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SUMMARY: Exposure to mercury in the environment continues to be a significant worldwide concern, especially for developing
embryos and fetuses. While extensive research effort has focused on the effects of mercury on the developing nervoustsiestem, mu
is known concerning adverse effects of mercury on other organ systems, including the development of skeletal muscle. We exposed
developing zebrafish embryos to a range of concentrations of mercuric chloride (100uw/It60or ppb) and compared them to
control embryos (lg/L mercuric chloride). Embryos were examined at 48 hours post fertilization (hpf) for morphometry and morphological
deformities of skeletal muscle fibers in the trunk and tail. Embryos exposed to 400 ppb mercuric chloride showed decdkessed trun
tail areas compared to control embryos. A dose-dependent reduction in muscle fiber length was observed, and expostesttatiiton
of mercuric chloride used in this study resulted in decreased muscle fiber immunohistochemical staining with anti-mya&s antibo
Irregular muscle fiber diameters, twisted muscle fibers, and degenerated muscle fibers were observed in sections ofieethnitis sta
eosin at the higher exposure concentrations. Evidence presented in this study suggests that exposure to even low carfcentrations
mercuric chloride adversely affects skeletal muscle fiber development or muscle fiber integrity, or both.
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INTRODUCTION

Mercury is a heavy metal contaminant that is foundxidative stress, reduced function of ion channels and
worldwide. Elemental, inorganic and organic forms ofieurotransmitter receptors, and perturbations in energy
mercury are found in our environment, due to geologimetabolism and calcium balance, primarily through effects
activity such as volcanic eruptions, soil erosion, as well @ mitochondrial function and integrity are adversely
human industrial activity (Liet al, 2016). Environmental affected when exposed to mercury (Retsal, 2007;
contamination by mercury has increased since the beginnidghikawaet al, 2016). Mercury also has a pronounced
of the industrial revolution, and mercury continues taffinity for protein sulfhydryl (SH) groups that, when bound
accumulate in both aquatic and terrestrial systems (Swadttlemercury, will diminish or completely inhibit normal
et al, 2017). protein function, including enzyme functions (Reisl).

Early embryogenesis is one of the most sensitive life Elemental mercury is transformed into
stages to environmental toxicants, and while the developingethylmercury, an organic form of mercury, by bacteria in
brain is particularly sensitive to mercury toxicity (Hassan water and soil and then methylmercury easily passes through
al., 2012; Chaet al, 2017), other developing organ systemsell membranes to accumulate in plants and small organisms
and tissues also are highly susceptible to mercury toxicityhat are eaten by larger organisms such that mercury
Mechanisms through which mercury affects cellulabioaccumulates in body tissues. Thus, the primary form of
functions include induction of apoptosis, increased cellulanercury to which humans are exposed is methylmercury,

1Department of Anatomy and Embryology, Faculty of Veterinary Medicine, Suez Canal University, 41522, Ismailia, Egypt.
2Department of Cytology and Histology, Faculty of Veterinary Medicine, Suez Canal University, 41522, Ismailia, Egypt.
3Department of Veterinary Integrative Biosciences, College of Veterinary Medicine and Biomedical Sciences, Texas A&M UdSArsity

901



MOUSSA, E. A,; FAROUK, S. M.; ABBOTT, L. C. & HASSAN, S. Use of zebrafish[fanio rerio) embryos as a model to assess effects of mercury on developing skeletal muscle: a morphometric
and immunohistochemical studgt. Morphol., 36(3)901-908, 2018.

primarily through consumption of seafood, but also through Gentet al (2015) reported that both methylmercury
eating contaminated rice. Environmentally relevandnd inorganic mercury exposures to adult zebrafish via their
exposures to mercury have been calculated to be in the radgst (10 pg/gram) resulted in altered gene expression in
of 1to 5 ppm, and less (Swadeéleal), but the actual levels skeletal muscle, while exposure to methylmercury was
of exposure are determined by the degree of contaminatigpecific for morphological changes observed in muscle using
and amount of consumption. electron microscopy. Exposure of adult zebrafish to,gs14
liter of mercuric chloride for seven days resulted in down-
While methylmercury tends to accumulate at highaeregulation of acetylcholinesterase and superoxide dismutase
concentrations in brain tissue compared to other tissues in theskeletal muscle (Zhest al, 2014). However, few studies
body, it also accumulates in skeletal muscle @étial). Once have have reported on the effects of mercury exposure on
organic forms of mercury, such as methylmercury, are takeleveloping zebrafish skeletal muscle.
inside cells they are typically converted to a demethylated form
of mercury (i.e., an inorganic form of mercury) that can resi- Therefore, in this study, we exposed developing
de for long periods of time in cells, since it is much moreebrafish embryos to a range of low, environmentally
difficult for inorganic mercury to pass through cell membrana®levant, concentrations of inorganic mercury (100 to 400
compared to organic forms of mercury (Cleal). Exposure ppb orug/liter), in the form of mercuric chloride gBIZ).
to both elemental and inorganic forms of mercury can resMie hypothesized that exposure to even very low
in many adverse effects. Severe effects reported in childreancentrations of mercuric chloride would delay or inhibit
exposed to non-lethal levels of mercury include developmentheletal muscle development. We analyzed control and
delays, limb deformities, physical growth disturbancegxposed embryos using immunohistochemistry for myosin
blindness, deafness, exaggerated reflexes, and cerebral patsyvell as paraffin-embedded and sectioned embryos stained
(Uchikawaet al). with eosin. Embryos exposed to all concentrations of
mercuric chloride exhibited altered skeletal muscle
Because mercury can have a critical impact on proteitevelopment.
function, skeletal muscle proteins are particularly suscepti-
ble to damage when exposed to even low concentrations of
mercury, especially during initial muscle formation (MusieMATERIAL AND METHOD
& Hanlon, 1999). During embryonic development, skeletal
muscle progenitor cells, which are multipotent mesodermal
cells, are derived from somites. After a series of cell division&gbrafish Embryo Production. Adult fish were maintained
most muscle progenitor cells first differentiate into muscle the Department of Biology at Texas A&M University using
fibers through cell fusion. Continued differentiation occurstandard laboratory conditions and a temperature of 28.5 °C
through formation, and assembly of the contractile myofibril@Vesterfield, 2000). Male and female adult zebrafish were
and a few progenitor cells remain in fully formed skeletgbaired in the evening, and fertilized embryos were obtained
muscle as a self-renewing population of satellite cells that approximately 10 AM the following morning. Medium to
have important roles in muscle repair following injury (Yinmaintain the zebrafish embryos was composed of ultrapure
et al, 2013). water and low concentrations of specific ions to mimic fresh
water and adjusted to pH 7.2 according to Westerfield.
Use of zebrafish adults and embryos for toxicitEmbryo medium was prepared fresh for each experiment.
testing provides a number of advantages. Zebrafish are small, zebrafish embryos were examined for their stage of
inexpensive, easy to maintain and breed, and produce ladgvelopment and fixed at specific times after fertilization
numbers of embryos. The zebrafish genome is completelnd recorded as hours post fertilization (hpf) (Westerfield).
sequenced, and their aqueous environment allows dirfdtis study was conducted under an Animal Use Protocol
exposure to toxicants being studied (Schatlal, 2008). that was approved by the Texas A&M University Institutional
Zebrafish embryos establish a complete body plan by 2himal Use Oversight committee. Adult zebrafish were
hours post fertilization (hpf), and embryogenesis is finishedaintained, and embryonic zebrafish were used in
by 72 hpf. Zebrafish embryos are transparent during eadyxperiments according to protocols consistent with the NIH
development and functioning skeletal muscle fibers aKguide for the Care and Use of Laboratory Animals (Géark
present before 24 hpf. An additional advantage to usirad., 1997).
zebrafish as an animal model is that many morphological
and molecular signaling processes that occur durirdercuric Chloride Preparation and Exposure. Embryos
development are either identical or similar to othewere kept in 24-well flat-bottom plates (BD Biosciences,
vertebrates, including man (Schelzal.). San Jose, CA, USA). Two ml of embryo medium were added
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to each well. Embryo medium without any mercuric chloridequipped with a 2x objective, a DXM1200 digital camera,
was used as the negative control. For each 24-well plateyd ACTI imaging software (Nikon Instruments, Melville,
four wells were used as positive controls, and containddy, USA). Controls included eliminating the primary
embryo medium with 2 % ethanol added. The remainirantibody from the first exposure step.
wells were divided equally to contain one of four different
concentrations of mercuric chloride (100, 200, 300, 400 pphissue Processing for Paraffin Embedding, Sectioning
At six hpf, two to four zebrafish embryos were placed iand Staining. Embryos were anesthetized with MS-222,
each well. The 24-well plates were prepared in duplicatehilled on ice and then fixed using 10 % neutral buffered
and approximately 96 zebrafish embryos were tested at edetmalin for a minimum of 24 h at 4C. Formalin-fixed
concentration of mercuric chloride. The 24-well plates wergpecimens were subsequently stored in 70 % ethanol at 4
incubated for 42 h at 28.5 °C in a low-temperature laboratot¢. For paraffin embedding, the embryos were dehydrated
incubator (Thelco; Cole-Palmer Instruments, Vernon Hillsjsing a graded series of ethanol (75 %, 80 %, 90 %, 95 %
IL, USA). Strict safety precautions concerning protectivand 100 %), subjected to three changes of xylene, and then
clothing and gloves were observed relative to personnginbedded in paraffin. The paraffin-embedded specimens
working with mercuric chloride solutions in this study. Allwere serially sectioned at a thickness pfrfband the sections
hazardous liquid and dry waste were collected and propesained with eosin.
disposed of by the Texas A&M University Environmental
Health and Safety Office. Using the eosin-stained sections, we examined
developing muscle fibers for evidence of degeneration, which
Immunohistochemistry. Embryos were anesthetized withincluded loss of muscle fibers or loss of fiber organization
MS-222, chilled on ice and then fixed using 10 % neutréFolloet al, 2013). We also observed changes in the myosepta
buffered formalin for a minimum of 24 h aft@. Formalin- between developing somites. In degeneration of muscle fibers,
fixed specimens were subsequently stored in 70 % ethanofosepta appeared narrower. The number of nuclei was altered
at 4 °C. Whole-mount immunohistochemical staining ofn degenerating muscle fibers.
zebrafish embryos was carried out as described previously
(Incardonaet al, 2004). Anti-myosin heavy chain mouseMorphometric Measurements.Whole, fixed embryos were
monoclonal F59 primary antibody was used at photographed using an Eclipse E400 microscope equipped
concentration of 1:1000 (Santa Cruz Biotechnology, Incwith a 2x objective, a DXM1200 digital camera, and ACT1
Europe) (Liet al., 2014). Embryos at 48 hpf wereimaging software (Nikon Instruments, Melville, NY, USA).
dechorionated, anesthetized with MS-222, chilled on ice thae length of the body, the area of the eye, area of the yolk
fixed in 10 % neutral buffered formalin for 24 h, at@. sac area of the tail and trunk were measured for each whole
After fixation, some embryos were processed for wholiéxed embryo examined.
embryo immunohistochemistry. The fixed embryos were
incubated in 0.3 % Triton x 100 in phosphate buffered salin8tatistical Analysis For assessment of the presence or
pH 7.2 (PBS) (1 h), then rinsed in PBS. Then the embryassence of muscle fiber degeneration, the Chi-square test
were incubated in 5 % normal horse serum in PBS (1 h) amés used, comparing the exposed embryos to control
placed in anti-myosin antibody af@, overnight. The next embryos. One way analysis of variance (ANOVA) was used
day the embryos were rinsed with PBS and incubated tim determine the significance of observed differences in tail
biotinylated horse anti-mouse secondary antibody (1:40&ea and muscle fiber length. When we observed a p-value
Vector Laboratories, Burlingame, CA, USA for 2 h). Next< 0.05, we ran t-tests that were corrected for multiple
the embryos were rinsed in PBS and incubated overnightcatmparisons using the Bonferroni correction.
4°C in horseradish peroxidase (HRP) bound to Strept-Avidin
(1:5000; Kirkegaard & Perry Laboratories, Inc. Gaithersburg,
MD, USA). Following several PBS washes and one findRESULTS
wash with 0.05M Tris-HCI buffer (pH 7.6), the tissue-bound
peroxidase reaction was visualized using 0.06 %
diaminobenzidine (DAB) (Sigma), 0.6 % nickel ammoniunBeginning at 6 h post-fertilization, we exposed zebrafish
sulfate as the chromagen and 0.02 % hydrogen peroxidesimbryos for up to 42 h to one of five concentrations (0
0.05 M Tris-HCI buffer to initiate the reaction (pH 7.6). Thgnegative control], 100, 200, 300 and 400 ppb) mercuric
DAB reaction was terminated after 2 min by transferringhloride. Embryos were assessed at 48 h post fertilization
the embryos to 0.05 M Tris-HCI buffer (pH 7.6). Followingfor progress in development, morphometry and
termination of the DAB reaction, the embryos were rinseahorphological deformities of skeletal muscles. Regarding
in PBS and photographed using an Eclipse E400 microscophole embryo morphology, we observed a smaller trunk and
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ppb mercuric chloride (Fig. 2); p < 0.05 for each comparison,
respectively). While there was a trend towards smaller tail
areas for embryos exposed to 200 ppb and 300 ppb compared
to control embryos, the differences did not achieve statistical
significance (p=0.15 for both comparisons).

When we examined sections from paraffin-embedded
zebrafish embryos that were stained with eosin (Fig. 3), we
observed decreased muscle fiber lengths in embryos exposed
Fig. 1. Photograph of a control, fixed zebrafish embryo. The trurtlh increasing concentrations of mercuric chloride (Fig. 4).
and tail area are outlined. Specifically, embryos exposed to all four concentrations of

mercuric chloride had significantly smaller muscle fiber
tail size in embryos exposed to mercuric chloride, dsngths compared to control embryos (p<0.001 for each
indicated by measuring the trunk and tail area (Fig. 1¢omparison). A dose-response was observed when muscle
Specifically, embryos exposed to 400 ppb mercuric chloridier lengths were compared between embryos exposed to
had a significantly smaller trunk and tail areas comparedtiee different concentrations of mercuric chloride (p<0.01
control embryos, and embryos exposed to 100 ppb and Z00all comparisons; Fig. 4).

Effect of HgCl on trunk and tail area

1600 1366.4 13414
1400 1044.0
1200
area 100 644.8
in 800 *
Sq. 4 6500 314.0
(x1000)
400
0
control 100 pph 200 ppb 300 ppb 400 ppb

Fig. 2. Graph showing the effect of exposure to different concentrations of mercuric
chloride on trunk and tail area. Error bars = SEM; * = p<0.05

Fig. 3. Photographs of 5
pum thick paraffin section
of zebrafish embryos that
were stained with eosin.
control and Hg cl treated
zebrafish embryos. Arrows
indicate muscle fibers. A
and D are taken of a con-
trol embryo; photographs
B and E are from an
embryo exposed to 200 ppb
mercuric chloride. C and F
are from an embryo
. exposed to 400 ppb
— * sm—— e T % o mercuric chloride. The
' boxes in photographs A-C

are enlarged in

” photographsD-F,

;i'il_ = — D Sﬁig?M'E' fe (._ u_ e F respectively.
control 200 ppb 400 ppb
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Fig. 4. Graph showing decreases in the muscle fiber length in the treated embryos compared to
control embryos. The calculated average muscle fiber length for each group is listed above each
bar. Error bars = SEM; * = p<0.05; ** = p<0.01

Effect of HgCl on muscle fiber degeneration
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8 # = control
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No degeneration Degeneration present

Fig. 5. Graph indicating numbers of zebrafish embryos in each group that did or did not show degeneration
of muscle fibers. N = 10 for each group. Data analyzed using Chi-square analysis. * = p<0.05; ** = p<0.01;
#=p<0.01

We then assessed whether muscle fibemercuric chloride all showed increased muscle fiber
degeneration was observed in embryos from eadegeneration compared to muscle fibers observed in
exposure group, using the Chi-square test to compa@ntrol embryos (200 ppb, p=0.03; 300 ppb, p<0.0001
control embryos to embryos exposed to the differeand 400 ppb, p<0.0001). Also, a dose response was
concentrations of mercuric chloride (Fig. 5). Embryosbserved when the two highest mercuric chloride
exposed to 200 ppb and higher concentrations exposure concentrations were compared (p=0.01).
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We observed that all embryos exposed to mercuric
chloride showed little to no positive immunohistochemical
staining for myosin (Fig. 6). Also, treated embryos revealed
abnormal muscle fiber shapes, specifically twisting of the
muscle fibers of the treated embryos (Fig. 4) as well as the
occurrence of irregular muscle fiber diameters along the fiber
length. Control embryos and embryos exposed to 100 ppb
or 200 ppb mercuric chloride showed no significantly
twisting of the skeletal muscle fibers. Embryos exposed to
300 ppb and 400 ppb mercuric chloride demonstrated a large
increase in twisted muscle fibers (Fig. 7); (p < 0.01 and p
<0.001, respectively).

DISCUSSION

At 6 h post fertilization, zebrafish embryos were
exposed for 42 h to one of five concentrations (0 [negative
control], 100, 200, 300, and 400 ppb of mercuric chloride)
and a range of muscle abnormalities was observed in
mercury-exposed embryos. Blood levels of mercury in the
human population ranges from Qug/L (or ppb) up to 20
Mg/L, with toxic symptoms occurring at 100 to 2Q0/L
blood levels in humans (Yet al, 2016). These reports
indicate that the concentrations of mercury used in this study
are relevant to the range of environmental, human exposures
to mercury.

t‘ While many studies have examined how mercury

Fig. 6. Photographs of whole mount zebrafish that were stain%?posure affects the developing brain, I?SS is known about
using immunohistochemistry with anti-myosin antibody..t e effects of mercury on other developing organ systems,

Photographs; A= Control, B = 100 ppb mercuric chloride, C = 20@cluding developing skeletal muscle. Most human mercury
ppb mercuric chloride, D = 300 ppb mercuric chloride, E and Fexposure is due to methylmercury contamination of food.
400 ppb mercuric chloride. ys = yolk sac, mf = stained myosin idowever, inorganic forms of mercury such as mercuric
the muscle fibers. Scale bar = 2% in each photograph.

Effect of HgCl on muscle fiber morphology

12 7 *%
10 10 10 Fig. 7. Graph indicating
101 M — numbers of zebrafish
8 * embryos in each group
8 1 7 that did or did not show
number twisted muscle fibers.
of 6 1 N = 10 for each group.
embryos Data analyzed using
observed 4 1 3 Chi-square analysis. *

2 = p<0.05; ** = p<0.01
2 4
I 0 0 0 I

0 4] 100 200 300 400 ' 0 100 200 300 400

ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb

No twisted muscle fibers observed Twisted muscle fibers observed
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chloride also occur in our environment, especially witlexposure of skeletal muscle can decrease the activity of
occupational exposures to mercury, and conversion ofyosin ATPase, which catalyzes ATP breakdown into ADP
methylmercury to inorganic mercury over long periods dfVassalloet al, 1999). Reduced ATPase activity could lead
time also occurs (Yet al). It is thought that the ratio of to abnormal muscle development and function. Mercury also
inorganic mercury to organic mercury increases with adges been shown to inhibit sarcolemmal Na+/K+-ATPase as
due in part to the limited ability of inorganic mercury to cellvell as sarcoplasmic reticulum Ca2+-ATPase activity
membranes compared to organic forms of mercuryetYe (Hechtenberg & Beyersmann, 1991). Altering these ion
al.). In fish, mercury accumulates in many organs, but musge@mps can result in calcium overload, triggering calcium
is the primary repository for mercury (Lat al). release from the sarcoplasmic reticulum (Hechtenberg &
Beyersmann), leading to increased muscle fiber tension and
In this study, zebrafish embryos were assessedshiortened muscle fiber lengths, which also are consistent
48 h post fertilization for morphological deformities inwith observations noted in this study.
developing skeletal muscle in the trunk and tail after
exposure to mercuric chloride. Decreased myosin Liu et al reported that exposure to methylmercury
expression, as demonstrated by IHC staining, suggestedulted in changes in several genes associated with muscle
that altered muscle protein conformation may havaevelopment, including postna, atp2al and mylpfa and that
occurred, which is consistent with effects of methylmercumyysregulation of genes by exposure to mercury disrupts
on muscle development in zebrafish embryos @tial). muscular development. Postna is a gene that is involved in
Abnormalities in the expression of different myosin formsuscle cell differentiation (Liet al). The atp2al gene
during development have been associated with congenigalcodes a calcium pump, which is essential for normal
defects in mammals including joint contractures anehuscle function (Litet al). Myosin light chains, which are
orofacial dysmorphisms (Schiaffiebal, 2015). Exposure encoded by mylfa, also are essential for normal muscle
to trace elements, including mercury has been associatedction (Liu et al). While we did not examine gene
with cardiac muscle dysfunction presumably througbxpression in this study, we speculate that direct exposure
adverse effects on mitochondrial function and muscle cédl mercury is likely to alter gene expression in developing
metabolism (Frustacet al, 1999). We also observedskeletal muscle.
significant shortening and increased twisting of skeletal
muscle fibers in a dose-dependent manner due to exposure In conclusion, the treated zebrafish embryos in this
to increasing concentrations of mercuric chloride. Thestudy showed an apparent decrease in development in a dose-
morphologic abnormalities suggest that myofibrils may b#ependent manner with exposure to mercuric chloride,
undergoing degeneration. In a research model lookingsatpporting the potent toxicity of inorganic mercury. Mercury
skeletal muscle development in chick embryos, exposunas the potential to disrupt nearly every cell function,
to decamethonium bromide resulted in muscleacluding membrane transport, volume regulation,
degeneration characterized by reduced or missimgicrotubule formation, protein and RNA synthesis and signal
myofibrils as well as significantly decreased myositransduction (Aduayorat al, 2005). Also, skeletal muscle
protein expression (Macharit al., 2004). Decreased fibers in treated embryos appeared to exhibit aspects of
staining of myosin in myaofibrils also may be due to a slowelegeneration that could be due to mercury’s interference with
or delayed rate of myosin development. Mercury ions hagell membrane transport or €anetabolism (Hare &
high affinity to bind to sulfhydryl (SH) groups, which areAtchison, 1992). Future studies should focus on discerning
found in the sulfur-containing amino acids, cysteine, arfftbw much skeletal muscle fiber alteration is due to
methionine. Glutathione has been shown to be protectidevelopmental disruption and how much is due to muscle
against mercury toxicity, in support that SH groups arfiber degeneration and assessment of the effects of early
possible sites of action for mercury toxicity (Musiek &xposure to mercury on developing muscle cell gene
Hanlon). Thus, it is conceivable that mercury adversebxpression also would be an important study to carry out in
acts on myosin molecules through binding to SH groupisis model system.
(Musiek & Hanlon).
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