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Abstract

A laboratory zebrafish colony developed red masses, predominantly under the jaw, in a significant portion of the
population. The masses were diagnosed histopathologically as thyroid follicular hyperplasia, adenoma, or
carcinoma in accordance with published morphologic criteria. After switching to a higher iodine brand of salt
used to maintain a low level of salinity within the water system and a small diet change, the thyroid lesions
regressed dramatically. Within 5 months the masses were no longer grossly visible. At the population level,
external evaluations and histopathological assessments of whole-body sections document a regression in the
prevalence of thyroid neoplasia and hyperplasia to normal thyroid conformation by 11 months after salt change.
These findings suggest that a wide range of proliferative thyroid lesions, including neoplasms, in zebrafish may
be hormone-dependent, even following lesion development. In addition, these results suggest that zebrafish
have an adaptive ability to absorb iodine from water and food, which should be considered in discussions to

standardize diets and when describing environmental parameters in publications.
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Introduction

THE THYROID GLAND PRODUCES thyroid hormone (TH),
which has important roles in metabolism, development,
and growth. Alternations in TH can have important conse-
quences, and the occurrence of thyroid pathology is of con-
cern in populations across the globe.' Data from the World
Health Organization indicates that in most countries the in-
cidence of thyroid cancer has been increasing since 1970.%
Studies utilizing zebrafish (Danio rerio) have provided sig-
nificant advances in our understanding of carcinogenesis,’
toxicology,* and early-stage development.” Zebrafish have
also been utilized in thyroid studies.®’ Several traits make
zebrafish well suited for these studies; the hypothalamic-
pituitary-thyroid axis is well conserved in teleosts, the genetic
backgrounds of many strains are well established, and a wide
variety of transgenic models are readily available.

Given the utility of laboratory zebrafish, it is important to
appreciate the factors that could alter normal thyroid anatomy
and function and the impacts that subclinical thyroid disease

could have on research endpoints. Similarly, it is valuable to
understand whether steps can be taken to reverse or limit
these changes with a goal of minimizing background vari-
ables to enhance reproducibility of data.

Unlike in mammals, the thyroid tissue of teleosts is not
organized as an encapsulated discrete organ. In most fishes,
including zebrafish, the thyroid develops as a series of scat-
tered follicles within the ventral pharynx and it typically
follows the course of the ventral aorta between the first gill
arch and the bulbus arteriosus.” Thyroid follicles are nor-
mally composed of flattened to cuboidal follicular epithelial
cells that line a round-to-oval, colloid-filled lumen. The fol-
licular epithelial cells produce TH, release it into the colloid
for storage, and control secretion of the hormone from the
colloid into the bloodstream. In zebrafish reared at 28.5°C,
the first follicle is expressing TH at 72 h post-fertilization
and becomes the most anterior follicle, with subsequent
follicles developing caudally.®?

Ectopic thyroid follicles in non-pharyngeal anatomic lo-
cations have been observed occasionally in a variety of fish
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species.'” For example, non-pharyngeal follicles occur oc-
casionally in Japanese medaka (Oryzias latipes) and are
common in goldfish (Carassius auratus),11 but are a rela-
tively infrequent finding in zebrafish.

In many vertebrate taxa, thyroid follicular hyperplasia
(goiter) can be a response to a variety of different stimuli, the
common result of which is elevated production and release of
thyroid-stimulating hormone (TSH) by the pituitary. Folli-
cular hyperplasia is often associated with iodine deficiency,
because iodine is required for TH (thyroxine) synthesis. The
reduction in circulating thyroxine that occurs as a conse-
quence of iodine deficiency results in the release of increased
TSH from the pituitary through a classic negative feedback
mechanism. In coho salmon, elevated TSH induces a hy-
perplasic response characterized by increased thickening of
the thyroid follicular epithelium and follicle proliferation.'?

Reported instigators of thyroid hyperplasia in fish, other
than iodine, include poor water quality, pollutants, genetic
anomalies, goitrogens, and temperature.'®*'* When the
hyperplastic stimulus is removed, follicular hyperplasia is
potentially reversible.'> However, there is also evidence that
hyperplasia can progress to neoplasia in at least some ver-
tebrate species. For example, this apparent progression has
been noted in laboratory rodents and Japanese medaka.'®!”

Interestingly, iodine deficiency, a common etiology of
thyroid follicular hyperplasia, has also been linked to the
development of thyroid neoplasia in both humans and ani-
mals.! However, distinguishing between extensive thyroid
follicular hyperplasia and thyroid neoplasia (adenomas and
carcinomas) can be especially difficult in fish because of the
propensity of thyroid hyperplasia to occur in non-pharyngeal
sites (i.e., ectopic thyroid), which can mimic multicentric
tumor development or metastasis.

Fournie et al. proposed specific histological criteria for
diagnosing proliferative thyroid lesions in teleosts. Such
criteria were based solely on morphologic characteristics of
the lesions rather than lesion behavior, which is difficult to
monitor longitudinally over time in fish because lethal sam-
pling is typically used for microscopic confirmation of the
diagnosis. The proposed criteria are extremely useful as a
starting point, however, because histopathology is the most
common diagnostic and research endpoint for tumor char-
acterization in small bony fishes.

This report concerns the widespread occurrence of prolif-
erative thyroid lesions in a laboratory zebrafish colony. Fish in
iodine-deficient conditions developed thyroid follicular hy-
perplasia and neoplasia. Histopathological lesions in the fish
during iodine deficiency and replenishment are described.
By examining fish at regular intervals following the onset of
increased iodine supplementation, we document a dramatic
decrease in the prevalence of both hyperplastic and morpho-
logically neoplastic thyroid lesions in this closed population
over the course of a year. The regressive responses observed
during recovery suggest that zebrafish may absorb sufficient
iodine from water to compensate for a deficient diet.

Materials and Methods

Zebrafish care and maintenance

All protocols for the care and maintenance of zebrafish
were approved by the Beth Israel Deaconess Medical Center
Institutional Animal Care and Use Committee. Zebrafish
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were maintained in three recirculating multi-tank water sys-
tems (AHAB; Pentair Aquatic Eco-Systems, Apopka, FL) in
a single facility. These three systems housed ~ 37,000 fish
distributed among 2040 tanks of 1.5, 3, and 10 L capacity.

Throughout the facility, system water consisted of reverse
osmosis water with added salt and NaHCO;. Crystal Sea®
Bioassay Marinemix salt (Marine Enterprises International,
Baltimore, MD) was added to achieve a conductivity of
450 uS. UV irradiation was built into the recirculating sys-
tems and delivered at a dose of 90 yWs/cm?. Water temper-
ature was maintained at 26°C-27°C, and the target pH was
7.0. Other parameters were measured weekly with the fol-
lowing results: ammonia O ppm, nitrites O ppm, nitrates av-
erage 40 ppm, hardness 30—40 ppm. During each 24-h period,
fish were exposed to 10 h of darkness and 14 h of light.

Early larval fish were fed Paramecium spp. and were then
transitioned to decapsulated Artemia spp. (brine shrimp;
Brine Shrimp Direct, Ogden, UT) twice daily supplemented
with Ziegler 100 micron larval diet (Zeigler Bros., Inc.,
Gardners, PA) and spirulina algae (Pentair Aquatic Eco-
Systems) once daily. After 45 days post-fertilization, fish
were fed decapsulated brine shrimp twice daily during the
week and once daily on weekends. Some researchers gave an
additional feeding of O.range GROW pellet (INVE Aqua-
culture, Inc., Salt Lake City, UT) for 1 or 2 days before
spawning. The pellet food was 1 year past the expiration date
and only given sporadically. The majority of adult fish were
fed only brine shrimp.

Fish were monitored for morbidity and mortality, and three
post-filtration fish were randomly selected from each water
system and submitted biannually for histopathology. Salt and
diet history before 2015 is unclear as the facility was under a
different management.

Histopathology

Fish were euthanized by overdose of MS-222 (tricaine
methanesulfonate), fixed in Dietrich’s fixative, and placed on
a laboratory rocker for at least 24 h. Fixed specimens were
decalcified for 48 h in Cal-Ex II (water, formic acid, form-
aldehyde, and methyl alcohol) and bisected parasagittally,
just off midline to preserve the spinal cord. Specimens were
processed routinely for paraffin embedding, sectioned at
4 pm thickness, and stained with hematoxylin and eosin ac-
cording to standard techniques.'® Two sagittal sections of
each fish were examined through light microscopy by at least
two pathologists (K.N.M., J.C.W., S.T.S., and M.L.K.),
and the final recorded diagnoses represent their consensus
opinions.

Results
Widespread thyroid lesions in a zebrafish colony

A high prevalence of grossly visible red masses in adult
zebrafish (Fig. 1) occurred in a zebrafish facility. The masses
were typically located under and embedded within the lower
jaw, often protruding beneath the opercula, but were occa-
sionally seen in other locations, including at the nares and
vent. These lesions developed in wild-type, mutant, and
transgenic lines, and ~ 10% (220) of the tanks in the facility
were overtly affected. Among these tanks, ~25% of the
fish had externally visible masses. There was no apparent
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FIG. 1.
the mandibles.

An adult zebrafish with a large red mass between

relationship between lesion occurrence and sex, researcher,
or room location. Besides the appearance of red masses, no
other indications of morbidity emerged. Qualitatively, the
mortality rate, which was estimated to be ~ 30 out of 37,000
fish in the facility per week, was not increased relative to
baseline. Fish with red masses were not selectively culled.
In June 2016, 12 fish with visible masses were submitted to
the Zebrafish International Resource Center (ZIRC, Uni-
versity of Oregon, Eugene, OR) for histopathology. Sub-
mitted fish were selected to represent the range of masses
observed, from very large lesions to single, small reddish
lumps located between the mandibles. In all examined fish
the masses were found to represent altered thyroid tissue as
determined by histopathological evaluation. Lesions in two
fish were diagnosed as thyroid follicular hyperplasia, one was
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diagnosed as follicular hyperplasia in the pharynx and fol-
licular adenoma at the vent, seven were diagnosed as follic-
ular adenomas, and two were diagnosed as follicular cell
carcinomas (Table 1).

Follicular cell hyperplasia, adenoma, and carcinoma were
diagnosed by previously defined criteria'’ that are summa-
rized briefly below. Follicular cell hyperplasia (Fig. 2A, B)
occurred as diffuse or nodular lesions consisting of multiple
round-to-oval follicles of various sizes that were each lined
by a single layer of cuboidal epithelium without papillary
infoldings. Hyperplastic follicles generally contained barely
visible to abundant colloid. Follicular epithelial cells with
mitotic figures were rare to non-existent. Ectopic follicular
cell hyperplasia (i.e., hyperplasia in non-pharyngeal sites)
occurred in a wide variety of sites near and distant to the
pharynx and was qualitatively similar to hyperplasia in the
pharyngeal region.

In contrast, follicular adenomas (Fig. 2C, D), which were
frequently located adjacent to or within areas of follicular
hyperplasia, were nodular expansile lesions and featured
follicles of various shapes (e.g., round, oval, or irregular) that
were lined by columnar epithelial cells, often with papillary
infoldings. Nuclei, which were invariably basilar, tended to
be small relative to the amount of cytoplasm, and again mi-
totic figures were not generally evident.

The two follicular cell carcinomas (Fig. 2E, F) were much
more heterogeneous and poorly-differentiated as compared to
the adenomas. The tumor cells formed haphazardly-arranged
sheets, with only very limited follicle development in most
areas. The tumor cells themselves displayed heightened cy-
tologic atypia, characterized by large but variably-sized and
irregularly-shaped nuclei, clumped chromatin, and only
moderate to small amounts of cytoplasm with indistinct
borders. Tumor cells with mitotic figures were common (e.g.,
1-3/40 x objective field).

In addition, the microsporidian parasite, Pseudoloma
neurophilia, was diagnosed in one fish and the myxozoan,
Myxidium streisingeri, was diagnosed in two fish.

TABLE 1. D1IAGNOSTIC EVALUATION OF THYROID TISSUE IN THE INITIAL 12 ZEBRAFISH WITH RED
MASSES SUBMITTED FOR HISTOPATHOLOGY

Genotype Age Sex Tank  Mass location Thyroid tissue diagnosis

gata2blgal4/UAS:GFP+/— 412 days Female A Vent Follicular cell hyperplasia in pharynx,
follicular adenoma at vent

LF:CFP-NTR+;p53ko+ 566 days Male B Exophthalmia Follicular cell carcinoma

hsp70:KDR-DN2 552 days Female C  Under jaw Follicular cell hyperplasia pharynx,
kidney, and vent

fibronectin +/—xAB; 342 days Female D Snout, under jaw  Follicular cell carcinoma

fli:GFP +/—
Runx23 362 days Female E Top of head, Follicular cell adenoma
under jaw

AB 153 days Male F  Under jaw Follicular cell adenoma

AB 153 days Male F  Under jaw Follicular cell adenoma

AB 153 days Gonad not F  Under jaw Follicular cell adenoma

in sections

topD:GFP 2 years Female G Under jaw Follicular cell hyperplasia

topD:GFP 2 years Female G Under jaw Follicular cell hyperplasia in pharynx,
adenoma beneath eye

topD:GFP 2 years Male H  Under jaw Follicular cell adenoma

topD:GFP 2 years Female H  Under jaw Follicular cell adenoma
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Thyroid lesions regress when dissolved
iodine is increased

In July 2016 the water system salt supply was changed
from Crystal Sea Bioassay Marinemix (0.05 ppm iodine) to
Instant Ocean® (Instant Ocean Spectrum Brands, Blacks-
burg, VA; 0.24 ppm iodide). Salt was added to achieve a
conductivity of ~450 uS. Adult zebrafish continued to be fed
brine shrimp twice daily. The supplemental feed was changed
from O.range GROW to Gemma micro (Skretting, Stavanger,
Norway; 5 ppm iodine). This supplemental feed was still only
occasionally given to a subset of the population for 1 or
2 days before spawning.
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FIG. 2. Thyroid lesions. (A) and
(B) are ectopic follicular cell hy-
perplasia. (A) Hyperplastic lesion
in the nasal region anterior to the
eye. Follicular hyperplasia also
occurred in the pharyngeal region
and kidney of this fish to a lesser
extent. H&E; scale bar, 250 um.
(B) Higher magnification of the
lesion in A. H&E; scale bar, 50 um.
(C) and (D) are follicular cell ad-
enoma. (C) The adenoma protrudes
from the ventral jaw region, which
was a common presentation for
thyroid lesions in this report. H&E;
scale bar, 500um. (D) Higher
magnification of the lesion in (C).
H&E; scale bar, 25 um. (E) and (F)
are follicular cell carcinoma. (E)
This lesion also protrudes from the
lower jaw, but compared to the
adenoma in (C) and (D), this car-
cinoma is somewhat more irregular
in outline and larger. H&E; scale
bar, 800 um. (F) Higher magnifi-
cation of the lesion in (E). This
tumor was characterized by sheets
of cells with minimal follicle de-
velopment (black arrow), cytologic
atypia, and the presence of mitotic
figures (white arrow). H&E; scale
bar, 25 um. (G) and (H) are re-
covering thyroid tissue. (G) Mass
lesions are no longer present 5
months after iodine replenishment.
The box indicates the location of
(H). H&E; scale bar, 500 um. (H)
The thyroid tissue consists of nu-
merous tiny follicles in the ventral
jaw area. H&E; scale bar, 25 um.
H&E, hematoxylin and eosin.

Fish were then evaluated at 1, 3, 5, and 11 months after the
water system salt and diet were changed (Table 2). One
month after the salt and diet were changed, red masses were
still grossly visible, but at a population level they were re-
duced in size and no new masses were observed. At this time,
30 adult fish with red masses were selected arbitrarily from
nine tanks, euthanized, and evaluated by histopathology.
Twenty-three of these fish had thyroid follicular hyperplasia
and three had follicular adenomas (Table 2). In 13 fish, hy-
perplastic follicles developed in non-pharyngeal tissues.
Sites of ectopic follicular hyperplasia included kidney,
mesentery, coelomic lining, spleen, head tissues, nares, and
skeletal muscle. Additional findings included egg-associated
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None of these tumors appeared to arise from or involve thyroid
tissue.

Discussion

The cause of proliferative thyroid disease in this case study
was presumptive environmental iodine deficiency. The
amount of iodine required by zebrafish is unknown, although
one reference suggests that fish need 1-4 ppm in a dry diet.'
However, fish also absorb iodine from water, the importance of
which is often overlooked in studies of dietary requirements. In
the present case, fish over 45 days post-fertilization were fed
Artemia (brine shrimp) twice daily. Some researchers gave one
additional feeding of expired O.range GROW pellets for a day
or two before spawning, but this was not done routinely. Ar-
temia produce their own version of TH, which was previously
measured as 11+0.58ng/mg T3 and 107 +41ng/mg T4.*°
However, it is unknown if feeding Artemia results in appre-
ciable increases in bioavailable iodine or active exogenous TH
that can be utilized by the zebrafish.

The recirculating water system was treated with Crystal
Sea® Bioassay Marinemix, which contains 0.05 ppm iodine,
to achieve a conductivity of 450 uS. Levels of thyroxine in
fish were not assayed; therefore, it is unknown whether the
hyperplastic or neoplastic thyroid tissue was itself capable of
producing TH. There were no changes in pigmentation or sex
skewing in the population, effects that were previously as-
sociated with TH deficiency in zebrafish.®*' However, during
the first 45 days, when sex differentiation occurs in zebrafish,
larval fish received increased amounts of iodine in the feed
relative to adult stages due to the addition of Ziegler 100 um
larval diet (1.19 ppm iodine) and spirulina algae to the two
brine shrimp meals.

Interestingly, among the proliferative thyroid lesions were
masses with morphologic characteristics of adenomas and
carcinomas. In a review of several studies and populations,
Zimmermann and Galetti concluded that iodine deficiency is a
strong tumor promoter, but a weak initiator and is a risk factor
for follicular thyroid cancer in people. They speculated that

n=12 n=30 n=30 n=30
100%
o—
80%
60%
40%
20%
- [S—
Jun-16 Aug-16 Oct-16 Dec-16
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increased replication of thyrocytes induced by iodine defi-
ciency would increase their vulnerability to mutagens.

The progression from thyroid follicular hyperplasia to ad-
enoma and carcinoma has been documented in laboratory ro-
dents.'® Fournie et al. observed adenomas in normal and
hyperplastic thyroid tissue in Japanese medaka, prompting the
authors to conclude that hyperplasia might progress to neo-
plasiain fish as well. In the current case report, one of the most
poorly-differentiated tumors, a follicular carcinoma, occurred
in a p53-mutant zebrafish. While that line is predisposed to
developing tumors, this is the first time the authors have ob-
served thyroid follicular carcinoma in p53 mutants. It may be
that a lack of p53 tumor suppression leads to neoplasms with
higher degrees of malignancy in fish that have iodine
deficiency-induced proliferation of thyroid tissue.

Following the change to a higher iodine salt mix and a
minor diet change, the prevalence and severity of thyroid
lesions decreased dramatically (Fig. 3). Whether the changes
to the thyroid tissue occurred as a result of apoptosis of fol-
licular cells or dedifferentiation cannot be determined from
the results of this case study because sampling for histopa-
thology was lethal, and thus the thyroid glands of individual
fish were not assessed longitudinally over time. Furthermore,
the final group of submitted fish included wild-type strains
and p53 mutants that were in the facility before and after salt
and diet change. As might be expected, the original p53
mutants developed neoplasms (Table 2), but none of those
tumors originated from the thyroid gland. The new wild-type
and p53-mutant fish were younger than their strain-matched
controls sampled before salt and diet change. Histopathology
was not performed at later stages to evaluate whether thyroid
pathology would develop as the fish mature. However, gross
appearance was monitored over the following year and red
masses did not recur in any of the populations.

Conclusions that can be drawn from this case report are
somewhat limited because individual fish were not tracked
over time, fish selected for histopathology were not sampled
in an unbiased randomized manner, and there was no group of
fish that continued to receive the previous diet and salt in

n=59

« NAD
FCH  FIG. 3. Distribution of thyroid lesions
. Fca  shifts to hyperplasia and normal thyroid af-
ter iodine deficiency is corrected. FCA,
« FCC  follicular cell adenoma; FCC, follicular cell

carcinoma; FCH, follicular cell hyperplasia;
NAD, no abnormalities detected.
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water (i.e., to rule out the possibility of spontaneous lesion
regression).

Information in this report is derived from what was es-
sentially a series of diagnostic cases; if a prospective study
had been performed, a higher level of control would have
been incorporated. However, the disappearance of externally
and microscopically evident thyroid lesions at the population
level following an increase in available iodine was remark-
able. Although it is possible that some of the fish with pre-
sumptive follicular carcinomas may have died before the first
sampling after salt and diet change, there was no appreciable
increase in facility mortality, and fish with red masses were not
selectively culled. Therefore, the shrinking and disappearance
of all externally-visible red lower-jaw masses and a lack of
microscopically-evident proliferative lesions by 11 months
later suggest that even the most malignant-appearing masses
may have regressed.

Following a strict definition of neoplasia, that it involves
permanent and irreversible genomic changes, one could
claim that these lesions we describe with irrefutable histo-
logical characteristics of neoplasia were simply hyperplasia
or dysplasia. However, there are other examples of regression
of neoplasms in fish. Dermal sarcomas in walleye (Stizoste-
dion vitreum) have been shown to be reversible, with their
disappearance on individual fish during warm weather.*?
Regression of epidermal papillomas in Atlantic salmon
(Salmo salar) and white sucker (Catostomus commersoni)
has also been reported.?

There is also precedence for a regression of thyroid neo-
plasia in mammalian literature. For example, in one rodent
study, rat thyrocytes became increasingly aneuploid with fol-
licular hyperplasia resulting from an iodine-deficient diet.”
Following iodine replenishment, lesions regressed and thyroid
glands returned to near normal weight and histological ap-
pearance. However, most of the rat thyrocytes retained an
acrocentric chromosome, which the authors proposed might
indicate a permanent mutation. Hardisty and Boorman sug-
gested that the hormone-dependent regression and reversal of
thyroid neoplasms in laboratory rodents following removal of
the hormonal (i.e., TSH) stimulus indicates a low potential for
malignant behavior, but they contend that hormone depen-
dency is not incompatible with neoplasia, as not all tumors
exhibit truly autonomous growth and development.

In the current study, the histopathological characteristics
of zebrafish adenomas and carcinomas included patterns of
abnormal growth and degrees of cytologic atypia that were
consistent with true neoplasia; hence the reversal and re-
gression of these tumors in response to iodine replenishment
and presumed reduction in TSH are noteworthy. In addition
to pharyngeal thyroid tumors, many affected zebrafish had
substantial development of hyperplastic thyroid follicles in
ectopic locations. As previously postulated,'” it is suspected
that these follicles arose from nascent stem cell populations at
ectopic sites rather than by metastatic spread, as these hy-
perplastic ectopic foci lacked the morphologic characteristics
of adenomas or carcinomas located at the primary sites.

In another rodent study, monoclonal thyroid adenomas and
carcinomas, which were induced by a combination of muta-
gen and prolonged goitrogen exposure, regressed when goi-
trogen was removed compared to cohorts that were sacrificed
before goitrogen removal.”’ Regression was described as a
decrease in the number of carcinomas relative to adenomas
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along with cellular morphological changes. In that study the
tumors exhibited only two of the three characteristics re-
quired for spontaneous carcinogenesis; they lacked a growth-
limiting mechanism and were invasive, but their growth was
not TSH-independent. The authors concluded that when TSH
levels are consistently elevated, as during chronic goitrogen
exposure or iodine deficiency, a mutation that releases a cell
from a growth-limiting mechanism will cause a cell to pro-
liferate and be at risk for additional mutations. In that situa-
tion, a further mutation leading to TSH-independent growth
would not provide any additional selective advantage. The
authors went on to hypothesize that these tumors might even
exhibit enhanced TSH dependence if a growth control gene
was translocated to a TSH-inducible promoter.

Finally, data from this case report indirectly suggest that
zebrafish may absorb a significant amount of iodine from
water. Although changes were made to both water and diet, the
addition of supplemental dry feed was not uniformly applied
and was only given for a day or two before spawning to a small
subset of the population. The change to a higher iodine salt
(Instant Ocean brand), with maintenance of brine shrimp diet,
was sufficient to reverse the thyroid lesions in the colony as a
whole. Previously published studies of zebrafish administered
strict brine shrimp diets have shown either no adverse thyroid
effects®® or jaw dysmorphogenesis secondary to enlarged
thyroid glands.”® However, neither of those studies listed the
concentration or brand of salt added to the water. The findings
in this case report suggest that unsupplemented dietary brine
shrimp alone may not provide sufficient iodine for normal
health and well-being, but zebrafish can compensate by ab-
sorbing iodine from water, if water is supplemented with ad-
equate iodine in the correct form. We further speculate that
thyroid tissue would also develop normally in low iodine
water, if sufficient iodine was provided in the diet. Hence, it is
possible that zebrafish adjust the relative amounts of iodine
they absorb from diet and water according to physiological
needs. Proliferative thyroid disease is then most likely to occur
when a low iodine diet is combined with low iodine water.

Although the prevalence of thyroid lesions was excep-
tionally high in this case report, we have diagnosed qualita-
tively similar thyroid lesions in other laboratory zebrafish
colonies. Since 2001, the ZIRC diagnostic service has diag-
nosed 25 cases of proliferative thyroid lesions (hyperplasia,
adenoma, and carcinoma) from 11 zebrafish facilities out of
~ 17,000 fish examined.

The zebrafish research community is currently considering
which particular husbandry and health parameters should be
included in the Methods sections of articles in an effort to
minimize unintended variations that may affect research
outcomes (https://orip.nih.gov/about-orip/workshop-reports).
Other groups have proposed developing a standardized diet for
use in zebrafish studies.*® Results from the current case support
the need for further study of water and dietary factors and the
influence that water chemistry may have on response to diet.
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