on zebrafish fecundity and reproductiwer multiple generations.

4. Understand and reduce non-protocol sources ofi&aon

Minimizing non-protocol sources of variation assted with underlying chronic
infections in laboratory animals is a hallmark oéyentive veterinary medicine (NRC
1996). We have demonstrated that zebrafish witletyidg chronic microsporidiosis
have reduced growth and impaired reproduction. #altilly, stressed zebrafish had
reduced growth and increased severity of mycobiasiesrand microsporidiosis. The
effects were all demonstrated in apparently healthignals but would likely have
introduced non-protocol sources of variation itperiments. The physiology of
zebrafish is likely affected by stress and chramiections in other ways, not measured
during this dissertation. Reducing stress and uyidegrinfections will reduce non-

protocol sources of variation in zebrafish expentse
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Concluding Thoughts

The use of zebrafish as a laboratory research hcodénues to increase as novel
methods for examining aspects of physiology anaigment continue to be
discovered. The hardy nature of zebrafish has begeat advantage in its development
as a pre-eminent biomedical research model. Hushasitess, and chronic diseases
have been given little consideration in the cultir@ebrafish. Increasing awareness
about the potential effects of stress and diseagbheogrowth and reproduction of
zebrafish will hopefully prompt researchers to gmwere credence to the laboratory
environment as a potential source for variatioth&ir experiments (Kent et al. in press).

A century ago pathogens occasionally caused dieddboratory rodents but
often resulted in persistent underlying chronieations (Baker 2003). Today, most
biomedical researchers demand that laboratory tedenfree of pathogens, even those
that only cause chronic disease and minimal moytaipecific pathogen-free stocks of
rodents are available and frequently used by rekees. Similarly, husbandry standards
which minimize stress are well established for rfabary rodents (NRC 1996). Continued
research into the effects of husbandry stress brafish physiology, including growth,
reproduction, and disease susceptibility, will eeshe development of husbandry
standards. Better understanding the pathogenedisadses of laboratory zebrafish will
enable the development of pathogen-free stock$ Wik ensure the continued success

of zebrafish research.
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Appendix Table

Table A5.1: Spawning data for individual pairs ishfin each treatment at each week
post exposure (week 8, 13, 20). Includes spawnjeg/fio), number of eggs laid, number
of larvae hatched at 5 days post-fertilization Jdahd the percent larvae hatched (5 dpf).

Treatment tank week pair spawn number number of % hatched
(Y/N)  of eggs larvae (5 dpf)

laid (5dpf)
Control 2 8 1 Y 82 62 73
Control 2 8 2 Y 75 40 56
Control 2 8 3 Y 105 0 0
Control 2 8 4 Y 50 23 46
Control 2 8 5 Y 132 109 83
Control 7 8 1 Y 61 53 87
Control 7 8 2 Y 117 114 97
Control 7 8 3 Y 185 113 61
Control 7 8 4 N 0 n/a n/a
Control 7 8 5 Y 43 4 91
Stress 3 8 1 N 0 n/a n/a
Stress 3 8 2 Y 163 61 37
Stress 3 8 3 Y 52 41 79
Stress 3 8 4 Y 28 11 39
Stress 3 8 5 Y 46 11 24
Stress 5 8 1 Y 91 91 100
Stress 5 8 2 Y 63 26 41
Stress 5 8 3 Y 64 34 53
Stress 5 8 4 Y 115 104 90
Stress 5 8 5 Y 0 n/a n/a
Pseudoloma 1 8 1 Y 127 12 9
Pseudoloma 1 8 2 N 0 n/a n/a
Pseudoloma 1 8 3 Y 49 39 80
Pseudoloma 1 8 4 Y 86 28 33
Pseudoloma 1 8 5 Y 128 15 12
Pseudoloma 6 8 1 Y 169 158 93
Pseudoloma 6 8 2 Y 33 26 79
Pseudoloma 6 8 3 Y 175 170 97
Pseudoloma 6 8 4 Y 52 19 37
Pseudoloma 6 8 5 Y 160 133 83
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Treatment tank week pair spawn number number of % hatched

of eggs larvae
laid (5dpf)
Pseudoloma 4 8 1 Y 257 161 63
stress
Pseudoloma 4 8 2 N 0 n/a n/a
stres
Pseudoloma 3 Y 83 18 22
4 8
stres
Pseudoloma 4 Y 52 37 71
4 8
stres
Pseudoloma 4 8 5 Y 212 143 67
stres
Pseudoloma 8 3 1 Y 89 77 87
stres
Pseudoloma 8 3 2 Y 103 101 97
stres
Pseudoloma 8 8 3 Y 175 170 97
stres
Pseudoloma 8 3 4 N 0 n/a n/a
stres
Pseudoloma 8 8 5 Y 149 142 95
stres
Control 2 13 1 Y 87 61 70
Control 2 13 2 Y 372 344 92
Control 2 13 3 Y 138 81 59
Control 2 13 4 N 0 n/a n/a
Control 2 13 5 N 0 n/a n/a
Control 7 13 1 Y 147 4 3
Control 7 13 2 Y 251 207 82
Control 7 13 3 Y 142 116 82
Control 7 13 4 Y 130 3 2
Control 7 13 5 Y 8 3 38
Stress 3 13 1 Y 261 198 76
Stress 3 13 2 Y 269 125 46
Stress 3 13 3 Y 80 7 9
Stress 3 13 4 Y 310 86 28
Stress 3 13 5 Y 47 37 79
Stress 5 13 1 Y 234 86 37




Treatment tank week pair spawnnumber number of % hatched
of eggs larvae
laid (5dpf)
Stress 5 13 2 Y 96 4 4
Stress 5 13 3 Y 228 206 90
Stress 5 13 4 Y 73 5 7
Stress 5 13 5 Y 126 25 20
Pseudoloma 1 13 1 N 0 n/a n/a
Pseudoloma 1 13 2 Y 58 47 81
Pseudoloma 1 13 3 Y 81 70 86
Pseudoloma 1 13 4 Y 147 141 96
Pseudoloma 1 13 5 Y 133 64 48
Pseudoloma 6 13 1 Y 235 192 82
Pseudoloma 6 13 2 Y 0 n/a n/a
Pseudoloma 6 13 3 Y 120 54 45
Pseudoloma 6 13 4 Y 0 n/a n/a
Pseudoloma 6 13 5 Y 145 129 89
Pseudoloma 4 13 1 Y 153 95 64
stres
Pseudoloma 4 13 2 Y 40 11 28
stres
Pseudoloma 4 13 3 Y 56 42 75
stres
Pseudoloma 4 13 4 Y 445 408 92
stres
Pseudoloma 4 13 5 Y 405 376 93
stres
Pseudoloma 13 1 Y 301 159 53
stres
Pseudoloma 8 13 2 Y 28 10 36
stres
Pseudoloma 8 13 3 N 0 n/a n/a
stress
Pseudoloma 8 13 4 Y 249 147 59
stres
Pseudoloma 8 13 5 N 0 n/a n/a
stres
Control 2 20 1 N 0 n/a n/a
Control 2 20 2 N 0 n/a n/a

153



Treatment tank week pair spawnnumber number of % hatched
of eggs larvae
laid (5dpf)
Control 2 20 3 Y 233 210 90
Control 2 20 4 Y 292 236 81
Control 2 20 5 N 0 n/a n/a
Control 7 20 1 N 0 n/a n/a
Control 7 20 2 N 0 n/a n/a
Control 7 20 3 Y 12 12 100
Control 7 20 4 Y 80 9 11
Control 7 20 5 Y 98 96 98
Stress 3 20 1 Y 65 54 83
Stress 3 20 2 Y 4 3 75
Stress 3 20 3 Y 88 48 55
Stress 3 20 4 Y 96 92 96
Stress 3 20 5 Y 10 1 10
Stress 5 20 1 Y 0 n/a n/a
Stress 5 20 2 N 29 29 100
Stress 5 20 3 Y 80 63 79
Stress 5 20 4 N 0 n/a n/a
Stress 5 20 5 Y 296 279 94
Pseudoloma 1 20 1 Y 54 2 3
Pseudoloma 1 20 2 Y 147 73 50
Pseudoloma 1 20 3 Y 47 47 100
Pseudoloma 1 20 4 Y 483 457 95
Pseudoloma 1 20 5 Y 170 135 79
Pseudoloma 6 20 1 N 0 n/a n/a
Pseudoloma 6 20 2 Y 379 280 74
Pseudoloma 6 20 3 N 0 n/a n/a
Pseudoloma 6 20 4 Y 171 103 60
Pseudoloma 6 20 5 Y 201 159 79
Pseudoloma 4 20 1 Y 101 71 70

stres
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Treatment tank week pair spawnnumber number of % hatched
of eggs larvae
laid (5dpf)

Pseudoloma 4 20 2 Y 66 7 11
stress

Pseudoloma 4 20 3 Y 4 4 100
stress

Pseudoloma 4 20 4 Y 5 1 20
stresss

Pseudoloma 4 20 5 Y 104 75 80
stres

Pseudoloma 8 20 1 N 0 n/a n/a
stres

Pseudoloma 8 20 2 Y 354 33 94
stres

Pseudoloma 8 20 3 Y 101 75 74
stres

Pseudoloma 8 20, vy 192 172 90
stress

Pseudoloma 8 20 5 N 0 n/a n/a

stres
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Appendix Figures

Figure A4.1: Histological section of zebrafish ictied withMycobacterium marinum
(acid-fast staining). Granuloma of the liver wittdividual mycobacterial rods contained
in the center.
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Figure A4.2: Histological section of zebrafish ictied withMycobacterium marinum
(acid-fast staining). Sub-acute diffuse infectidrhe intestine with individual
mycobacterial rods scattered throughout the tissue.
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Figure A5.1: Histological sections of the zebrafistiscle tissue infected with
Pseudoloma neurophiligacid-fast staining). A) Xenoma containing indivadgpores in
the somatic muscle B) Focal chronic myositis caused rupturing xenoma with
individual spores scattered throughout the sormatiscle tissue.
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Figure A5.2: Sagittal section of the zebrafish apoord infected witiPseudoloma
neurophilia(acid-fast staining). Numerous xenomas occup\sihieal tissue and
surrounding meninges. A) Prior to measurement uSIPQT software B) after
measurement using SPOT software to measure the&woéaparasite occupying spinal
tissue (sum of areas with parasite/total spina)are
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Figure A5.3: Zebrafish exposedRseudolomand stressedNumber and percent of

larvae hatched at 5 days post-fertilization (djsf) parasite (xenoma) area (%) at week 20
post-exposure tBseudolomaA) The relationship between the number of laraaé
parasite area was described by the following eqgnatiumber of larvae hatched = 61 —
63 In (xenoma area);’R: 0.3; p=0.01. B) The relationship between theger hatched
larvae and parasite area was not significaht5(B.18; p=0.06). Male fish are indicated

by an open circled). Female fish are indicated by a closed triandig. (
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Figure A5.4: Zebrafish exposedRseudolomaThere was no relationship between the
A) number of larvae hatched at 5 dpf (p=0.8), othg) percent of larvae hatched at 5dpf
(p=0.2) and parasite area (%).Male fish are inddtdty an open circleof. Female fish

are indicated by a closed triangla ).



