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ABSTRACT

EARL GILMORE FORD IV
ACCUMULATION AND TOXICITY OF MERCURY-CYANIDE COMPLEXES
Under the direction of: CHRISTY C. BRIDGES, PhD

Mercury is a heavy metal toxicant found in numerous occupational and environmental settings.
A major source of mercury pollution in environmental settings comes from the occupational use
of mercury in artisanal and small-scale gold mining (ASGM). ASGM utilizes elemental mercury
(Hg0) for extraction of gold from ore, which leads to Hg0-contaminated tailings. These tailings
are often reprocessed with cyanide (‾CN) to extract residual gold. Hg0 reacts with ‾CN to form
mercury-cyanide (Hg(CN)) complexes, which are released into the environment with discarded
tailings. These complexes create numerous environmental and health problems. To assess the
disposition of Hg(CN)2 complexes in mammalian systems, wistar rats were injected with 0.5
µmol/kg mercury chloride (HgCl2) or Hg(CN)2. Each injection solution contained radioactive
mercury ([203Hg2+]) and/or radioactive cyanide ([14C]-NaCN). After 24 h, animals were
euthanized and organ samples were collected for determination of Hg(CN)2 content and for
histological analyses. To assess the disposition of Hg(CN)2 complexes in an aquatic organism,
zebrafish (Danio rerio) were exposed to various concentrations of Hg(CN)2 and accumulation in
both whole fish and specific organs was measured. The current data show that the disposition of
Hg(CN)2 in zebrafish is similar to that when rats were exposed to HgCl2. Interestingly, when
rats were exposed to NaCN alone, the uptake was significantly less than that of rats exposed to
Hg(CN)2. Experiments using adult zebrafish showed that Hg(CN)2 accumulates readily in fish.
xii

Zebrafish embryos exposed to Hg(CN)2 experienced alterations in developmental processes.
The current data provide important information about the handling of Hg(CN)2 complexes in
mammalian systems and aquatic organisms.

xiii

CHAPTER 1
INTRODUCTION
Heavy Metal Use in Artisanal and Small-Scale Gold Mining
Artisanal and small-scale gold mining (ASGM) is a major contributor to environmental
mercury pollution. This method is faster, less expensive, and much more accessible than other
methods of extraction (Moody et al. 2019). Liquid elemental mercury (Hg0) is used to
concentrate gold from rock and river sediment. The amalgam is burned following the
amalgamation to evaporate the remaining Hg0. This creates a mercury vapor, which is a potent
chronic and acute neurotoxicant and nephrotoxicant (Drace et al. 2016). Exposure to this toxicant
occurs through direct inhalation and by consumption of contaminated aquatic organisms and
crops. Mercury exposure poses a significant health risk for the miners and residents of the local
communities due to the ability of mercuric ions to enter the blood stream and form a mercurythiol complex that is able to disseminate further into tissues and organs, such as the brain and
kidney (Drace et al. 2016). Health conditions associated with mercury contamination include
severe pulmonary disease, kidney failure, and neurotoxicity (Drace et al. 2016; Moody et al.
2019). The formation of mercury-thiol complexes occurs due to the high affinity that mercuric
ions have for nucleophilic functional groups (Bridges et al. 2017). The thiol-containing
molecules are chemically stable, yet the complete understanding of the interactions of mercurythiol complexes is yet to be elucidated. Mercury-thiol complexes appear to be readily transported
into target cells.
Mercury amalgamation is not the most efficient method of gold extraction. Up to seventy
percent of the gold is lost in the tailings following this process, therefore, it is necessary to
1

perform cyanidation of the tailings to extract roughly ninety percent of the remaining gold which
is done by only a few companies. Smaller mining operations must sell their tailings to these
companies for this to be completed (Moody et al. 2019). Following evaporation of Hg0 from the
amalgam, up to five percent of the Hg0 is left in the tailings. These tailings are then subjected to
the cyanidation process to extract the remaining gold. When mercury-contaminated tailings are
processed by cyanidation, mercury cyanide (Hg(CN)2) complexes form. Individually, mercury
and cyanide have toxic effects on the environment and organisms, but the complex, Hg(CN)2,
has been found to be more toxic than either Hg or CN alone. Coles and Cochrane (2006) have
shown that mercury-rich tailings subjected to cyanidation increases mercury mobilization and
concentrations in groundwater. The increased contamination is due to the increased mobilization
of the Hg(CN)2 complex. This increased mobilization of Hg(CN)2 complexes leads to
contamination of soil and water in local communities. These have direct negative effects on
crops and other food sources in the area.
Mercury-Cyanide Complexes: Characteristics and Toxicity
Mercury-cyanide complexes form with the general formula Hg(CN)n2-n when tailings
contaminated with mercury are exposed to cyanide (Drace et al. 2016). Drace et al. 2016
predicted that exposure to Hg(CN)2 complexes is expected to be highly toxic in mammalian
systems. Little is known about the effects of Hg(CN)2 complexes in mammals. The majority of
research has been focused on the understanding of other species of mercury. A study conducted
by Seney et al. (2020) used male Wistar rats to show the implications of Hg(CN)2 complexes in
the blood. Rats were injected intravenously with Hg(CN)2 and euthanized following a twentyfour-hour exposure period. Samples of kidney, liver, spleen, urine, feces, and blood were taken
and analyzed. The results of the study showed that there is a positive correlation between the
2

dose of Hg(CN)2 and accumulation in the tissues. Specifically renal accumulation of Hg(CN)2
led to renal injury, which resulted in a significant decrease in glomerular filtration. Prolonged
exposure to Hg(CN)2 can lead to health problems such as chronic kidney disease (CKD) or
kidney failure. This is one of the first studies to demonstrate the accumulation and toxicity of
Hg(CN)2 complexes in mammals. Pittman (2021) examined the effects of Hg(CN)2 complexes in
an aquatic environment using a zebrafish model. These findings showed that developmental
deficiencies occurred when fertilized eggs were exposed to 0.2mg/L of Hg(CN)2. This was
indicated by lack of muscle movement in the unhatched embryo, lower percentage of hatching,
and lethargy of hatched embryos when compared to the control group. Adult fish were also
tested to determine the accumulation rates of Hg(CN)2 complexes in aquatic environments
(Pittman, 2021). The findings showed that the accumulation of Hg in fish exposed to 0.025mg/L
Hg(CN)2 was thirty times greater than that in the control fish. This study shows that Hg(CN)2
complexes are not only a threat to terrestrial organisms but also to aquatic organisms.
Considering this, it is important to fully understand the effects of Hg(CN)2 complexes in a
variety of systems.
Use of Zebrafish in Toxicological Studies
Zebrafish (Danio rerio) are a species of freshwater fish used as a vertebrate model for
developmental biology, genetics, drug discovery, and toxicology. Zebrafish as model organisms
have many advantages for these types of research. First, zebrafish embryos develop in a
transparent coreon entirely outside of the mother until hatching, around the 72-hour post
fertilization (hpf) mark. This allows for observation of developmental changes as well as
fluorescent tagging of embryos to determine cell differentiation. Second, female zebrafish, in the
optimal environment, have a fecundity rate of roughly two hundred eggs per week. This allows
3

for a replication of experimental groups from the same group of embryos (Avdesh et al. 2012).
Third, development of zebrafish is relatively rapid. The embryonic phase lasts from zero to
seventy-two hpf (Larsen et al. 2015) and the larval phase is from day three until day ninety. After
day ninety, the fish are considered adults and they are capable of breeding. These short life
cycles allow for the study of compounds in different life stages throughout development. This
gives researchers the ability to control for different variables and understand the effects of
different toxicants at different stages of development. Lastly, zebrafish are relatively small in
terms of aquatic organisms, weighing one to two grams each. This allows scientists to hold a
relatively large number of animals in a relatively small space, allowing researchers with small
labs to have a model organism that can be adapted to a wide variety of research implications.
Many laboratories have utilized the zebrafish as a model organism for other similar
toxicological studies. MeHg was used as a chronic toxicant in a study conducted by MoraZamorano et al. (2016). In this study, adult female zebrafish were fed a diet of MeHg-containing
food for a nine-week period. Following this exposure, the females were mated with unexposed
males. The offspring (generation one) of this mating were then chronically exposed to
methylmercury (MeHg) through their food. Once the first-generation fish reached adulthood,
males and females of this group were mated. Their embryos (generation two) were then observed
for behavioral abnormalities. The chronic exposure study of the generation two fish showed that
they developed a decrease in swimming spontaneity. This result could cause an increase in
predation. A similar finding was observed by Strungaru et al. (2018).
The behavioral changes of zebrafish resulting from MeHg exposure have been studied by
Strungaru et al. (2018). Their results showed that zebrafish exposed to MeHg were less likely to
4

survive in their natural habitats due to decreased memory, swimming ability, and food response
aggression. The decrease in memory leads to an increase in predation because fish are unable to
remember the location of their shelter. They also have decreased ability to remember where they
normally spawn, which decreases the number of successful reproduction events in a given
period. The decrease in swimming ability leads to increased predation because they are unable to
evade predatory fishes in the surrounding areas. Lastly, a decrease in food response aggression
enables other organisms on the same trophic level to outcompete the zebrafish for food sources.
These studies show that zebrafish are an appropriate model organism for toxicological studies
involving species of mercury. The understanding of MeHg exposure to zebrafish will play an
important role in the future research of Hg(CN)2 complexes.
Use of Wistar Rats in Toxicological Studies
Wistar rats are also used as model organisms for toxicological studies. Rats are a good
mammalian system to use as a model of how toxicants affect human systems. The following
study introduces the usefulness of rats as a model for our specific toxicological studies. Seney et
al. (2020) showed that rats are a viable option for studying the effects of Hg(CN)2 in a
mammalian system. This study examined the effects of intravenous injections of Hg(CN)2,
ranging in concentration from 0.1 to 0.4 mg/kg. The rats were euthanized twenty-four hours
following injection and organs were collected. The data showed that there was noticeable renal
injury in rats exposed to concentrations of Hg(CN)20.2 mg/kg . The study also reported that
splenocyte proliferation increased at all concentrations indicating that an inflammatory response
could occur at very low exposures to Hg(CN)2.

5

Hypothesis and Aims
The overall purpose of this research was to assess the toxicity of mercury on the viability
of organisms living in contaminated environments. We used a zebrafish model to test the
hypothesis that Hg(CN)2 is more toxic in aquatic environments than MeHg or inorganic mercury.
We also examined which organ systems were most affected by this species of mercury.
To test our hypothesis, the project was divided into three aims:
Aim 1: To test the hypothesis that Hg(CN)2 is more toxic than methylmercury (MeHg) or inorganic
mercury (HgCl2) to aquatic organisms.
Zebrafish exposed to Hg(CN)2, MeHg, or HgCl2 will be observed to see what concentration
is required to cause significant developmental changes in zebrafish embryos. Results showed that
MeHg caused significantly more developmental problems than either Hg(CN)2 or HgCl2.
Aim 2: To test the hypothesis that the accumulation of Hg(CN)2 is greater than that of MeHg in
aquatic organisms.
Adult zebrafish were exposed to radiolabeled Hg(CN)2 and MeHg and then measured for
accumulation of the Hg in individual organs. Results showed that the MeHg accumulated in the
organs significantly more readily than Hg(CN)2.
Aim 3: To test the hypothesis that the accumulation and toxicity of Hg(CN)2 is greater than that
HgCl2 in Wistar rats.
Rats were injected with radiolabeled Hg(CN)2 and HgCl2. They were then measured for
Hg accumulation in individual organs. The results showed that histologically Hg(CN)2 caused
significantly more damage than HgCl2.
Results from the studies will be used to define the toxicity of each species type of mercury
and the ramifications on the development of the zebrafish embryo, larvae, and adult. These
6

findings can be used to better understand the toxicity of Hg(CN)2 in comparison with MeHg, and
HgCl2. The findings of research will improve the limited knowledge of the effects of Hg(CN)2
exposure to both aquatic and terrestrial organisms. This study will lead to further understanding
and research involving Hg(CN)2 complexes. The results of these studies will help determine the
effects of Hg(CN)2 complexes as toxicants and to better understand their role as a toxic species of
mercury. We anticipate that this research will help to shape the future research and to help guide
regulation of the use of these environmental pollutants.

7

CHAPTER 2
METHODOLOGY
Zebrafish Studies
Zebrafish Husbandry Protocol
The protocol used in this laboratory for zebrafish husbandry was adapted from the
protocols outlined in “Regular Care and Maintenance of a Zebrafish (Danio rerio) Laboratory:
An Introduction” (Avdesh et al. 2012) and “Keeping and Raising Zebrafish” (Brand et al. 2002).
These protocols, along with changes due to system modifications and additions have been
modified to suit our specific research needs. Zebrafish food was formulated by the Zebrafish
International Research Center (ZIRC) and was modified to best suit our facility. Individual
ingredients for the food were procured and the food was combined according to the ZIRC
protocol (ZIRC 2020). Otohime C1 and Rotifers were procured from Reed Mariculture, Golden
Pearls were procured from Artemia International, and OSI Spirulina Flake and Zeigler Zebrafish
Diets were procured from Pentair. Food was stored at -20°C for long-term storage and aliquots
were stored at 4 °C for use up to six months. Quality checks of system water were performed
daily to maintain optimal conditions in the system for the zebrafish. Nitrate, nitrite, and ammonia
levels were tested using the API Freshwater Master Test Kit. pH levels and temperature were
tested using an Orion pH meter. Salinity, conductivity, and alkalinity were tested using the Sper
Scientific Salinity probe for salinity and conductivity. The LaMotte Total Alkalinity Test Kit was
used to measure alkalinity. The photoperiod (14h light 10h dark) was maintained using a timer
for the lights in the room and was not changed to accommodate daylight savings time. Optimal
values as obtained from the Aquatic Habitats system manual (Pentair AES) are shown below in
Table 1.
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Parameter

Recommended Range

Temperature (°C)

26-30

Dissolved Oxygen (mg/L)

5<DO<10:>6

pH

6-8

Conductivity (micro-Siemens)

450-1000

Total Dissolved Salts (ppm)

<2500

Salinity (ppt)

<2

Total Ammonia Nitrogen (TAN) (mg/L)

<1.0

Un-ionized ammonia (NH3-N) (mg/L)

<0.02

Nitrite (NO2-N) (mg/L)

<0.05

Nitrate (NO3-N) (mg/L)

<200

Total Hardness (mg/L as CaCO3)

100-300

Total Alkalinity (mg/L as CaCO3)

50-300

Carbon Dioxide

<20

Photoperiod

14hr light / 10hr dark

Table 1. Optimal Water Quality Parameters.
Measurements were used to maintain optimal water quality of the system.

The values of the daily water quality checks were recorded and kept for analysis on a
monthly basis. System maintenance took place daily, but the majority of the work occurred each
Monday. This was due to the system being maintained over the weekend by the Animal Care
Facility (ACF) staff. Each Monday, the system would go through a regular clean. This included
replacing the floss filters, replacing the mechanical filter, scrubbing tanks, and calibrating the pH
9

and conductivity meters. The carbon filter was replaced on Mondays, twice per month. On
Thursday of each week, the floss filters were both replaced. Daily, a ten percent water exchange
was done to help maintain the quality of the water, where system water was removed and poured
down the drain, and replaced with ultrapure water. Temperature, pH, nitrate, nitrite, and
ammonia measurements were also taken daily. Saturday and Sunday required no system
maintenance and the fish were fed and the system was monitored by the ACF staff. System
problems that occurred over the weekends were noted by ACF staff and corrected on Monday
mornings. The system UV sterilizer was serviced every nine months per the user manual and the
biomedia was cleaned every six months per the user manual.

Acclimation of Zebrafish to Aquarium
Adult wild type zebrafish were obtained from ZIRC. Two strains of breeding pairs were
ordered, AB and SAT. Since there is no standard protocol for intake of new lab zebrafish, the
fish were acclimated to our lab by adapting acclimation procedures that are used by ZIRC (ZIRC
2020). Once arrived, the zebrafish were taken to the system room and removed from their box.
The containment bags were cut to allow fresh air in and to allow the bags to fit into the system
tanks. The bags were left in the system tanks for fifteen to thirty minutes to allow the water
temperature to equilibrate. After this equilibration period, the fish were scooped from their bag
with a sterilized net and placed into a clean tank with system water. The flow rate of the tank was
reduced to allow the fish to settle and acclimate to the environment for twelve hours. After
twelve hours, the flow rate was increased to maximum flow and the fish were allowed two weeks
to acclimate fully to the system before breeding. The two-week acclimation period allowed for
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determination of any illness or contamination problems with the new fish. Once the two-week
period was over, the fish were able to be used for breeding.

Spawning of Zebrafish
Breeding was necessary in order to obtain the large quantity of embryos and adult fish
needed for experiments. The breeding was completed in-house in false-bottom breeding tanks.
These tanks allow for the capture of the eggs post spawning and prevents males eating the newly
laid eggs. Breeding was conducted on Friday mornings. On Wednesday afternoon, breeding
females were separated from males and remained isolated for 24 hours. This separation is
necessary to facilitate breeding. On Thursday afternoon, the females were placed on one side of
the false bottom tank and the males were placed on the other side of the divider as shown in
Figure 1. The false bottom insert was placed on the system and the breeders were allowed to rest
overnight. Friday morning, the false bottom tank was placed in the collection tank with fresh
system water to create the spawning tank. The divider was removed from the false-bottom tank
and placed between the false-bottom tank and the collection tank to increase the angle of
elevaton to mimic the slope of natural breeding habitatis of zebrafish. The breeding pairs were
allowed to breed for three hours as shown in Figure 1.

11

Figure 1. Zebrafish Spawning Tank.

This figure is presented in color. Original image.
After breeding, fish were returned to their individual system tanks. Eggs were collected from the
collection tank and placed in a beaker with system water. The eggs were then taken to another
lab for processing and analysis of fertilization of the eggs.

Raising Zebrafish Larvae
Once the embryos were collected, they were washed in a bleach bath according to the
protocol outlined in The Zebrafish Book (Westerfield 2000). This bath helps to remove
contaminats from the embryos and the water. The process involves using 170 mL of ultrapure
water and 100 μL of 7.25 % sodium hypochlorite (bleach) and swirling the embryos in this
solution for one to two minutes. Following this the embryos were rinsed in ultrapure water to
remove any remaining bleach from the embryos. Following the decontamination process of the
bleach bath, the embryos were checked for fertilization status using a dissecting microscope.
Fertilized embryos are translucent and the developing embryo is visible. Unfertilized embryos
12

are cloudy and opaque, which is characteristic of embryo death. Fertilized embryos were placed
in 70 mL of E3 media in individual pertri dishes (50 per dish) (Westerfield 2000). The E3
consists of 1.6g sodium chloride, 0.08g potasium chloride, 0.24g magnesium sulfate, 0.03g
calcium chloride, 0.007g disodium phosphate, 0.012g potasium phosphate monobasic, and 0.7g
sodium bicarbonate. These petri dishes were placed in an incubator at 28.5 °C for 72 hours.
Following the three-day period, hatching was assessed. Hatched embryos were transferred from
the petri dish into 0.7 L tanks containing 200 mL of E3 media. Tanks contained a 400-µm baffle
that prevented larva from escaping. Larvae were fed L-type rotifers starting at four days post
fertilization (dpf). Starting at five dpf, 10 % of water was removed from the larval tanks and 100
mL of E3 media. Larvae were fed L-type rotifers until 14 dpf. At this point, the larvae were
switched to Dry Larval Diet AP1100 Z1 (Pentair AES) and Z3 in a 50/50 mix. This mix was
suspended in E3 media at a ratio of 1g food to 10 mL media. Daily water changes and feedings
for larva continued until 21 dpf. At this point, the 400-micron baffle in the tank was replaced
with an 850-micron baffle. The tanks were moved from the incubator to the system and started
on a slow drip of system water overnight. The larvae were conditioned to the system water by
increasing the flow from the system into the larval tank over the next 7 days. Following the
acclimation period, the larvae grew until 60 dpf, at which time, the larvae were moved into larger
3 L tanks with regular baffles and were fed a 50/50 mix of the larval food and adult food. After
90 dpf, larvae are considered adults.
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Hatching Brine Shrimp
Brine shrimp (Artemia) were used as a supplemental food to improve the fecundity rate
of the breeding pairs and to help maintain the foraging activity of the adult zebrafish. Brine
shrimp cysts were purchased frozen from Brine Shrimp Direct. A hatching cone was used to
hatch the brine shrimp from the cysts. Saltwater was made using 20 L of ultrapure water with 1.4
pounds of Instant Ocean salt. This produced a solution with salinity of 25 parts per thousand.
One L of salt water was added to the hatching cone with 1 gram of cysts. An air stone was placed
at the bottom of the cone to allow for recirculation of the water. A heating lamp was placed ~ 18
inches from the cone to maintain the temperature of the water at 30°C. The system was aerated
for 24 h and the shrimp were collected from the cone using a sieve to separate the shrimp from
any unhatched cysts. The hatched shrimp were then fed to all adult tanks once per weekday. A
new batch of shrimp were set up daily for harvesting the next day.

Protocol for Hatching Rotifers
L-Type salt water rotifers (Brachionus plicatilis) were used as the initial food for larval
zebrafish after initial efforts to feed just using processed feed or brine shrimp failed to achieve
survival rates that were deemed successful. One million rotifers were purchased from Reed
Mariculture and grown in a bucket culture system, also purchased from Reed Mariculture. The
initial culutre was set up based on the guidance from Reed Mariculture. Following three days of
initial growth and feeding, the culture reached the optimal density for our needs. The culture was
cleaned daily using a scrub brush to remove any detritus from the sides of the bucket. The filter
was removed and cleaned with high pressure water stream daily. Feed was administered at 5
14

mL/12 h. The culture was fed RGComplete from Reed Mariculture. Each day 4 L of the culture
were removed and passed through a sieve to collect the rotifers. Following collection, the rotifers
were transferred to a petri dish and then fed to zebrafish larvae between 5 and 21 dpf. Four L of
25 part per thousand (ppt) salt water were added back to the culture to allow for growth and
proliferation of the rotifers. Rotifers were collected daily and fed to larvae until 21 dpf.

Exposure of Zebrafish Embryos to Mercuric Cyanide at 4 Hours Post Fertilization
Following the decontamination process, groups of 10 embryos were placed in labled petri
dishes containing a specific species of mercury. The species of mercury used were Hg(CN)2,
HgCl2, and MeHg. A 10 mM stock solution was made of each species and then a serial dilution
was performed to create a 0.01 mM solution to be used to create the final concentrations used in
the exposure. The concentrations used were 0, 0.025, 0.05, 0.075 and 0.1 mg/L. The exposure
dishes were placed on a tray and placed into an incubator set at 28.5 °C. The embryos were
observed under an inverted microscope every 6 h to identify developmental milestones such as
tail formation, eye formation, heartbeat, and hatching rate. These observations continued for 72
hours post exposure (hpe). At 96 hpe, all embryos were euthanized using 0.01% tricaine
mesylate (MS-222). All waste was then collected to be discarded as hazardous waste.

Exposure of Zebrafish Larva to Mercuric Cyanide at 72 Hours Post Fertilization
Following the decontamination process, embryos were placed in 70 mL of E3 media and
allowed to hatch (approx. 72 hpf). Viable embryos were then transferred to labled petri dishes in
groups of 10 containing specific species of mercury. The species of mercury used were Hg(CN)2,
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HgCl2, and MeHg. A 10 mM stock solution was made of each species and then a serial dilution
was done to create a 0.01 mM solution to be used to created the concentrations used in the
exposure. The concentrations used were 0, 0.1, 0.2, and 0.3 mg/L. The exposure dishes were
placed on a tray and placed into an incubator set at 28.5 °C. The larvae were observed under an
inverted microscope every 6 hours to identify developmental issues such as loss of swimming
strength, reduced twitching, and inability to remain upright. These observations continued for 72
hpe. At this time, all embryos were euthanized using 0.01% MS-222. All waste was then
collected to be discarded as hazardous waste.

Manufacture of [203Hg2+]
Mercuric oxide was sealed in quartz tubing using an acetylene torch. The capsule
containing mercury was irradiated by neutron activation for one month at the Missouri
University Research Reactor (MURR) facility. Following irradiation, the quartz tube was
crushed releasing the irradiated mercuric oxide powder. One mL of 1 N HCl was added to the
powder and allowed to sit at room temperature for 24 h. The solution was removed and placed
in a single polypropylene vial. Radioactivity was determined using an ion chamber.
Radioactivity was approximately 5-10 mCi/mg.

Exposure of Adult Zebrafish to Radioactive Mercuric Cyanide
Adult zebrafish (greater than three months of age) were selected randomly from holding
tanks. These fish were a mixture of in-house raised generation-1 fish and fish raised from
embryos that were procured from ZIRC. The fish were divided into three groups of four fish
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each. Males and females were tested separately for 72h. The groups were placed in 500 mL
specimen cups containing 1µCi of [203Hg2+] and Hg(CN)2 to give final concentrations of 2.5, 5.0,
and 10 µg/L in combination with system water to give a total volume of 100 mL. The
experimental setup is shown in Figure 2.

Figure 2. Zebrafish Exposure to Radioactive Mercury.

This figure is presented in color. Original image.

The fish were not fed over the course of the experiment to limit the deterioration of water
quality from excess food and waste from the fish. The fish were maintained on their normal 14 h
light:10 h dark light cycle over the course of the 72-hour exposure. During the exposure, fish
were monitored for any abnormalities in swimming ability or behavioral changes such as
lethargy or aggression. Any fish that died during the exposure was removed from the cup to limit
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stress on the remaining fish. At the end of the 72-hour exposure period, fish were removed from
the cups and euthanized using MS-222. Following euthanasia, the fish were washed in a sodium
2,3 dimercaptopropanesulfonate monohydrate (DMPS) 10 percent solution to remove any
residual mercury from their scales. The fish were then placed in polystyrene culture test tubes
with 1 mL of 70% ETOH for counting in the Wallac Wizard 3 automatic gamma counter. The
next day, fish were removed from the test tubes and dissected using a dissecting microscope.
Muscle, scales, heart, stomach, and swim bladder were taken and placed in individual
polystyrene test tubes to be counted in the gamma counter. Following counting, all test tubes,
liquid waste, and fish samples were collected and stored in radiation storage until the Hg has
decayed.

Wistar Rat Studies
Experimental Design
Male adult Wistar rats (950 – 1000g) were used in the following experiment. Rats were
randomly selected from the stock of rats in our research facility. Rats were transported to our lab
from the animal care facility and allowed to acclimate overnight in the lab. The next morning,
rats were individually weighed and tails were numbered. The rats were then sedated using
isoflurane. Once sedated, a small incision was made in the midventral thigh to expose the
femoral vein and artery. The fascia was trimmed and the rats were injected with either Hg(CN)2 ,
1µCi [14C]-NaCN, and 1µCi of [203Hg2+], or HgCl2 and 1µCi of [203Hg2+] for a total
concentration of 0.5 µmol/kg Hg. The wounds were closed using 9-mm stainless clips (Bridges
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et al. 2008). Each group contained four rats. Following injection of the mercury solutions, the
rats were placed in individual metabolic cages to collect urine and feces.

Collection of Samples from Rats
Twenty-four-h after injection, rats were removed from their cages and sedated with
isoflurane. The rats were then given an injection of ketamine (70 mg/kg) and xylazine (30
mg/kg). Once fully anesthetized, a midline incision was made on the ventral surface. A 3-mL
sample of blood was taken from the vena cava. The kidneys, liver, and brain were then extracted.
Each kidney was weighed and cut in half. One half was placed in a sample tube for analyses of
Hg content. The remaining half was placed in fixative (40% formaldehyde, 50% glutaraldehyde
in 96.7 mM NaH2PO4 and 67.5 mM NaOH) for histological analyses. Samples of the liver were
handled in a similar fashion. Samples were fixed for 48 h at 4oC. The fixative was replaced with
70% ethanol and the samples were processed as follows: following fixation, kidneys were
washed twice with saline and placed in 70% ethanol. Tissues were then processed in a TissueTek VIP processor according to this sequence: 95% ethanol for 30 min (two times); 100%
ethanol for 30 min (two times); 100% xylene (two times). Tissue was then embedded in
POLY/Fin paraffin wax (Fisher) and 5-micron sections were cut using a Leitz 1512 microtome
and mounted on glass slides. The slides were stained with hematoxylin and eosin (H&E) and
were viewed using an Olympus IX70 inverted microscope. Images were captured with a Jenoptix
Progress C12 digital camera.
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Measurement of Radioactivley Tagged Complexes
Measurement of radioactive mercury accumulation in the samples was completed using
an adapted protocol from Perkin Elmer. Tissue samples were collected during disection and
placed in glass scintilation vials with 1mL of Solvable (Perkin Elmer). Vials were placed in a
shaking incubator at 55°C for 24 h. After the incubation, hydrogen peroxide was added to bleach
the solution acording to the protocol. Samples were incubated again overnight (16h) in a shaking
incubator at 55°C to complete decolorization. Following this process, 10 mL of Hionic-Fluor
(Perkin-Elmer) was added and allowed to adapt to the light in the scintilation counter for two
hours. The vials were then counted.in a Beckman Coulter LS 6500 Multi-Purpose Scintillation
Counter. Samples were stored for proper radioactive disposal following the decay of the Hg.
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CHAPTER 3
RESULTS
Zebrafish Studies
Exposure of Embryos to Mercuric Cyanide at 4 Hours Post Fertilization
Zebrafish embryos were exposed to various concentrations of Hg(CN)2, HgCl2, and
MeHg.to assess their development from fertilization to hatching. During the exposure, embryos
were observed at specific time intervals using an inverted Olympus IX70 inverted microscope.
The first observation was taken 4 h post fertilization (hpf) to assess fertilization and normal
development of the embryos. Individual groups (n=10) of embryos were then exposed to MeHg,
Hg(CN)2, and HgCl2 at concentrations of 0, 0.025, 0.05, 0.075, and 0.1 mg/L. The second
observation occurred at 18 h post exposure (hpe) to confirm that all embryos were still alive.
Observations then continued every 24 h for 5 days. Figure 3 shows the death percentage of
embryos at various concentrations of MeHg, Hg(CN)2, and HgCl2 over the course of the
experiment. The group exposed to 0.075 and 0.1 mg/L MeHg demonstrated 100% death by the
end of the experiment. Embryos exposed to 0.025 and 0.05 mg/L MeHg had a greater percentage
of death than embryos exposed to 0.025, 0.05, and 0.075 mg/L Hg(CN)2. Embryos in the HgCl2
group showed little change in death percentage across all groups throughout the experiment.
Embryos in the Hg(CN)2 group showed an increase in death percentage in the 0.1 mg/L group.
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Hg(CN)2 0.025
Hg(CN)2 0.05
Hg(CN)2 0.075
Hg(CN)2 0.1
HgCl2 0.025
HgCl2 0.05
HgCl2 0.075
HgCl2 0.1
MeHg 0.025
MeHg 0.05
MeHg 0.075
MeHg 0.1

Figure 3. Embryo Exposure to Hg from 4hpf
Percent death of embryos over time period of 5 days. This figure is presented in
color. Original image.

Exposure of Larva to Mercuric Cyanide at 72 Hours Post Fertilization
Zebrafish embryos were exposed to various concentrations of Hg(CN)2, HgCl2, and
MeHg.to assess their development from hatching forward. During the exposure, larvae were
observed at specific time intervals using an Olympus IX70 inverted microscope. The first
observation was taken at 72 hours post fertilization (hpf) to assess normal development and
hatching of all embryos. All embryos and larvae appeared normal at this time point. Individual
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groups (n=10)of embryos and larvae were then exposed to MeHg, Hg(CN)2, and HgCl2 at
concentrations of 0.1, 0.2 and 0.3 mg/L. All data are displayed in Table 2. The second
observation was performed at 96 hpf; this observation was done to look for deformations of the
tail or gill plate and reduced heart beat compared to the control. None of the larvae in the MeHg
groups survived the exposure period. Larvae in the groups exposed to Hg(CN)2 showed the
following findings: 11% of larvae exposed to 0.1 mg/L had diminshed heart beat; in the 0.2
mg/L, 33% had diminshed heart beat, in the 0.3 mg/L, 50% had diminished heart beat and 13%
had tail deformation. In the HgCl2 groups the results were as follows: 0.1 mg/L 40% had
diminished heart beat, 0.2 mg/L 55% had diminished heart beat, 0.3 mg/L 85% had diminished
heart beat. No tail deformations were noted in any of the larvae exposed to HgCl2. The larvae
were observed again at 120 hpf and the observations were the same as those observed at 96 hpf.
The larvae were observed for the final time at 144 hpf. In the groups exposed to Hg(CN)2, results
were as follows: in the 0.2 mg/L 11% had diminshed heart beat, and 12% had diminshed heart
beat in the 0.3 mg/L. No tail deformatinos were noted in any group at this time point. In the
HgCl2 groups, no abnormalities were noted. Images were taken at each of the observation times
to assess the physical differences of the developing larvae exposed to MeHg, Hg(CN)2, and
HgCl2 at concentrations of 0.1, 0.2 and 0.3 mg/L. Figure 3 shows representative larvae in the
control (A), MeHg 0.3 mg/L (B), Hg(CN)2 0.3mg/L (C), and HgCl2 0.3 mg/L (D) groups at 96
hpf. Image A shows a control fish that is developing normally with a straight tail and no
abnormal appearance to the gill plate or the heart. In comparison, images B, C, and D show
distinct abnormalities.
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85.7 %
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40 %
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Larvae were observed for the first few days post hatching.

Table 2. Larvae Exposure Observations.

Percent
Hatched at
96 HPF

Percent
Hatched at
72 HPF

Exposure
Group

0%

0%

0%

12.5 %

11.1 %

0%

0%

0%

0%

Percent with
Reduction
in Heartbeat
at 144 HPF

0%

0%

0%

0%

0%

0%

100 %

100 %

100 %

Percent Dead at
96 HPF

0%

0%

0%

0%

0%

0%

100 %

100 %

100 %

Percent Dead at
120 HPF

0%

0%

0%

0%

0%

0%

100 %

100 %

100 %

Percent Dead at
144 HPF

Larvae exposed to MeHg showed abnormalities in the spine (arrow) and heart (arrowhead)(panel
B). This was noted by increased curvature of the spine and the decrease in heart rate. Panels C
and D, Hg(CN)2 and HgCl2 exposed fish, shows an abnormality in the chest cavity with
protrusion from the stomach and a decreased heart rate. The presence of an abnormal
appearance of the gill plate or heart did not correlate with a reduction in heartbeat and vice versa.

A

C

B

D

Figure 4. Images of Zebrafish Larvae at 96 hpf.

Exposure to 0.3 mg/L mercury species from 72 hpf to 144 hpf. Control (A),
MeHg 0.3 mg/L (B), Hg(CN)2 0.3mg/L (C), and HgCl2 0.3 mg/L (D) groups at
96 hpf Arrows show abnormalities in spine formation and arrowheads show
abnormalities in gill plate and heart. This figure is presented in color. Original
image.

Exposure of Adult Zebrafish to Radioactive Mercuric Cyanide
Adult male and female zebrafish were placed in specimen cups containing 1µCi of
[203Hg2+] and either Hg(CN)2 or MeHg to give final concentrations of 2.5, 5.0, and 10 µg/L Hg.
The whole fish were measured for Hg accumulation using the radioactive tagged Hg following
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the 72h exposure. Figures 5-24 show comparisons of % dose (A) and nmol/g (B) of total Hg.
Providing the data in both % dose and nmol/g allow to better understand the interaction of the
Hg in the organism based on the mass of the animal and the dose given to the animal. Figure 5
compares males and females exposed to 2.5, 5.0, and 10 µg/L Hg(CN)2: males at 10 µg/L
accumulated significantly more total Hg than all other groups (A, B). Figure 6 compares males
and females exposed to 2.5, 5.0, and 10 µg/L MeHg. Males exposed to 10 µg/L accumulated
significantly greater total Hg than all other groups (B). Figure 7 shows the comparison of Hg
species in male fish. Figure 7B shows the accumulation of Hg at 10 µg/L for both Hg(CN)2 and
MeHg. Both have significantly greater average total Hg accumulation than all others in their
group. Figure 8 shows the comparison of Hg species in female fish. Accumulation of Hg in fish
exposed to MeHg was significantly greater than that in fish exposed to Hg(CN)2. This
observation was true in fish exposed to 5.0 and 10 µg/L Hg(CN)2 (B). Figures 9-12 compare Hg
accumulation in individual organs of males and females exposed to Hg(CN)2. Males exposed to
10 µg/L Hg(CN)2 had significantly greater average total Hg than all other groups in the gut
(Figure 9B), heart (Figure 10B), muscle (Figure 11 B), and skin (Figure 12 B) when analyzed by
nmol/g. Males exposed to 10 µg/L had significantly greater average total Hg than all other
groups in muscle (Figure 11 A) when analyzed by % dose. Figures 13-16 compare individual
organs of males and females for the fish exposed to MeHg. Males exposed to 10 µg/L had
significantly greater average total Hg than all other groups in the gut (Figure 13B), heart (Figure
14B), muscle (Figure 15B), and skin (Figure 16B) when analyzed by nmol/g. Males exposed to
10 µg/L had significantly greater average total Hg than females in gut (Figure 13A) and in
muscle (Figure 15A) when analyzed by % dose. Figures 17-20 compare accumulation of each
Hg species in males. Fish exposed to 10 µg/L MeHg had significantly greater average total Hg
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than all other groups and fish exposed to 10 µg/L Hg(CN)2 had significantly greater average total
Hg than the fish exposed to 2.5 and 5 µg/L Hg(CN)2 in the heart (Figure 18B). In muscle tissue,
fish exposed to 10 µg/L MeHg had significantly greater average total Hg than all other groups;
fish exposed to 10 µg/L Hg(CN)2 had significantly greater average total Hg than fish exposed to
2.5 and 5 µg/L; and fish exposed to 5 µg/L of MeHg had significantly greater average Hg than
fish exposed to 5 µg/L of Hg(CN)2 (Figure 19B). Fish exposed to 10 µg/L MeHg had
significantly greater average total Hg than all other groups (Figure 20B). Figures 21-24 compare
accumulation of each Hg species in females. In heart tissue, fish exposed to 5 and 10 µg/L MeHg
had significantly greater accumulation of Hg than the fish exposed to the same concentrations of
Hg(CN)2 when measured in nmol/g (Figure 22B). In Figure 23, the graph shows that when
measured by nmol/g, muscle tissue of fish exposed to 10 µg/L MeHg had significantly greater
accumulation than all other groups (Figure 23B). In the skin of female fish exposed to 5 and 10
µg/L MeHg, there was significantly greater accumulation than that of the skin of the fish
exposed to the same concentrations of Hg(CN)2 when examined by nmol/g (Figure 24B).
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Figure 5. Whole Fish Total Hg Sex Comparison after Hg(CN)2 Exposure.
Average total amount of Hg in whole fish (% dose; A or nmol/g; B) comparing males and
females exposed to 2.5, 5.0, and 10 µg/L Hg(CN)2. (* Significant difference from all
other groups p<0.01) This figure is presented in color. Original image.
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Figure 6. Whole Fish Total Hg Sex Comparison after MeHg Exposure.
Average total amount of Hg in whole fish (% dose; A or nmol/g; B) comparing males and
females exposed to 2.5, 5.0, and 10 µg/L MeHg. (* Significant difference from all other
groups p<0.01) This figure is presented in color. Original image.
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Figure 7. Whole Fish Hg Species Accumulation Comparison in Male Fish.
Average total amount of Hg in whole fish (% dose; A or nmol/g; B) comparing Hg(CN)2 and
MeHg at 2.5, 5, and 10 µg/L in male fish. (*Significant difference from others within same
group p<0.01, ** Significant difference from others within same group p<0.01) This figure is
presented in color. Original image.
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Figure 8. Whole Fish Hg Species Accumulation Comparison in Female Fish.
Average total amount of Hg in whole fish (% dose; A or nmol/g; B) comparing Hg(CN)2 and
MeHg at 2.5, 5, and 10 µg/L in female fish. (* p<0.01) This figure is presented in color.
Original image.
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Figure 9. Gut Total Hg Sex Comparison after Hg(CN)2 Exposure.
Average total amount of Hg in the gut (% dose; A and nmol/g; B) comparing males and females at
2.5, 5, and 10 µg/L), (* Significant difference from all other groups p<0.01). This figure is
presented in color. Original image.
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B

Figure 10. Heart Total Hg Sex Comparison after Hg(CN)2 Exposure.
Average total amount of Hg in the heart (% dose; A and nmol/g; B) comparing males and females
at 2.5, 5, and 10 µg/L. (* Significant difference from all other groups p<0.01). This figure is
presented in color. Original image.
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B

Figure 11. Muscle Total Hg Sex Comparison after Hg(CN)2 Exposure.
Average total amount of Hg in the muscle (% dose; A and nmol/g; B) comparing males and
females at 2.5, 5, and 10 µg/L. (* Significant difference from all other groups p<0.01). This figure
is presented in color. Original image.
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B

Figure 12. Skin Total Hg Sex Comparison after Hg(CN)2 Exposure.
Average total amount of Hg in the skin (% dose; A and nmol/g; B) comparing males and females
at 2.5, 5, and 10 µg/L. (* Significant difference from all other groups p<0.01). This figure is
presented in color. Original image.
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Figure 13. Gut Total Hg Sex Comparison after MeHg Exposure.
Average total amount of Hg in the gut (% dose; A and nmol/g; B) comparing males and females at
2.5, 5, and 10 µg/L. (* p<0.01). This figure is presented in color. Original image.
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B

Figure 14. Heart Total Hg Sex Comparison after MeHg Exposure.
Average total amount of Hg in the heart (% dose; A and nmol/g; B) comparing males and females
at 2.5, 5, and 10 µg /L. (* p<0.01). This figure is presented in color. Original image.
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B

Figure 15. Muscle Total Hg Sex Comparison after MeHg Exposure.
Average total amount of Hg in the muscle (% dose; A and nmol/g; B) comparing males and
females at 2.5, 5, and 10 µg/L. (* p<0.01). This figure is presented in color. Original image.
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B

Figure 16. Skin Total Hg Sex Comparison after MeHg Exposure.
Average total amount of Hg in the skin (% dose; A and nmol/g; B) comparing males and females
at 2.5, 5, and 10 µg/L. (* p<0.01). This figure is presented in color. Original image.
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Figure 17. Hg Species Comparison in Male Fish Gut
Average total amount of Hg in the gut (% dose; A and nmol/g; B) comparing Hg(CN)2 to MeHg at 2.5,
5, and 10 µg/L. This figure is presented in color. Original image.
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B

Figure 18. Hg Species Comparison in Male Fish Heart
Average total amount of Hg in the heart (% dose; A and nmol/g; B) comparing Hg(CN)2 to MeHg at
2.5, 5, and 10 µg/L (** significantly different from all other groups p<0.01) (* significantly different
from all other groups within the same Hg species p<0.01). This figure is presented in color. Original
image.
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B

Figure 19. Hg Species Comparison in Male Fish Muscle
Average total amount of Hg in the muscle (% dose; A and nmol/g; B) comparing Hg(CN)2 to MeHg at
2.5, 5, and 10 µg/L (*** significantly different from all other groups p<0.01) (** significantly different
from all other groups within the same Hg species p<0.01) (* p<0.01). This figure is presented in color.
Original image.
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B

Figure 20. Hg Species Comparison in Male Fish Skin
.
Average
total amount of Hg in the skin (% dose; A and nmol/g; B) comparing Hg(CN)2 to MeHg at
2.5, 5, and 10 µg/L (* significantly different from all other groups p<0.01). This figure is presented in
color. Original image.
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Figure 21. Hg Species Comparison in Female Fish Gut
Average total amount of Hg in the gut (% dose; A and nmol/g; B) comparing Hg(CN)2 to
MeHg at 2.5, 5, and 10 µg/L. This figure is presented in color. Original image.
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B

Figure 22. Hg Species Comparison in Female Fish Heart
Average total amount of Hg in the heart (% dose; A and nmol/g; B) comparing Hg(CN)2 to
MeHg at 5 and 10 µg/L. (* p<0.01). This figure is presented in color. Original image.

45

A

B

Figure 23. Hg Species Comparison in Female Fish Muscle
Average total amount of Hg in the muscle (% dose; A and nmol/g; B) comparing Hg(CN)2
to MeHg at 2.5, 5, and 10 µg/L. (* p<0.01). This figure is presented in color. Original
image.
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B

Figure 24. Hg Species Comparison in Female Fish Skin
Average total amount of Hg in the skin (% dose; A and nmol/g; B) comparing Hg(CN)2 to
MeHg at 2.5, 5, and 10 µg/L. (* p<0.01). This figure is presented in color. Original image.
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Wistar Rat Studies
Histological Analyses
Histological images of the renal cortex and outer stripe of the outer medulla (OSOM)
from rats exposed to Hg(CN)2 are shown in Figure 25. Sections from control rats were normal
with no injury while kidneys from rats exposed to HgCl2 also appeared normal. In contrast,
kidneys from rats exposed to 0.5 µmol/kg of Hg(Cn)2 displayed significant injury. Sclerotic and
hypertrophic glomeruli were visible in the cortex, along with infiltration of lymphocytes (arrows)
around tubules. In both the cortex and the outer stripe of the outer medulla (OSOM), tubules are
swollen and proteinaceous deposits (arrowheads) were present. In addition, necrosis was noted in
a few proximal tubules in the OSOM (white arrows).
Figure 25.
Histology of Rat
Kidney.
Male Wistar rats
were injected
intravenously with
either 0.5 µmol/kg
of Hg(Cn)2 or
HgCl2. After 24 h,
rats were
euthanized and
tissue samples were
taken. H & E
staining was
performed and
slides were
examined for
abnormalities. This
figure is presented
in color. Original
image.

48

Measurement of Radioactively Tagged Complexes
Rats were injected with either Hg(CN)2 , 1µCi [14C]-NaCN, and 1µCi of [203Hg2+], or
HgCl2 and 1µCi of [203Hg2+] for a total concentration of 0.5 µmol/kg Hg and placed in metabolic
cages for 24h. Following the 24h period, rats were euthanized and organ samples were collected
and processed. Data analysis of liquid scintillation counting data (LSC) from the collected organs
of the injected rats gave inconclusive results. Quenching is understood to be the irreversible
absorption of decay energy on the way to the photocathode of the LSC. Quenching causes the
reading of the LSC to be shifted downward either by chemical quenching, which is due to a
reagent used in the solubilization process, or color quenching, which is due to incomplete
bleaching of the solubilized tissue. The [14C]-NaCN data showed evidence of quenching when
the counts were compared with known values. The data from the [203Hg2+] readings are displayed
in Figures 26-29. Figure 26 shows the renal accumulation of Hg in rats exposed to HgCl2 or
Hg(CN)2. No conclusions were able to be drawn from renal analysis. Figures 27-29 show the
blood, brain, and liver accumulation of Hg in rats exposed to HgCl2 or Hg(CN)2. The rats
injected with HgCl2 had significantly greater total Hg in the blood than the rats injected with
Hg(CN)2 (Figure 27), the rats injected with Hg(CN)2 showed significantly greater total Hg in the
brain than those injected with HgCl2 (Figure 28). The information gained in the experiment will
allow for future study. These data have provided evidence that this experimental design can be
productive in the future.
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HgCl2

HgCl2

HgCl2

Hg(CN)2

Hg(CN)2

HgCl2

Hg(CN)2

Hg(CN)2

Figure 26. Accumulation of Hg in Rat Kidney.
Average total amount of Hg in the left kidney comparing HgCl to Hg(CN)2 % dose
accumulation (A). Average total amount of Hg in the right kidney comparing HgCl to
Hg(CN)2 % dose accumulation (B). Average total amount of Hg in the left and right
kidney comparing left and right kidney based on Hg species accumulation (C).
Average total Hg in total renal mass comparing % dose accumulation for HgCl2 and
Hg(CN)2 (D). This figure is presented in color. Original image.
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HgCl2

Hg(CN)2

Figure 27. [203Hg2+] Analysis of Rat Blood.

Average total amount of Hg in the blood comparing HgCl2 to Hg(CN)2 (% dose)
accumulation (* p<0.01).

HgCl2
Hg(CN)2
Figure 28. [ Hg ] Analysis of Rat Brain.
203

2+

Average total amount of Hg in the brain comparing HgCl2 to Hg(CN)2 (% dose)
accumulation (* p<0.01).
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HgCl2

Hg(CN)2

Figure 29. [203Hg2+] Analysis of Rat Liver.

Average total amount of Hg in the liver comparing HgCl2 to
Hg(CN)2 (% dose) accumulation.
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CHAPTER 4
DISCUSSION
Zebrafish Studies
Embryo Exposure
There were a number of challenges that were faced during these studies. Throughout
these experiments, one of the most important factors examined was hatching rate. Several
variables affect the hatching rate. Two variables of importance to our facility are chorion
hardness resulting from the bleaching protocol and a microorganism of the genus Coleps, which
are barrel-shaped ciliates that feed on zebrafish embryos (Buonanno et al. 2014). Most zebrafish
systems used for research are contaminated with these microorganisms. Coleps are usually
introduced on the scales of an adult fish that has been added to a current system. Following
fertilization of embryos, but prior to any experimentation starting, embryos must be washed in a
0.5% bleach solution for a total of one to two minutes. This protocol causes the chorion, the
membrane that encloses embryos, to harden. This results in a lower hatching rate of embryos due
to difficulties in hatching when a bleach bath is not used due to death from Coleps. This step is
crucial when embryos are being raised for the aquarium to limit the growth of the Coleps
population in the system. The bleaching step must be performed to ensure that the majority of the
embryos are not consumed by Coleps. Coleps feed on new zebrafish embryos and will feed on
both the fertilized and unfertilized embryos without discretion. Coleps use tube-like structures
with toxicysts to paralyze their prey and then consume them. The lack of circulation in the
experimental set up for the embryo exposures necessitates the bleaching protocol. This protocol
limits the initial number of the Coleps in the embryo environment allowing the embryos to
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progress through the experiment or gain sufficient size without being threatened by the Coleps.
The use of the bleach bath is therefore necessary to allow for proper examination of the effects of
the Hg species being tested. Hardness is something that is a necessary alteration from the natural
hatching environment, but due to all embryos experiencing the same exposure to the bleach bath,
it is controlled in the experimental design. Therefore, no embryo testing was conducted without
prior bleaching.
The embryo exposure carried out at 4 hpf yielded expected results. The percentage of
death in MeHg-exposed groups of embryos was significantly greater than that of all other
groups. This was to be expected based on the knowledge of MeHg and its ability to cross barriers
such as the blood-brain barrier in mammals. It appears to cross the chorion readily and have
detrimental effects on the development of embryos. Exposure to Hg(CN)2 showed an increase in
embryo death compared with exposure to HgCl2 (0.075 and 0.1 mg/L). The groups exposed to
Hg(CN)2 showed lower percentage of death and better survivability than we had expected. We
believe that this could be due to the limited ability of Hg(CN)2 to cross the chorion. Further study
will be needed in order to ascertain if the lower death percentage is due to less Hg(CN)2 crossing
the chorion or if the Hg(CN)2 has less effect on the embryos than the MeHg.
Larval Exposure
The effects of the Hg species were observed on developing larvae that were allowed to
develop fully in the chorion and hatch normally. The purpose of these studies was to examine the
toxic effects of different species of Hg and compare to the effects of exposure of embryos prior
to hatching. The effects were somewhat intriguing as MeHg was found to be much more toxic
than either HgCl2 or Hg(CN)2. Specifically the MeHg was found to cause physical changes in
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both the tail and heart of recently hatched larvae at concentrations of 0.1 mg/L. Neither HgCl2 or
Hg(CN)2 produced effects as quickly or completely as the MeHg did. The effects of MeHg on
zebrafish have been studied and documented. Mora-Zamorano et al. (2016) studied dietary
effects of MeHg exposure in zebrafish over a number of generations. This lead to another study
conducted by Mora-Zamorano et al. (2017) in yellow perch embryos, which examined
developmental issues following exposure to varying concentrations of MeHg. These studies
showed that MeHg is toxic in low concentrations. The effects of HgCl2 or Hg(CN)2 on aquatic
organisms have been studied much less. The effects of Hg(CN)2 was of a particular interest to us
and the effects on the developing larvae was interesting. Concentrations up to 0.3 mg/L at 72 hpe
showed no evidence of fatal toxicity to the developing larvae. The observed effects included
deformation of the tail and reduction in heartbeat, which led to lethargy in the larvae. These
effects were similar to those noted in the larvae exposed to the HgCl2. Interestingly, in the HgCl2exposed fish, there were initial alterations at 48hpe in the tail and heart rate but there was a
reversion back to normal after 72 hours of exposure. Samson et al. (2001) concluded that the
deformations of the tail were due to upward or downward flexures of the spine resulting from
swollen body cavities. This edema can be attributed in our studies to the introduction of the Hg
species. There seems to be some mechanism of action affected by Hg(CN)2, but that same
mechanism of action appears to be unaffected by the HgCl2, thereby allowing for the reversion to
normal appearance and activity. This evidence leads us to believe that the Hg(CN)2 is more toxic
than the HgCl2 when added to the environment of the fish. The findings in this experiment
provide direction for future studies to understand what difference is causing this reversion back
to a normal state and at what concentration is this inhibited for HgCl2 as well as if Hg(CN)2
displays this phenomena at any concentration.
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Adult Exposure
Accumulation of Hg in aquatic organisms exposed to Hg was necessary to be determined.
The data from experiments conducted by Pittman et al. (2021) provided the data needed to
develop a method by which accumulation of Hg in zebrafish was measured using the Milestone
Direct Mercury Analyzer (DMA-80). These data along with previous findings by Cizdziel,
Hinners, and Heithmar (2002) and Seney, Kiefer, and Aljic (2019) proved that direct mercury
analysis is an effective way to quantify Hg content in tissue samples. The use of the DMA-80
proved to be inaccessible due to unforeseen circumstances that were encountered during the
research timeline. We transitioned to an alternative method to measure the accumulation of Hg
species in adult zebrafish. We concluded that using [203Hg] as a radioactive tag would allow us to
determine where Hg(CN)2 was accumulating in these fish as compared to where MeHg was
accumulating through using [203Hg]-CH3. This study would provide a direct comparison of the
accumulation of the Hg(CN)2 compared with MeHg. The results showed us that males
accumulated more Hg than females following both, MeHg and Hg(CN)2 exposures, but Hg
accumulation was only significant at the highest concentration of 10 µg/L (Figures 5,6). When
we examined the Hg species in a single sex, we determined that there was an increase in Hg
accumulation as Hg concentration increased, and that MeHg accumulation was greater than that
of Hg(CN)2 (Figures 7,8). This was an expected result after the experiments on the embryos and
larvae showed that the MeHg was more toxic than either of the other two species of Hg. When
individual organs were examined following the exposure, we determined that there was no
difference between the males and females exposed to Hg(CN)2 or MeHg (Figures 9-16). At 10
µg/L males showed significantly more Hg accumulation in both groups exposed to Hg(CN)2 and
MeHg than all other groups. Figures 17-20 showed the comparison of the Hg species in the male
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fish and we noticed a trend of increasing Hg accumulation as the exposure concentration
increased for both species of Hg. The accumulation of Hg in the fish exposed to 10 µg/L of
MeHg was consistently significantly greater than all other groups (Figures 18B, 19B, and 20B).
Figure 21-24 showed the same comparison of Hg species in the female fish and a similar trend
was noticed. There were no significance differences between these groups. These data suggest
that Hg, regardless of species, is readily accumulated in fish. This experiment used very low
concentrations of Hg over a short exposure period and there was still great accumulation of Hg in
the tissues of the fish. This leads to the question of how much or how long the fish would need to
be exposed to Hg before death. This is a question to be further studied in the future.

Wistar Rats
The transition to a mammalian system allowed us to better understand the cellular
damage that the Hg, specifically the Hg(CN)2, caused. The use of the rat model and the
experimental design was chosen based on the work of Seney et al. (2020) that showed the used
of rats was a viable option for studying the effects of Hg(CN)2. Our results showed us that there
was greater cellular damage in the kidney when compared to the control. Specifically, as seen in
Figure 12, there was notable swelling and necrosis of proximal tubule cells and proteinaceous
deposits in the cortex and OSOM. These findings corroborate the findings of Seney et al. (2020)
and give the basis of further study of the effects of Hg(CN)2 in mammalian systems. The results
from the analysis of Hg accumulation in individual organs were inconclusive. Figure 13 shows
that there was no difference in the accumulation of either Hg species in either the left kidney,
right kidney, or the total renal mass. Figure 14 shows that HgCl2 accumulates more readily in the
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blood than Hg(CN)2 and that Hg(CN)2 accumulates more readily in the brain than HgCl2. This is
of great importance due to MeHg being known as a neurotoxicant and that our levels of
accumulated Hg(CN)2 were noted to be similar to that of MeHg accumulation in the brain
(Zalups et al. 2009) We determined that refinement of protocols for digestion of tissues was
needed for this particular study. We also determined that more research is needed to determine if
[203Hg] or [14C]-NaCN is associating with the unlabeled HgCl2 or unlabeled Hg(CN)2 in the rat.
We determined that there was significant quenching of the labeled compounds due to the low
readouts of both the [203Hg] and [14C]-NaCN on the gamma and beta counters respectively. More
work is needed to determine how Hg is accumulating in specific organs and if the species of Hg
has any effect on the accumulation.

CHAPTER 5
CONCLUSIONS
There are very few studies of mercury-cyanide and its toxic effects. The lack of previous
research represents a large gap in the knowledge of Hg species and the effects that they may
causes. Altogether, our experiments showed that zebrafish, in all three of their developmental
stages, embryo, larvae, and adult, readily take up and accumulate Hg(CN)2 when it is introduced
to their environment. In our experiments, Hg(CN)2 is as toxic as HgCl2. The experimentation
with the rats showed that mammalian systems also readily accumulate Hg(CN)2 and that it has
potentially greater toxic effects than HgCl2 when injected intravenously. It can therefore be
concluded that there is significant reason to continue the study of the interactions of mercurycyanide complexes. Both aquatic and mammalian organisms provide information to further
elucidate the effects of this toxicant over long-term exposures.
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CHAPTER 6
FUTURE DIRECTIONS
The study has provided a foundation for analysis of the comparative toxicity of mercury in
vertebrates. Additional studies need to be conducted to determine the toxicity of mercury-cyanide
complexes over long-term exposures and on individual organ systems.
The need to study the more long-term effects of low-dose exposures is especially important
for determining health effects for those near ASGM sites. This is due largely to their chronic
exposure to low levels of toxicants such as mercury-cyanide complexes. This would allow for a
more real-world connection to the environment that is near ASGM sites. The zebrafish studies
have yielded meaningful results, but the focus moving forward should be on long-term exposure
to low concentrations of mercury. This would be useful in determining if species can survive in
areas where there is constant pollution of mercury-cyanide complexes into the environment. A
study of this nature would provide context into the changes in reproduction of the zebrafish and
the effects on embryos prior to hatching and the survival of these hatched larvae. As an example,
parent breeders would be used to breed generation one (G1). This G1 would be exposed to a
constant addition of low-dose Hg(CN)2 (approximately 0.01mg/L daily) from fertilization until
sexual maturity (approximately 3-month post fertilization). These G1 fish would be bred to
produce generation 2 (G2) fish. Observational studies of the G2 fish would be conducted to
determine clutch size, embryo viability within the chorion, and hatching rate compared to a control
group. The G2 fish would be placed in a clean Hg(CN)2 free environment directly following
fertilization. Half of the hatched larvae would then be tested on the DMA-80 for total Hg
accumulation and the other half would be raised in a clean Hg(CN)2 environment until sexual
maturity to then be tested on the DMA-80. The usefulness of a study of this nature would provide
59

a foundation for then transferring the study to a mammalian system. This would allow for increased
knowledge of the long-term health effects of low-dose exposure to this toxicant.
Testing adult zebrafish for accumulation of Hg using the DMA-80 would be another step
forward in understanding the accumulation rates of the different Hg species. This would further
confirm the results that we have concluded in our testing using [203Hg2+] and allow for greater
testing of samples over a larger range of exposures. This additional study would need to be able to
create high-range calibration curves to account for the high amount of Hg content that accumulates
in zebrafish (Pittman 2021). The study would also need to be able to determine a concentration of
Hg(CN)2 that is low enough to fall within this high-range curve. This concentration should mimic
the concentration of total Hg found around ASGM mining sites and would require the
collaboration of researchers to determine these values. Additionally using a modified microwave
digestion protocol could be used to obtain digestate from samples that could be diluted to be tested
further on the DMA-80. Such a study would produce results that could be used to develop a similar
protocol that could be transferred to a mammalian system to be able to understand fully the
accumulation passed from generation to generation as well as the accumulation in individual
organs.
Moving forward with the mammalian system, a gavage study is needed to understand the
interaction of the Hg species on the organism in a natural ingestion method. The use of a gavage
study would allow for both short and long-term analysis of the effects of Hg species on mammalian
organ systems. A study using Wistar rats could be conducted with Hg contaminated food over a
set period of time. Analysis of tissues samples as well as urine and feces would give an insight as
to how the Hg is affecting the animals. This study could be done over a short exposure period, or
a long-term period that could look at the effects of Hg on reproduction and the Hg transfer to
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offspring. Future studies could give much clearer insight as to how the effects of Hg are impacting
the workers and other inhabitants of the ASGM areas.
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CHAPTER 8
APPENDICES
Appendix A

IACUC Ref. No. A1911013, Effects of Mercuric Species on Kidney Development in Zebrafish
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07-Apr-2021
Dr. Christy Bridges
Mercer University
Basic Science
School of Medicine
1550 College Street
Macon, GA 31207
IACUC Ref. No. A1911013, Effects of Mercuric Species on Kidney Development in Zebrafish
Dear Dr. Bridges:
Mercer University's Institutional Animal Care and Use Committee (IACUC) reviewed your application for a modification to
the Approved Study Protocol (ASP) identified above and approved the modification on 07-Apr-2021.
Changes Approved:
Add graduate student as assistant to protocol
PHS Guidance NOT-OD-14-063: Significant Changes to Animal Activities Previously Approved by IACUC; 4) A significant
change that may be handled administratively without IACUC-approved policies, consultations, or notifications include:
d) change in personnel, other than the PI. (There must be an administrative review to ensure that all such personnel are
appropriately identified, adequately trained and qualified, enrolled in occupational health and safety programs, and meet other
criteria as required by the IACUC.)
Attached is a complete copy of your modification application marked approved. Please ensure that an approved copy is
located with your ASP where you conduct this study, and that the animal facility director, where you house your animals, has
on file an approved copy.
Please note that the modification does not affect the three-year period of approval for the approved study protocol.
The IACUC must review and approve in advance any additional changes to your protocol. Significant Changes in Approved
Study Protocols (ASP) require the submittal of a Request for Modification Form and must be reviewed and approved in advance
of implementation by the IACUC. The NIH interprets significant changes to signify those that have the potential to impact
substantially and directly on the health and well-being of the experimental animals.
Examples of Significant changes, as defined by PHS Policy issued by OLAW (NOT-OD-14-126) include:
1. A change in the overall aims or objectives of the study;
2. A change which may involve an increase in the levels of pain, distress, discomfort and/or invasivenesss;
3. A change from non-surgery to surgery, from minor to major surgery, from non-survival to survival surgery, or from
single to multiple survival surgery;
4. An increase (greater than 5%) in the approximate number of animals used;
5. A change in the genus or species of animals used;
6. A change in the principal investigator for an ASP; or
7. The addition of the use of hazardous agents in animal procedures.
The IACUC Web site contains all application forms: orc.mercer.edu/iacuc/
Respectfully,

Roger Broderson, DVM, Chairman
Institutional Animal Care and Use Committee
JRB/AW
Rev. 09/19/2016

Mercer University Institutional Animal Care and Use Committee
Phone: 478-301-4101 | Email: ORC_Mercer@Mercer.Edu | Fax: 478-301-2329
1501 Mercer University Drive, Macon, Georgia 31207-0003
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Appendix B
IACUC Ref. No. 2109014, Compensatory tubular Hypertrophy and Handling of Mercury
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Tuesday, October 5, 2021
Dr. Christy Bridges
Mercer University
Basic Science
School of Medicine
1550 College Street
Macon, GA 31207
IACUC Ref. No. A2109014, Compensatory Tubular Hypertrophy and Handling of Mercury
Dear Dr. Bridges:
The Institutional Animal Care and Use Committee (IACUC) approved your animal research project for the protocol identified
above.
Attached is a complete copy of your Approved Study Protocol (ASP) marked approved. Please ensure that an approved copy
is located where you conduct this study, and that the animal facility director, where you house your animals, has on file an
approved copy.
Your protocol approval date of 05-Oct-2021 is for a period not to exceed one year. If you need to extend your investigation,
you must submit a new application and receive approval before 05-Oct-2022, the first year anniversary.
Significant Changes in Approved Study Protocols (ASP) require the submittal of a Request for Modification Form and must be
reviewed and approved by the IACUC in advance of implementation. The NIH interprets significant changes to mean those
that have the potential to impact substantially and directly on the health and well-being of the experimental animals.
Examples of Significant changes, as defined by the NIH Guidance issued August 26, 2014, include:
1. A change in the overall aims or objectives of the study;
2. A change which may involve an increase in the levels of pain, distress, discomfort and/or invasivenesss;
3. A change from non-surgery to surgery, from minor to major surgery, from non-survival to survival surgery, or from
single to multiple survival surgery;
4. An increase (greater than 5%) in the approximate number of animals used;
5. A change in the genus or species of animals used;
6. A change in the principal investigator for an ASP; or
7. The addition of the use of hazardous agents in animal procedures.
In the procurement of animals for this protocol, please incorporate the following animal permit number on all purchase orders
and/or requisitions. Failure to include this number will cause delays in the purchase of animals.
A2109014 Rabbits A2109014 Rats
The Principal Investigator assumes responsibility for individuals involved with this protocol to see that they are adequately
trained and qualified, and that the protocol remains certified for the use of radioisotopes, infectious agents, carcinogens, and
hazardous chemicals.
Respectfully,

Roger Broderson, DVM, Chairman
Institutional Animal Care and Use Committee

Mercer University Institutional Animal Care and Use Committee
Phone: 478-301-4101 | Email: ORC_Mercer@Mercer.Edu | Fax: 478-301-2329
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