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The common neural parasite Pseudoloma neurophilia causes
altered shoaling behavior in adult laboratory zebrafish (Danio
rerio) and its implications for neurobehavioral research
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Pseudoloma neurophilia, a microsporidium, causes subclinical infections in laboratory
zebrafish (Danio rerio). It preferentially infects tissues of the central nervous system
(Spagnoli, Xue, Murray, Chow, & Kent 2015). Transmission occurs vertically and via
consumption of spores in carcasses, eggs, and contaminated water (Sanders, Watral, & Kent
2012; Sanders, Watral, & Kent 2013)In 2006, 75% of all laboratories submitting fish to the
Zebrafish International Resource Center (ZIRC, Eugene, Oregon) diagnostic service were
contaminated (Murray 2015). Although most facilities ship live fish as embryonated eggs
rather than adults, P neurophilia transmission is still a risk because it forms environmentally
resistant spores (Sanders, Watral, Clarkson, & Kent 2013; Murray, Dreska, Nasiadka, Rinne,
Matthews, Carmichael, Bauer, Varga & Westerfield 2011). Spores survive bleaching at 25—
50ppm, which is standard for egg sterilization (Ferguson, Watral, Schwindt, & Kent 2007)
and intra-ovum spores are completely shielded from disinfectants (Sanders et al. 2013).
Clinical signs, when present, are nonspecific (Ramsay, Watral, Schreck, & Kent 2009) and
most positive cases are subclinical, so diagnosis is difficult without robust screening. This
results in a high prevalence of cryptic infections among facilities (Spagnoli et a/. 2015).

The zebrafish is currently used in nearly every experimental field formerly reserved for
rodents including neurology and behavior (Phillips & Westerfield 2014; Bugel, Tanguay, &
Planchart 2014). Zebrafish are used to study the neurobehavioral effects of various
pharmaceuticals, genetic manipulations, and situational disturbances such as acute and
chronic stressors (Maximino, de Brito, Silva Batista, Hurculano, Morato & Gouveia Jr 2010;
Morris 2009; Pittman & Lott 2014; Stewart, Gaikwad, Kyzar, Green, Roth, & Kalueff 2012;
Stewart, Wong, Cachat, Gaikwad, Kyzar, Wu, Hart, Piet, Utterback, Elegante, Tien, &
Kalueff 2011; Stewart, Nguyen, Wong, Poudel, & Kalueff 2014; Willemsen, Hasselaar, van
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der Linde, & Bonifati 2008). Zebrafish have been proposed as models for a wide range of
human disorders including autism, schizophrenia, epilepsy, anxiety, depression, and post-
traumatic stress disorder (Maximino et a/. 2010; Morris 2009; Pittman & Lott 2014; Stewart
et al. 2012; Stewart et al. 2011; Stewart et al. 2014; Willemsen et al. 2008; Caramillo, Khan,
Collier, & Echevarria 2015). One advantage of the zebrafish as a model for behavior in man
is the fact that both are essentially social species (Miller & Gerlai 2011; Miller & Gerlai
2012; Oliveira 2013; Engeszer, Da Barbiano, Ryan, & Parichy 2007;). Zebrafish are used
extensively to study the effects of human pharmaceutical compounds such as ethanol, LSD,
ketamine, and mescaline using shoaling endpoints as indicators of social behavior (Buske &
Gerlai 2012; Riehl, Kyzar, Allain, Green, Hook, Monnig, Rhymes, Roth, Pham, Razavi,
DiLeo, Gaikwad, Hart, & Kalueff 2011; Grossman, Utterback, Stewart, Gaikwad, Chung,
Suciu, Wong, Elegante, Elkhayat, Tan, Gilder, Wu, DiLeo, Cachat, & Kalueff 2010; Kyzar,
Collins, Gaikwad, Green, Roth, Monnig, EI-Ounsi, Davis, Freeman, Capezio, Stewart, &
Kalueff 2012; Pham, Raymond, Hestr, Kyzar, Gaikwad, Bruce, Fryar, Chanin, Enriquez,
Bagwandoss, Zapolsky, Green, Stewart, Robinson, & Kalueff 2012). Behavioral studies are
inherently burdened with high inter-subject variability and the addition of an occult neural
parasite poses the risk of increased non-protocol induced variation (Kent, Harper, & Wolf
2015).

We showed that 2 neurogphiliais associated with altered host behavior in a previous study
that investigated startle response habituation (Spagnoli, Xue, & Kent 2015), wherein
infected fish habituated significantly less overall than both exposed negative and control fish.
In the current study, we conducted a shoaling assay to evaluate the effects of 2 neurophilia
on social behavior. Here, we used mean interfish distance (MID) as an indicator of shoaling
based on Pham et al. (2012). The procedures we used were modeled after Pham et a/. (2012)
and modified to apply to chronic exposure. Zebrafish of the 5D strain were obtained from
the Sinnhubber Aquatic Resource Center, a SPF Pseudoloma-free facility (Kent et al. 2012).
140 fish were netted from the stock tank and separated into 12 tanks containing 10 fish each
and a sentinel tank containing 20 fish. Fish acclimated for seven days in individual 2.8L
tanks to make the pre-and post- exposure assays as similar as possible.

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. The 2.8L
testing tank measured 35x5x19cm and was filled to a height of 16cm with system water.
Fish were digitally filmed for 10 minutes, beginning when the investigator left the room.
After filming, fish were returned to their home tanks. The order of testing was randomized
and noted so that post-exposure testing could be performed in the same order. Tanks were
individually identified and labeled. Testing occurred during daylight activity hours.

Following pre-exposure filming, tanks were divided into six control and six exposure tanks,
with the addition of one sentinel tank holding 20 fish, which was used to evaluate the
progression of infection. Two tanks containing 70 adult zebrafish each were used as water
donor tanks. One tank was confirmed negative and the other positive for 2 neurophilia via
histopathology of resident fish. To mimic transmission conditions present in most facilities,
100mL of water from the contaminated donor tank was added to each exposure shoal once
per day, five days per week, for 123 days. 100mL of water from the uncontaminated tank
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was added to each control shoal on an identical schedule. Water quality parameters were
within acceptable ranges and identical between donor tanks.

Five sentinel fish were sampled for histopathology at 4 months post-exposure. All of these
fish were infected and post-exposure testing was performed at this time. Fish were netted
from their home tanks into a beaker and transferred into a novel container—the same used in
pre-exposure testing. Fish were recorded using previously described methods. Following
filming, fish were euthanized via ice water in accordance with IACUC approval. Fish were
fixed in Dietrich’s solution, decalcified, bisected sagitally, processed, sectioned, placed onto
glass slides, and stained with H&E in the standard manner. All fish from all exposed shoals
and five fish from each control shoal were evaluated. None of the control fish were infected,
while the infection prevalence among exposed shoals was high, ranging from 80-100%
between tanks.

As detailed in Pham et al. (2012), eight screen captures were taken per tank per recording
session. With time 0 at the start of filming and following a three minute rest period, frames
were analyzed at 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 as suggested by Pham et al. (2012).

Statistical 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/. ).
MID was calculated from measurements between all fish in all 8 screenshots per tank as has
been previously described (Pham et a/. 2012). As the measurement data were not normally
distributed, the nonparametric Wilcoxon-Mann-Whitney U- test was used to compare the
MID measured between the two treatment groups at pre-treatment and post-treatment time
points.

There was no significant difference in MID between cohorts in pretreatment measurements
(p = 0.81, U-test). After the four-month exposure period, the 2 neurophilia exposure fish
exhibited significantly less (about 15%) MID than controls p = 0.026, U-test (Figure 1).

Here, we show a causative link between the presence of P neurophilia and altered shoaling
behavior, which is supported by the fact that there were no significant differences in MID
between cohorts in the pre-exposure period. Following the exposure period, during which
the only difference between cohorts was exposure to spore-laden versus uninfected water, a
significant difference in MID developed, suggesting that infection was responsible.
Strikingly, the percent reduction in MID associated with 2. neurophilia was greater than that
observed when fish were exposed to an alarm substance in another study (Green ef a/. 2012).
Increased shoaling is thought to be an indicator of stress, which, along with the findings of
our tap test study, could indicate that neural microsporidiosis causes the development of a
high stress or anxious behavioral phenotype (Pham et al. 2012; Spagnoli et al. 2015)

The fact that infection causes changes in shoaling behavior has wide-ranging implications
for neurobehavioral research. Altered social interactions are associated with a wide range of
neurobehavioral disorders in man including schizophrenia, Asperger’s disease, and social
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anxiety (Maximino et a/. 2010; Morris 2009; Pittman & 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, particularly because intertank infection
statuses and rates can vary wildly within a facility (Spagnoli et a/. 2015). With zebrafish
becoming a popular neurobehavioral model, it is imperative that facilities introduce robust
biosecurity and screening protocols to maintain parasite-free experimental populations.
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Figurel.
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. Error bars = 1 standard deviation.
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