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Since its inception as a laboratory animal in the early 1970s, the zebrafish has proven
itself a rising star in the world of comparative biomedical sciences due to its short generation
time, ease of care, external fertilization, and transparent larvae. In a very few decades, the
zebrafish has been utilized as a model organism for as many experimental topics and modalities
as its rodent counterparts, which have been in use for centuries. Whereas the rodent world has
had time to develop biosecurity protocols and specific pathogen free lines, the zebrafish
community has had little time to cleanse the animals of contaminating infectious organisms from
their tenure as ornamental fish in the pet trade. Initially, because they were used primarily for
developmental genetics studies, the need for biosecurity and elimination of infectious disease
was not viewed as particularly important. However, as zebrafish have been used as model
organisms in sensitive studies of biomedical and neurobehavioral phenomena, the scientific
community must evaluate the potential for subclinical infections to alter experimental data.
Pseudoloma neurophilia, a microsporidian endoparasite, is currently one of the most commonly
diagnosed infections in zebrafish facilities worldwide. Because of its tropism for the central
nervous system, and because of the opportunistic nature of microsporidia, it is vital to understand
the potential effects that infection can have on behavior and studies involving
immunosuppression. Armed with this knowledge, researchers will be able to make informed
decisions regarding biosecurity and husbandry protocols in order to mitigate the effects of
infection-associated, non-protocol induced variation. The hypothesis of this dissertation is that

infection of zebrafish by Pseudoloma neurophilia causes non-protocol induced variation in



neurobehavioral and biomedical experiments. In order to explore experimental protocols most
likely to be influenced by P. neurophilia, I first performed a retrospective study with the
intention of identifying the most common features of neuronal and muscular infections. Five
hundred fifty-nine zebrafish infected with P. neurophilia submitted to ZIRC (Zebrafish
International Resource Center, Eugene, OR) from 86 laboratories between the years 2000 and
2013 were examined via histopathology. Parasite clusters (PCs) occurred in distinct axonal
swellings, frequently with no associated inflammation. Inflammation was observed in viable cell
bodies distant from PCs. Multiple PCs occasionally occurred within a single axon, suggesting
axonal transport. PCs occurred most frequently in the spinal cord ventral white matter (40.3% of
all PCs) and the spinal nerve roots (25.6%). Within the rhombencephalon, PCs were most
common in the primary descending white matter tracts. Within the rhombencephalon gray
matter, PCs occurred most frequently in the reticular formation and the griseum centrale (61%
and 39%, respectively). High numbers of PCs within brain and spinal cord structures mediating
startle responses and anxiety suggest that related behaviors could be altered by neural
microsporidiosis. Infection could, therefore, introduce unacceptable variation in studies utilizing

these behaviors.

I chose a commonly utilized neurobehavioral testing protocol that involved motor activity
and anxiety-associated responses since it appeared to be the most likely experimental protocol to
be influenced by P. neurophilia infection: The progressive tap test for startle response
habituation. Fish infected via cohabitation were tested for startle response habituation in parallel
with controls in a device that administered ten taps over 10 min along with taps at 18 and 60 min
to evaluate habituation extinction. After testing, fish were euthanized and evaluated for infection
via histopathology. Infected fish had a significantly smaller reduction in startle velocity during
habituation compared to uninfected tankmates and controls. Habituation was eliminated in
infected and control fish at 18 min, whereas exposed negative fish retained partial habituation at
18 min. Infection was also associated with enhanced capture evasion: Despite the absence of
external symptoms, infected fish tended to be caught later than uninfected fish netted from the
same tank. The combination of decreased overall habituation, early extinction of habituation
compared to uninfected cohorts, and enhanced netting evasion indicates that P. neurophilia
infection is associated with a behavioral phenotype distinct from that of controls and uninfected

cohorts.



In order to demonstrate a causative link between infection and behavior change, and to
evaluate another common neurobehavioral experimental protocol, we performed a shoaling test,
which examines social behavior, before and after infection. Tanks containing 10 fish each were
divided into 6 control and 6 experimental shoals and recorded prior to exposure. Over 123 days,
control fish were exposed to water housing uninfected fish and experimental fish were exposed
to water housing infected fish. Shoals were re-recorded following exposure and infection status
was determined via histopathology. There were no significant differences in mean interfish
distance and percent of top-dwelling fish between control and experimental shoals prior to
exposure. Following the exposure period, shoals exposed to and infected by P. neurophilia
showed a significantly reduced mean interfish distance compared to controls. The percentage of
top-dwelling fish was also reduced in infected shoals, although this difference was not
statistically significant. This study supports the fact that P. neurophilia infection causes altered
behavior in zebrafish and it should act as a warning to neurobehavioral researchers to use

parasite-free fish in their research.

Because of the opportunistic nature of microsporidial infections as demonstrated by fatal
Enterocytozoon bieneusii and Encephalitozoon intestinalis infections in human AIDS patients,
we decided to evaluate the effects of immunosuppressive gamma irradiation protocols on
zebrafish infected with P. neurophilia. In this study we exposed zebrafish to combinations of P.
neurophilia infection and gamma irradiation in order to explore the interaction between this
immunosuppressive experimental modality and a normally subclinical infection. Zebrafish
infected with P. neurophilia and exposed to gamma irradiation exhibited higher mortality,
increased parasite loads, and increased incidences of myositis and extraneural parasite infections

than fish exposed either to P. neurophilia or gamma irradiation alone.
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Chapter 1

INTRODUCTION

1.1 The Zebrafish: Danio rerio

Since its inception as a model organism for developmental genetics studies in the 1970s
the zebrafish (Danio rerio) has skyrocketed in terms of its popularity and breadth of use,
surpassing C. elegans and Drosophilia in Pubmed keyword searches every year from 2011 to the
present (Gunwald and Eisen 2002; Kent et al. 2012). As vertebrates, zebrafish can be used in
nearly any experiment that utilizes rodents with the distinct advantages of space efficiency,
shorter generation times, large numbers of offspring, and external fertilization which
considerably reduces the difficulties of precise breeding practices and the genetic manipulation
of embryos (Gunwald and Eisen 2002; Phillips and Westerfield 2014). That is not to say that
zebrafish are a “better” model organism than mice—as mammals, mice share more conserved
traits with humans than zebrafish at immunological and anatomical levels—rather, the zebrafish
should be viewed as a complementary laboratory organism possibly better suited to initial high-
throughput screenings requiring large numbers of subjects in order to fine-tune initial protocols

before moving on to more complex, expensive, and labor-intensive mammalian species.

One of the greatest challenges facing the research community regarding zebrafish
compared to mice is their relative novelty as a laboratory organism. Rodents, having been
utilized in comparative biomedical research for over a century, have had sufficient time to be
relatively cleansed of infectious organisms that produce overt disease or cause more insidious
subclinical infections which cause non-protocol induced variation in experiments. Hence, tight
biosecurity measures and specific pathogen free (SPF) mouse lines are commonplace in many
laboratories (Compton and Macy 2015). That is not to say, however, that all of the bugs have
been worked out of rodent models. Until very recently, pneumonia in laboratory rats caused by
the fungus Pneumocystis carinii was thought to be caused by an undiscovered “rat respiratory

virus” (Livingston et al. 2011) and the infamous supposed carcinogenic nature of the artificial



sweetener Saccharine was brought into question in the 1980s when rodents suffering from
transitional cell carcinomas also tended to be infected with the bladder threadworm
Trichosomoides crassicauda (Weihrauch and Diehl 2004). It is important for the research
community to learn from the rodent world’s history so that the zebrafish community does not
repeat similar mistakes. It is with this in mind that this thesis was dedicated to evaluating the
potential effects of the highly prevalent but usually subclinical, infectious organism
Pseudoloma neurophilia on the following research endpoints: neurobehavior and the
pathogenesis of the parasite in severely immune compromised zebrafish.

1.2 Pseudoloma neurophilia

Pseudoloma neurophilia is a microsporidium, an obligate intracellular microparasite that
forms environmentally resistant spores and is most closely related to fungi (Kent et al. 2014;
Sanders 2012). Microsporidia are well recognized to cause disease in fishes. However, P.
neurophilia is similar to Encephalitozoon cuniculi of rabbits and dogs (Percy and Barthold
2007; Kent et al. 2014), and Enterocytozoon bieneusii both of which generally have no effect on
healthy humans, but can produce fatal disease in the immunosuppressed hosts such as AIDS
patients (Didier and Weiss 2006; Carr et al. 1998). The origins of P. neurophilia infections in
zebrafish are unclear. Although the zebrafish is native to tributaries of the Ganges river, the first
experimental animals were purchased from a commercial supplier, which is a common practice
to this day (Gunwald and Eisen 2002; Spagnoli et al. 2015). Interestingly, although | have
observed intramuscular microsporidia similar in appearance to Pleistophora species in wild-
caught zebrafish from India, no organisms resembling P. neurophilia have been observed outside
of laboratory or pet fish stocks (anecdotal). This conspicuous absence, along with the ability of
P. neurophilia to infect fathead minnows (Pimephales promeras) and medaka (Oryzias latipes)
(Sanders et al. 2016), which are commonly housed alongside zebrafish, suggests that P.
neurophilia infections may have originated in commercial supplier housing rather than from the

wild.

P. neurophilia can infect nearly any cell in the zebrafish body, however, it has a powerful

tropism for the nervous system, most commonly forming intra-axonal parasite clusters



containing all stages of development (Spagnoli et al. 2015). Because these infections tend to be
deep within the animal’s tissues, a common route of infection is thought to be carcass
consumption as zebrafish tend to eat their dead soon after expiration. Unlike E. cuniculi and E.
bieneusii, which infect renal and intestinal epithelial cells and are shed in urine and feces,
respectively, fecal and urine shedding make minimal contributions to P. neurophilia
transmission (Percy and Barthold 2007; Carr et al. 1998). Rather, P. neurophilia commonly
infects the zebrafish ovary and spores are frequently observed either within ova or in the adjacent
ovarian stroma (Sanders et al. 2013). Since female zebrafish are frequent spawners, spores
consumed in shed eggs and egg associated debris are considered to be a constant source of
environmental contamination throughout an individual’s lifetime. Vertical transmission between
mothers and larvae also occurs which, along with the presence of spores adhered to egg surfaces,
is a particular problem for zebrafish facilities since most genetic lines are shared between
laboratories through embryonated eggs (Sanders et al. 2013). Not only do spores resist bleaching
up to 100 ppm (Ferguson et al. 2007), which is higher than the concentration used by most
facilities to wash eggs, but spores within the egg itself are never exposed to bleach at all (Sanders
et al. 2013). This ease of transmission between facilities, along with the subclinical and
therefore occult nature of most infections, resulted in up to 75% of facilities having the infection,
based on samples to the Zebrafish International Resource Center (ZIRC, Eugene, OR) diagnostic
service between 1999 and 2013 (Murray 2015).

The fact that most P. neurophilia infections are subclinical has traditionally resulted in a
relatively laissez-faire attitude on the part of the research community regarding screening and
biosecurity, and not without cause. Traditionally, zebrafish were developed as a model primarily
for developmental genetics, an area of research that likely would not be impacted by a chronic,
subclinical infection (Gunwald and Eisen 2002). However, over the relatively few decades that
zebrafish have been used in comparative biomedical studies, their utility has blossomed to
encompass nearly every conceivable area of research from toxicology to immunology to
infectious disease and neurobehavior (Gunwald and Eisen 2002; Kalueff and Stewart 2012;
Phillips and Westerfield 2015). Due to their ease of use and care, however, the zebrafish’s
myriad applications as a model organism have far outstripped the scrutiny of potential
complications inherent in its own pathology and ecology.



1.3 Zebrafish and neurobehavioral research.

Based on P. neurophilia’s prominent tropism for the zebrafish nervous system, one such
area of research that will be highlighted in this thesis is comparative neurobehavior, which
benefits largely from the zebrafish’s robust and consistent behavioral responses, their high
fecundity, and the transparency of their larvae (Kalueff and Stewart 2012). While there are
obvious differences between zebrafish and mammalian/human neuroanatomy, there are just as
many conserved features of development, physiology, and behavioral integration among
vertebrates. Various basic behaviors are conserved across all vertebrates, including the auditory
startle response, habituation to stimuli, and exploratory behavior (Kalueff and Stewart 2012).
Similarly, specific neuroleptic drug trials have allowed researchers to identify various facets of
behavior including, but not limited to, fear and anxiety. Furthermore, zebrafish tend to exhibit
behavioral syndromes, a form of “personality” similar to mammals in which individuals respond

in a consistent, syndrome-dependent manner to a variety of stimuli (Kalueff et al. 2012).

In addition to behavioral similarities between zebrafish, mice, and humans, zebrafish
have the further advantage of producing transparent larvae. This transparency coupled with a
thorough knowledge of cell fates during embryonic development, has allowed for the creation of
the “brainbow” strain in which specific neurons are fluorescently labelled (Richier and Salecker
2015). Taken together, these features of zebrafish neurobehavior and physiology have led
researchers to utilize them for a panoply of research topics including neurotoxin screening,
pharmaceutical screening of psychoactive drugs, and the evaluation of long-term behavioral
effects of larval exposure to various toxins (fetal alcohol syndrome in particular) (Kalueff et al.
2012). Zebrafish are currently being used to model a wide range of human neurobehavioral
disorders including autism, Parkinson’s Disease, schizophrenia, alcoholism, addiction, social
anxiety, and depression (Kalueff et al. 2012; Maximinio et al. 2010; Morris 2009; Pittman and
Lott 2014; Stewart et al. 2014; Willemsen et al. 2008). Inherent to behavioral studies is a large
amount of variation between fish and between tanks (Spagnoli et al. 2015). The addition of a
neurotropic parasite in research animals could result in altered data based on infection. It is for
this reason that this thesis will carefully explore the potential effects of P. neurophilia infection

on various neurobehavioral testing modalities used by zebrafish researchers.



1.4 Zebrafish and biomedical research

Shifting from neurobehavioral research to another realm of biomedical research, this
thesis also also explores the interactions between immunosuppression and P. neurophilia
infection because microsporidia are notoriously opportunistic organisms that produce severe
infections in immune suppressed individuals, particularly in AIDS patients (Kent et al 2014;
Didier and Weiss 2006; Carr et al. 1998). Furthermore, Ramsay et al. (2012) demonstrated that
stress and cortisol, both of which are consummately immunosuppressive, are associated with
increased mortality and infection severity due to P. neurophilia. Appropriate to this discussion is
the use of gamma irradiation in various studies of the immune system. Some laboratories use
gamma irradiation to knock down the immune system of zebrafish for tissue transplant studies
(Trede et al. 2004; Traver et al. 2004; Paik and Zon 2010) and it is possible that underlying P.
neurophilia infections in these fish may become clinical. Gamma radiation is an ionizing
radiation usually emitted by the isotope Cobalt 60. The high frequency electromagnetic waves
excite atoms and molecules within the target tissue to the extent that electrons are released from
their orbits, producing free radicals. Free radicals, with their incomplete outer electron shells,
are highly reactive, and their interactions with complex molecules such as DNA are highly
damaging. In the case of DNA, free radicals result in either single- or double-strand breaks. The
cell’s DNA repair and monitoring processes respond to DNA damage either by inducing
apoptosis or by attempting to repair the damage. Generally, repair attempts result in deletions
since double strand breaks may lack appropriate template DNA for replication and repair. These
deletions can result in cellular dysfunction or death, or apoptosis induction by DNA proofreading
mechanisms. While gamma irradiation has some effect on all exposed tissues, rapidly dividing
cells are most susceptible to destruction since the “checkpoint” stages of mitosis are under close
scrutiny for DNA damage and the resulting damage-induced apoptosis. (Hosoya and Miyagawa
2014; Lord and Ashworth 2012).

Gamma irradiation is commonly used in hematopoietic and immunological research to
eliminate rapidly dividing host hematopoietic cells as a precursor to replacement with foreign
cells in a “rescue” scenario (Trede et al. 2004; Traver et al. 2004; Paik and Zon 2010). Because
of the immunosuppressive effects of gamma irradiation, opportunistic infections are a particular

risk. This is well-illustrated by incidences of severe opportunistic infections following the



Chernobyl incident, leading to the rather colorful term “Chernobyl AIDS” (Yablokov 2009).
There is also precedence for increased infection severity in zebrafish secondary to gamma
irradiation: Parrikka et al. (2012) found that gamma irradiation of fish with latent Mycobacteria
marinum infections resulted in severe, active infections. It is for these reasons that the
interactions between gamma irradiation and P. neurophilia infection will be investigated in this

thesis.

1.5 Conclusion

In this dissertation, we will evaluate, for the first time, the influence of Pseudoloma
neurophilia infection on various research methodologies in the adult zebrafish, Danio rerio.
Chapter 2 describes a wide-ranging retrospective study to provide anatomical insight into the
infection patterns and pathogenesis of P. neurophilia. Chapter 3 concerns the effects of P.
neurophilia infection on startle response habituation in adult zebrafish, the test most likely to be
sensitive to influence by infection based on the parasite’s most common neuranatomic
distribution. Chapter 4 further explores the effects of infection on zebrafish behavior by
evaluating social interactions via the shoaling test. Chapter 5 details the interactions between P.
neurophilia infection and gamma irradiation of adult fish. 1 also include a book chapter
reviewing stress and its impacts in on research in laboratory fishes in the Appendix. By
demonstrating the influence of infection on experimental results, we can alert the research
community to the importance of screening and biosecurity protocols in order to improve the

zebrafish as a model organism.
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2.1 Abstract

Pseudoloma neurophilia is a microsporidium of zebrafish (Danio rerio) that
preferentially infects neural tissue. It is one of the most common pathogens of zebrafish in
research laboratories based on diagnostic data from the Zebrafish International Resource Center
diagnostic service (Eugene, OR). Five hundred fifty-nine zebrafish infected with P. neurophilia
submitted to ZIRC from 86 laboratories between the years 2000 and 2013 were examined via
histopathology to develop a retrospective study of the features of neural microsporidiosis.
Parasite clusters (PCs) occurred in distinct axonal swellings, frequently with no associated
inflammation. Inflammation was observed in viable cell bodies distant from PCs. Multiple PCs
occasionally occurred within a single axon, suggesting axonal transport. PCs occurred most
frequently in the spinal cord ventral white matter (40.3% of all PCs) and the spinal nerve roots
(25.6%). Within the rhombencephalon, PCs were most common in the primary descending white
matter tracts. Within the rhombencephalon gray matter, PCs occurred most frequently in the
reticular formation and the griseum centrale (61% and 39%, respectively). High numbers of PCs
within brain and spinal cord structures mediating startle responses and anxiety suggest that
related behaviors could be altered by neural microsporidiosis. Infection could, therefore,

introduce unacceptable variation in studies utilizing these behaviors.

2.2 Introduction

Pseudoloma neurophilia is a common microsporidian parasite of zebrafish (Danio rerio)
that can infect nearly every tissue in the body (Kent et al. 2011; Sanders 2012). It has an
overwhelming preference for neural tissue, particularly the nerve roots, spinal cord, and
hindbrain (Sanders et al. 2014). First described in 2001, P. neurophilia has since been identified
as one of the most common infectious organisms diagnosed in laboratory zebrafish. Clinical
infection is most frequently characterized by emaciation and spinal deformities (Matthews et al.
2001; Murray et al. 2011). Transmission occurs through the consumption of environmentally
resistant spores either free in the water or embedded in fish carcasses. Maternal transmission
occurs, either by shedding spores at spawning or by parasites within the egg (Sanders et al.
2013). Spores are resistant to bleaching at a concentration of 25-50 ppm for 10 min, which

makes transmission prevention difficult even when spores are adhered to the exterior egg surface
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(Murray et al. 2011). The Zebrafish International Resource Center (ZIRC) located in Eugene,
OR, provides a diagnostic service to the zebrafish community by performing histopathologic,
molecular, and bacteriologic analyses of samples from both clinically ill and routine sentinel
fish. From the years 2006 to 2013, this service diagnosed P. neurophilia in an average of 50% of
submitting facilities (range 19%—74%) (Murray et al. 2011; Kent et al. 2012; Chow et al. 2015).
Recently, a survey of the ZIRC diagnostic service database revealed that only 26% of fish
submitted between the years 1999 and 2013 diagnosed with P. neurophilia were submitted due
to clinical disease, while the rest were submitted as routine sentinel cases with no reported
clinical disease (Kent et al. 2012; Chow et al. 2015). Taken together, these facts indicate that P.
neurophilia is prevalent throughout zebrafish facilities and that most cases of P. neurophilia
infection are subclinical, making this disease both widespread and insidious (Murray et al. 2011).

Diagnosis of P. neurophilia infection is usually made via histopathologic examination of
fixed tissues or by polymerase chain reaction analysis. Microscopic lesions in fish include
myositis, meningitis/meninxitis, myelitis, encephalitis, granulomatous inflammation, and,
commonly, the presence of parasite clusters (PCs) in nervous and other tissues without
inflammation (Matthews et al. 2001; Murray et al. 2011). PCs were first described as xenomas
(Matthews et al. 2001), but more extensive ultrastructural analysis by Cali et al (2012) showed
that they are not xenomas as defined by Lom and Dykova (2005). Although a particular name
has not been officially suggested for these structures created by P. neurophilia, we will refer to
them simply as ‘parasite clusters’ in this article, because they contain all stages of the life cycle
but are not surrounded by a distinct membrane.

Because most P. neurophilia infections are often subclinical and because the zebrafish is
still a relatively new addition to the laboratory animal stable, the drive to screen for and to
eliminate P. neurophilia within zebrafish facilities has been relatively low compared with the
efforts made with pathogens that cause acute mortality, such as Mycobacterium marinum,
Mycobacterium haemophilum, and Edwardsiella ictulari (Murray et al. 2011).

P. neurophilia has been extensively studied with regard to life cycle, transmission,
microscopic and ultrastructural features, as well as the effects of stress on infection (Sanders et
al. 2014; Matthews et al. 2001; Murray et al. 2011; Sanders et al. 2013; Cali et al. 2012; Ramsay
et al. 2009). Zebrafish are now extensively used in behavior research (Morris 2009; Pittman and
Lott 2014; Stewart et al. 2011; Stewart et al. 2012; Stewart et al. 2014; Willemsen et al. 2008),
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and it is possible that these neural infections by P. neurophilia may introduce nonprotocol-
induced variation to these experiments.

Based on a relatively small sample size from one facility, Matthews et al. (2001) first
associated severity of infection and concurrent myositis with clinical disease (i.e., emaciation).
Ramsay et al. (2009) later showed that infected fish that were subjected to crowding stress had
an increased incidence of myositis. We took advantage of the large collection of histologic
slides, including both clinical and apparently normal infected zebrafish at ZIRC, to conduct a
more comprehensive retrospective study evaluating the overarching trends of P. neurophilia
infection with respect to grossly observable clinical disease, inflammation, anatomic location,
and the simultaneous presence of other potentially complicating diseases. The purpose of our
detailed study was to further characterize the features of P. neurophilia infections with an eye
toward developing a hypothesis as to which specific behaviors or other research endpoints are

most likely to be influenced by this common infection.

2.3 Materials and Methods

Fish were selected based on data reviewed from the ZIRC diagnostic service database.
These archival samples ranged from the years 1999 to 2014 (Chow et al. 2015). To determine
whether any microscopic features of infection were correlated with grossly visible clinical
disease, infected fish that were submitted as ‘‘clinical’” were examined (n = 175). To compare
the features of cases submitted as ‘‘routine’” or nonclinical, a set of 175 fish from this group was
arbitrarily selected. As the study progressed, we decided to match the number of clinical and
routine cases for each year to help reduce potential effects of submission date as a confounding
factor. This resulted in the examination of a total of 559 fish, with 175 noted as clinical and 384
noted as routine.

Samples examined were glass slides made from paraffin embedded, fixed tissues. The
vast majority were stained with hematoxylin and eosin (H&E), although a small number of slides
were stained by utilizing the Giemsa, Gram, acid fast, and Luna techniques utilizing standard
procedures. All specimens examined were sectioned sagitally. Also included in our analysis were
the year of submission, the submitting laboratory, the sex of the fish, and the presence of other

potential causes of primary disease besides P. neurophilia.
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A negative binomial regression was used to determine whether the total PC numbers
were significantly different between male and female fish, and between routine and clinical fish
while controlling for other factors: year, whether or not fish displayed myositis, and whether or
not the fish had other diseases. A logistic regression was used to assess the effects of sex, clinical
disease, the presence of other diseases, meninxitis, and encephalitis on the prevalence of
myositis, while controlling for the effect of the year in which each case was submitted. An
ordered logistic regression was used to determine the effects of sex, the presence of other
diseases, and encephalitis on the severity of meninxitis. At each of the anatomic locations under
study (brain and spinal cord), a negative binomial regression was used to determine whether the
total PC numbers observed in white matter versus gray matter were significantly different while
controlling for other factors: year of submission, sex, clinical disease, myositis, and the presence
of other diseases.

All analyses were conducted using the statistical software R (version 3.1). The R function
glm.nb() was used for negative binomial regression analysis, polr() was used for ordered logistic

regression analysis, and glm() with a logit link was used for the logistic regression analysis.

2.4 Results

Although extraneuromuscular lesions were noted during the study (spores or associated
granulomas in the viscera), their observation was rare. Furthermore, Sanders et al. (2014) and
Peterson et al. (2001) showed that light P. neurophilia infections, particularly those in the
viscera, frequently require special staining to highlight small numbers of spores. Because this
was a retrospective study ranging from 1999 to 2013 and because the Luna stain was not used for
zebrafish diagnotics until ~2008, we focused on neural and muscular infections observable by
H&E staining alone.

To provide an objective analysis of the data to complement the descriptive aspects of the
study, the number of PCs in various anatomic locations throughout the nervous system were
counted (Fig. 1). Similarly, to provide an objective assessment of the extent of inflammation
(meninxitis and encephalitis/ myelitis), a rubric was developed based on the character and extent

of inflammation within the central nervous system (Fig. 2).



15

Spinal Cord Brain
Gray Matter | | White Matter Gray Matter White Matter
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Dorsal | Ventral || Dorsal | Ventral GC | RF DMLF | VMLF | Cven | Cans
74 241 80 1997 54 85 239 538 218 10
Cranial Nerves Spinal Nerves and Ganglia
1218

Optic | Oculomotor | Vagal | Trochlear/facial/acoustic
10 15 147 13

FIG. 1. Anatomic locations and spore cluster numbers in the nervous system. PCs were most
commonly observed in the ventral spinal cord white matter. Spinal nerves and ganglia were a
close second. Spores observed in the brain were most common in the VMLF. For both the spinal
cord and the brain, PCs were overwhelmingly more commonly observed in the white matter than
in the gray matter. Within gray matter in the hindbrain, spores were most commonly observed in
the RF and the GC. A strikingly large number of PCs were observed in the vagal nerve. Because
of the sectioning of archival samples, it was difficult to distinguish between the trochlear, facial,
and acoustic nerves and so these are grouped in single category. The ‘‘Other’’ category applies
to all locations in the brain in which less than 10 PCs were observed out of all fish examined.
This category includes both white and gray matter structures. It is important to note that no PCs
were observed in any gray matter structure farther rostral than the hypothalamus. PCs were never
encountered in the telencephalon. The vast majority of the PCs were observed in the
rhombencephalon. DMLF, dorsal medial longitudinal fascicle; Cven, commisura ventralis
rhombencephali; Cans, commisura ansulata; PCs, parasite clusters; VMLF, ventral medial
longitudinal fascicle; RF, reticular formation; GC, griseum centrale.



MM. (A) Grade 1 myelitis: commonly, encephalitis/myelitis in P. neurophilia-infected fish were
characterized by localized inflammation surrounding discrete PC in the neuropil. These PC were
encapsulated by a layer of flattened, epithelioid cells that are most likely macrophages or
microglial cells (white arrows). If an animal’s encephalitis or myelitis was confined entirely to
these inflammation-encapsulated PC, it was given a grade of 1. These could be present alongside
uninflamed PCs (arrowhead). (B) Grade 2 myelitis: animals with grade 2 encephalitis/myelitis
had multifocal to coalescing areas of gliosis within the neuropil that are commonly associated
with scattered piecemeal neuronal necrosis and/or sattelitosis and/or neuronophagia (circled
area). Inflammation-encapsulated PC may have been observed occasionally, as well as PC that
appeared to have ruptured (white arrows). The latter PC were characterized by dense clusters of
macrophages, presumptive microglial cells, granulocytes, and lymphocytes that surround and
separate densely packed, but poorly organized clusters of spores and pre-sporogonic

stages. (C) Grade 3 myelitis: animals with grade 3 encephalitis/myelitis had changes similar to
those described in animals with grade 2 inflammation, but the encephalitis and myelitis was
more severe and extensive, affecting more than 20% of the observable spinal cord and possibly
involving granulocytes and amorphous cellular debris as well as large numbers of presumptive
microglial cells. (D) Grade 1 meninxitis was characterized by occasional (up to three in a single
animal) multifocal mats of granulocytic meninxitis (black arrow), confined to either the dorsal or
ventral visible aspect of the spinal cord. (E) Grade 2 meninxitis was characterized by moderate
numbers (up to one dozen in a single animal) of discrete inflammatory mats that are generally
thicker than grade 1 mats (black arrow). Inflammation is limited to either the dorsal or ventral
aspect of the visible cord in grade 2 meninxitis. (F) Grade 3 meninxitis was characterized by
thick, widespread mats of inflammation that were frequently circumferential (observed both
dorsal and ventral to the spinal cord). In extreme cases, the inflammation will extend past the
ectomeninx to surround nerve roots (black arrows). H&E, hematoxylin and eosin.
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2.4.1 Characteristics of neuronal infection

When PCs of P. neurophilia were present within the white matter or within nerve roots,
they were always observed within the axon rather than within neuron cell bodies, glial cells, or
capillary endothelial cells. In certain views, PCs of P. neurophilia were distinctly observed
within the axonoplasm, producing gradual to abrupt swellings in the axon itself (Fig. 3).

Strikingly, in most cases, there was no directly observable evidence of axonal (Wallerian)
degeneration (axonal swelling, vacuolation, or digestion chambers) either cranial or caudal to the
intra-axonal PCs. Frequently, multiple PCs were observed along a single axon separated by
segments of normal-appearing axon, forming a ‘‘string of pearls’’ configuration (Fig. 3). Also of
note is the fact that PCs definitively observed within neurons were always present in the axons:
No PCs or spores were ever identified in neuron cell bodies. When present in gray matter, as
with the white matter, PCs were observed in the neuropil and not in glial cells, endothelial cells,
or neuron cell bodies.

Despite the fact that intraneuronal PCs were only ever observed in axons, neuron cell
bodies were not spared the consequences of infection. In cases with varying PC numbers
throughout the spinal cord, nerve roots, and hind brain, multifocal individual necrotic neurons
characterized by cell shrinkage, pyknosis or karyolysis, and cytoplasmic vacuolation were
observed within either hindbrain or spinal cord gray matter distant from observable PC. This
piecemeal neuronal necrosis was occasionally associated with encephalitis or myelitis of varying
severity and was occasionally present when no other inflammation was observed proximal to the
neuron cell bodies. PCs were usually not observed within the affected gray matter (Figs. 4 and
5).

Multifocal scattered neuron cell bodies surrounded by putative microglial cells that either
lined the periphery of the cell (satellitosis) or were observed within the cytoplasm of these cell
bodies (neuronophagia) were frequently observed in gray matter distal to observable PCs. This
suggests that the PCs were the cause of these lesions (particularly in the absence of any other
neuronal disease). To clarify, neuronophagia is defined as the invasion, destruction, and/or
consumption of neurons by phagocytic cells (commonly microglial cells in mammals). These
neuron cell bodies frequently had viable, non-pyknotic nuclei and no indication of necrosis or

degeneration beyond the inflammatory changes of satellitosis and neuronophagia. Satellitosis
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and/or neuronophagia of visibly necrotic neurons (shrinkage, hypereosinophilia, vacuoloation,
pyknosis, karyolysis) was also common.

Overall, the spinal cord ventral white matter, nerve roots, and ganglia were the most
common sites for PCs. Regarding the brain, nearly all PCs observed were found in the
rhombencephalon. Within the hind brain, there was a consistently striking pattern of infection
that appeared to closely follow the primary descending white matter tracts. PCs were frequently
found in the dorsal and ventral medial longitudinal fascicle (MLF) as well as the commissura
ventralis rhombencephali where fibers were associated with the dorsal and ventral MLF
decussate (Fig. 6). When PCs were present in gray matter, they were most commonly found in

the reticular formation and the griseum centrale (GC).



FIG. 3. Intra-axonal PCs. (A and B) Frequently, PCs are observed in distinct axonal swellings
with no associated inflammation. There appears to be an abrupt swelling of the axonoplasm
before the PC distends the axon. There is a distinct absence of axonal degeneration (Wallerian
degeneration). H&E. Scale bar = 50 uM. (C) Occasionally, spores can be seen trailing off at the
base of the axonal swelling. Luna. Scale bar = 50 uM. (D) Within a nerve root, a distinct line of
spores can be seen trailing past the axonal swelling and up the axon. Giemsa. Scale bar =50 puM.
(E and F). Occasionally, multiple PC are observed in a single axon, forming a ‘‘string of pearls’’
arrangement. H&E. Scale bar = 50 uM. Bases of axonal swellings are indicated by arrows.
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FIG. 4. Patterns of encephalltls and myelltls distal to visible PCs. H&E. Scale bars = 50 pIM. (A)
Neuron cell bodies (in the reticular formation, here) appear to be targeted by inflammation,
primarily composed of presumptive microglial cells. While some neurons undergoing
neuronophagia appear degenerate (chromatolysis, pyknosis, shrunken, and hypereosinophilic;
black arrowheads) many neurons that appear completely healthy are surrounded by presumptive
microglial cells (black arrows). (B) Inflammation in the spinal cord (myelitis) is characterized
primarily by presumptive microglial cells admixed with occasional lymphocytes. Multifocally,
there may be individual necrotic neurons (white arrows) characterized by a shrunken, angular
profile, karyolysis, and severe hypereosinophilia.
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FIG. 5. Detailed features of perineuronal inflammation. Frequently, neuron cell bodies with no
sign of degeneration including chromatolysis, vacuolation, or pyknotic nuclei, were surrounded
by what appeared to be microglial cells (white arrows) when PCs were observed at sites distal to
the inflammation. Frequently, affected neurons were directly adjacent to normal, healthy-looking
neurons (black arrow).
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FIG. 6. PCs in the rhombencephalon. (A) PCs in therhombencephalon tended to follow a distinct
anatomic distribution, being most commonly found in the major descending white matter tracts:
The DMLF (black arrows) in which a PC can be seen impinging on (but not directly infecting)
the MA (black arrowhead) and the VMLF (white arrows) along with the Cven (white arrowhead)
in which fibers of the MLF decussate. PC are also observed in rhombencephalic gray matter,
including the GC (black star). H&E. Scale bar = 50 uM. (B) Hindbrain anatomy schematic for
comparison to Figure 3A. Cce, corpus cerebelli; CC, Crista cerebrallis; MON, medial
octavolateralis nucleus; MA, Mauthner axon.
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2.4.2 MLF and the ventral spinal white matter

Most PCs were observed in the ventral spinal cord white matter (40% of the total
observed PCs) and in the spinal nerves and ganglia (25%). A total of 23% of all observed PCs
were found in the hindbrain. Of these PCs, 12% were observed in the gray matter and 88% were
observed in the white matter. Of PCs observed in the hindbrain gray matter, 61% were found in
the reticular formation and the rest were observed in the GC. Of PCs observed in the hindbrain
white matter, 53% were observed in the ventral medial longitudinal fascicle (VMLF). A total of
4% of all observed PCs were found in the cranial nerves. Of these, the vast majority (79%) were

observed in the vagus (Cranial nerve X).

2.4.3 Inflammation

Inflammation associated with P. neurophilia infection was localized based on the
anatomical structure in which it was present and categorized as encephalitis/myelitis when
present in the neuropil of the brain or spinal cord, meninxitis when associated with the

membranes surrounding the central nervous system, and myositis when present in the muscle.

2.4.4 Encephalitis/myelitis

Of the 561 infected fish, 59% had this lesion. Of these, 21% received a grade of 1, 55%
received a grade of 2, and 24% received a grade of 3. Among fish submitted without clinical
disease, 66% had encephalitis or myelitis. Of these, 24% were grade 1, 54% were grade 2, and
22% were grade 3. Among fish submitted with clinical disease, 54% had encephalitis/myelitis.
Of these, 12% were grade 1, 58% were grade 2, and 30% were grade 3.

PCs were frequently observed in neuronal tissue with no visible inflammation either
directly associated with the PCs or scattered throughout the neuropil (Figs. 2, 4, 5, and 7). Fish
with these features were given an encephalitis/myelitis grade of 0. Inflammation was never
associated with the vasculature, and there was no evidence of perivascular inflammation or

vasculitis. Gliosis and inflammation in animals with grade 2 and 3 inflammation was randomly



scattered throughout the neuropil or closely associated with apparently ruptured PCs (Fig. 8).

Distinct perivascular patterns were never identified.
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FIG. 7. General patterns of inflammation. Meninxitis was frequently composed of granulocytes
associated with free spores (arrows). In grade 3 meninxitis, inflammation appeared both ventral
(black arrow) and dorsal (white arrow) to the spinal cord. In severe cases, inflammation
frequently extended through the ectomeninx to cause periradiculoneuritis (white arrow). In this
image, grade 2 myelitis is observed with generalized gliosis (star), neuronophagia (white
arrowhead) and piecemeal neuronal necrosis with peripheral vacuolation (black arrowhead).
H&E. Scale bar = 50 uM.



FIG. 8. Patterns of inflammation associated directly with PCs in the nervous system. (A) PC can
grow to massive sizes, in this case, almost half the diameter of the spinal cord, while inducing
only a minimal inflammatory response. Luna. Scale bar = 50 uM. (B) Even smaller PC may
induce a localized inflammatory response wherein epithelioid macrophages (likely transformed
microglial cells) form a layer around the PC presumably in an attempt to ‘‘wall it off.”” H&E.
Scale bars = 50 uM. (C) Inflammation associated with individual PC is highly variable, even
when they are directly adjacent to each other. One can be completely intact and have no
associated inflammation (white arrow), while another can be completely effaced by
inflammation separating individual spores and presporogonic stages (black arrow). The latter
cluster is presumed to have ruptured. H&E. Scale bar =50 puM.

2.4.5 Meninxitis

The severity of these inflammatory changes was graded by extent of the lesions (1-3), as
described in Figure 2. Of the 561 infected fish, 50% showed this lesion. Of these, 22% received a
grade of 1, 53% received a grade of 2, and 25% received a grade of 3. Of the 384 fish submitted
as routine cases, 52% had meninxitis. Of these, 20% were grade 1, 54% were grade 2, and 26%
were grade 3. Of the 177 fish submitted as clinical cases, 45% had meninxitis. Of these, 26%
were grade 1, 49% were grade 2, and 25% were grade 3.

About 50% of the fish exhibited inflammation that was associated with the membranes
surrounding the brain and spinal cord. In the zebrafish studied here, granulocytic meninxitis
frequently formed discrete, well-demarcated mats within the perimeninxial space that contained
granulocytes, cellular debris, and, frequently, free P. neurophilia spores (but no observable
presporogonic stages) (Fig. 7). This granulocytic meninxitis frequently followed nerve roots for a
short distance outside of the vertebral canal and was frequently associated with

periganglioneuritis and periradiculoneuritis (Fig. 7).
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2.4.6 Myositis

The most commonly observed extraneural sequelae of microsporidiosis are detailed in
Figures 9 and 10. Myositis was far rarer than expected, occurring in only 13% of all examined
fish. This lesion was observed in 16% of fish submitted with clinical disease and 7% of the fish
submitted without clinical disease. Relatively few fish had myositis, which was generally
characterized by multifocal to coalescing areas of granulocytic to granulomatous inflammation.
Because the locations of myositis were inconsistent between fish and relative severity was
difficult to determine, we decided to simply note the presence or absence of myositis rather than
producing an ordered grading system. The presence or absence of myodegeneration without

inflammation was similarly treated.

2.4.7 Other diseases

This study focuses on P. neurophilia infection. However, potentially clinically significant
(health-affecting) histopathologic lesions were frequently observed concurrent with neural
microsporidiosis. These lesions included, but were not limited to, aerocystitis (inflammation of
the swim bladder), oophoritis and ovarian granulomas, mycobacteriosis, nephrocalcinosis
(mineral deposits in renal tubules), and neoplasias such as seminomas and ultimobranchial gland
adenomas. For the purposes of this study, all histopathologic lesions (besides neural
microsporidiosis) that could have produced clinical disease were categorized as ‘‘positive for

other disease.’’

2.4.8 Statistical Analysis

There were significant differences among years of submission in terms of the PC number
per fish ( p <0.01), total PCs in the brain ( p < 0.01), in the spinal cord ( p < 0.01), in the nerve
roots ( p < 0.01), in the brain white matter ( p < 0.01), in the spinal cord white matter ( p < 0.01),
and in the spinal cord gray matter ( p <0.01). The submission year was then accounted for in the

next analyses to correct for the effect of this variable. There was a significant difference between
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females and males in terms of total number of PCs/fish ( p < 0.01). The corresponding estimated
coefficient was 0.35, which indicated that male fish had significantly more total PCs compared
with the females. There was, however, no significant difference between clinical and normal fish
(p =0.45) in terms of total number of PCs/fish.

The presence of clinical disease was a significant predictor for the prevalence of myositis
(p <0.01), as the odds of having myositis for fish submitted as routine cases were only 27.51%
of the odds for fish that were submitted as clinical cases. There was strong evidence that sex and
encephalitis were significant predictors for meninxitis and males tended to have more severe
meninxitis than females (estimated coefficient 0.41, p < 0.01), and fish with more severe
encephalitis also tended to have more server meninxitis (estimated coefficient for encephalitis
categories 1, 2, and 3 are 0.47, 1.51, and 2.41, respectively). However, clinical disease was not a
significant predictor of either meninxitis or encephalitis/ myelitis (p = 0.4 and p = 0.08,
respectively. There were significantly more PCs observed in the white matter than in the gray
matter of both the brain and spinal cord (p < 0.01 for each). When combined, total PCs in the
gray and white matter of the brain were significantly associated with the presence of other
diseases (p = 0.047).

Surprisingly, there were no statistically significant associations between total PC number
and clinical disease ( p = 0.45); total parasite number in any specific anatomic location and
clinical disease ( p > 0.05); and either meninxitis or encephalitis/myelitis and clinical disease ( p
> 0.05 for each). We also explored whether or not the submitting laboratory had an effect on
infection patterns. Because there were so many submitting laboratories, we decided that it would
be best to focus on the four laboratories submitting the most samples. Using 163 samples from
these laboratories, we found that certain correlations that were previously not statistically
significant became so. When accounting for submitting laboratory: total PCs in the brain were
significantly associated with the presence of other diseases ( p = 0.047); total PCs in the nerve
roots were significantly associated with myositis ( p = 0.01); total PCs in brain white matter were
significantly associated with the presence of other disease ( p = 0.019); total PCs in spinal cord
white matter was significantly associated with the presence of other diseases ( p = 0.041); total
PCs in the gray and white matter of the brain were highly correlated with the presence of other

diseases ( p = 0.0091); total PCs in the white matter of the spinal cord were correlated with the
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presence of other diseases ( p = 0.041); and parasites in the combined gray and white matter of
the spinal cord were strongly correlated with the presence of other disease ( p = 0.011).

Moreover, when submitting laboratory was taken into account, myositis was significantly
correlated with the presence of other diseases ( p = 0.0033 compared with p = 0.079 when
laboratory was not taken into account). Following this trend, when laboratory was taken into
account, myositis was no longer significantly correlated with clinical disease (p = 0.89

compared with 0.0089 when submitting laboratory was ignored).
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FIG. 9. Extraneural manifestations of P. neurophilia infection. H&E. Scale bar = 50 uM. (A)
Notochord remnants in vertebrae contain large intracytoplasmic PC (white arrows). This is an
uncommon, but not rare, presentation of P. neurophilia infection. (B) Granulocytic myositis
occasionally contains free spores (circled cluster of black spots) and is commonly adjacent to
nerve roots either containing PC or surrounded by granulocytic inflammation (black arrows)
extending from a meninxitis. (C) Animals with P. neurophilia infection will frequently have
noninflammatory myodegeneration.This manifestation is chronic, resulting in muscle atrophy
and loss, with increased space between myocytes. (D) Myodegeneration without inflammation
can also occur acutely or subacutely with the loss of cross-striation in myocytes, the formation of
contraction bands, and cytoplasmic fragmentation.



FIG. 10. Myositis with intralesional spores. Acute to subacute granulocytic myositis was
occasionally associated with spores free in the inflammatory infiltrate (arrow).
H&E. Scale bar = 50 uM.
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2.5 Discussion

Sanders et al. (2014) described the entry of P. neurophilia spores into the gut and their
sequential distribution to viscera surrounding the gut followed by infection of the central nervous
system. The initial distribution into the viscera adjacent to the gut is likely due to the launching
of the polar tubule through the gut wall and into the surrounding viscera. Because it appears that
this must occur before the appearance of parasites in the CNS, there is an unidentified step
between the first occurrence of parasites in the viscera and their transport to the CNS because P.
neurophilia has no capacity for motility beyond the use of the polar tubule and, as seen in this
study and others, there is a very specific tropism for the CNS. Hematogenous spread is a
potential mechanism. However, the consistent presence of PCs in nerve roots and white matter
along with the fact that PCs are present within axonal swellings could suggest a simultaneous or
alternative method of transport to the CNS; retrograde axonal transport.

Retrograde axonal transport is the movement of viruses, toxins, organelles, and proteins
along microtubules in the axon toward the cell body via the action of molecular motors (LaVail
et al. 2003). Prions, the rabies virus, and herpesviruses utilize this method to spread from their
points of entry in the peripheral tissues to the CNS. Currently, the only reported infectious
moieties that move via axonal transport are viruses and prions; however, theoretically, the size of
an object that can be transported via the axon is limited only by the diameter of the axon itself
(LaVail et al. 2003). Vesicles and organelles as large as mitochondria are regularly transported
along the axon (Salinas et al. 2010). Adult zebrafish axons (besides the Mauthner axon) are
generally at least 7-8 pum in diameter and all developmental stages of P. neurophilia are
considerably smaller than this (Cali et al. 2012), making axonal transport of at least certain
stages of the parasite theoretically possible. The presence of PCs within the axoplasm rather than
within the myelin sheath (Cali et al. 2012), along with the presence of multiple PCs in a single
axon and the fairly specific tropism of the parasite for the commissura ventralis rhombencephali
and MLF, both of which are continuous with the spinal cord ventral white matter, makes axonal
transport highly plausible (Figs. 3 and 6). This provides an explanation of how an organism with

no known method of motility besides its polar tubule would be able to infect such specific
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structures as the MLF and commissura ventralis rhombencephali, which happen to be white
matter tracts.

If this were found to be true in the case of P. neurophilia, it would be the first
documented case of any organism more complex than a virus utilizing retrograde axonal
transport to move through the nervous system. Axonal transport of mitochondria is well
documented (Salinas et al. 2010) as is the close association between microsporidia and
mitochondria. Microsporidia are obligate intracellular parasites and in certain species, including
Encephalitozoon cuniculi, parasitophorous vacuoles of the meront stage bind to host
mitochondria using a special transmembrane pore to siphon host ATP out of the organelle.
Electron microscopy has revealed that the parasitophorous vacuoles of E. cuniculi are partially
coated by host mitochondria (Hacker et al. 2014). Because axonal transport of mitochondria is
well documented and because microsporidia tend to associate closely with host mitochondria,
axonal transport of mitochondria could be a method by which P. neurophilia ‘hitches a ride”’
down the axon if it cannot hijack axonal molecular motors on its own.

Intracellular PCs were occasionally observed within multiple vertebrae distending the
cytoplasm of notochord remnant cells (Fig. 9). This pattern of intravertebral infection could be
explained if spores, consumed when the fish are larvae (or even as embryos in the case of
vertical transmission), launch their polar tubules and hit the notochord (Sanders et al. 2014). This
would allow for both the spread of the microsporidium throughout notochord cells and their
retention within the notochord remnants of adjacent vertebrae in adult fish.

Satellitosis and neuronophagia of otherwise healthy-appearing neuron cell bodies could
indicate that P. neurophilia antibodies are expressed in neuron cell bodies associated with
infected axons. Observation of the parasite within the axonoplasm is corroborated by
transmission electron microscopy of P. neurophilia that showed ultrastructurally that spores and
pre-sporogonic stages were present within the axonoplasm (Cali et al. 2012). Inflammation of
neuron cell bodies in the absence of directly observable pathogens in the cell body has some
precedent in mammals: Human neurons express atypical MHC-1 molecules in response to
infection by rabies or herpesviruses, and rodent neurons in vitro can internalize and express
foreign ovalbumin antigens via MHC-1 complexes leading to cytotoxic T-cell-mediated killing
(Cebrian et al. 2013; Megret et al. 2007). Histopathologically, most of the inflammatory cells
surrounding cell bodies in zebrafish with P. neurophilia resembled microglial cells rather than T
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cells (Figs. 4 and 5). Of course, it is impossible to definitively identify these cells without proper
immunohistochemical labeling, which does not exist at this stage in the development of the
zebrafish as a laboratory animal. It is also possible that neuron cell bodies in these fish may be
damaged in ways that are not observable via light microscopy and that this, rather than antigen
expression, is the reason for the presumptive microglial attack of neuron cell bodies. Regardless
of the specific mechanism, this piecemeal neuronal necrosis, satellitosis, and neuronophagia
suggest that P. neurophilia infection of axons may have retrograde effects on neuron cell bodies.
The caveat to this suggestion is that, during this retrospective study, there was no clear
identification of a single inflamed or necrotic neuron cell body connected directly to a PC-
containing axon.

Perhaps the existence of PCs in the axon protects the organisms from an immune
reaction, providing an explanation for why PCs were often indirectly associated with
inflammation and why a subset of fish evaluated had encephalitis/myelitis had scores of zero.
Similarly, Loma salmonae, a microsporidium of salmon, infects the pillar cells and endothelium
of gills, and elicits essentially no tissue reaction when within intact xenomas. Severe chronic
inflammation associated with free spores generally occurs only after xenoma rupture (Kent et al.
1999). A similar phenomenon appears to occur with P. neurophilia—that is, inflammation is
enhanced when PCs rupture their host axon, exposing organisms to the immune system.

Interestingly, some of the largest PCs observed in this study were associated with
minimal to no inflammation (Fig. 8). Perhaps PCs may be able distend the axon to astounding
dimensions without rupturing them, as seen with xenomas formed by other microsporidian
species. If axon rupture is indeed the cause of inflamed PCs, the cause of rupture is unclear,
particularly because size itself does not seem to be a factor. A possible explanation for this could
be the rate of PC growth within the axon: Slow growth may allow for progressive stretching of
the axon, but if PCs expand too quickly, the axon may be unable to compensate and may rupture.

About 50% of the fish exhibited inflammation associated with the membranes
surrounding the brain and spinal cord. Teleosts generally do not have a distinct arachnoid, pia, or
dura mater (Caruncho and Pinto Da Silva 1994). Cyprinids have an ectomeninx, composed of
mucinous tissue, collagen fibers, and blood vessels, that is most comparable to the mammalian
dura mater. Directly apposed to the brain is the endomeninx, composed of an outer, intermediate,

and inner layer, which is comparable to the leptomeninges in mammals (Caruncho and Pinto Da
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Silva 1994). Between the ectomeninx and the endomeninx is a layer of fatty tissue called the
perimenixial space (Ariens Kappers 1924). Meninxitis associated with P. neurophilia infection
in this study was primarily granulocytic, and it was located largely within the perimeninxial
space. The pattern of meninxitis in these fish was strikingly different from that generally
observed in mammals with meningitis (Hatta and Korn 1998). In mammals, due the fact that the
pia mater follows blood vessels deep into the neuropil, leptomeningitis usually results in a
perivascular pattern of inflammation with the expansion of the leptomeninges by inflammatory
cells (Maxie and Youssef 2007).

2.5.1 Myositis and extraneural infections

Once outside of the ectomeninx, inflammation associated with P. neurophilia infections
was generally unrestricted. Frequently, it produced perivertebral myositis and, in some cases,
interstitial nephritis. Myositis, however, is not pathognomic for P. neurophilia, as only 13% of
infected fish had this lesion. As reported by Matthews et al. (2001) in the first histopathologic
description of P. neurophilia, myositis was associated with clinical disease: Fish with clinical
disease were twice more likely to have this lesion than apparently healthy fish in our study. It
may be that the presence of myositis makes it more likely for fish to become visibly emaciated
due to a decreased ability to find and acquire food. It may also predispose these fish to grossly
visible vertebral abnormalities, due to early infection of the notochord or due to the chronic
effects of differential muscle tension on vertebrae. Ramsay et al. (2009) showed that zebrafish
subjected to stressors and with increased cortisol had an increased incidence of P. neurophilia-
associated myositis. Interestingly, many cases of granulocytic myositis contained extracellular
spores free within the inflammation. It is possible that these incidents of myositis are largely due
to the rupture of peripheral nerves and release of spores outside of the plane of section with
spread into the surrounding muscle (Fig. 10).

When the submitting laboratory was ignored, we found a positive correlation between the
presence of diseases other than microsporidiosis and myositis. The presence of these other
diseases could increase the severity of P. neurophilia infection due to stress and subsequent
immunosuppression (Ramsay et al. 2009). However, other infections may cause these lesions in

the absence of P. neurophilia. Infections with Mycobacterium spp. are the second most common
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disease diagnosed in laboratory zebrafish (Whipps et al. 2012) and mycobacteriosis may cause
myositis. Conversely, taking into account the submitting laboratory, it appeared that multiple
factors, including the parasite number in several anatomic locations, became significantly
correlated with the presence of other diseases. Myositis was significantly correlated with the
presence of other diseases, but not with clinical disease when submitting laboratory was taken
into account. One explanation for this could be the following: If one of the laboratories under
study submitted a large number of fish with mycobacteriosis that were coinfected with P.
neurophilia, we would likely see a strong association between myositis and the presence of other
diseases (mycobacteriosis).

The fact that myositis was no longer correlated with the presence of clinical disease
caused by P. neurophilia when the submitting laboratory was taken into account illustrates one
of the most difficult aspects of working with a large number of facilities when constructing a
retrospective study: Not all labs are created equal, and even when they are, variations are bound
to occur over time. Most zebrafish facilities are similar in that they maintain their fish at about
28°C in large, recirculating systems and use similar breeding methods (Lawrence et al. 2012).
The zebrafish as a laboratory animal is still in its infancy relative to mice, and although standards
of care exist, there is marked variation between individual labs in terms of stocking densities and
individual system dynamics. With the infinite variations in genetic knockouts and the wide
variety of strains available, the interaction between host genetics and the parasite may be very
different between individual laboratories. In addition, pathogen profiles vary dramatically
between laboratories, as researchers use fish with a wide range of pathogen status and history,
from pet store fish reared in ponds and exposed to other fishes, to fish from ZIRC with
documented disease histories, to SPF fish from Oregon State University (Kent et al. 2011).
Compounding this issue is the fact that only a small fraction of zebrafish research facilities
submit moribund fish for pathogen diagnoses (Lawrence et al. 2012) and thus their pathogen
profiles are unknown. As we have seen in this study, the interaction between microsporidiosis
and other coinfecting pathogens can dramatically influence the health of the animal and the
incidence of other diseases varies between submitting laboratories.

Perhaps even P. neurophilia strains may differ between laboratories. The rapid
reproductive cycle of both zebrafish and the parasite, along with different modes of transmission

of the parasite (e.g., vertical and horizontal), could drive the rapid evolution of P. neurophilia
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toward more or less virulent strains. Each laboratory is its own ecosystem and each tank is its
own microenvironment, both of which could nudge the parasite into various evolutionary
directions. These same conditions and the development of individual laboratories along with
intermittent changes in housing conditions could also provide an explanation for the statistically

significant effects of submission year on infection patterns.

2.5.2 Inflammation and clinical disease

The driving forces behind inflammation severity, parasite load, and easily observable
clinical disease are as of yet unclear. While we may suggest that variability in these factors may
be due to differences in stress and subsequent immunosuppression in individual fish, there may
be more to the story such as differential behavioral predelictions to increased parasite intake
(increased carcass consumption) or heritable differences in resistance or susceptibility. Further
complicating the issue is that, while increased cortisol levels and increased parasite load can be
experimentally correlated with weight loss and decreased fecundity (Ramsay et al. 2009), in this
particular study, there was no statistical correlation between particular features of infection and
the reporting of clinical disease by submitting personnel. This discrepancy highlights the need
for further study of specific study of subtle changes produced by a chronic, seemingly subclinical

parasite.

2.5.3 Binomial pattern

A well-recognized paradigm in parasitology is that macroparasites, such as nematodes, in
wild animals generally exhibit a negative binomial distribution, with relatively few hosts
harboring most parasites (Crofton 1971; Poulin 2013). This type of distribution extends to fish as
well as to domestic terrestrial hosts (Lester 1984), and we actually recently demonstrated this
phenomenon with Pseudocapillaria tomentosa in zebrafish that were experimentally infected in
the laboratory (Collymore et al. 2014) Interestingly, P. neurophilia, which would be considered a
“‘microparasite’’ as it replicates in its host, also showed a binomial distribution of infection in
our study. This resulted in an overdispersion of infection severity, in which relatively few fish

had very large numbers of PCs and most fish had relatively low numbers.



38

2.5.4 Sex

Sex may also influence infection patterns. Chow et al. (2015) using essentially the same
data set as was used in this study, reported that males had a higher prevalence of infection by P.
neurophilia compared with females, in both clinical and routinely submitted fish. Here, we
expand these observations, showing that males also tend to have more total PCs than females.
Males also tended to have more severe encephalitis/myelitis and meninxitis than females.
Zebrafish in aquaria establish hierarchies, which are more pronounced in males. Filby et al.
(2010) and Spence and Smith (2006) showed that subordinate males exhibited a greater rise in
cortisol than subordinate females. Thus, Chow et al. (2015) suggested that a possible reason for
the increased likelihood of clinical disease in males could be increased stress due to hierarchical
inter-fish competition correlating with elevated cortisol levels resulting in more severe
infections. Another possible explanation is that sexual differences in hormones may differentially

influence the immune system and responses to stress.

2.5.5 Behavior

Over the past three decades, the zebrafish has become an important animal model for
behavioral research (Hatta and Korn 1998; Eaton et al. 1977; Liu and Fetcho 1999; Liu and
Westerfield 1988; Zottoli et al. 1999). The potential influence of P. neurophilia on these studies
should be considered, given that it infects the CNS and is widespread in research facilities. Both
the Mauthner axon and reticular formation are important for the functioning of the startle
response in zebrafish (Hatta and Korn 1998; Eaton et al. 1977; Liu and Fetcho 1999; Liu and
Westerfield 1988; Zottoli et al. 1999). It is possible that the infection may adversely affect
behavioral studies that rely on the startle response, including the tap test, due to the frequent
presence of P. neurophilia spores in the MLF proximal to and compressing the Mauthner axon,
and the frequent infection and associated inflammation of reticular formation cell bodies. This is
particularly plausible, because most experiments studying anxiety or the startle response use
motor reflexes and movement as an experimental endpoint (Hatta and Korn 1998; Eaton et al.
1977; Liu and Fetcho 1999; Liu and Westerfield 1988; Zottoli et al. 1999). Because P.
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neurophilia infects nerve roots and the ventral spinal cord (both containing motor neurons) and
because infections can be associated with myositis and muscle atrophy, there could be
impairments at every step of the startle response (Zottoli et al. 1999).

The GC receives input from the medial habenula, which has been implicated in anxiety
and habituation in relation to stress (Mathuru and Jesuthusasan 2013). The frequent presence of
PCs in this structure could, therefore, have effects on experiments that interrogate anxiety and
habituation, which are frequently examined in zebrafish behavioral studies (Pittman and Lott
2014; Stewart et al. 2012; Mathuru and Jesuthusasan 2013). In fact, even studies that attempt to
evaluate higher functions, such as learning and comprehension, utilize noxious stimuli and
habituation in response to stress, both of which could be affected by neural microsporidiosis
(Pittman and Lott 2014; Stewart et al. 2012; Mathuru and Jesuthusasan 2013).

Myxobolus arcticus infections in the hindbrain have been associated with decreased
swimming speed of naturally infected salmon (Moles and Heifetz 1998). Because this myxozoan
parasite exhibits a similar pattern of infection as P. neurophilia (mostly in the hind brain, often
with no inflammation), this suggests that the latter infection could affect experiments with
zebrafish that involve swimming or other motor functions. Another Myxobolus species, M.
balantiocheili of tricolor sharks (Balantiocheilos melanopterus), causes prominent CNS
infections that extend into the meninxes. Although it was not reported to cause significant
inflammation, it was associated with uncoordinated darting, rolling and pitching (Levsen et al.
2004).

Infections of the central nervous system by various pathogens that do not elicit significant
histopathologic lesions probably have effects beyond their presence as mere space occupying
lesions. These parasites are living organisms, and there is active chemical ‘‘cross talk’’ between
the host and parasite. For example, chronic infections with Toxoplasma gondii cysts in the brain
have been associated with unusual and profound behavior changes infected rats (Berdoy et al.
2000; Dubey 1998). Although T. gondii is an apicomplexan and P. neurophilia is a
microsporidium, the parasites share some similarities: Both are spread via the fecal-oral route
with the eventual spread of the parasite from the gut to the central nervous system. Similar to P.
neurophilia, T. gondii has a noninflammatory stage in tissues (encysted bradyzoites).

In conclusion, our retrospective study confirmed that many apparently healthy zebrafish

from research facilities have significant P. neurophilia infections at a histological level,
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particularly in the CNS. Close examination of numerous histological slides revealed evidence for
axonal transport of the parasite throughout the nervous system. The anatomic locations of
parasite-associated lesions indicates that the use of such infected fish may adversely affect in
vivo experiments with zebrafish beyond merely inducing morbidity, emaciation, and reducing

fecundity.
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3.1 Abstract

The zebrafish’s potential as a model for human neurobehavioral research appears nearly
limitless despite its relatively recent emergence as an experimental organism. Since the zebrafish
has only been part of the research community for a handful of decades, pathogens from its
commercial origins continue to plague laboratory stocks. One such pathogen is Pseudoloma
neurophilia, a common microparasite in zebrafish laboratories world-wide that generally
produces subclinical infections. Given its high prevalence, its predilection for the host’s brain
and spinal cord, and the delicate nature of neurobehavioral research, the behavioral consequences
of subclinical P. neurophilia infection must be explored. Fish infected via cohabitation were
tested for startle response habituation in parallel with controls in a device that administered ten
taps over 10 min along with taps at 18 and 60 min to evaluate habituation extinction. After
testing, fish were euthanized and evaluated for infection via histopathology. Infected fish had a
significantly smaller reduction in startle velocity during habituation compared to uninfected
tankmates and controls. Habituation was eliminated in infected and control fish at 18 min,
whereas exposed negative fish retained partial habituation at 18 min. Infection was also
associated with enhanced capture evasion: Despite the absence of external symptoms, infected
fish tended to be caught later than uninfected fish netted from the same tank. The combination of
decreased overall habituation, early extinction of habituation compared to uninfected cohorts,
and enhanced netting evasion indicates that P. neurophilia infection is associated with a
behavioral phenotype distinct from that of controls and uninfected cohorts. Because of its
prevalence in zebrafish facilities, P. neurophilia has the potential to insidiously influence a wide
range of neurobehavioral studies if these associations are causative. Rigorous health screening is

therefore vital to the improvement of the zebrafish as a translational model for human behavior.
3.2 Introduction
3.2.1 The Zebrafish: a burgeoning model organism

The use of zebrafish in neurobehavioral studies has increased exponentially since their

inception as an experimental animal in the 1970s (Grunwald and Eisen 2002). In this short time,
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these studies have come to utilize a variety of stimuli including, but not limited to, genetic
manipulations, pharmaceutical products, and environmental toxins. As the reliance on zebrafish
in neurobehavioral studies has increased, so too has their utility as a model organism for such
diverse human behavioral traits as stress, memory, and learning. Zebrafish are also being
developed as models for such complex human neurological diseases as schizophrenia, autism,
and Parkinson’s disease (Caramillo et al. 2015; Chanin et al. 2012; Eddins et al. 2010; Kalueff
and Stewart 2012; Maximino 2010; Morris 2009; Pittman and Lott 2014; Stewart et al. 2012;
Stewart et al. 2011; Stewart et al. 2014; Willemsen et al. 2008).

Like any relatively new laboratory animal, the zebrafish comes with its own menagerie of
infectious diseases that range in severity from the merely problematic to the completely
devastating. Paradoxically, the most severe can be the easiest to monitor: laboratories maintain
intense vigilance against highly virulent organisms such as Edwardsiella ictaluri,
Mycobacterium marinum and Mycobacterium haemophilum, which can decimate entire stocks
(Kent et al. 2012). Because of their pathogenicity, these diseases generally produce visible
symptoms and sick fish can be excluded from behavioral experiments. More sinister are the
subclinical diseases of zebrafish (Kent et al. 2012). From a pure husbandry standpoint, a low
virulence ‘background’ disease may not seem like an important concern. However, as zebrafish
are increasingly used in sensitive experiments across the scientific spectrum, infection-
associated, non-protocol induced variation is a rising threat.

Pseudoloma neurophilia is one of the most common pathogens identified in many
zebrafish facilities with infections present in up to 74% of all facilities submitting zebrafish to
the ZIRC diagnostic service between 2006 and 2010 (Zebrafish International Resource Center,
Eugene, Oregon) (Kent et al. 2012). Currently, the only identified symptoms of infection are
fairly nonspecific and include weight loss, decreased fecundity, and increased mortality (Ramsay
et al. 2009; Sanders 2012; Sanders et al. 2012). P. neurophilia’s lack of pathogenicity compared
to more florid organisms makes it nearly invisible to researchers without intensive monitoring,

and subtle behavioral consequences of infection have not yet been identified.

3.2.2 Pseudoloma neurophilia



48

Members of the phylum Microsporidia are intracellular, fungus-like parasites that infect a
wide range of host phyla (Cali et al. 2012). They are particularly prevalent and pathogenic in
fishes (Kent et al. 2014). P. neurophilia is spread primarily through the consumption of
environmentally resistant spores, either through scavenging of infected carcasses or through
consumption of free spores released with eggs during spawning. Alternatively, spores can be
transmitted vertically, as infections have been observed in both eggs and newly-hatched larvae
(Sanders et al. 2013; Sanders et al. 2014). P. neurophilia spores are a particular problem for
zebrafish facilities because they can survive bleaching at a concentration of 25-50 ppm, which is
the standard concentration used in most facilities for embryo sterilization (Ferguson et al. 2007).
This makes transmission of spores between facilities via embryonated eggs a risk (Murray et al.
2011).

Many zebrafish researchers are either unconcerned or uninformed about underlying P.
neurophilia in their animals, because most infections are subclinical and many facilities lack
screening protocols (Chow et al. 2015). There is currently only one zebrafish facility that is
specific pathogen free (SPF) for P. neurophilia (Kent et al. 2011). Hence, zebrafish are usually
obtained from non-SPF facilities. Simultaneously, there is almost universally no mention of
pathogen screening in zebrafish-based neurobehavioral studies. Even laboratories maintaining in-
house zebrafish populations tend to have a fairly high incidence of P. neurophilia infection
(Murray et al. 2011; Chow et al. 2015; Kent et al. 2011; Spagnoli et al. 2015).

3.2.3 Zebrafish neuroanatomy and potential consequences of infection

In order to explore the potential consequences of subclinical infection, our group
performed a retrospective study of P. neurophilia cases submitted to the ZIRC zebrafish
diagnostic service between the years 1999 and 2013 (Spagnoli et al. 2015). In most chronic
neural infections, P. neurophilia forms non-membrane-bound, intra-axonal aggregates of spores
and pre-sporogonic stages termed parasite clusters (PCs) (Spagnoli et al. 2015; Kent and Bishop-
Stewart 2003). P. neurophilia has a strikingly specific tropism for certain neural structures and
by studying the most common anatomic locations of infection, we can hypothesize which

behaviors might be altered by the parasite.
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PCs were found most frequently in spinal nerve roots and spinal white matter (Spagnoli
et al. 2015). PCs in these locations would most likely affect motor function (Wulliman et al.
1996). In the hindbrain, PCs were most frequently located in descending white matter tracts, (the
dorsal and ventral medial longitudinal fasciculi) which transmit signals from the brain to the
spinal cord and then to the rest of the body (Spagnoli et al. 2015). Lesions in these areas could
also affect motor function (Wulliman et al. 1996). The dorsal medial longitudinal fasciculus
contains the Mauthner axon, which runs the entire length of the spinal cord and plays a major
role in coordinating the startle response. Since we found that PCs in the hindbrain and the spinal
cord frequently impinge upon the Mauthner axon, it is likely that the startle response would be
altered by infection (Spagnoli et al. 2015; Wulliman et al. 1996; Eaton et al. 1977; Hatta and
Korn 1998; Liu and Westerfield 1988; Liu and Fetcho 1999).

PCs located in rhombencephalic gray matter were frequently observed in the griseum
centrale and the reticular system (Spagnoli et al. 2015). Anxiety and fear-learning in mammals
are generally associated with the amygdala (Maximinio et al. 2010; Mathuru and Jesuthusasan
2013). Although cyprinids lack an amygdala, the medial habenula of the telencephalon has been
implicated in anxiety and aversion learning and it has descending connections that associate with
the griseum centrale. Because many zebrafish-based behavioral experiments utilize avoidance
learning and the memory of noxious stimuli (either directly or indirectly), it is possible that
griseum centrale lesions could influence these experiments (Maximinio et al. 2010; Mathuru and
Jesuthusasan 2013). The reticular formation contains arousal circuitry and acts with the
Mauthner neurons to integrate the startle response (Liu and Fetcho 1999; Zottoli et al. 1999;
Mathuru and Jesuthusasan 2013; O’Malley et al. 1996).

Based on the frequent presence of PCs in anatomic structures involved with motor
function, anxiety, fear-learning, and the startle response, any experimental protocol that
evaluates or involves one or more of these features could be unduly influenced by P. neurophilia
infection. Startle response habituation tests, therefore, should be highly sensitive to alteration by

neural microsporidiosis.

3.2.4 Startle response habituation
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In this study, we explored the potential of P. neurophilia infection to influence a common
neurobehavioral assay. We accomplished this by comparing the performances of infected and
uninfected adult zebrafish to a progressive tap test for startle response habituation and
habituation extinction. We evaluated the effects of P. neurophilia infection using the progressive
tap test because we felt that this assay had the highest potential to be affected by neural
microsporidiosis based on the parasite’s anatomic tropisms as explained in Section 1.3. The
progressive tap test for adult fish was used with protocols based largely on those described in
Eddins et al. (2010).

3.3 Materials and methods

3.3.1 Fish

Zebrafish of the 5D strain were used and reared to an age of two months. These fish were
obtained from the Sinnheuber Aquatic Research Laboratory (SARL, Corvallis, OR). The 5D
strain is an outbred strain derived from zebrafish reared for the ornamental fish industry and the
SARL is SPF for P. neurophilia (Kent et al. 2011). At 70 days (d) of age, approximately 250 fish
from the SARL facility were transported to our laboratory where they were separated into two
equally numbered groups. Fish were reared in the same room on the same lighting schedule and
were exposed to the same system water at the same temperature (27 °C). Both groups of fish
were housed in 28 L tanks on a flow-through system and fed twice daily with the same artificial
commercial diet.

Test fish were exposed to P. neurophilia in the following manner: To optimize infection
rates, and to allow enough time for the development of chronic infections, naive fish were placed
into water that had previously housed infected fish. The contaminated water containing naive
fish was then supplemented with effluent water from a tank containing infected adult 5D fish for
24 d beginning upon their arrival from the SARL facility (70 d old). The feeder tank containing
adult infected fish was placed on a shelf above the exposure tank and an outflow tube was fed
from the upper tank into the exposure tank. Effluent water was allowed to flow into the exposure
tank by gravity. In order to maintain appropriate water quality levels, the exposure tank also

received supplementary system water at a rate approximately twice that of the effluent flow rate.
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Water quality values were comparable between the two tanks and considered within acceptable
limits. At the end of the 24 d exposure period, neural infection of test fish (and, simultaneously,
the non-infected status of control fish) was confirmed via histopathology. At this time, there was
no histopathologic evidence of chronic exposure to poor quality water (proliferative branchitis,
etc.). Exposure to effluent was chosen as the method of infection in this experiment in order to
mimic conditions in an actual zebrafish facility where infections would be transmitted by
exposure of naive fish to spore-laden water.

Approximately half of the fish in the test tank died by 24 d post exposure, most likely due
to the stress of transfer of young fish combined with exposure to parasite-laden water. This
mortality rate far exceeded that of the control fish, and so at the end of the 24 d period (fish aged
94 d) the tank of control fish was divided in half, leaving both tanks at a stocking density of
approximately 40—60 fish per liter. This was done in order to eliminate differences in survival

rates and stocking densities as potential complicating variables.

3.3.2 Tap test

The startle response is a fast start response in which a loud noise or a sudden, frightening
stimulus causes a fish to turn and swim rapidly away from the source (Eaton et al. 1977; Hatta
and Korn 1998; Liu and Westerfield 1988; Liu and Fetcho 1999). The intensity of the startle
response can be quantified in adult zebrafish by measuring swimming velocity following a
stimulus (e.g., tapping on the aquarium wall). Habituation occurs when the post-startle response
decreases over serial stimuli (Eddins et al. 2010; Maximino et al. 2010; Valsamis and Schmid
2011) and the degree of habituation can be measured by evaluating the overall reduction in
startle velocity during the habituation period (Valsamis and Schmid 2011). The progressive tap
test for startle response habituation combines multiple neural structures and behavioral circuits,
and the results are best interpreted as an integration of multiple fear and anxiety responses
resulting in a quantifiable motor response (Maximino et al. 2010).

We used a testing apparatus similar to that described by Eddins et al. (2010). It consisted
of an aluminum frame measuring 52x42x220cm that held the arenas on top of a flat plastic
board. Located beneath the board were four solenoid coil-driven pistons (Guardian brand Model

TP6x12 Push-Type DC Tubular Solenoid). These were placed along the longitudinal midline of
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the board at regular spaces directly between each pair of arenas so that the vibrations from each
strike would be distributed evenly throughout the arenas (Fig. 1). The solenoid pistons were
connected by wire to a push-button for activation. Video was captured using a Sony Handycam
model HDR-CX240. The camera was attached to the frame at a height of 180cm above the upper
rims of the arenas and was positioned to record all eight simultaneously from the top-down.

Opaque cylindrical white plastic arenas were used, each 12cm tall and 8 cmin diameter at
the base (Fig. 1). These were filled with 250mL of water from the laboratory aquaculture system
(27 »C). These containers and the water volume were chosen so individual fish could not see
each other and to prevent fish from leaping out of their containers during the experiment. Water
in the arenas was replaced and the arenas themselves were rinsed with system water between
testing sessions in order to minimize the potential effect of alarm substance released by fish
during testing. Tests were performed over the course of 4 d, beginning when the fish were aged
171 d (101 d after initial experimental exposure). Testing occurred between 0800 and 1700 h;
during standard daylight activity times for tested fish. Three to five tests were performed per day,
beginning at 0800, 1000, 1200, 1400, and/or 1600 h where applicable. Each testing session
utilized eight fish. While fish from both control and exposed groups were available, four fish
from each group were used during each testing session in order to both maintain similar stocking
densities and to minimize the effect of individual session variation. The location of each fish
(control or exposed) within rig arenas was randomized via coin toss to reduce locational
variation. For each test, four fish were captured from the two tanks (exposure and control) using
similar square nylon mesh nets measuring 10x25 cm. The same investigator performed each
netting session.

The investigator was located in another room and separated from the testing apparatus by
a closed door. The moment of door closing was used as the start of the ten minute acclimation
period during which no taps were given. Using a stopwatch, the investigator manually pressed a
button to activate tapping solenoids on the rig. Taps occurred once every sixty seconds over 10
min after the acclimation period. These 10 taps over 10 min were used to assess the fish’s
habituation to the startle response. After these stimuli, two more taps were administered at 8min
and 50 min following the completion of the first set of taps. This was conducted to evaluate the
extinction of the adaptation response. Eddins et al. (2010) utilized taps at 8min and 50 min

following the last tap of the 10 min habituation series to evaluate the extinction of the habituation
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response. This can be measured by comparing the post-tap startle velocities between tap 1 and
taps at 18 min and 60 min. Retention of habituation is indicated by later post-tap velocities being
reduced compared to the starting post-tap velocity: a larger difference indicates a greater degree
of retention. If there is no difference in post-tap velocity between tap 1 and the later taps, then
the habituation response developed during the initial ten minute series is said to be extinct
(Eddins et al. 2010).

FIG 1. Testing Apparatus. Video still showing a top-down view of eight testing arenas
containing fish. X = location of solenoid piston beneath the arenas.

3.3.3 Histopathology

Fish were euthanized by exposure to ice water, an approved protocol in the guidelines for
the use of zebrafish in the NIH intramural research program (NIH 2013). The abdomen of the
each fish was opened with a longitudinal cut, and fish were preserved whole, fixed in Dietrich’s
fixative, and decalcified using Cal-Ex Il. Fish were then processed for histology. Fish were
sectioned longitudinally in midline sections so that slides contained the brain and spinal cord,
and sections were with hematoxylin and eosin. Fish with granulomas were further stained with

Kinyoun’s Acid Fast, Luna, and Hall’s bile stains using standard methods. Severity of infection
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and associated inflammatory changes were scored as described by Spagnoli et al.

(2013)(meninxitis and encephalitis both on a scale of 0-3).

3.3.4 Video analysis

Video was analyzed using Ethovision XT 10.1 software (Noldus, The Netherlands). The
average swimming velocity of each fish over five seconds post-tap was used as an indicator of
startle responsestrength. The length of each fish was measured using still images from video
recordings and ‘length’ was defined as the longitudinal measurement of the fish from the

midpoint between the eyes to the thinnest visible portion of the caudal peduncle.

3.3.5 Statistical analysis

We applied the logarithm transformation to startle velocity to stabilize the variance and
transform the positively defined variable to the entire real line. We modeled the logarithm of
startle velocity as a linear function of tap number, but allowed different interceptors and slopes
for three different exposure types (control, exposed negative, and infected), and accounted for
the effects of bile duct hyperplasia, hepatic granulomas, fish length, presence of PCs in
notochord remnants, total PC number, encephalitis score, and meninxitis score. Both session
number and fish identification were considered as random effects to incorporate possible
correlation of measurements taken on the same fish and in the same session. Along with the
slope of the logarithmic linear function, the difference in startle velocities between tapl and
tap10 was used to quantify the degree of habituation over ten taps. A linear mixed model was
used to quantify the effects of sex and exposure/infection status on fish habituation while
controlling for bile duct hyperplasia, hepatic granulomas, fish length, presence of PCs in
notochord remnants, total PC number, encephalitis score, and meninxitis score. The session was
considered as a random effect to incorporate potential correlations within the same sessions into
the model. Two similar linear mixed models were also used, where with logarithms of the 18 and
50 min time points were treated as response variables, respectively. These models evaluate the
effects of exposure/infection and sex on startle velocity at these time points, while controlling for

the effects of other variables. Differences in startle velocities between tap1 and tap18, and
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betweentapl and tap50 were used to quantify the degree of extinction of the habituation. A
similar linear mixed model as above was used to assess the effects of exposure/infection and sex
on the degree of extinction of the habituation, while controlling for the effects of other variables.
At each tap, the sample variances of the startle velocity were calculated for fish of the same sex
and exposure type. A linear regression model was then used to compare the variability of startle
velocity for fish with different sex and exposure types. A one-way analysis of variance
(ANOVA) with session as the response variable and exposure type as the explanatory variable
was used to investigate the difference of capture times of fish with different exposure type. All
analyses were conducted using PROC GLM, SAS Insititute 2015.

3.4 Results

Approximately half of the fish in the test tank died by 24 d postexposure, most likely due
to the stress of transfer of young, small fish to a tank full of parasite spores. This mortality rate

far exceeded that of the control fish.

3.4.1 Histopathology

Fish in the two separate tanks were divided into three categories based on exposure and
infection status: Control (n = 60) in one tank and exposed positive/infected (n = 40) and exposed
negative (n = 31) in the other tank. Infections were generally mild, with a median of 2 intraneural
PCs per fish (standard deviation (SD) = 2.29). Central nervous system PCs in infected fish
ranged in number from 0 to 11. The vast majority of PCs in infected fish were observed in the
spinal cord white matter or in the nerve roots (Fig 2). Three of these fish had parasite clusters in
notochord remnant cells and one of these had PCs only in notochord remnant cells and in no
other anatomic structure. The fish with PCs only in the notochord remnant was counted as an
infected fish with O intraneural PCs (Fig 2). Of the 40 infected fish, only 7 had PCs in the medial
longitudinal fasciculus (descending white matter tract) in the hindbrain. No fish had PCs in any
rhombencephalic gray matter structure. Myositis was not observed in any infected fish.

Inflammation was uncommon among the 40 infected fish, with encephalitis or myelitis

observed in only 12 fish and meninxitis observed in 13. These were graded according to the
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scheme outlined in Spagnoli et al. (2015). Scores for both encephalitis/myelitis and meninxitis
ranged from 0 to 3 on a scale of 0-3 for both inflammation categories. Encephalitis scores had a
mean of 0.5 and a standard deviation of 0.9. Meninxitis scores had a mean of 0.5 and a standard
deviation of 0.8. Four fish in the exposed tanks had grossly visible skeletal deformities. Of these,
three were infected and one was uninfected. One fish in the control tank had a skeletal deformity
but it was confirmed negative for infection by histopathology. Over half of all fish in all
exposure groups (control, exposed positive, and exposed negative) had some combination of
biliary hyperplasia or hepatic granulomas (Fig 3). These lesions were negative for mycobacteria
with Kinyoun’s acid fast stain, negative for P. neurophilia spores with the Luna stain, and

negative for bile via Hall’s bile stain.
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FIG 2. General features of infection. (A) Parasite clusters (PCs) were most commonly observed
in the ventral white matter of the spinal cord. In this image, a PC in white matter (arrow)
impinges of the gray matter (star). Photomicrograph. H&E. 400x magnification. (B) A common
feature of infection was myelitis, or inflammation of the spinal cord neuropil. Myelitis in these
fish was generally multifocal and composed of inflammatory cells that are most likely a
combination of granulocytes and microglial cells (arrow). Photomicrograph. H&E. 400x
magnification. (C) Meninxitis is inflammation of the perineural membranes of the teleost central
nervous system, so called because they do not have a true set of meninges as in mammals. Here,
granulocytes (white arrow) surround a ruptured PC (black arrow) at the base of a nerve root. (D)
Encephalitis, inflammation of the brain, was associated with PCs (black arrows) in the medial
longitudinal fasciculus, a descending white matter tract in the rhombencephalon
Photomicrograph. H&E. 200x magnification.
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FIG 3. Biliary hyperplasia and granulomas. (A) Less than half of the fish in all groups examined
had normal-appearing livers. Normal zebrafish bile ducts (arrow) are lined by a single layer of
low cuboidal epithelium. Photomicrograph. H&E. 400x magnification. (B) In the most severe
cases, biliary hyperplasia was characterized by well-differentiated, tortuous bile ducts of varying
size with prominent basement membranes (black arrows). Ducts were lined by tall simple to
pseudostratified columnar epithelial cells that were occasionally infiltrated by varying numbers
of rodlet cells (white arrow). Photomicrograph. H&E. 400x magnification. (C) The vast majority
of visceral granulomas in these animals were observed in the liver. They were commonly
observed in association with hyperplastic bile ducts (white arrow). Some granulomas were
relatively poorly organized with a central area of flocculent, acellar material admixed with and
partially lined by lymphocytes and macrophages (arrow). Photomicrograph. H&E. 400x
magnification. (D) Granulomas frequently had central acellular flocculent material (star)
surrounded by what appeared to be lamellar keratin developed from stratified squamous
epithelium (black arrow). Photomicrograph. H&E. 400x magnification.



59

3.4.2 Habituation testing

Log habituation slopes are listed in Table 1.When the log habituation slopes are
compared to each other, statistical differences between the groups were as follows: Exposed
positive versus control, significant (p = 0.04); exposed negative versus control, not significant (p
= 0.4); exposed positive versus exposed negative, not significant (p = 0.3). This indicates that
infected fish habituated significantly more slowly than control fish. There was no significant
difference in log slope between infected and exposed negative fish. Slopes for control and
exposed negative fish were quite similar and did not differ significantly. r? values were low,
indicating that the data were a poor fit for the linear model, however, the negative slope of
habituation velocity was sufficient to support the use of T1-T10 post-tap velocity difference as a
quantitative measure of habituation.

Because all three exposure groups had negative velocity slopes on the log scale and
because there was no significant difference between T1 post-tap velocities between groups, the
reduction in post-tap velocity between tapl and tap10 was used to quantify and compare the
overall degree of habituation between groups. The reduction in post-tap velocity between tapl
and tap10 for the control and exposed negative groups did not differ significantly (8.193 and
7.45 cm/sec, respectively; p = 0.9). However, the reduction for exposed positive fish was 4.047
cm/sec, which was about half that of the exposed negative and control groups. This difference
was statistically significant (p = 0.03).

Evaluation of post-tap velocities between the three groups at specific, individual time
points, including the initial tap and taps given at 18 and 50 min showed no statistical differences
(linear mixed model, p > 0.05). There were no significant effects attributable to parasite cluster
number, severity of meningitis or encephalitis, hepatic lesions, or parasite cluster location (linear

mixed model, p > 0.05 for all parameters).
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Table 1

Slopes of log-transformed post-tap velocities.

Exposure group. Slope of log transformed post-tap velocity. p-value. re.
Control —0.105 <0.0001 0.096
Exposed negative —0.0815 0.0005 0.081
Infected —0.0502 0.0182 0.045

Note: Slopes of log transformed post-tap velocities for all three exposure groups. All
three slopes were negative and statistically significant, indicating that habituation
occurred in all three groups.

3.4.3 Extinction of the habituation response

The difference in mean post-tap velocity between the tap at one minute and the tap at 18
min (8min after the last tap of the 10 tap habituation series) was significantly different only for
exposed negative fish (Table 2). There were no significant differences in mean post-tap velocity
between the tap at one minute and the tap at 60 min (50 min after the last tap of the 10 tap

habituation series) for any group.

Table 2

Habituation extinction

Group Velocity T1-T18 p-Value Velocity T1-T60 p-Value
Control 5.86 0.06 0.25 0.9
Exposed negative 8.63 0.01 2.37 0.4
Infected 2.93 0.3 —0.73 0.7

Note: Only exposed negative fish retained habituation at 18 min. No fish retained
habituation at 60 min.
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3.4.4 Variability

There were high levels of interfish variability within groups (Fig. 4). However, startle
velocity variabilitywassignificantly different between control, exposed positive and exposed
negative groups (p = 0.01). Controls (SD estimate = 5.633) were more variable than exposed
positive fish (SD estimate = 5.148), and the latter were more variable than exposed negative fish
(SD estimate = 5.0264). Whereas mean startle velocities did not differ based on sex, males had

significantly greater variability than females (males SD estimate = 5.453, females SD estimate =
5.0854, p = 0.03)
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FIG 4. Mean post-tap velocity (cm/sec) for fish during habituation period (one tap per minute
over ten minutes). Key: Box—Interquartile range, Whiskers—Range, Line—Median, Plus sign—
Mean. Y-Axis: Tap/minute number. (A) Control, (B) exposed negative, (C) infected.

3.4.5 Capture avoidance

Within the exposure tank, infection was associated with the netting session in which a
fish was caught (ANOVA, p = 0.006). Although it was not possible to visually differentiate
between infected and uninfected fish, infected fish were caught, on average, approximately four

sessions later than exposed negative fish captured from the same tank (ANOVA, p < 0.001).
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3.5 Discussion

3.5.1 P. neurophilia infections in experimental animals

Approximately half of the larval fish in the exposure tank died during the exposure
period. Because water quality values were similar to control tank values and because surviving
exposed fish had no histologic lesions associated with poor water quality, the most likely
explanation for the high mortality was transport stress combined with early exposure to parasites.
Ramsay et al. established that elevated cortisol levels increase parasite load in stressed fish
(Ramsay et al. 2009). Coupled with the age of the fish, this fact provides one possible
explanation for the high mortality.

Of the several reports on P. neurophilia, only Ramsay et al. (2009) provided data on
prevalence relating to time after exposure. The 56% infection rate in the exposure tank at 14
weeks post-exposure was lower than expected given that Ramsay et al., who observed greater
than 80% infection at 13 weeks post-exposure. Left for a long enough time, 100% infection rates
within a tank are achievable (Ramsay et al. 2009), however the rate of spread through a
population varies from tank to tank. Anecdotally, infection rates observed on routine
examination of tanks in contaminated facilities range from 40 to 60% and in these cases, the time
of initial contamination is always unknown. The possibility also exists that different infection
rates may be caused by different strains of P. neurophilia or different strains of the host. In this
case, it is possible that the high early mortality rates selected for more resistant fish, resulting in
an overall lower infection rate and relatively light infections among infected fish.

Our study resulted in two control groups, a separate tank of unexposed fish and negative
fish within the exposed tank. The presence of uninfected fish along with infected fish in the
exposure tank provided us with an internal control group, avoiding the confounding factor of
tank conditions between control and exposed groups. Nevertheless, we believe that the while in a
separate tank, the unexposed fish were also an appropriate control to use in our analyses as they

were from the same stock of fish and held under otherwise identical conditions (Fig. 4).

3.5.2 Startle response habituation
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The slope of the log habituation line for infected fish was significantly shallower than
that of control fish. Although there was no statistically significant difference between habituation
slopes for control and exposed negative fish, there was also no significant difference between
exposed negative and exposed positive fish. This could have been due to the fact that exposed
negative and infected fish had been reared in the same tank, making their behavioral phenotypes
more similar than those of the fish in the control tank. Also, the r? value of all groups was low,
likely due to the high interfish variability. Even though the linear model was likely not a good fit
for the data, the negative value of the slopes proves that there was an overall reduction in startle
velocity during the habituation period and supports the use of the T1-T10 startle velocity
reduction as an overall measure of habituation.

There were no statistically significant differences between post-tap velocities at any
individual time point, including the first tap, so any increased reduction in startle velocity
between tapl and tap10 corresponds to an increased degree of habituation. The use of the overall
reduction in startle response to quantify the habituation response is similar to methods used in
some rodent studies (Valsamis and Schmid 2011; Dulawa et al. 1997). The difference between
velocities at tapl and tap10 for infected fish was approximately half that of the control and
exposed negative groups. This was statistically significant, indicating that infected fish had less
of an overall habituation response than either control group. Moreover, differences for control
and exposed negative groups did not differ significantly.

The overall reduced velocity for infected fish during the habituation period indicates that
fish infected with P. neurophilia remain excitable despite repeated startling stimuli. A second
possibility is that infected fish may simply have a higher baseline velocity than uninfected
cohorts. Further research using an increased number of taps to discover a baseline velocity could
determine whether the observation of overall reduced velocity was due to hyper-excitability or to

an elevated baseline velocity in infected fish.

3.5.3 Extinction of the habituation response

Only exposed negative fish retained a degree of habituation at the 18 min tap.

Habituation was extinct in control and infected fish at the 18 min tap, and in all groups at the 60
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min tap (Table 2). Potential reasons for this finding include exposed negative fish having
enhanced recall or reduced anxiety compared to control and infected fish. Alternatively, exposed
negative fish could have simply had a lower baseline velocity than control or infected fish,
meaning it might take longer for their post-tap velocity to return to starting levels. Regardless of
the mechanism underlying this finding, it provides further evidence for a difference in behavioral
phenotypes between infected fish and uninfected tankmates as well as potentially different

phenotypes between exposed negative fish and control fish.

3.5.4 Variability

The greatest variation was observed among control fish, followed by infected fish,
followed by exposed negative fish. While it is difficult (and impossible from this experiment
alone) to determine why these differences occurred, some features of zebrafish behavior might
lend themselves to a possible explanation. Individual variation within populations of zebrafish
has been well-documented as has the formation of intrashoal hierarchies (Toms and Echevarria
2014), with more aggressive fish dominating and chasing less aggressive fish. Interestingly, the
variation in response to the tap test was greater for infected fish than for exposed negative fish
held in the same tank. Again, we see a difference between behavioral responses of infected and
uninfected fish in the same tank as well as differences between infected fish, uninfected fish, and
controls.

The formation of dominance hierarchies between fish of different sexes is unlikely to be
the cause of the reduced variation of females compared to males. Spence et al. found that sex is
not associated with the assumption of dominant or submissive roles (Spence et al. 2008). Also,
even though size might contribute to the formation of dominance hierarchies, various studies
have shown conflicting results with regards to whether size is positive or negatively associated
with rank (Spence et al. 2008). Interestingly, the reduced variability of females compared to
males may be an intrinsic facet of female zebrafish behavior. Tran and Gerlai (2013)
demonstrated that females had more consistent behavior patterns than males during both passive
observation and an open field task (Tran and Gerlai 2013)—this behavioral consistency could

extend to habituation and the startle response.

3.5.5 Netting observations
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The observation that infected fish tended to be caught in later sessions than uninfected
fish from the same tank may be related to the results of the tap test. Fish that habituate poorly
(have a smaller velocity reduction during habituation) may be particularly excitable and more apt
to flee from a net. Alternatively, fish with a higher baseline velocity may escape netting for more
sessions by virtue of their speed. While more research is needed to repeat the experiment using a
pre-designed protocol, this particular experiment indicates that infected fish may be better at
avoiding netting than uninfected fish. The difference in netting avoidance between infected and
uninfected fish in the same tank provides more evidence for a difference in behavioral

phenotypes between these groups.

3.5.6 Synthesis

The behavioral pattern of infected fish, highlighted by the reduction in startle velocity
during habituation compared to controls and the enhanced netting avoidance, suggests that that
infection is associated with a hyper-alert behavioral syndrome or an increased baseline
swimming velocity. Further research is necessary to determine the factors underlying these
observations, however, we have shown that P. neurophilia infection was associated with a
behavioral phenotype distinct from those of control fish and uninfected fish reared in the same
tank.

The most intriguing explanation for the distinct behavioral pattern is that P. neurophilia
infection alters the behavior of infected fish. Because the observed behavioral differences
involve the startle response, habituation, and motor function, the tropism of P. neurophilia for
neuroanatomical sites connected to these behaviors makes a causative relationship eminently
plausible (Spagnoli et al. 2015; Wulliman et al. 1996; Eaton et al. 1977; Hatta and Korn 1998;
Liu and Westerfield 1988; Liu and Fetcho 1999; Zottoli et al. 1999; Mathuru and Jsuthusasan
2013; O’Malley et al. 1996). The complex behavioral consequences of neural parasitism are well
documented in numerous species, particularly in trophic organisms (parasites that require the
consumption of the intermediate host by a predator) (Barber et al. 2000; Thomas et al. 2005). A
widely publicized example of a trophic parasite is the apicomplexan Toxoplasma gondii, which

forms small lesions in its bradyzoite stage with almost no inflammation in chronic infections.
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Pertinent to our study, these stages infect the central nervous system similar to P. neurophilia.
Despite the noninflammatory nature of most chronic T. gondii infections, there is ample evidence
from rodent experiments that the parasite suppresses predator avoidance behaviors, presumably
as an evolutionary tactic to facilitate consumption by the final feline host (Gatkowska et al.
2012). There is also precedent for behavioral effects of parasitism on fish: metacercariae of
Diplostomum phoxini, a trophic parasite, in Eurasian minnows (Phoxinus phoxinus) infects the
brain and may induce subtle personality changes (measured by exploratory boldness) in the host
(Kekalainen et al. 2014). Although it is unclear from an evolutionary standpoint how, or even if,
D. phoxini facilitates predation by the final host, the fact that a neural parasite in fish produces
behavioral changes provides an interesting precedent to our own findings.

Another possible explanation for our observations is that preexisting behavioral
phenotypes may increase or decrease a fish’s susceptibility to infection rather than infection
itself causing behavioral changes. Different behavioral syndromes between animals can be
associated with different immune responses and susceptibility to disease (Koolhaas 2008).
Furthermore, behaviors such as increased egg and carcass consumption could increase the risk of
infection, as stress and aggression have been suggested as the reason for higher infection rates
among males compared to females (Chow et al. 2015).

If we further consider the idea of behavioral phenotypes influencing infection
susceptibility, we may find a more subtle causative explanation for our observations. We
observed high mortalities among naive fish initially exposed to parasite-laden water. It is
possible that the dead fish represented a third group of animals with a behavioral syndrome that
made them particularly susceptible to fatal infections. If this was the case, then early infection
could have selected for a population of adult fish with the behavioral patterns observed in our
study. In this case, early P. neurophilia exposure could result in a population of adults with a
particular set of behavioral traits even among uninfected fish. In this study, exposed negative fish
had reduced variability and failed to abolish habituation at 18 min compared to controls. This
distinct behavioral phenotype could be due to parasite-based selection or to interactions with
their infected tankmates. Even if infection does not directly alter fish behavior, early infections
present in contaminated facilities rearing their own fish could select for animals with altered

behavioral phenotypes.
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There were no statistically significant effects of PC number (a measure of parasite
burden), PC location, encephalitis, or meninxitis on responses to the tap test. This could be
explained by the relative lightness of infection patterns observed among fish in this study.
Alternatively, the high mortality rate among young fish could have selected for a group of highly
resistant adults, explaining the resulting combination of uninfected and mildly infected fish. A
more intriguing explanation is that any P. neurophilia infection, no matter how mild, could
produce similar effects across hosts due to molecular crosstalk with the parasite. Therefore, the
parasite probably has more effects on the host than simply occupation of tissue spaces T. gondii
is an excellent example of this, as mentioned previously (Gatkowska et al. 2012). The finding
that disease severity was not significantly associated with any differences in behavioral
responses coincides with the findings of our retrospective study: PC number, inflammation
severity, and PC location were not associated with clinical disease (Spagnoli et al. 2015).

3.5.7 Startle response habituation in rodents: Using established models to improve zebrafish

behavioral models

In order to improve the zebrafish as a powerful neurobehavioral model, we should look to
established models as a guide for its development. The acoustic startle response has been well
characterized in rodents for decades. Although similar to the fast start response in zebrafish,
startling auditory stimuli elicit a whole body flinch in rodents that does not result in a ‘run’ stage
as we have quantified in our study (Chanin et al. 2012; Eddins et al. 2010; Valsamis and Schmid
2011; Dulawa et al. 1997). Also, because rodents lack a lateral line, the perceptive aspect of their
startle response is almost entirely auditory, whereas zebrafish also perceive pressure waves
(Kalueff and Stewart 2012). As we described in our study, habituation is considered a decrease
of response magnitude in the face of repeated stimuli (Kent and Bishop-Stewart 2003). Reduced
habituation inhibition and pre-pulse inhibition (the reduction of a startle response following
exposure to a non-startling stimulus) are observed in human schizophrenia along with a number
of other psychological disorders (Valsamis and Schmid 2011; Dulawa et al. 1997; Dirks et al.
2002; Wang et al. 2003) and for this reason, habituation inhibition and pre-pulse inhibition have
been thoroughly studied in rodent models. Auditory startle response habituation inhibition has

been documented in adenosine A2A receptor knockout mice, seratoninlB receptor knockout
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mice, and transgenic mice overexpressing corticotropin-releasing hormone among others
(Valsamis and Schmid 2011; Dulawa et al. 1997; Dirks et al. 2002; Wang et al. 2003). Rodent
facilities providing animals for such sensitive studies generally use extensive biosecurity
protocols, and rightly so: The development of rodent models for human behavior, particularly
those utilizing genetic knockouts, is both time-consuming and costly. It is nearly unthinkable that
researchers would intentionally use rodents with viral encephalitis or chronic T. gondii infections
in the experiments mentioned above, and zebrafish investigators should be similarly reluctant to
use fish infected with P. neurophilia in their own studies (Percy and Barthold 2007).

3.5.8 Potential impacts of P. neurophilia on neurobehavioral Research

Whereas further research is needed to determine precisely how P. neurophilia induces
behavioral changes or whether certain behavioral syndromes result in elevated infection
susceptibility, our study shows that P. neurophilia is associated with a distinct behavioral
phenotype in infected fish as well as in uninfected cohorts. If infection causes behavioral
changes in a population, whether directly by molecular crosstalk with the animal’s brain, or
indirectly by mortality-based selection for particular behavioral syndromes, we can hypothesize
what types of studies might be influenced by its presence.

The test most likely to be influenced by P. neurophilia is the one performed in this study:
the serial tap test for startle response habituation, as well as any study that involves habituation
to the startle response. This test is widely used as an indicator of anxiety, fear, stress, and
psychomotor response in zebrafish (Chanin et al. 2012; Eddins et al. 2010; Kalueff and Edwards
2012; Maximino et al. 2010). Habituation inhibition may also be particularly useful in the study
of human PTSD (Caramillo et al. 2015). If the zebrafish does become a model for PTSD, it will
be vital for investigators to avoid P. neurophilia.

Although more research must be performed in order to determine precisely which facets
of behavior may be influenced by P. neurophilia, the underlying traits potentially responsible for
our findings could influence a wide range of neurobehavioral protocols if the association is
causative. The high baseline velocity or hyper-alert behavioral phenotype observed in our
infected fish may be an emergent property of several neurobehavioral components, the most

likely of which are motor function, stress, fear, anxiety, and arousal (Chanin et al. 2012; Eddins
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et al. 2010; Kalueff and Edwards 2012; Maximino et al. 2010). These traits are involved in the
vast majority of zebrafish behavioral studies and they are the basis for innumerable protocols
including the conditioned alarm reaction, shuttle box avoidance, inhibitory avoidance, open field
testing, novel tank testing, novel object exploration, scototaxis (preference for dark over light
areas), and Schrecksreaktion (place avoidance) (Kalueff and Edwards 2012; Maximino et al.
2010).

If P. neurophilia infection causes reliable behavioral changes in a population, its potential
to confound research is augmented by its highly variable infection rates and uneven distribution
of infection severity. Indeed, as with most other chronic parasite infections, P. neurophilia
infections occur with a negative binomial distribution (Spagnoli et al. 2015) in which only a few
fish have heavy infections and most have light or no infections.

Consider a theoretical neurobehavioral experiment in a contaminated facility: If control
and experimental groups had equal numbers of infected animals, the influence might be equal
between the two groups. However, it is unlikely that all tanks in an affected facility would be
contaminated. While no surveys have been performed to directly measure the number of infected
tanks within a contaminated facility (since an unintentionally contaminated facility would be
unlikely to agree to such a survey), consider that in our own experiment, the control tank was
maintained in a room full of contaminated tanks without becoming contaminated itself. While
special precautions were taken to ensure that contamination did not occur, most facilities
undertake similar precautions to reduce transmission of infectious diseases between tanks
(Murray et al. 2011). Anecdotally, no facility contaminated with P. neurophilia has been
observed with a 100% tank infection rate. If control and test fish in the theoretical
neurobehavioral experiment are derived from two separate rearing tanks, which is especially
likely in chronic exposure studies, it would be possible for one group to have infections but not
the other, thus introducing an unintended bias. Furthermore, infection rates in contaminated
tanks are rarely 100%. Even in this study, we achieved only a 56% infection rate after heavy
exposure at an early age. Even if both tanks in the theoretical study were infected, it is unlikely
that they would have the same rate of infection even if they were contaminated at exactly the
same time with exactly the same dose of infectious material. If infection reliably produces a
consistent behavioral phenotype, the varying infection rates between the two groups could

adversely influence study data. Future research should focus on the interactions between P.
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neurophilia infection and various experimental manipulations. Certain drugs, genetic knockouts,
or toxicants could either enhance or reduce the effects of the parasite. In a similar vein, any
alteration to a fish’s immune system, stress included, could be associated with an increase or
decrease in infection rates. Until this research is performed, this study should act as a red flag for

investigators to screen their fish for this potentially damaging parasite.

3.5.9 Conclusion

P. neurophilia is a common contaminating parasite of laboratory zebrafish that
preferentially infects the central nervous system. Based on this study, infection is associated with
altered startle response habituation and potentially enhanced netting evasion. While further
research is necessary to definitively prove a direct or indirect causal relationship between P.
neurophilia infection and altered behavioral phenotypes, our observations indicate that this is a
strong possibility. Because zebrafish are used in a wide variety of sensitive behavioral studies
that may share fundamental traits affected by P. neurophilia, the potential influence of infection
on fish behavior along with unpredictable intertank infection rates makes it vitally important to

screen fish prior to experimentation.
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Chapter 4
The common neural parasite Pseudoloma neurophilia causes altered shoaling behavior in

adult laboratory zebrafish (Danio rerio) and has wide-reaching consequences for

neurobehavioral research.

Sean Spagnoli, Justin Sanders, Michael L. Kent
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4.1 Abstract

Because of the zebrafish’s recent rise in popularity as a model organism, fish may carry
diseases that interfere with research. The microsporidium Pseudoloma neurophilia is one of the
most commonly diagnosed infections in zebrafish facilities. Although primarily subclinical,
infection has been associated with altered startle response habituation. Here, we performed a
shoaling test before and after exposure to P. neurophilia - contaminated water to determine its
effect on social behavior. 12 tanks containing 10 fish each were divided equally into control and
experimental shoals and recorded prior to exposure. Over 123 days, controls were exposed to
water housing uninfected fish and experimental shoals were exposed to water housing infected
fish. Shoals were re-recorded following exposure and infection status was determined via
histopathology. There were no significant differences in mean interfish distance and percent of
top-dwelling fish between cohorts prior to exposure. Following exposure, shoals infected by P.
neurophilia showed significantly reduced mean interfish distance compared to controls. The
percentage of top-dwelling fish was also reduced in infected shoals, although this difference was
not statistically significant. This study supports the fact that P. neurophilia infection causes
altered behavior in zebrafish and it should warn neurobehavioral researchers to screen for

infection.

4.2 Introduction

4.2.1 Pseudoloma neurophilia

Pseudoloma neurophilia is a microsporidian parasite that primarily causes subclinical
infections in laboratory zebrafish (Danio rerio). It has a strong tropism for neural tissue, most
commonly infecting spinal nerve roots, white matter of the ventral spinal cord, and descending
white matter tracks in the rhombencephalon (Spagnoli et al. 2015). Transmission occurs
vertically and via consumption of spores in carcasses, eggs, and contaminated water (Sanders et
al. 2012; Sanders et al. 2013; Ferguson et al. 2007). Clinical signs, when present, are extremely
nonspecific and include weight loss, decreased fecundity, and spinal deformities (Ramsay et al.
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2009). Moreover, the vast majority of positive cases submitted to diagnostic laboratories exhibit
no clinical signs, and so it is difficult to identify infections in laboratories or husbandry facilities
without robust screening programs (Spagnoli et al. 2015). The subclinical nature of most P.
neurophilia infections results in wide spread cryptic infections, making it so successful that, in
2006, 75% of all laboratories submitting fish to the Zebrafish International Resource Center

(ZIRC, Eugene, Oregon) diagnostic service were contaminated (Murray 2015).

To make matters worse, P. neurophilia forms environmentally resistant spores, which
makes both sterilization and transmission important issues when considering control (Sanders et
al. 2013; Murray et al. 2011). Embryonated eggs are a particular risk because spores survive
bleaching at 25-50ppm (Ferguson et al. 2007), which is the standard concentration used by most
facilities for egg sterilization (Murray et al. 2011). Furthermore, Sanders et al. showed that
spores can be transmitted vertically, so that even if the bleach concentration were high enough, it
still would not reach the spore within the embryo (Sanders et al. 2013). Despite the fact that
most curation facilities and laboratories ship fish in the form of embryonated eggs rather than as
adult fish for biosecurity purposes, P. neurophilia can still slip through the cracks and spread

between facilities (Murray et al. 2011).

4.2.2 The zebrafish as a neurobehavioral model organism

Early in their tenure as a laboratory animal, chronic infections in adult zebrafish were of
minor concern as the vast majority of research involved developmental genetics, focusing almost
exclusively on embryos and larvae (Grunwald and Eisen 2002). However, the explosion of the
zebrafish as a model organism over the past forty or so years has seen this popular pet store
staple being used in every field of study formerly reserved for rodents (Phillips and Westerfield
2014; Bugel et al. 2014). These fields include, but are not limited to, infectious disease,
immunology, oncology, physiology, epigenetics, and, the focus of this paper, behavior and
neurophysiology (Kalueff and Stewart 2012). Because of their relative ease of maintenance,
rapid generation time, fecundity, and capacity for high throughput screening, the zebrafish is
proving itself to be a powerful model organism for neurobehavioral studies. Zebrafish are used

to study the behavioral effects of various pharmaceuticals, genetic manipulations, and situational
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disturbances such as acute and chronic stressors (Maximino et al. 2010; Morris 2009; Pittman
and Lott 2014; Stewart et al. 2012; Stewart et al. 2011; Stewart et al.2014; Willemsen et al.
2008). As their utility in this field has grown, zebrafish have been proposed as models for a wide
range of human neurobehavioral disorders including autism, schizophrenia, epilepsy, anxiety,
depression, and post-traumatic stress disorder (Maximino et al. 2010; Morris 2009; Pittman and
Lott 2014; Stewart et al. 2012; Stewart et al. 2011; Stewart et al. 2014; Willemsen et al. 2008;
Caramillo et al. 2015). Because of the sensitive nature of these studies, consistency among
experimental subjects is critical. Behavioral studies in general are burdened by high variability
between individual subject behavioral syndromes. The addition of an occult brain parasite poses

an important risk of non-protocol induced variation (Kent et al. 2015).

4.2.3 P. neurophilia and zebrafish behavior

The question of whether or not P. neurophilia actually influences host behavior was
partially answered by a prior study that used the progressive tap test for startle response
habituation (Spagnoli et al. 2015). This study found that infected fish habituated significantly
less overall than both exposed negative and control fish. Furthermore, infected fish tended to
evade netting significantly longer than exposed negative fish from the same tank, even though
the two were physically indistinguishable. We chose the tap test for startle response habituation
because P. neurophilia tends to infect areas of the brain and spinal cord associated with stress,
anxiety, the startle response, and motor function (Spagnoli et al. 2015). The primary
disadvantage of this study, however, was that it was difficult to prove a direct causal relationship
between behavioral changes and P. neurophilia because we could not test individual fish before

and after infection.

In this experiment, we therefore conducted a shoaling assay to evaluate the effects of P.
neurophilia infection on zebrafish behavior, which allowed us to track groups of fish, rather than
individuals, before and after infection. To clarify, a “shoal” is defined as a group of fish that
swim together in loosely organized manner, whereas a school is a group of fish that exhibits
synchronized motion in specific directions (Miller and Gerlai 2011; Miller and Gerlai 2012).

The social preferences of zebrafish, along with our extensive knowledge of their genome and
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neuroanatomy have led them to be used as a robust model for human social behavior (Oliveira
2013). One of the great advantages of the zebrafish as a model for human neurobehavioral
disorders is the fact that, along with similarities at the anatomical, physiological, and genetic
levels, both are essentially social species (Miller and Gerlai 2011; Miller and Gerlai 2012). As
with human beings, many fish species prefer the company of others: in experiments where fish
are given the option to spend time next to a shoal of fish or next to an empty arena, adult
zebrafish will generally spend more time near the group (Engeszer et al. 2007). Other studies
have shown that chemical compounds can significantly influence shoaling: embryonic ethanol
exposure, and acute LSD and ketamine exposure inhibit shoaling as measured by increased mean
interfish distance (Buske and Gerlai 2012; Riehl et al. 2011; Grossman et al. 2010), whereas
mescaline and alarm substance tend to improve shoaling as measured by decreased interfish
distance (Kyzar et al. Kalueff 2012; Pham et al. 2012). Social behavior is considerably more
complex than startle response habituation, as it involves the integration and emergent properties
of circuitry throughout all areas of the brain (Oliveira 2013). This begs the question of whether
or not we can expect to observe alterations in social interactions based on P. neurophilia’s
neuroanatomic predilections. The “social behavior network™ in mammals is a series of
associated neuroanatomic structures that is thought to help regulate social behavior, however,
because social behavior requires the simultaneous integration of multiple brain structures,
pinpointing individual contributions is difficult. This is part of the reason why zebrafish are such
an attractive model for social behavior research: With the development of powerful new imaging
techniques and the “Brainbow” fish, researchers are getting closer to more specifically
characterizing neurophysiological aspects of the social response (Oliveira 2013). With regards
to our own study, this “social behavior network™ includes the extended medial amygdala in
mammals. While teleosts lack an amygdala, they do have a counterpart known as the medial
habenula, which is involved in fear learning (Wulliman et al. 1996). In a retrospective study, we
identified the griseum centrale as a structure common infected by P. neurophilia (Spagnoli et. al
2015). The griseum centrale receives and integrates signals from the medial habenula, which is
involved in the social behavioral network in fish. The localization of parasites to the griseum
centrale may indicate a direct neuroanatomic effect on social behavior, however, the fact that the
social behavior network is so diffuse and integrative could mean that infections in any number of

neuroanatomic locations could have an effect (Oliveira 2013; Wulliman et al. 1996).
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4.2.4 P. neurophilia and shoaling behavior

Here we conducted an experiment on the effects of P. neurophilia on two established
shoaling endpoints: Mean interfish distance and percentage of top-dwelling fish. The fish were
maintained in groups during the long exposure and infection period to both reduce any potential
undue stress resulting from extended isolation, and allow us to track the behavior of an entire
shoal before and after infection. Comparing the shoaling behavior of the same groups of fish
before and after infection allowed us to examine the causative relationship between P.

neurophilia infection and behavioral changes.

4.3 Materials and Methods

4.3.1 Fish and pre-exposure testing

The procedures in this experiment are largely modeled after those described in Pham et
al. (2012) and are modified, where appropriate, to accommodate the chronic exposure required

by our study.

Zebrafish of the 5D strain were spawned and reared in-house to an age of approximately
eight months. The source of the fish was the Sinnhubber Aquatic Resource Center, a SPF
Pseudoloma-free facility (Kent et al. 2012). The experiments were conducted in our zebrafish
laboratory, with a flow-through water supply. Incoming municipal water source was filtered,
dechlorinated and heated to 27 °C, fish were subjected to a 14/10 h light/dark photoperiod, pH
7.0-7.4, alkalinity 80 ppm, hardness 75 ppm, conductivity 135 uS.

140 fish were netted from the stock tank and separated into 12 tanks containing 10 fish
each. Fish were allowed to acclimate for seven days in their individual 2.8L tanks with green
plastic lids and drain guards in order to make the experience between pre-and post- exposure
assays as similar as possible (fish in the post-exposure portion of the experiment would be netted

from their smaller tanks rather than a large stock tank). These tanks were housed on an
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Aquaneering flow-through system (Aquaneering, inc. United States). Fish were fed once a day
except weekends, with the original commercial diet “master mix” used at the SARL. Opaque
dividers were placed between tanks to prevent viewing of fish in adjacent tanks. This was done
to ensure consistency in rearing among all tanks since, without dividers, tanks in the middle of
the rack would be able to view conspecifics on both sides while tanks at the ends of the racks
would be able to view conspecifics on only one side. Husbandry and feeding were administered

the same way throughout the exposure period.

On the day of pre-exposure testing, fish were netted from their holding tanks into a
beaker. They were then transported to the staging area and poured into a novel container similar
to those in which they had been previously housed. The novel container lacked the green lid,
drain guard, and opaque dividers of the “home” tanks. The testing tank was also 2.8L capacity
and measured 35x5X19cm. The tank was filled to a height of 16cm with system water. Fish
were filmed using a Sony Handicam model HDR-CX for 10 minutes, beginning when the
investigator left the room. After filming, fish were poured back into their home tanks from the
testing tank. The order of testing was determined by random number generator and noted so that
post-exposure testing could be performed in the same order to decrease the influence time-of-day
effect might have on individual tanks. After testing, tanks with their shoals were individually
identified and labeled for tracking purposes. All testing occurred during daylight activity hours
between 0900 and 1600.

4.3.2 Exposure period

Following pre-exposure filming, tanks were divided into six control and six exposure
tanks, with the addition of one sentinel tank holding 10 fish, which was used to evaluate the
progression of infection. Two previously-established tanks containing about 70 four month old
fish each of the 5D strain were used as water donor tanks. One tank was confirmed negative and
one tank was confirmed positive for P. neurophilia via histopathology of resident fish. In order
to mimic the exposure and transmission conditions present in most facilities (between-tank
spread generally occurs through transfer of contaminated water or infected fish), 100mL of water

from the contaminated donor tank was added to each tank in the exposure group once per day,



82

five days per week, for 123 days. Similarly, 100mL of water from the uncontaminated tank was
added to each control tank once per day. This was done in order to increase similarities between
the groups in terms of waste products and pheromones from donor fish. By exposing both control
and “exposed” fish to “waste-water”, we made sure that the only difference between the groups
was the presence of P. neurophilia in the donor water. Water quality parameters (pH, ammonia,
etc.) were within acceptable ranges and identical between donor tanks. 5 fish from the sentinel
tank were sampled for histopathology at 4 months following the start of exposure. All of these
sentinel fish were infected at this time, and hence and post-exposure testing was performed.

4.3.3 Post-exposure testing

Fish were netted from their home tanks into a beaker and transferred into a novel
container—the same container that had been used in pre-exposure testing (section 2.1). Tanks
were tested in the same order as they had been tested pre-exposure in order to maintain the most
similarity between pre- and post- exposure testing in terms of time of day. Fish were recorded in
a manner similar to that used in the pre-exposure test described in 2.1. Following filming, fish
were euthanized via ice water in accordance with IACUC approval. Their coeloms were then

opened and fish were fixed in Dietrich’s fixative.

4.3.4 Histopathologic analysis

Fish were decalcified for 48 hours using Cal-Ex 11 solution, then placed in 70% ethanol.
Decalcified fish were bisected sagitally to expose the spinal cord and placed en face into paraffin
blocks for sectioning and staining with H&E in the standard manner. All fish from all exposed
tanks were evaluated and five fish from each of the six control tanks were evaluated to confirm
that controls were negative for infection. Slides were read and interpreted by a trained and

boarded veterinary anatomic pathologist.

4.3.5 Image analysis
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As is detailed in Pham et al. (2012), eight screen captures were taken per tank per
recording session. Time 0 was defined as the beginning of recording. Following a three minute
rest period, frames were analyzed at times 3:20, 3:40, 4:00, 4:20, 4:40, 5:00, 5:20, and 5:40 using
Image J analysis software (Rasband 2015). Interfish distances were measured manually from the
center of each fish—that is, the center of the fish’s profile in the screen capture as was suggested
by Pham et al. (2012)—by a trained investigator.

For percentage of fish at the surface, the tank was divided into a top half and a bottom
half in the screen captures in order to measure the percent of fish at the top half of the tank. The
height was based on the distance from the bottom to the water surface, which was 16 cm and the

halfway line was drawn at 8cm.

4.3.6 Statistical analysis

“Mean interfish distance” was defined as the average of all distances between each fish
and all tank mates over eight screen-captures (45 possible interfish measurements for a shoal of
ten fish over eight screen captures or times equaling 360 interfish measurements per tank per

recording session).

Analyses were performed using the statistical programming environment R version 3.1.2
(R Core Team (2014). R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. URL http://www.R-project.org/. ).The average inter-
fish distance and number of fish in the upper half of the tank was calculated from measurements
between all fish in all 8 screenshots per tank as has been previously described (Pham et al. 2012)
As the measurement data were not normally distributed, the nonparametric Wilcoxon-Mann-
Whitney U- test was used to compare the average inter-fish distance measured between the two
treatment groups at pretreatment and posttreatment time points and the average number of fish in

the upper half of the tank.

4.4 Results.



84

4.4.1 P. neurophilia infection

Infection rates among exposure tanks were relatively high, ranging from 80-100%
prevalence between tanks and a mean prevalence of 88%. Infections were generally mild with
little to no meninxitis or encephalomyelitis and 1-3 parasite clusters were observed in each
infected fish. None of the fish sampled from the control tanks were infected.

4.4.2 Mean interfish distance

There was no significant difference in average inter-fish distances between cohorts in
pretreatment measurements (p = 0.81, U-test). After the four-month exposure period, the P.
neurophilia exposure fish exhibited significantly less (about 15%) mean inter-fish distance than
controls p =0.026, U-test (Figure 1).
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FIG 1. Effects of Pseudoloma neurophilia exposure on shoaling behavior of zebrafish. Exposure
to P. neurophilia significantly decreased the average inter-fish distance with 12 shoals (tanks), 6
exposed and 6 controls. * p = 0.026, U-test.
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FIG 2. Effects of Pseudoloma neurophlia exposure on the average number of zebrafish
localizing to upper half of tank in 6 exposed and 6 controls.
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4.4.3 Percent of fish at surface

Exposed fish exhibited about 17% reduction in suface-dwelling fish compared to controls
(Figure 2). There was a large variation between tanks within both the controls and treated fish,
and the reduction observed in the latter was not statistically significant (p = 0.70, U-test). There
was also no statistical difference between the average number of fish in the top half of the tank in

the two treatment groups before exposure was initiated (p = 0.69, U-test).

4.5 Discussion

4.5.1 Potential interpretations of decreased mean interfish distance.

Our findings here were supported by those of our previous study in which the behavioral
alterations associated with P. neurophilia infection were potentially suggestive of a hypervigilant
or hyper-responsive behavioral phenotype (Spagnoli et al. 2015). This experiment shows that
Pseudoloma neurophilia causes altered shoaling behavior in adult zebrafish as the infected fish
formed tighter shoals than controls as measured by the reduced mean interfish distance. As with
other animals, fish exposed to predators and other perceived threats tend to “pack tighter”
(Brierly and Cox 2010). With zebrafish, Green et al. observed reduced inter-fish distance
following exposure to alarm substance (Green et al. 2012). Conversely, zebrafish exposed to
drugs that are recognized to reduce stress and awareness (e.g., high doses of alcohol and
ketamine) can result in increased interfish distance (Kent et al. 2012). Whereas not statistically
significant, the reduction in fish near the top of the tank seen in the exposed fish also was
consistent with increased anxiety, and thus supported our interfish distance results (Kent et al.
2012). Indeed, the reduction in interfish distance and percent of fish in the top of tank showed
very similar values; 15 or 17% reduction. The lack of statistically significance in the latter assay
may have been caused by the considerable variation seen between tanks within each treatment

regime.

4.5.2 P. neurophilia infection causes changes in shoaling behavior.
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A unique aspect of the present study compared to the startle response habituation test is
that here we provide a stronger causative link between the presence of P. neurophilia in a
zebrafish shoal and altered shoaling behavior, which is supported by the fact that there were no
significant differences in mean inter-fish distance between cohorts in the pre-exposure period.
Following the exposure period, during which the only difference between cohort treatments was
exposure to spore-laden fish water versus exposure to uninfected fish water, a significant

difference in mean interfish distance developed, suggesting that infection caused this difference.

4.5.3 Parasites and host behavior

In both the habituation extinction experiment and the retrospective studies performed by
our lab, we found that the severity of infection as measured by parasite numbers and the presence
of neuronal inflammation had no effect on whether or not the disease had a clinical presentation.
Hence, the presence of any P. neurophilia infection, regardless of severity or anatomic location,
may influence fish behavior. This calls to mind subclinical infections of Toxoplasma gondii,
which have widely reported effects on rodent behavior despite the fact that dormant infections
produce minimal inflammation and nerve damage (Gatkowska et al. 2012; Thomas et al. 2005).
Interestingly, T. gondii infections tend to very specifically influence behaviors associated with
predation avoidance since the final vertebrate host is the cat. In contrast to our findings in P.
neurophilia-infected zebrafish, T. gondii appears to reduce anxiety-associated behavior in
rodents, particularly with regards to predator avoidance. T. gondii also seems to have a more
specific effect on predator-associated anxiety like behaviors than P. neurophilia because since T.
gondii appears to have no effect on rodent social behavior (Vyas et al. 2007). The divergent
manifestations of these two infections is most likely due to the fact that T. gondii requires the
rodent host to be consumed by a predator to complete its lifecycle, whereas P. neurophilia is a
non-trophic parasite that can complete its lifecycle within a single species (Vyas et al. 2007).
Moreover, P. neurophilia is maternally transmitted (Sanders et al. 2013; Sanders et al. 2014) and
therefore it would be to the parasite’s advantage to prolong the survival of its host, possibly

through hypervigilance and predator avoidance.
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4.5.4 Future avenues of inquiry

Whereas the tighter shoaling, reduced surface occupation, and reduced startle habituation
all suggest a higher stress or higher anxiety behavioral phenotype, some goals of future research
should be to dissect and identify the precise neurobehavioral syndromes that may be unique to P.
neurophilia infection. This could then be taken even further in order to identify the precise
neural pathways influenced by infection using various pharmaceutical compounds in an attempt
to perform a “rescue” protocol. For example, our work suggests that neural microsporidiosis is
associated with elevated anxiety compared to uninfected fish. Anxiety is associated with specific
neural pathways and may be considered a distinct entity from stress. In order to specifically
determine whether or not P. neurophilia infection truly influences anxiety rather than stress
pathways, one could perform a behavioral testing array on infected fish and then administer an
anxiolytic such as Paroxetene in order to see if the treated, infected fish then revert to the wild-
type behavioral syndrome. If this was the case, one could then argue that P. neurophilia
specifically increases anxiety in zebrafish rather than simply causing anxiety-associated
behaviors (Maximino et al. 2010). By creating a specific protocol to identify specific effects of
neural parasitism, one could extend these methodologies to study other neural parasites, such as

T. gondii in rodents and humans.

4.5.5 Implications for neurobehavioral research.

Regardless of the specific mechanism of P. neurophilia-associated behavioral changes,
the fact that infection causes changes in shoaling behavior has wide-ranging implications for
neurobehavioral research. For example, the percent reduction in inter-fish distance associated
with P. neurophilia was actually greater than that observed when fish are exposed to an alarm
substance in another study (Green et al. 2012). Altered social interactions and social deficits are
associated with a wide range of neurobehavioral disorders including schizophrenia, Asperger’s
disease, and most obviously, social anxiety (Maximino et al. 2010; Morris 2009; Pittman and
Lott 2014; Stewart et al. 2012; Stewart et al. 2011; Stewart et al. 2014; Willemsen et al. 2008).
Not only are zebrafish used to model a number of these disorders through the use of shoaling

studies, they are used to study the effects of pharmaceuticals on social behavior (Maximino et al.
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2010; Morris 2009; Pittman and Lott 2014; Stewart et al. 2012; Stewart et al. 2011; Stewart et al.
2014; Willemsen et al. 2008). A laboratory examining the treatment of social disorders using
various pharmaceuticals could be adversely affected by the presence of Pseudoloma-
contaminated fish, most obviously by parasite-associated reductions in mean interfish distance
and top-dwelling behavior, but perhaps more subtly by anxiety-associated behaviors in infected
fish.

4.5.6 Conclusion

In conclusion, this study further highlights the potential of subclinical P. neurophilia
infections to cause non-protocol induced variation in neurobehavioral studies using adult
zebrafish. This is particularly important for this area of research given the inherent high
variability seen within treatment groups in behavioral assays. With D. rerio becoming a popular
model in comparative neurobehavioral research, it is imperative that both curation facilities and
laboratories utilizing zebrafish in their research introduce robust biosecurity and screening
protocols to maintain parasite-free experimental populations.
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5.1 Abstract

Gamma irradiation is commonly used as a bone marrow suppressant in studies of the
immune system and hematopoiesis, most commonly in mammals. With the rising utility and
popularity of the zebrafish (Danio rerio), gamma irradiation is being used for similar studies in
this species. Pseudoloma neurophilia, a microparasite and common contaminant of zebrafish
facilities, generally produces subclinical disease. However, like other microsporidia, P.
neurophilia is a disease of opportunity and can produce florid infections with high morbidity and
mortality secondary to stress or immune suppression. In this study we exposed zebrafish to
combinations of P. neurophilia infection and gamma irradiation in order to explore the
interaction between this immunosuppressive experimental modality and a normally subclinical
infection. Zebrafish infected with P. neurophilia and exposed to gamma irradiation exhibited
higher mortality, increased parasite loads, and increased incidences of myositis and extraneural
parasite infections than fish exposed either to P. neurophilia or gamma irradiation alone. This
experiment highlights the devastating effects of opportunistic diseases on immunosuppressed
individuals and should caution researchers utilizing immunosuppressive modalities to carefully

monitor their stocks in order to ensure that their experimental animals are not infected.

5.2 Introduction

Microsporidian parasites have long been known as pathogens of opportunity. While
epizootic outbreaks of microsporidiosis have been documented in wild and cultured fishes (Kent
et al. 2014), and fewer in mammals including Encephalitozoon cuniculi (Percy and Barthold
2007), microsporidiosis in man was virtually unheard-of until the AIDS epidemic of the 1980s
and 1990s (Didier and Weiss 2006). During this time, organisms such as Enterocytozoon
bieneusi and Encephalitozoon intestinalis rocketed from obscurity as virus-associated immune
suppression allowed them to run rampant in the bodies of the afflicted (Carr et al. 2001).
Similarly, Pseudoloma neurophilia, a microsporidium of zebrafish (Danio rerio) that generally
produces subclinical infections, was largely ignored as an unimportant background contaminant
in many zebrafish research facilities soon after its discovery (Matthew et al. 2001; Sanders et al.

2010). However, as the utility of zebrafish as a laboratory animal has grown, so too has the
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potential for subclinical pathogens to produce clinical disease, with effects ranging from the
addition of non-protocol induced variation in important experiments to the loss of valuable
laboratory stocks (Kent et al. 2012).

Pseudoloma neurophilia is a particularly insidious microorganism in that it hides behind
the veil of subclinical disease while propagating in the form of environmentally resistant spores
(Spagnoli et al. 2015; Sanders et al. 2013). These spores resist bleaching at concentrations
generally used by facilities that ship embryonated eggs (Ferguson et al. 2007). The parasite can
also be transmitted vertically within developing embryos (Sanders et al. 2013), making the
policy of bringing only embryonated eggs into a facility inadequate to avoid P. neurophilia.
Between the years 1999 and 2013, up to 75% of facilities submitting fish to the Zebrafish
International Resource Center (ZIRC) diagnostic service were contaminated with P. neurophilia
(Murray 2015). While that percentage has decreased in recent years, contamination remains a
problem for many laboratories, particularly those that acquire their fish from pet stores or whole
sale suppliers without quarantine or sentinel programs to detect subclinical disease.

It has already been established that subclinical infections can produce measurable effects
on fish behavior that can adversely influence neurobehavioral experiments (Spagnoli et al. 2015
[2]). If even subclinical infections interfere with relatively low-impact experimental
manipulations, it is logical to assume that experimentation resulting in immune suppression
would produce even more damaging effects. Ramsay et al. (2009) examined the effects of stress
and cortisol on P. neurophilia infections in zebrafish and found that increased cortisol levels
were correlated with more severe infections, reduced weight, reduced fecundity, and increased
mortality (Ramsay et al. 2009). While cortisol is notoriously immunosuppressive, other
experimental manipulations, such as exposure to gamma irradiation, are purposefully used to
destroy hematopoietic tissue and immune function in the test subject. With the emergence and
increased use of gamma irradiation protocols and the high prevalence of P. neurophilia in
zebrafish research we must pay special attention to the interactions between this experimental
modality and the contamination of facilities with P. neurophilia (Trede et al. 2004; Traver et al.
2004; Paik and Zon 2010).

Gamma irradiation exposure protocols are commonly used to study hematopoiesis by
elimination of the host immune system followed by transplantation of new cell lines into the

depleted tissue (Traver et al. 2004). Other laboratories utilize gamma irradiation to study the
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immune system by analyzing suppression followed by recovery (Parikka et al. 2012). A facility
utilizing gamma irradiation protocols has occasionally observed extensive mortalities following
exposure. This facility also had endemic Pleistopora hyphessobryconis infections and it was
discovered on post-mortem examination that these infections were far more severe, widespread,
and inflammatory than is generally observed in non-irradiated animals (Sanders et al. 2010). P.
neurophilia is also endemic in this facility. As this microsporidium is so widespread, it inspired
us to investigate the influence of gamma irradiation on the severity of the infections and

associated mortality.

5.3 Materials and Methods

Wild type zebrafish of the 5D strain were obtained from the Sinnhuber Aquatic Research
Laboratory (SARL) at Oregon State University. Fish were housed in a flow-through system.
Incoming municipal water source was filtered, dechlorinated and heated to 27 °C, fish were
subjected to a 14/10 h light/dark photoperiod, pH 7.0-7.4, alkalinity 80 ppm, hardness 75 ppm,
conductivity 135 uS. Fish were fed twice daily, except weekends, with the original commercial
diet “master mix” used at the SARL (Miller et al. 2014). This study was comprised of two
experiments evaluating the interactions between P. neurophilia infections and gamma irradiation
by either exposure to the infection and then irradiation (Task 1) or gamma irradiation then
infection (Task 2). Both of these experiments aimed to mimic potential conditions of a
laboratory contaminated with P. neurophilia utilizing gamma irradiation in its research. Hence,
both experiments included four groups of fish; controls, Pseudoloma infected without irradiation
(Pn+G-), Pseudoloma with irradiation (Pn+G+), and irradiation without Pseudoloma (Pn-G+).
Irradiation was achieved using a Gammacell 220 60Co gamma irradiator. Fish were exposed for
250 sec to accomplish a dose of 16 Gray, twice, separated by 24h hours. Hence, each exposure
gave 15-17 Gray (Gy), resulting in a total exposure of 30-34 Gy. Fish were first sedated with
100 ppm tricaine methane sulfonate (Aregent, Redmond, WA) and then exposed by being
placed, approx. 20 at a time, in a square plastic dishes within the irradiator (100 by 100 mm).
Appropriate groups of fish were experimentally infected with P. neurophilia by exposure to

effluent from a tank containing about 100 infected fish.
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5.3.1 Task 1: P. neurophilia followed by gamma irradiation

A total of 120 fish were exposed to P. neurophilia for 6 wk in a 10 gal aquarium. Sixty
fish from this tank were then irradiated and 60 were not. They were then placed into 12 1L tanks
(10 fish/tank). Likewise, 40 uninfected fish were irradiated, and 40 controls (exposed to neither
gamma irradiation or P. neurophilia (10 fish/tank) were included. Fish were monitored daily, and
moribund or dead fish were preserved for histology. Surviving fish were examined at 4 and 6 wk

post-irradiation (10 wk and 12 wk post-exposure to P. neurophilia).

5.3.2 Task 2: Gamma irradiation followed by P. neurophilia infection.

A total of 50 fish were irradiated and 30 of these fish (3 tanks of 10 fish) were then
exposed to P. neurophilia-effluent starting 3 d after the last gamma exposure. The other 2 tanks
of 10 unexposed fish represented the Pn-G+ group. Likewise, 30 additional fish (3 tanks) were
exposed to the parasite (Pn+G-) and 20 fish (2 tanks) represented the Pn-G- control group.
Exposure to the parasite in Task 2 was accomplished by running the effluent of the identical
group of infected donors in Task 1 into 6 3 L tanks (10fish/tank). This was done by diverting the
out flow of the donor tank into 6 separate water lines. The water flow to each tank was regulated
to be similar into each tank. In addition the tanks were rearranged every week to different out
flow lines to minimize exposure variation.

Moribund and dead fish were collected and preserved for histology throughout the
experiment. Many of the Pn+G+ fish had died or appeared moribund by 8 weeks (wk) post-
exposure (PE) (Figure 1). Therefore, we collected all the remaining fish from this group and
those in Pn-G- and Pn-G+ fish, and half of the Pn+G- fish. Only half of the latter were collected
at this time point as the infection status was unknown and we decided to hold some of the fish

from this group for an additional 4 wks to ascertain the development of the infection.

5.3.3 Fish sampling and histopathology

Sampled fish had their coeloms opened and then they were fixed in Dietrich’s fixative

and decalcified for 48h using Cal-Ex Il. These fish were then sectioned longitudinally and
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stained with hematoxylin and eosin (H&E) or the Luna stain using standard methods for
histopathologic analysis (Sanders et al. 2013). Two en face longitudinal sections were examined
per fish and the section with the most well-exposed spinal cord was chosen as the section to
evaluate. Fish were evaluated via light microscopy to determine sex, percent of fish infected,
percent of fish with nervous system infections, percent of fish with extraneural infections,
percent of fish with myositis, and the abundance of parasite clusters within fish with nervous

system infections.

5.3.4 Statistical Analyses

Survival curves for each experiment were generated using Kaplan-Meier estimate.
Within-treatment heterogeneity for mortalities was analyzed to determine if there was a
significant difference between mortality numbers between replicate tanks within treatments using
the log rank test. If no significant difference was determined, data for the replicate treatment
tanks were pooled, otherwise mortality data were analyzed separately for each tank within that
treatment. Survival between treatments was compared for a difference from untreated controls
using the log-rank test. Survival analyses were performed in GraphPad Prism version 5.1
(GraphPad Software). Significance was determined by a P value < 0.01 (Bonferroni correction to
correct for five multiple comparisons) nonparametric Wilcoxon-Mann-Whitney U- test

The differences in the number of P. neurophilia exposed fish with CNS infections,
myositis, and non-CNS infections were compared between gamma-irradiated and unirradiated
groups using the chi-squared test. The difference in parasite abundance were compared between
the two groups using the Wilcoxon-Mann-Whitney U-test. The effect of these histological
endpoints on survival of P. neurophilia exposed fish was estimated using the Cox proportional
hazards model to identify independent predictors of survival. Analyses were performed using the
statistical programming environment R version 3.1.2 (R-project) and the survival package
version 2.38 (Therneau 2015; Therneau and Grambsch 2000).

5.4 Results



99

Histological examination of control fish (Pn-G- fish) in all groups revealed no significant
lesions in terms of myositis or P. neurophilia infections. Please note that in incidents of
myositis within test groups, the most characteristic lesion is inflammation and muscle destruction
with or without intralesional free spores. Free spores, rather than parasite clusters, are most
commonly found in areas of myositis. Generally, when intact parasite clusters were visible in

muscle, they were not associated with inflammation.

5.4.1 Task 1: P. neurophilia exposure followed by Total body irradiation

No significant difference between replicate tanks within treatments was found so fish
within each treatment were pooled for survival analysis. At 4 wk post-irradition (PI), which was
10 wk post exposure to P. neurophilia (PE), there were no mortalities in untreated (Pn-G-) and P.
neurophilia-exposed (Pn+G-) groups, and no significant difference was found in the survival of
fish treated by TBI only (Pn-G+) compared to those exposed to P. neurophilia and subsequently
treated with TBI (Pn+G+) (Fig 1. 90.5% survival versus 86.2%, respectively). At 6 wk PE (12
wk PI), there were no mortalities in the untreated control tanks and no significant difference
between survival of the Pn+G- and Pn-G+ groups compared to the untreated controls (Pn-G-
fish) (Fig 1. 93.3% and 95%, respectively). In contrast, survival within the Pn+G+ group
declined to nearly half by 6 wk and differed significantly from controls (Fig. 1. 56.7%, p <
0.0001, log-rank test).

Histological examination revealed that the prevalence of infection increased from about
20% at 4 wk P1 to about 60-70% at 6 wk PI in both the Pn+G- and Pn+G+ fish (Table 1; Fig. 2;
Fig. 3)., At 6 wk PI, Pn+G+ fish exhibited over twice as many parasite clusters in the CNS as the
Pn+G- fish. Moreover, the Pn+G+ fish had 5 times the prevalence of parasites in non-CNS

tissues, and twice as many with myositis compared to the Pn+G- fish at this time.



100

Mortality Myositis Non-
Treatment o CNS (%) | Abundance CNS
(%) (%) 0
(%)
. No
Task 1M | Gamma 0 24 5.8 18 6
(n=34)
Task 1,Time | Gamma 14 21 2.4 24 14
1 (n=29)
Task 1,Time | No gamma
5 (n= 30) 07 62 5.4 25 7
Task 1, Gamma - o *
Time 2 (n=30) 43 70 13.7 52 37
. No
Task 21'T'me Gamma 7 53 2.8 47 13
(n=15)
Task 2,Time | Gamma 50 62 8.9 58 42%*
1 (n=28)
. No
Task 22’T'me Gamma 0 71 8.1 7 21
(n=14)

Table 1. Histology results from Task 1 and Task 2 for zebrafish exposed to P. neurophilia, either

with or without gamma irradiation. CNS=central nervous system P. neurophilia infections.

Abundance = mean numbers of P. neurophilia clusters in CNS. Note that abundance includes
uninfected fish with in the particular populations. Non-CNS = infections by P. neurophilia in
other organs. Statistical differences at each time point between irradiated and non-irradiated fish
are indicated by * (p < 0.05) using the Wilcoxon-Mann-Whitney U-test for abundance and the

chi-squared test for numbers of CNS infections, myositis, and non-CNS infections. ** =
marginally significant (p=0.08)
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FIG 1. Overview of gamma irradiation/Pseudoloma neurophilia exposure of Danio rerio.
Numbers of fish in each group and collection time are noted in Table 1 and in the text Task 1A.
Zebrafish were exposed to P. neurophilia by running effluent from a tank of infected donor fish
into the 10 gal aquarium they are housed in. An unexposed group was held in a separate 10 gal
aquarium with filtered system water. 1B. After 6 weeks, one half of the fish from the exposed
and the unexposed group (n = 40) were irradiated. 1C. Each treatment group was divided into 1L
tanks (10 fish/tank): Pn+G- (6 tanks), Pn+G+ (6 tanks), Pn-G+ (4 tanks), Pn-G- (4 tanks). Fish
were monitored daily and moribund fish were euthanized and preserved for histology. Fish that
died prior to the time point collection were included in that time point if they were interpretable
by histology (i.e. did not have significant post-mortem autolysis). 1D. Time 1 sampling: One half
of the surviving fish from each group were sampled at 4 weeks post-irradiation by collecting all
the fish in half of the tanks from each group 1E. Time 2 sampling: At 6 weeks post-irradiation,
the remaining fish are euthanized and processed for histology, and any suitable moribund or dead
fish after Time 1 where included in Time 2. Task 2A. A total of 50 fish were irradiated and
separated into 1L tanks (10 fish/tank). An additional 50 fish were separated into 1L tanks (10
fish/tank) without gamma irradiation. 2B. At 3 days post irradiation, 3 tanks of irradiated and 3
tanks of non-irradiated fish were exposed to P. neurophilia. 2C. There were four treatment
groups held in separate 1 L tanks: Pn-G+ (2 tanks), Pn+G+ (3 tanks), Pn+G- (3 tanks), Pn-G- (2
tanks). Fish were monitored daily and moribund fish were euthanized and preserved for
histology. Fish that died prior to the time point collection were included in that time point if they
were interpretable by histology. 2D. Time 1 sampling: At 8 weeks post-P. neurophilia exposure,
half of the fish from each Pn+G- tank and all remaining Pn-G-, Pn-G+, and Pn+G+ fish were
euthanized and fixed for histology. 2E. Time 2 sampling: At 12 weeks post-P. neurophilia
exposure, the remaining Pn+G- fish were euthanized and fixed for histology.
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Figure 2. Survival of Danio rerio treated with total body irradiation (TBI) and exposed to
Pseudoloma neurophilia. A. Percent survival of Task 1 in which fish were either untreated (Pn-
G-), treated with TBI only (Pn-G+), exposed to P. neurophilia (Pn+G-), or exposed to P.
neurophilia and then treated with TBI (Pn+G+). Fish were sacrificed and examined at two time
points, 4 wk post-TBI (Time 1) and 6 wk post-TBI (Time 2). No significant difference in
survival was observed between treatment groups and the untreated group at Time 1. At Time 2,
the survival of the PN+G+ group differed significantly from the untreated group. B. Percent
survival of Task 2 with similar groups as in Task 1, however Pn+G+ fish were exposed to P.
neurophilia 3 d post-TBI. Survival between replicate tanks within the Pn+G+ group was
compared separately to the untreated group. All three Pn+G+ tanks differed significantly from
untreated controls. * p < 0.01, *** p <0.001 log-rank test. n = number of fish/treatment group.
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FIG 3. Histologic characteristics of P. neurophilia infections in irradiated fish. A. P.
neurophilia infection within the central nervous system. Commonly, within the spinal cord,
parasites form intra-axonal clusters containing all life stages of the parasite, often with minimal
to no inflammation (arrow). Luna stain. 200x. B. Extraneuronal infection within the kidney in
an irradiated fish. Parasite clusters are observed within renal tubular epithelial cells with no
associated inflammation (arrows). Luna stain. 400x. C. Extraneuronal infection within the heart
in an irradiated fish. Parasite clusters are observed within cardiomyocytes with no associated
inflammation (arrows). Luna stain. 400x. D. Extraneuronal infection within skeletal muscle in an
irradiated fish. Parasite clusters are observed within skeletal muscle cells, often with no
associated inflammation (arrow). Luna stain. 200x. E. Myositis in an irradiated, infected fish.
Skeletal muscle cells exhibit fragmentation and a loss of cross-striations and infiltration by
inflammatory cells (arrows). Note the severe infiltration composed of grnulocytes and monocytes
adjacent (star) H&E. 200x. F. Myositis in an irradiated infected fish; magnified image of (E).
The inflammatory infiltrate associated with myositis is composed primarily of macrophages
(black arrow) and granulocytes (white arrow) with fewer scattered lymphocytes (arrowhead).
H&E. 400x.
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5.4.2 Task 2: Total body irradiation followed by P. neurophilia exposure

A significant amount of intertank heterogeneity was detected between replicate tanks of
the Pn+G+ treatment group so these tanks were analyzed separately. Similar to Task 1, the
Pn+G+ fish showed lower survival (overall 50% at 8 wk PE), compared to the other groups when
fish were collected at 8 wk Pl (Pn-G- = 100%, Pn+G- = 93.3%, Pn-G+ 94.1%), and hence
mortality in the Pn+G+ group was significantly greater than the other groups (Fig 2. Tank 1 p <
0.0001, Tank 2 p<0.0001, Tank 3 p < 0.01, log-rank test).

Histological examination also showed a similar pattern as in Task 1, with a similar
prevalence of infection at 8 wk post-exposure in both parasite exposed groups, but about 3 times
the prevalence of non-CNS infections. However, in this experiment, both groups of infected fish
showed similar levels of myositis. More than half of the Pn+G+ fish died before the 8 wk sample
time, with a mean time to death of 4.5 wk. Although not collected at predetermined times, we
included moribund fish in our analysis to provide a larger data set. Exclusion of clinically
infected fish (fish with spinal deformities, profound emaciation or abnormal swimming behavior)
from the analysis showed about 1.5 times the abundance of parasite clusters, and a slight increase
in myositis (64 vs 58 %) and essentially the same prevalence of non-CNS infections (43 vs
42%).

The regression analysis performed using the Cox Proportional Hazards model showed
that fish with myositis and extraneural (non-CNS) infections were approximately 3 times more
likely to suffer clinical signs and death (1.18-7.66 95% ClI, p < 0.05; 1.23-7.16 95% ClI, p <0.05,
respectively). The prevalence of P. neurophilia was similar within exposed treatment groups and
thus this was found to not be a significant predictor of mortality. Overall parasite abundance in
the CNS was about 3 times greater in the Pn+G+ treated fish than Pn+G-, but this dithis
difference was not determined to be significant (p=0.17, U-test). There was no difference in
myositis, but Non-CNS infections were about 3.5 times greater in gamma irraditated fish, which

was marginally significant (P=0.08).

5.5 Discussion
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Here we showed that neither infection nor gamma exposure alone was associated with
significantly increased mortality. In contrast, when combined, either infection followed by
irradiation or irradiation followed by P. neurophilia exposure resulted in increased mortality.
Concurrent with increased mortality, we observed more parasites and more extensive infections
outside of the CNS, and more myositis in infected, irradiated fish. Myositis is particularly
associated with immunosuppression with Pseudoloma-infected zebrafish and is often more
common in fish experiencing clinical signs associated with P. neurophilia infections (Ramsay et
al. 2009; Spagnoli et al. 2015).

Microsporidiosis has been associated with immunosuppression in a wide variety of hosts
including rabbits, fish, and dogs, and was not recognized as a significant pathogen in humans
until the AIDS pandemic (Percy and Barthold 2007; Carr et al. 1998; Sanders et al. 2010).
Ramsay et al. (2009) showed that fish with higher cortisol levels due to crowding stress had
more myaositis, which is consistent with our finding of immunosuppression due to gamma
irradiation was associated with more myositis (Ramsay et al. 2009). Likewise, gamma
irradiation of zebrafish with subclinical M. marinum infections exhibited more chronic
inflammation and granuloma formation in concordance with more severe infections (Parikka et
al. 2012).

The Parikka study is particularly interesting due to the elegant exploration of the
mechanisms behind activation of latent M. marinum infections with regard to irradiation-induced
immune suppression. Similar to the observations regarding immune-deficiency associated
microsporidiosis enhancement, human mycobacteriosis appears to be enhanced by immune
suppression (Parikka et al. 2012), keeping in mind that this study utilized different radiation and
sedation protocols than ours. In fact, distinct latent and active phases for Mycobacterium
tuberculosis and Mycobacterium marinum have both been well-described (Parikka et al. 2012).
The Parikka study found that immune suppression in zebrafish via gamma-irradiation was
associated with a transition from the latent to active phase of M. marinum and an associated
increase in mortality and severity of infection (Parikka et al. 2012). Ramsay et al. reported very
similar finding, in which high mortalities were induced in zebrafish exposed to crowding stress
which had underlying M. marinum infections (Ramsay et al. 2009). While it is generally well-
known that adaptive immunity is necessary to the inducement and maintenance of M. marinum,

using flow cytometry of kidney homogenates, Parikka et al. were able to determine exactly
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which immune cells were affected by gamma-irradiation (Parikka et al. 2012). They found that
leukocyte numbers reached a nadir at 6-7 days post-irradiation (at which point numbers begin to
recover) and that lymphocytes were depleted by approximately 80% while monocyte and
granulocyte numbers were only depleted by about 47%. Specifically evaluating lymphocytes, B
cells were reduced by 99% while T cells were only reduced by 67%. Therefore, it appears that,
at least in the case of mycobacteriosis, activation of latent bacteria following gamma irradiation

is driven primarily by lymphocyte depletion.

Although the specific interactions between the immune system and P. neurophilia are not
yet described, the fact that gamma irradiation and infection are associated with increased
mortality, extra-CNS infections, and myositis compared to either irradiation or infection alone
could indicate some parallels between the mechanism of immune-suppression enhanced
microsporidiosis and mycobacteriosis. Both microsporidia and mycobacteria are intracellular
organisms. We also see a parallel between the concept of latent and active infections and the
switch that occurs during immunosuppression in both infections. Although “latent” and ““active”
phases have not been identified for P. neurophilia as they have for M. marinum, the general
pattern of subclinical, minimally-inflammatory infections in immunocompetent animals appears
to at least partially parallel the mycobacterium narrative. Taking this parallel further, Parikka et
al.’s finding that lymphoid depletion caused by gamma irradiation was primarily responsible for
activation of latent mycobacterial infections could explain our own observations that irradiation
results in an increased incidence of myositis, a severe inflammatory response microscopically
dominated by granulocytes and macrophages (Parikka et al.2012). Whereas we do not know the
exact mechanism of microsporidial myositis in zebrafish, the general reaction of the body to
ruptured P. neurophilia parasite clusters resembles so-called “foreign body” responses in
mammals, which are primarily mediated by innate, rather than adaptive, immunity, meaning that
lymphocytes may be minimally involved with myositis lesions, at least in their acute, active
presentation®*. Another possible explanation for the increased inflammatory lesions seen in our
study was that most of our fish were evaluated at several weeks after irradiation. If the nadir of
the immune system occurs at 7 d post-irradiation (Parikka et al. 2012), it is possible that P.
neurophilia overgrowth began at the immune system’s lowest point and continued to progress as
the immune system recovered. As more leukocytes were produced and the immune system

began to reactivate, it is possible that the severe inflammation we observed in irradiated, infected
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fish was the result of a recovering immune system attacking overgrown, ruptured parasite
clusters that had been allowed to flourish during the period of immunosuppression. Because
lymphocytes appear to be the primary target of gamma irradiation (Parikka et al. 2012) and
because the incidence of myositis was increased in irradiated animals, adaptive immunity likely
contributes to the initial entry of the parasite into the nervous system as well as the absence of
myositis in most immune competent cases. As seen with chronic inflammation associated with
ruptured xenomas of Loma salmonae in salmon gills (Kent et al. 2005), the major component of
myositis in P. neurophilia is likely macrophages, and this cell lineage was likely spared to a
large extent following irradiation (Parikka et al. 2012). Another interesting feature of our
experiment was that animals in task 2 (irradiation followed by infection) were four times as
likely to have extraneural infections than animals in task 1. This observation could indicate that
that P. neurophilia’s distribution throughout the body, particularly its clearance from peripheral
tissues and concentration in the nervous system, could be mediated by adaptive, rather than

innate immunity.

Gamma irradiation is not the only immunosuppressive experimental modality used in
zebrafish. Studies of stress involving introduction of cortisol or exogenous stressors can be
directly immunosuppressive and result in increased mortality and infection severity due to
microsporidiosis (Ramsay et al. 2009). N-ethyl-N-nitrosurea (ENU) is an alkylating agent and
potent mutagen used in many zebrafish studies to produce random mutations for various genetic
studies. Among the studies utilizing ENU are experiments that study immune-suppression in
induced mutants (Trede et al. 2004). Furthermore, repeated, low level ENU exposure is
immunotoxic in male CD1 mice (Jayasekaraet al. 1989). Therefore, the potential for ENU to
directly induce immune suppression in zebrafish exists and may be further complicated by P.
neurophilia infection. Contamination of a zebrafish colony with P. neurophilia could also
potentially confound observations of embryonic-lethal mutations in progeny from ENU-treated
individuals that would otherwise provide valuable information concerning genetic

immunosuppression in living individuals.

Gamma irradiation and increased mortality due to secondary infections is well-
documented in species other than fish, particularly in humans exposed to the horrors of the atom.

Both humans and animals present at such tragedies as Chernobyl, Hiroshima, and Nagasaki have
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innumerable reported incidences of severe immunodeficiency and secondary infection following
ionizing radiation exposure, primarily due to thymic suppression (Yablokov 2005; Elliott and
Ledney 1989). These phenomena are so well-documented that the syndromes gain such colorful
monikers as “Chernobyl AIDS” (Yablokov 2009). The effects of gamma irradiation on
secondary infections is also well-documented in the laboratory mouse, which is susceptible to
both latent infection activation and novel infection by otherwise low-virulence pathogens (Van
Diepen et al. 2005; Duran-Struuck and Dysko 2009).

There was a general trend of increased severity of infection based on abundance of CNS
parasites, non-CNS infections, and myositis. However, even with 2-3 times increase on
particular endpoints the change was not always statistically significant. This was likely due to the
significant variability within treatment groups. Including moribund or dead fish in the analysis
likely underestimates the differences in parasite burden, myositis, and extra-CNS infections as all
of these would have likely had higher values if they survived to the appropriate time of
collection. This is supported by the study of Ramsay et al., which showed that parasite
prevalence and burden increases with time and that there is little if any recovery, at least out to
20 wk PE (Ramsay et al. 2009). Removal of the moribund or dead fish, which had a mean time
to death of 4.5 wk, resulted in an increase in parasite abundance but not myositis and CNS
infections. This is was likely because examination of only healthy fish at 8 wk represented a
group that had more time to develop visible infections. In contrast, myositis and extra-CNS
infections were strongly associated with mortality, and thus removing the moribund or dead fish
from the analysis probably compensated for any increase in these parameters that would be
expected to be related with longer standing infections (Ramsay et al. 2009).

In conclusion, our study showed that the combination of P. neurophilia with gamma
irradiation was associated with considerably more mortality than either alone. This provides an
explanation for the variable mortality observed in a facility that irradiates fish and has an
underlying infection by P. neurophilia. This is yet another example of the potential impacts on

research when subclinical or chronic infections are wide spread in zebrafish used for research.
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Chapter 6
Discussion

Pseudoloma neurophilia is remarkably common in zebrafish research facilities, and my
experiments clearly demonstrate that underlying infections have a significant impact on
behavioral research and experiments that utilize. As a demonstration of the relevance and
topicality of this dissertation, I present the following narrative of histological interpretations that
| recently provided for a research project.

While writing on an unusually sunny morning in late-March, | was awaiting the response
to an email | had sent about three hours previously concerning a collaborative study of
neurotoxicity in zebrafish. Without revealing too many incriminating details, this was a study
funded by a major federal organization involving a number of international collaborators
including myself that aimed to examine whether or not a certain toxicant caused a peripheral
axonopathy and behavior changes in adults. After four months of coordination, back-and-forth
emailing, a delayed international shipment of fixed fish, and about two thousand dollars in
histopathology fees, | finished reading the slides. At first | was thrilled when | detected the
telltale signs of bilateral muscle atrophy that could provide evidence of a peripheral axonopathy
in several fish. | read the slides blinded to treatment status, but the lesions were not subtle. Then
again, neither was the labeling: C and T groups...Control and Treatment presumably. “But
maybe not,” I told myself, “maybe they switched the letters to avoid bias.” Nevertheless, both
the C and T fish had similar lesions. Then there was the gliosis. Gliosis and bilateral muscle
atrophy! This was going to very neatly confirm the researchers’ hypothesis.

And there they were: Spores in the ventral white matter, cheerfully stuffing an axon.

| stopped reading the slides for about two days, trying to figure out how | was going to
tell these researchers that they had made the very mistake my entire dissertation has been
designed to prevent. Once | had worked up the courage, or at least the apathy, to finish reading
them all, the final result was not good. Out of 56 fish, 30 contained Pseudoloma spores
identified via histopathology, and 12 had lesions without identifiable spores. That left only 14
fish without lesions or spores, but still with the potential for nonlesional infection. Both T and C
fish were equally represented between these three groups, so even if toxicant-associated lesions

were more consistently present in the treatment group, they would have been completely
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obscured by the infection. All that work, time, and effort had been tainted- ruined- by parasite
contamination. Considering my thesis research, this “non-protocol induced variation” could be

considered serendipitous, if it wasn’t so tragic.

I’d strongly suspected from the outset that the work | was doing was important—
otherwise I don’t think I could have brought myself to continue—but being involved in a project
that had to be completely scrapped hammered home both the importance of good biosecurity
practices and the prevalence of P. neurophilia within the international zebrafish community. |
would like to say that the odds of receiving infected fish in a neuropathological and behavioral
study from halfway across the globe were low, but P. neurophilia still remains one of the most

commonly diagnosed laboratory contaminants worldwide (Murray 2015).

What has struck me so distinctly since beginning my work with zebrafish is how none of
these concepts are new, nor should the results be surprising. Aside from the particulars
regarding P. neurophilia, which has only been considered a distinct species since 2001
(Matthews et al. 2001), the basic idea that laboratory animals can develop non-protocol related
infections just as easily as their wild counterparts, is well recognized. A laboratory animal is,
after all, an animal and not a piece of lab equipment. The astronomical rise of SPF rodent lines
and biosecurity measures in mammalian laboratories since the 1950s stands testament to the dual
necessity of both recognizing model organisms as holistic systems and the need to introduce
some level of homogeneity to those systems (Percy and Barthold 2007).

The zebrafish community is not alone in its relative naiveté regarding pathogen
contamination. On the contrary, the community as a whole has done a remarkable job “cleaning
up” the zebrafish as a model organism given the fraction of the time the rodent community has
had to accomplish similar goals. Comparative biomedical research, both currently and
historically, has been fraught with complications from the catastrophic to the merely confusing.
Some of the noteworthy examples include fatal Salmonella outbreaks in laboratory mice, the
attribution of transitional cell carcinomas in rats infected with the bladder threadworm
Trichosomoides crassicauda to saccharine consumption, and pharmaceutical trials being
compromised by lungworm infection (Filaroides sp.) (Percy and Barthold 2007, Weihrauch and
Diehl 2004, Hirth and Hottendorf 1973). Aquatic model have also fallen victim to similar

mishaps: in medaka, (Oryzias latipas), Mycobacterium marinum infection has been associated
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with increased incidences of hepatic neoplasia in an hepatotoxicity study, (Broussard et al.
2009), Mycobacterial granulomas being mistaken for tumors in toxicology studies (Abner 1994),
and increased gut tumors associated with Pseudocapillaria tomentosa infection (Spitzbergen
2012). In all studies, large groups of experimental animals had to be rejected due to the
contamination (Kent et al. 2012). While no research using in vivo models can be expected to be
perfect, the zebrafish community can at least learn from the mistakes of our predecessors in the
mammalian community and take the necessary measures to speed up the timetable towards
improving our model.

The question then arises as to how we can accomplish this as a community. After having
interacted with a number of colleagues specializing in biomedical research, laboratory animal
medicine, veterinary medicine, and anatomic pathology, the answer is simple, at least at face
value: Collaboration. If you’ll indulge me another anecdote, I’d like to recount an incident that I
find incredibly representative of the disconnect between researchers toiling in their individual
fields. Without naming names once again, a major journal with an astronomical impact factor
published a photograph on its cover depicting a binucleate mouse hepatocyte. Now, among lab
animal veterinarians and anatomic pathologists, mouse livers are notorious for having a wide
range of hepatocellular phenotypes including binucleate hepatocytes, and so such a change
would fall under the realm of nonpathogenic variation... “normal abnormalities,” so to speak
(Percy and Barthold 2007). However, the image had made the cover of this particular issue
because the authors of the article considered binucleate hepatocytes to be a novel phenotype
associated with a particular genetic knock-out. Following the ensuing letters to the editor, the
article was retracted and revised. The lesson of this particular story is that the authors could have
avoided an embarrassing, internationally publicized mistake had they simply thought to
collaborate with an experienced laboratory animal veterinarian or anatomic pathologist. A
second, more ominous, moral is that the international scientific community seems to lack a
particularly high opinion of veterinarians and veterinary pathologists—so much so that they are
willing to base important conclusions on erroneous pathological data. Yet another example of
this disregard was a federally-funded study that had been published in a reputable environmental
journal (Mar. Environ. Res.) wherein it was reported that fish associated with the Deep Horizon
oil spill site exhibited various toxicopathic changes such as hepatocellular necrosis . However,

upon viewing the images in the article, it was obvious that the “lesions” described were due to
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post-mortem autolysis and not to any kind of biological process such as necrosis. Moving to the
Pacific coast, the Califorina Sea Grant funded a large study to investigate anthropogenic causes
of a high prevalence of ovarian tumors in arrow gobies (Clevelandia ios), but these lesions were
actually massive infections by a novel microsprodium (Sanders et al. 2012).

Whether such errors are due to ignorance of, or an active disregard for, the input of
trained veterinary and pathologic professionals, one thing is certain: Bad science thrives in an
atmosphere without collaboration. | hope that, through this dissertation, | have contributed to the
discussion involving the need for the use of pathogen-free animals in research, understanding the
effects when contamination cannot be avoided, and the need for collaboration and integration of
multiple disciplines when in vivo models are involved, whether to improve preventative
measures or to aid in data interpretation. In a perfect world, it would be standard practice for
trained veterinarians and pathologists to collaborate on any and all projects involving gross or
microscopic pathology. 1 like to think that this dissertation is a step in that direction.

Stepping off of the soap box for a bit, certain facts have come to light following the
publication of these studies comprising this manuscript that | feel are important to mention.
Although I was excited over the potential for P. neurophilia to be the first organism larger than a
virus to utilize retrograde axonal transport, and although this is still a fascinating avenue for
further research, it bears mentioning that there have been other documented cases of relatively
large organisms travelling intra-axonally. The bacterium Listeria monocytogenes, which causes
rhombencephalitis in both ruminants and man, enters the host through peripheral tissues. There
is strong evidence that L. monocytogenes utilizes intra-axonal transport in order to migrate from
peripheral tissues to the rhombencephalon, including the identification of intra-axonal bacteria
and the prevention of ascending infection via severing nervous connections between the infection
site and the central nervous system (Antal et al. 2001; Dons et al. 2007; Otter and Blakemore
1989). While the phenomenon is similar to what we have observed for P. neurophilia, the
method of transport may be different. While there is no evidence that P. neurophilia is motile
beyond its launching of the polar tubule and therefore may need to “hijack” host molecular
motors to travel, L. monocytogenes can move through cytosol by using assymetric cometic tails
and may not need to use host molecular motors for transport (Antal et al. 2001). Although the

observation of retrograde axonal transport in organisms larger than viruses has already been
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documented, the research involving L. monocytogenes provides a good precedent for further
study of retrograde axonal transport by P. neurophilia.

I would like to conclude with a discussion of variability. Although a highly specific
diagnostic methodology, histopathologic examination of tissues on glass slides is not terribly
sensitive considering the fact that the pathologist is viewing a single 5 micrometer-thick section
of an animal that is, in the case of the zebrafish, about a centimeter wide. That is, everything in
the animal that exists outside of that 5 micrometer section will not be viewed by the pathologist,
increasing the risk of false negatives during analysis. Furthermore, the fixation process and
variable size of the fish along with the difficulty of making a perfectly parallel cut along the
animal’s spine means that each section is, to a certain degree, variable in terms of its exposure of
specific anatomic structures. In the studies described within this manuscript, we used parasite
cluster number as a measure of infection intensity, however, it is important to keep in mind that
these counts are made from a single section of the fish and may under-represent true parasite
loads and over-represent parasite-negative populations of zebrafish. Furthermore, certain
anatomic structures are not visible in every secton. For example, in the retrospective study, |
attempted to enumerate parasite clusters within the cranial nerves, but cranial nerves were not
visible in every section. It would have been better, therefore, to provide a descriptive mention of
their involvement rather than a quantitative one. Perhaps a better methodology available in
future studies will be to use a highly sensitive micro-CT device that could scan the animal’s
entire body in three dimensions, providing us with a more accurate count of parasite clusters than
a single five micrometer section. The use of a whole-body scan would help to eliminate the
variability inherent in histopathologic sectioning.

Future studies may also involve more precise methods of producing dose-dependent
infections in order to reduce variability in terms of dose and exposure compared to our
cohabitation/effluent water exposure methods. It is, in fact, possible to gavage zebrafish with a
known number of spores at known times in order to more precisely track infection and exposure
rates. Also, the 5D zebrafish strain has been bred to be as close to wild-type as possible,
increasing interfish variability by virtue of their genetics. Utilizing more genetically consistent
strains may also help to reduce variability in future studies. The ultimate goal of these studies
was to replicate conditions that produce P. neurophilia infections “in the wild,” that is, in an

average laboratory setting. Interestingly, my work described in this manuscript actively sought
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to avoid the tight experimental control that makes the zebrafish such a powerful model organism,
yet, despite the variability inherent in the fishes’ genetic background, disease exposure, and
diagnostic analysis, we were still able to provide strong evidence that P. neurophilia infections
influence both biomedical and neurobehavioral studies. Our statistically significant evidence in
the face of this high inherent variability should act as a strong caution to the zebrafish

community regarding biosecurity and diagnostic monitoring.
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Chapter 7

CONCLUSION

The work described in this dissertation provides conclusive evidence that subclinical
Pseudoloma neurophilia infections significantly alter experimental data in neurobehavioral
experiments and in research utilizing gamma irradiation protocols. This dissertation includes
some of the first work to show that subclinical microsporidiosis in zebrafish alters experimental
outcomes in common neurobehavioral and biomedical protocols. Because P. neurophilia is such
a common contaminant of zebrafish facilities worldwide, this dissertation has wide-reaching
implications for the research community.

Our retrospective study is the first of its kind performed in zebrafish and aside from
providing us with solid footing on which to base our behavioral and biomedical experiments, it
provided fascinating insight into the pathogenesis of P. neurophilia infection. We discovered
that, not only does P. neurophilia infection cause myositis far less frequently than is widely
perceived, but also that the severity of infection and nervous system inflammation is not
associated with the recognition of clinical signs. This was to be a common theme throughout our
work, as neither central nervous system parasite cluster number nor nervous system
inflammation was associated with mortality, clinical signs, or altered behavioral profiles in the
startle habituation and gamma irradiation experiments. Furthermore, the tropism for descending
white matter tracks in the rhombencephalon and nerve roots along with the appearance of
multiple parasite clusters in a single axon suggested that retrograde axonal transport may be
responsible for the spread of P. neurophilia through the nervous system.

Building on our findings from the retrospective study, the startle response habituation
study allowed us to show an association between P. neurophilia infection and the formation of
distinct behavioral syndromes among both infected and uninfected fish in a contaminated tank.
This experiment was the first to apply common neurobehavioral protocols to study the subtle
effects of subclinical microsporidiosis, and it was the first published report of P. neurophilia
being associated with potential non-protocol induced variation in a behavior study. It was
unclear from the results whether the altered behavior profiles were caused by mortality based

selection of infected fish or by the direct influence of the parasite on the nervous system, which
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led us to utilize an experimental protocol that could track fish behavior before and after
infection: The shoaling experiment.

The shoaling experiment is the first study to show a causative relationship between P.
neurophilia infection and altered behavior in zebrafish. Combined with the results of the startle
habituation study, the behavioral syndrome of reduced overall habituation, increased capture
evasion, and decreased mean interfish distance suggests that P. neurophilia infection may
produce a high-arousal or hypervigilant behavioral phenotype. While further experiments are
needed to specifically identify the true behavioral phenotype caused by infection, our work
clearly shows that P. neurophilia infection influences results in neurobehavioral studies.

While obviously not a neurobehavioral study, the gamma irradiation experiment was an
important part of this dissertation because zebrafish are a commonly used biomedical model and
microsporidia are notorious organisms of opportunity. This study was the first to examine the
effects of gamma irradiation on microsporidial infections in zebrafish and the increased mortality
associated with infection and irradiation compared to either exposure alone is an important
finding for any laboratory utilizing immunosuppressive protocols. Furthermore, the the
observation of increased myositis associated with gamma irradiation suggests that lymphocytes
and adaptive immunity could be responsible for the early distribution of parasites to the nervous
system, rather than to the muscle.

The rise of the zebrafish as a versatile model organism continues unabated. As the
variety of experimental protocols increases, so too does the risk of subtle but damaging
alterations to experimental data caused by subclinical microsporidiosis. This dissertation should
act as a call to arms for the zebrafish community to “clean up its act” so to speak: to increase
biosecurity measures, to implement rigorous sentinel programs, and to increase the creation and
use of specific pathogen free facilities. It is difficult enough to convince lay people, and even
other scientists, of the validity of novel model organisms, particularly non-mammalian species.
If we, as a community, wish to improve both the perception and robustness of the zebrafish as a
biomedical model, we must strive to reach at least the same standards of cleanliness and

consistency that are common in the rodent world.
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Introduction.

The use of aquatic models as part of an integrative approach to biomedical research has
expanded rapidly in the last few decades (Lieschke & Currie 2007; Allen & Neely 2010; Harland
and Grainger 2011; Phillips & Westerfield 2014). This is perhaps most strikingly exemplified by
the zebrafish (Danio rerio), as the Zebrafish Model Organism Database (ZFIN) web site
(http://zfin.org) now lists approximately 1000 laboratories that employ zebrafish, and a 2014
search of the U.S. National Institutes of Health RePORTER website using the term “zebrafish”
revealed a list of 735 grants using this model. In fact, zebrafish recently surpassed Drosphilia in
PubMed listings (2,279 versus 2,265 PubMed listings in 2011).

It is important to keep both the researchers’ and aquaculturists’ primary goals in mind
when shifting between food production, conservation, and laboratory settings. For much of this
book, stress has been discussed mostly as it relates to fish “performance,” which is a single word
with numerous meanings depending on context. In a production setting, “performance” can be
measured in terms of fecundity, growth, and survival. In a conservation setting, “performance”
can be measured in terms of population stability, recovery, and homing and straying rates. In the

laboratory, the definition of “performance” becomes entirely fluid, changing based on the
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objectives of the research at hand. Fortunately, there are some fundamental goals that apply to all
experimental organisms: similarity of subjects apart from experimental manipulations, animal
welfare, and robustness of the model under study—both in general and as it pertains to specific
research endpoints.

For many years, researchers have used adult trout (Bailey et al. 1992; Bailey et al. 1996;
Williams et al. 2003), medaka (Hawkins et al. 1990; Takeda & Shimida 2010), and swordtail X
platyfish hybrids (Schartl et al. 1997; Schart|1995; Patton et al. 2010) (Ostrander 2000) as
models for basic biomedical science. Zebrafish experimentation was initially led by
developmental geneticists whose primary interests concerned embryos or larval fish. As
researchers have explored the utility of the zebrafish as a model for aging, chronic disease, and
complex neurobehavioral syndromes, increasing focus has been placed on juvenile and adult-
stage zebrafish (Dooley and Zon 2000). Challenges in experiments utilizing embyros or newly
hatched larvae have many similarities with research using post-larval through adult fish because
both require appropriate rearing and population maintenance. However, the latter type of
research requires additional diligence in order to avoid non-protocol induced variation in in vivo
experiments. The emergent challenges involved in rearing and maintaining populations of
juvenile and adult zebrafish compared to embryos and larvae has led to a heightened need for
greater involvement by veterinary specialists trained in comparative pathology and laboratory
animal medicine.

Specific areas of study utilizing juvenile and adult zebrafish are varied and include
infectious disease susceptibility and immune system function (Sullivan and Kim 2008; Novoa &
Figueras 2012; van der Vaart 2012), aging (Gerhard 2007; Kishi et al. 2009), toxicology
(Mathew et al. 2009; Truong et al. 2011, 2014), oncology (Liu & Leach 2011; Ceol et al. 2011),
and behavior (Sisson et al. 2007; Wong et al. 2010; Stewart et al. 2012). Regarding infectious
diseases, some 30 different bacterial pathogens have been studied using the zebrafish model
(Meijer & Spaink 2011). A number of programs rely on experimental infection of zebrafish
with Mycobacterium spp. (e.g., Prouty et al. 2003; Meijer et al. 2005; Swain et al. 2006), which
could be confounded by underlying, preexisting infections. Diverse work on fish in the field of
cancer research includes the establishment of xenotransplantation models, where human tumors
are transplanted into immune compromised zebrafish (Patton et al. 2011; White et al. 2008;
Patton & Zon 2005; Taylor & Zon 2009).
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Other aquatic species commonly used as model organisms include three-spined
sticklebacks (Gasterosteus aculeatus), Japanese medaka (Oryzias latipes), fathead minnow
(Pimephales promelas), and several Xipophorus species. Sticklebacks are considered a robust
model for studies concerning evolution and ecology, specifically phenotypic and genomic
variation, speciation, and natural selection (Hendry et al 2013). Medaka have been indispensable
to the fields of genomics and toxicology, and were the first fish in which transgenesis was
achieved (Shima and Mitani 2004). Fathead minnows have been used in numerous toxicology
studies (Ankley and Villeneuve 2006) and are used as bioindicator species.(EPA 2002)
Xipophorus species are excellent models for melanomas and sexual development disorders
(Schartl 2014). Other common research species include common carp (Cyprinus carpio) in
environmental toxicology studies (Henshel et al. 1999), channel catfish (Ictalurus punctatus) in
studies of evolutionary genomics (Liu 2003) and Mozambique tilapia (Oreochormis
mossambicus) in osmoregulatory research (Gardell et al. 2013).

Despite the wide utility of these organisms, investigators are only just now becoming
aware of the potential impact that underlying stress and chronic disease may have on research
utilizing post-larval fish in medium- to long term experiments. With the dramatic rise of fish as a
model organisms for neurobehavioral experiments (Sission et al. 2007; Rihel & Schier 2012;
Spence 2011; Bailey et al. 2013), it is likely that chronic stress may exert unwanted effects on
studies with behavioral or psychological endpoints. Kent et al. (2012) reviewed the impacts of
chronic diseases as causes of non-protocol induced variation in zebrafish research. This chapter
will expand on this theme to highlight potential and demonstrated impacts of stress in model

laboratory fish and to provide a general overview of stress in these animals.

Indicators of Stress in Laboratory Fish.

The relationship between researchers and aquaculturists is a paradox: Researchers house
animals adapted to natural environments in totally artificial habitats to eliminate potentially
confounding variables, including environmental olfactory cues, local environmental microbiota,
and wild-type nutritional profiles, which causes stress (Wedemeyer, 1997). Aquaculturists
consider that what may be best for the fish in terms of health, welfare, and environmental
adaptations may introduce confounding variables in the forms of unspecified bacterial flora,

altered behavioral syndromes, and environmental variability associated with more “natural”
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settings. When working with fish in the laboratory, one must integrate the knowledge of the
animals’ natural histories and potential adaptation to the laboratory environment over
generations of artificial rearing with the demands of the research at hand in order to produce
robust scientific models without sacrificing animal welfare. Indeed, close attention to animal
welfare can reduce or eliminate stress as a confounding variable, and the first step in reducing
stress for fish in the laboratory is the ability to measure and monitor stress responses (Sneddon et
al. chapter 12, this volume).

The most commonly used indicator of stress in fish is cortisol, a readily measured
component of the primary neuroendocrine stress response (Ellis et al. 2012, Spokinka et al.,
chapter 11, this volume). Elevation of plasma cortisol is a well-documented indicator of stress
in fishes, although there are many other hormonal and physiological changes associated with
stress. (Martinez-Porchas et al. 2009; Ellis et al. 2012, Schreck and Tort, chapter 1, this volume).
Whole body cortisol concentrations have been used in small fish when blood volumes are
inadequate to provide measurements for plasma cortisol (de Jesus et al. 1991; Barry et al. 1995;
Feist and Schreck 2001). This approach has been extended to zebrafish (Canavello et al. 2011,
Pottinger and Calder; Ramsey et al. 2006; 2009; Egan et al. 2012). Pavlidis et al. (2011, 2013)
used a similar approach with zebrafish, but confined the analysis to the “trunk” portion of the
body. More recently, Gesto et al. (2015) proposed the use of gill biopsies as an in vivo
alternative to whole or partial body homogenates, the advantages being that gill biopsy can be
obtained without euthanasia of the fish and that sampling induces far less stress than blood
draws. Laboratory fishes, such as zebrafish, are usually held in relatively small tanks, and assays
have been developed to test cortisol levels in the water (Ellis et al. 2004, Gronquist and Berges
2013), which correlate well with plasma cortisol values (Félix et al. 2013). This non-lethal
approach also has the advantage of providing an overall assessment of whole-tank stress using
only a single test. These studies evaluating cortisol/stress associations have shown that
crowding, brief handling (netting), or underlying chronic infections by two zebrafish pathogens
commonly found in research facilities (Pseudoloma neurophilia or Mycobacterium marinum) are
all associated with elevated cortisol levels.

Recently, Aerts and co-authors demonstrated that the cortisol content in both ontogenetic
and regenerated scales of common carp (Cyprinus carpio) could be used as a reliable and

quantitative biomarker of chronic stress in this species (Aerts et al. 2015). As conventional
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methods for quantification of cortisol in fishes from plasma, feces, and water are only able to
provide information relative to the short-term response of a given animal or set of animals, this
new approach will allow for assessment of stress levels in fish over much longer periods of time.

Cortisol, while easily the most quantifiable indicator of stress reactions, does not
necessarily tell the whole story. Stress, from perception to processing to response, involves the
coordination of dozens of neural circuits and endocrine loops (Maximino et al. 2010). While
each strand in the web is still being explored, behavior, one of the end products of the stress
response, can be used as both a quantitative and qualitative indicator. Behavior is a summation
and synthesis of all facets of the stress response, and because zebrafish have relatively robust and
repeatable responses to certain stimuli, behavior can be employed as a “soft indicator” of stress.
Whereas not as specific as cortisol, behavioral responses may be a better way determining fish
preferences in vivo, leading to improved welfare and experimental consistency.

Most stress-associated behaviors tend to be conserved among vertebrates, with species
specific natural histories guiding individual reactions. In the case of zebrafish, having evolved as
a prey species in its range in the major river drainages in India, Bangladesh and Nepal, it is no
great stretch to surmise that the animal prefers darkness and depth—the better to hide from
predators with—under stressful conditions (Engeszer et al. 2007). Therefore, Egan et al. (2012)
found that behaviors such as reduced tank exploration, scototaxis (light avoidance), thigmotaxis
(wall hugging), erratic swimming, diving, and freezing (sudden, brief immobility) are correlated
with increased cortisol levels and are indicative of stress. The authors also showed that different
strains of zebrafish exhibited different inherent anxiety levels, which is particularly important in
genetically modified animals: Knowing the background strain of a fish may help to account for
differential levels of stress. To make matters even more complicated, there can be a great deal of
variability in behavioral syndromes (sometimes referred to as ‘personalities’) between individual
fish, leading to a potentially high level of variability in stress responses (Dugatkin et al 2004;
Conrad et al 2011).

Although impractical as diagnostic tests for stress in the laboratory, the use of
pharmacological substances that are specifically associated with stress and anxiety allow
researchers to identify stress-induced behavioral preferences and to correlate these behaviors
with stress-associated cortisol levels. For example, in a preference experiment where a zebrafish

must choose between a white walled and a black walled compartment, fish treated with
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anxiolytic (anxiety-reducing) compounds such as selective serotonin reuptake inhibitors (SSRIs),
spend more time in the white compartment while fish treated with anxiogenic (anxiety-
enhancing) compounds such as caffeine and substituted amphetamines spend more time in the
black compartment than controls (Araujo et al. 2012). Extending the correlation between
behavior and cortisol levels to larval zebrafish, Tudorache et al. (2015) showed 8 day old larvae
that hatched early exhibited higher cortisol peaks, but faster recovery times, than those hatching
later. The close evaluation of stress-related behaviors in laboratory animals is particularly
important in the use of zebrafish as model organisms for drug discovery, particularly in the arena
of pharmaceutical screening. If certain behaviors associated with stress are confirmed, then
behavioral responses following pharmaceutical exposure can be used to characterize the
neurobehavioral effects of the drug (Stewart et al. 2015). Behavioral indicators of stress also
have the advantage of being non-invasive to both the individual and to the tank as a whole when

measurements are taken.

Factors Impacting Stress in Laboratory Fish
Handling.

Handling of fish by humans, which usually entails removing them from water, is
probably the greatest stressor most laboratory fish will face during their lifetimes (Ghisleni et al.
2012). Hence, handling events should be kept to a minimum. Because experimentation requires
handling at various times during a laboratory fish’s life, understanding responses to handling can
help reduce stress and to increase post-handling survival. Fortunately, because the perception
and anticipation of stress make up a large component of the stress response, manipulation of
perception and anticipation can greatly reduce overall stress in some species. For example,
anesthetization of yearling chinook salmon prior to netting can reduce cortisol levels and
increase post-netting survival (Schreck and Strange, 1978) Regarding non-salmonids
commonly used in research, serum cortisol levels in goldfish are not affected by rapid capture
with a net, ice immobilization, tricaine methanesulfonate (MS 222) anesthesia or electric
immobilization (Singley and Chavin 1975).

In contrast, zebrafish exhibit rapid cortisol elevation and subsequent recovery from acute
netting stress (Ramsay et al. 2009; Tran et al. 2015). Brydges and Braihewait (2009) found that
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scooping fish in water, rather than netting, resulted in an attenuated cortisol response. There are
several reports of handling associated with reduced fecundity, which are discussed later.

Fish handling in a laboratory setting frequently involves more elaborate and stressful
events than netting: laboratory fishes are often exposed to pathogens or chemical agents by
immersion, gavage or various routes of injection. Therefore, understanding the stress involved in
these procedures is important, but data are extremely limited and can only be inferred from
overall recovery and/or post-procedure survival rates. Kahl et al. (2001), in one of the few such
studies available, found that anesthesia with MS-222 and intraperitoneal (IP) injections with corn
oil and 10% ethanol was not correlated with behavioral or secondary sex changes, reduced

survival, or fecundity.
Housing.

Fish used in research are most typically housed in aquaria that are on either flow-through
or recirculating aquaculture systems (RAS; Lawrence & Mason 2012). While literature
documenting differential effects of different types of aquatic systems on stress is sparse, it has
been suggested that animals held in RAS might experience elevated stress as a result of
metabolite, cortisol, and alarm substance accumulation in intensively stocked systems (Martins
et al. 2011). This hypothesis was tested in Nile tilapia, but the results of the study were
inconclusive (Martins et al 2009). Because of the limited data available, the subject deserves
further examination, especially because laboratory species like zebrafish are almost exclusively
maintained in RAS.

Parker et al. (2012) examined the effect of varying pre-housing conditions on stress
reactivity measured by the novel tank exploration test. They found that group size, water
changes, and especially the ability to make visual contact with conspecifics influenced novel
tank exploration in zebrafish. They also showed that basal cortisol levels were lower in
individually housed than in group-housed fish. These data support the idea that housing
conditions mediate the stress response in this species, and therefore need to be standardized in
order to improve study design.

Other housing characteristics have been evaluated relative to their impact on stress and
anxiety in zebrafish. Blaser et al. (2012) found that tank depth and wall color elicited different

responses in depth preference and scototaxis assays. An aspect of housing vital to fish husbandry
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that generally goes unnoticed due to its constant presence is the sound of air and water pumps.
Some work has been done on the subject of noise in salmonids: specific frequencies produce
avoidance responses in juvenile Atlantic salmon (Salmo salar L.) (Knudsen et al 1992 and 1993).
While specific research regarding the effects of husbandry-associated noise on zebrafish
behavior is in its infancy, Smith et al. (2003) demonstrated that goldfish (Carassius auratus), a
cyprinid like D. rerio, may be susceptible to stress and hearing loss in the face of chronic noise
exposure. More recently, Neo et al. (2015) found that moderate sound levels alter group
cohesion, swimming velocity, and depth preference in laboratory zebrafish. Interestingly, the
same study found that there was no avoidance response to chronic, loud sound levels. These data
provide further evidence that housing configuration can be an important contributor to zebrafish
stress and behavioral responses.

The effects of external acoustics on fish behavior have been explored in a number of
model and non-model organisms aside from zebrafish, with overall results indicating a subtle and
potentially insidious influence of sound on survival and ecology. Radford and Purser (2011)
found that while captive three-spined sticklebacks exposed to brief and prolonged noise had no
reduction in total feed consuption, the fish had increased incidences of food-handling errors and
decreased discrimination between food- and non- food items, indicating a “distraction” effect.
Similarly, European eels (Anguilla anguilla) showed reduced anti-predator behaviors following
exposure to anthropogenic noise (Simpson et al. 2014). Furthermore, there is ample evidence to
suggest that anthropogenic noise interferes with acoustic communication between fish, another

important survival strategy associated with social behavior (Radford et al. 2014).

Density.

Most studies utilizing fish in the laboratory are not concerned with production in terms of
fecundity or feed efficiency, except in nutrition or husbandry studies. However, the number of
animals present per unit volume along with the water exchange rate is closely related to fish
stress levels, and may contribute to unexpected non-protocol induced variation in studies
measuring other criteria, including immune, metabolic, and behavioral responses.

Relationships between fish number per unit volume, water flow, and stress may be

neither direct nor intuitive. Generally, reduction of animal numbers among zebrafish housed at
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initially high densities correlates with reduced cortisol levels (Ramsay et al. 2006; Pavlidis et al.
2013), but only to a certain point. There exists a lower limit of stocking density past which
cortisol levels begin to increase as the number of fish decreases (Figure 1).. This may be due to
the establishment of dominance hierarchies among small shoals lacking the capacity to spread
chasing and aggression behavior throughout a large population of individuals (Filby et al. 2010;
Pavlidis et al. 2013). Strikingly, despite the fact that zebrafish are a shoaling species, Parker et al.
(2012) and Giacomini et al. (2015) showed that individuals held in isolation actually had reduced
cortisol, presumably due to reduced interfish aggression, The latter authors also suggested that
this reduced stress response may be related to the absence of behavioral and chemical cues from
other fish held in the same housing unit. Correspondingly, zebrafish exposed to chemical cues
released from dead fish showed elevated cortisol (Oliveira et al. 2014). This should be of
particular note in zebrafish husbandry, since the vast majority of research laboratories use
recirculating systems and pheromones such as alarm substance could persist in and spread
through these systems, causing elevated levels of inter-tank stress.

A survey of the literature shows that the relationship between stocking density and stress
is extremely variable and complex. For example, in contrast to all of the observations mentioned
above, Pagnussat et al. (2013) found that zebrafish held in isolation had higher cortisol levels
than those held in small groups of three. Likewise, another study found no correlation between
stocking density and tank water cortisol levels (Gronquist and Beges 2013). Although densities
were the same (4 fish/L), Ramsay et al. (2006) found that fish crowded within 76 L aquaria
resulted in higher cortisol levels than those held in 4 L tanks. These studies show that
differences in environmental conditions, husbandry methods, and study design may result in very
different stress responses, especially when cortisol is used as the primary indicator

As discussed earlier, cortisol levels may not tell the whole story of stress and social
interactions. A behavioral shoaling preference is well-described in zebrafish, which, when
presented with a choice between an empty tank and a tank full of conspecifics, tend to spend
more time near the shoal (Stewart et al. 2012). Furthermore, minimal numbers of conspecifics
are considered environmentally enriching by many animal care and use protocols (ACUPs).
Even though individual fish may have lower cortisol levels in isolation, there is a behavioral
preference for the shoal, which may indicate that some degree social stress may be a positive,

rather than a negative source of stress from the fish’s point of view.
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Interestingly, there is evidence that stocking density may have an effect on zebrafish
behavior as early as the egg stage. Steenbergen et al. (2011) found that embryos raised in
isolation had different responses to a dark pulse assay than embryos raised in batches of 25. This
effect was rather elegantly proven to be due to contact between embryonated eggs as the
behavioral effects of isolation could be reversed by artificial tactile stimulation during the first
two days of embryogenesis. Therefore, consistency in embryo stocking densities may be

important to the development of larval, and possibly even adult, behavioral phenotypes.

Enrichment.

A considerable proportion of this chapter has been devoted discussing practices
concerning the optimization of “production” in laboratory fish. It is necessary to remember that
a “happy” fish is often productive fish and that animal welfare is the cornerstone of improved
production, especially in a laboratory setting. Optimizing husbandry goes beyond simply
meeting an animal’s physiological needs such as stocking density, nutrition, and water quality.
In this regard, animal care committees and regulatory oversight bodies in research institutions
require that laboratory mammals be provided with various forms of environmental enrichment
(Baumans and Van Loo 2013, Hutchinson et al. 2005, Institute of Laboratory Animal Resources
Committee 2011). The advantages of providing structural enrichment — for all animals - is very
much species and context dependent and a number of studies have shown that enriched
environments affect certain behavioral syndromes in fish (Brydes and Braiwaite 2009). For
example, Kistler et al. (2011) found that zebrafish were attracted to structures (artificial plants),
but that the attraction response was stronger in checkered barbs (Puntius oligolepis). In
zebrafish, spatial complexity tends to reduce aggression, and decreased aggression is associated
with increased fecundity (Carfagnini et al. 2009). However, a direct correlation between
environmental enrichment and stress reduction has not been demonstrated. For example, Wilkes
et al. (2012) found that glass rods simulating plant stems did not reduce cortisol levels in
zebrafish. In another study, Keck and co-authors (2015) found that while the provision
vegetation in the form of plastic plants did not reduce cortisol levels in pair-housed zebrafish, it
did reduce mortality rates associated with aggression in these settings. In contrast, Pavlidis et al.

(2013) showed that darker tanks (dark backgrounds) resulted in reduced cortisol compared to
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zebrafish held in tanks with light backgrounds. The findings of these, and similar studies, serve
to highlight the complexity of fish behavior as it relates to husbandry. More research is needed
to explore the specific environmental enrichment needs of laboratory fish in order to optimize
their well-being and their utility as model organisms.

Light/Dark Cycle

Fish, like all animals, are profoundly influenced by photoperiod (Pavlidis et al.
1999;Valenzuela et al. 2012; El-Sayed & Kawanna 2004; Leonardi & Klempau 2003) (Boeuf &
Le Bail 1999), so it is critically important to understand and regulate light cycles in the housing
environment of captive fishes. Given that photoperiod exerts such profound influence on the fish
physiology, it is not surprising that variations in ‘day’ length beyond the animal’s evolved
preferences can be a source of distress. For example, African catfish (Clarias gariepinus) exhibit
elevated cortisol levels when held under extended daylight conditions (Almazan-Rueda et al.
2005). Furthermore, Mustapha et al. (2014) found that Nile tilapia and African catfish exhibited
increased mortality when maintained under constant light without a dark period (Mustapha et al.,
2014). Female Astyanax bimaculatus exposed to longer light cycles showed elevated cortisol,
higher aggression rates and decreased survival than fish held under constant darkness (Navarro et
al., 2014).

Whereas it is well established that zebrafish are photoperiodic breeders (Lawrence 2007;
Westerfield 2007), there is little data available concerning the effects of day length on stress.
Existing photoperiod studies do not address stress specifically, but their results tend to be
relatively consistent: larval fish show increased rates of swimming activity in darkness as
opposed to light (de Esch et al. 2012) and both larval and adult fish show elevated activity levels
when lights are abruptly turned off during light/dark challenge tests (Vignet et al. 2013). It can
be inferred from these studies that light and darkness have neurobehavioral consequences for
zebrafish, but more research is needed to specifically address potential correlations between

photoperiod and stress.

Feeding and Stress.
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Many animal care committees consider daily feeding of fish to be a requirement for
humane treatment. With small tanks, especially static aquaria, this may cause issues with water
quality and increase the adverse effects of high stocking density. Salmonids may exhibit
increased cortisol when feeding is abruptly ceased, probably due to increased aggression
(Brénnass et al. 2003). In contrast, Gronquist and Berges (2013) showed a clear reduction in
cortisol levels in zebrafish that were subjected to food deprivation for up 9 d, possibly due to
increased water quality outstripping metabolic needs in relatively “sedentary” fish. Another
possibility is that captive fish without natural activity patterns are chronically overfed, which
could also interfere with experimentation. Conversely, stress inhibits food intake in many
species (Steenbergen 2011). Interestingly, the timing of feeding for groups of cichlid fish
accustomed to being fed at predictable intervals induced a rise in cortisol levels (Galhardo et al.
2011), suggesting that changes in feeding routines might be a source of stress in fish held under

laboratory conditions.

Sex and Hierarchies.

Zebrafish in aquaria, as well as a number of other species including salmon, establish
dominance hierarchies, which are more pronounced in males (Spence et al. 2008; Paull et al.
2010; Ejicke et al. 1980). Filby et al. (2010) showed that subordinate males exhibited a greater
rise in cortisol than subordinate females, potentially due to the more prevalent dominance
hierarchies observed in males.

In laboratory zebrafish, physiological factors associated with dominance include animal
size and aggressive behavior (Paull et al. 2010). Subordinate animals overall appear to
experience more stress than dominants across species. For example, non-territorial male African
cichlids (Haplochromis burtoni) tend to have higher cortisol levels than territorial males (Fox et
al. 1997). This is also true of juvenile rainbow trout, in which the submissive behavioral
phenotype is considered to be a chronic stressor. Interestingly, elevated cortisol and submissive
behavior likely have an interactive relationship of positive reinforcement wherein submission
causes stress and the resulting elevated cortisol results in increased submissive interactions due
to poor health, small size, etc (Gilmour et al. 2005). The question of what makes a fish more

likely to be dominant or submissive may be related to genetic predispositions to elevated cortisol
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responses to external stimuli, although this hypothesis is still being explored (Ramsay et al.
2009).

In order to improve behavioral consistency and reduce hierarchy-related stress, adequate
feeding has been suggested as a potential mitigating factor in zebrafish as it promotes consistent
size distributions within a tank while reducing the need for aggression to compete for food.
Crowding, of course, goes hand in hand with resource management and hierarchy formation and
so appropriate stocking density may help to reduce hierarchy-induced stress (Ramsay et al.
2009).

Sex determination and reversal.

Fish are often used in studies wherein gonadal phenotype is an endpoint, as in the
evaluation of endocrine-disrupting compounds. The Japanese medaka (Oryzias latipes) is an
important species in toxicology research. Hayashi et al. (2010) showed that cortisol caused
female-to-male sex reversal and that metyrapone (an inhibitor of cortisol synthesis) inhibited
HT-induced masculinization of female medaka. As cortisol has also been implicated in
influencing gonadal fate in other species, including pejerrey (Odontesthes bonariensis) (Hattori
et al. 2009) and Japanese flounder (Paralichthys olivaceus), the possbility that the hormone may

have similar effects in laboratory species such as zebrafish should be considered.

Stress, Cortisol and Reproduction.

The tremendous increase in the use of fish in biomedical research has been primarily
focused on early developmental stages, particularly the embryo. This is especially true of the
zebrafish, which is well-suited to high throughput experimental protocols due to its high
fecundity, external fertilization, rapid development, and larval whole-body transparency
compared to traditional mammalian models (Murphey & Zon 2006). Many laboratories,
therefore, use adult fish solely for embryo production and the effects of stress on fecundity and
embryogenesis are of particular concern in this setting.

Because fecundity is one of the major production endpoints in aquaculture, most studies
regarding the relationship between stress and fecundity have been done with rainbow trout and
other salmonids. These studies were extensively reviewed by Schreck et al. (2001). Similar
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studies on laboratory fish species are far less common, however, Cloud (1981) found that
medaka hatching rates were accelerated when eggs were incubated with deoxycorticosterone.

A discussion of stress and fecundity must focus on the concept of maternal stress effects
on offspring, most of which are epigenetic. Schreck and Tort (Chapter 1, this volume) have
already discussed the data concerning the maternal effects of stress on salmonid offspring, but
data on its effects on laboratory fish are sparse. Nesan and Vijayan (2012) found that pre-
hatching exposure to cortisol in zebrafish embryos induced cardiac dysfunction and other
developmental defects. In this study, injection of cortisol into single celled eggs was meant to
mimic maternal cortisol delivery to eggs because independent cortisol production does not occur
in zebrafish until after hatching. In threespine sticklebacks, maternal exposure to predation risk
was associated with increased embryonic transcription of genes associated with metabolism,
epigenetic inheritance, and neuronal development. The embryos of predator risk-exposed
mothers also tended to be larger than control embryos (Mommer and Bell 2014).

The consequences of larval and embryonic stress can extend into adulthood: Rainbow
trout exposed to stress at early embryonic stages, both at stages involving maternal and
endogenous cortisol, actually resulted in lowered stress responses as adults (Steenbergen et al.
2011). These studies highlight that consistency in maternal sourcing and husbandry, as well as
consistent care for embryos and larvae are necessary for reducing the impact of stress as a source

of non-protocol induced variation.

Anesthetics.

Laboratory fishes are often anesthetized to allow for various procedures, including
injections, tagging, and implants. Palic et al. (2006) evaluated the effects of MS-222,
metomidate and eugenol on cortisol levels in fathead minnows. Fish anesthetized with
metomidate or eugenol (but not MS-222) showed reduced cortisol compared to controls
following handling and crowding. Recently, two separate studies found that zebrafish perceive
the most commonly used anesthetic agent in fish research, MS-222, as aversive. “Aversive” in
this case means that fish attempt to avoid the substance under study—given the choice, they
prefer water with lower concentrations of the substance or places where it is absent entirely.
Using behavioral analysis software that quantified spatial preference based on swimming

behaviors, Readman et al. (2013) showed that adult zebrafish displayed aversive behavior when
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exposed to 7 of 9 commonly used anesthetics, including MS-222 and benzocaine (Readman et al.
2013). They suggested the use of etomidate as a possible alternative for this species. In a
separate study, Wong et al. (2014) used a conditioned place avoidance paradigm test to
demonstrate zebrafish aversion to MS222 (Wong et al. 2014). Whereas these data apply only to
zebrafish, they clearly demonstrate that the choice of anesthetic should be carefully considered
depending on the species and experimental application. Also worth consideration is the balance
of a brief aversive stimulus in the form of anesthesia compared to the pain and stress of handling
or surgery without anesthesia. We do not suggest that anesthesia should not be used prior to
experimental manipulation—in fact it is necessary to survival in many cases—merely that

broader options for less aversive or stressful anesthesia methods should be explored.

Underlying Diseases.

Kent et al. (2012) reviewed the documented and potential impacts that underlying lesions
and infections have or may have on research using zebrafish. In line with the topic of this book,
stress and underlying diseases have a symbiotic relationship, with disease potentially elevating
incipient stress levels and stress exacerbating pathogenicity in turn. For example, Pseudoloma
neurophilia is extremely common in zebrafish facilities (Sanders et al. 2012), and we recently
showed that this microsporidium, which targets the central nervous system, can infect many
laboratory fishes, such as medaka and fathead minnows (Sanders et al. 2015). Most infections
are subclinical (Spagnoli et al. 2015), but fish subjected to crowding stress develop more severe
infections (Ramsay et al 2009). P. neurophilia infections have been associated with altered
responses to assessments of stress and anxiety, indicating that infections may result in high-
responding behavioral phenotypes (Spagnoli et al. 2015). Zebrafish with underlying
Mycobacterium marinum infections subjected to crowding stress exhibited higher infection-
associated mortality than unstressed controls. This was not due to increasing horizontal
transmission, as this pathogen requires ingestion of infected tissue or invertebrates for
transmission amongst laboratory fishes (Peterson et al. 2013). Rather, the increased mortality
was attributed to the exacerbation of pre-existing infections by stress in individual fish. There
are numerous examples of stress, crowding, and elevated cortisol enhancing the proliferation and

virulence of pathogens within the fish host, since cortisol is notoriously immunosuppressive
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(Cortés et al. 2013). Conversely, the presence of underlying parasite infections can be stressors
themselves, resulting in increased cortisol levels (Hoole and Williams 2004). The importance of
cortisol as an immune suppressor is particularly important in studies concerning inflammatory
and immune responses with regards to underlying fish stress (see Yada and Tort, Chapter 10, this

volume).

Consistency

Whereas all of the specific aspects of husbandry discussed above are important
individually, there is one factor that should unite them all and direct the decision-making process
of anyone working with these animals: consistency in care and husbandry. Changes are
obviously necessary as the fish grows from a larva to an adult, but steps should be taken to
minimize drastic changes in factors like feeding, temperature, ambient noise, and water quality
once the specific husbandry practices of that life stage are established. A fascinating study by
Piato et al (2011) found that zebrafish have the potential to be an excellent model for
unpredictable chronic stress in humans. When exposed to unpredictable multiple stressors given
at irregular intervals and unpredictable time points, zebrafish showed increased anxiety and
decreased cognitive function as well as increased cortisol after 7 days of exposure. Whereas this
is excellent news for the zebrafish as a model for human neurobehavioral disease, it could mean
that successive, random changes in husbandry practices could both produce undue stress and
alter responses to neurobehavioral research. Therefore, husbandry changes or frequent random
stress events such as equipment repair or replacement, as well as alarms or lighting changes,

should be avoided whenever possible.

Conclusion and Key Unknowns

Future research should explore the exact effects of specific husbandry manipulations on
stress and its capacity to influence the fish as a model organism. It is likely that, as more data are
gathered on the subject, the scientific community will begin to unearth some heretofore unknown
complicating factors. For example, domestication selection in salmonids is a well-established
phenomenon (Araki et al. 2008) with marked genetic and behavioral changes occurring as

quickly as a single generation. Itis likely, therefore, that in a totally artificial laboratory
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environment, domestication selection could strongly influence behavioral syndromes of model
fishes. To support this concept, behavioral differences have been observed between AB and
TU/TL zebrafish lines (Varga 2011). This artificial selection may actually be beneficial in that it
could reduce genetic variability among fish within a laboratory, however, inadvertent selection
for distinct behavioral phenotypes could produce variable stress responses between different
laboratories and breeders. For example, the behavioral shifts associated with P. neurophilia
infection observed by Spagnoli et al. (2015) may have been due to the selective pressure of the
parasite killing off fish with a particular behavioral phenotype. If this is the case, then it is
possible that laboratories contaminated by this very common parasite could be inadvertently
selecting for zebrafish with high-responding, non-mortality-associated behavioral phenotypes.
This chapter has provided an extensive discussion of the sources, measurability, and
effects of stress in laboratory fishes. It is important here to reiterate the three basic goals of
animal husbandry for research: consistency of subjects, robustness to the model under study, and
animal welfare. Stress is a fundamental neurophysiological state that links the brain and body in
all vertebrates. Therefore, the myriad of experimental endpoints utilizing laboratory fish,
whether they are neurobehavioral, pathologic, molecular or metabolic, can all be influenced by
stress. A thorough understanding of the causes and consequences of stress in laboratory fish will
ultimately lead to the development of husbandry protocols that marry animal welfare with

experimental consistency.
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Figure 1. Cortisol levels in zebrafish related to density in adult zebrafish (adapted from Harper
and Lawrence, 2010).
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