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a b s t r a c t

Methyl-mercury (MeHg) is a potent neuroendocrine disruptor that impairs reproductive processes in fish.
The objectives of this study were to (1) characterize transcriptomic changes induced by MeHg exposure
in the female largemouth bass (LMB) hypothalamus under controlled laboratory conditions, (2) investi-
gate the health and reproductive impacts of MeHg exposure on male and female largemouth bass (LMB)
in the natural environment, and (3) identify MeHg-associated gene expression patterns in whole brain of
female LMB from MeHg-contaminated habitats. The laboratory experiment was a single injection of
2.5 lg MeHg/g body weight for 96 h exposure. The field survey compared river systems in Florida, USA
with comparably lower concentrations of MeHg (Wekiva, Santa Fe, and St. Johns Rivers) in fish and
one river system with LMB that contained elevated concentrations of MeHg (St. Marys River). Microarray
analysis was used to quantify transcriptomic responses to MeHg exposure. Although fish at the high-
MeHg site did not show overt health or reproductive impairment, there were MeHg-responsive genes
and pathways identified in the laboratory study that were also altered in fish from the high-MeHg site
relative to fish at the low-MeHg sites. Gene network analysis suggested that MeHg regulated the
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expression targets of neuropeptide receptor and steroid signaling, as well as structural components of the
cell. Disease-associated gene networks related to MeHg exposure, based upon expression data, included
cerebellum ataxia, movement disorders, and hypercalcemia. Gene responses in the CNS are consistent
with the documented neurotoxicological and neuroendocrine disrupting effects of MeHg in vertebrates.

Published by Elsevier Inc.

1. Introduction

Mercury is a toxicant of global concern because it is transported
through the atmosphere. Atmospheric mercury originates from
both natural sources and anthropogenic sources, such as coal-
burning power plants. Aquatic systems become contaminated with
inorganic mercury from atmospheric deposition, as well as from
point sources such as industrial activities and mining. Bacteria in
aquatic sediments convert inorganic mercury to methyl-mercury
(MeHg), which readily bioaccumulates through aquatic food webs.
Thus, fish, wildlife, and humans are at risk of exposure to MeHg.
Developmental exposure to MeHg is well known to have neuro-
toxic effects in mammals (Clarkson and Magos, 2006). More re-
cently, the neuroendocrine-disrupting effects of MeHg exposure
have been highlighted in aquatic vertebrates (Crump and Trudeau,
2009; Waye and Trudeau, 2011).

Exposure of fish to environmentally-relevant concentrations of
MeHg can cause negative effects on reproductive performance.
Tilapia (Oreochromis niloticus) exposed to MeHg chloride exhibited
reduced steroid hormone concentrations and abnormal gonad
development in females (Arnold, 2000). In another study, plasma
concentrations of the steroid hormones 17b-estradiol (E2) and
11-ketotestosterone (11-KT) were suppressed in female and male
fathead minnows (Pimephales promelas), respectively, following a
low dietary exposure to MeHg (Drevnick and Sandheinrich,
2003). The same study found retarded gonad development in fe-
males and reduced spawning success. Thus, there appears to be
clear evidence that mercury, at environmentally-relevant concen-
trations (<1 lg/g in diet), can cause altered reproductive perfor-
mance in teleost fishes. However, it is unclear if the inhibition of
reproduction is primarily due to direct effects on neuroendocrine
function in the CNS or due to effects on peripheral reproductive
tissues.

The mechanisms of MeHg toxicity include oxidative stress,
binding of methylmercury to sulfhydryl groups of proteins, and
the alteration of intracellular calcium concentrations (Ceccatelli
et al., 2010). Thus, MeHg has multiple molecular targets, including
those that are involved in the neuroendocrine system (Crump and
Trudeau, 2009; Tan et al., 2009). To improve understanding of the
molecular signaling cascades affected by MeHg, transcriptomics
studies have been conducted in both mammals (Hwang et al.,
2011; Padhi et al., 2008) and fish (Liu et al., 2013; Richter et al.,
2011). These studies have demonstrated that genes related to
nerve cell differentiation, myelination, iron ion homeostasis,
glutathione transferase activity, regulation of muscle contraction,
protein folding, cell redox homeostasis, and steroid biosynthetic
process are susceptible to alteration in response to MeHg exposure.
Although there is a growing body of literature that characterizes
the molecular signaling cascades in the central nervous system
(CNS) and peripheral tissues of vertebrates that are responsive to
MeHg, additional comparative studies are warranted due to the
significant human health risks associated with MeHg neurotoxicity
and neuroendocrine disruption.

The objectives of this study were to identify gene networks in
the CNS of female largemouth bass (Micropterus salmoides, LMB)
that were responsive to MeHg treatments, assess the general
health and reproductive endocrine status of LMB in environments

with MeHg contamination, and to ascertain whether any changes
in the expression of genes or gene networks that were responsive
to MeHg exposure in a controlled laboratory study were also af-
fected in the brain of female LMB collected from high-MeHg sites
in the natural environment. Sites chosen for this research were
located on the St. Marys, Santa Fe, Wekiva, and St. Johns River
systems of central and northern Florida, representing a range of
mercury contamination.

2. Materials and methods

2.1. Laboratory exposures and field collections

Female LMB were injected with either a control injection of
20 mM Na2CO3 (pH 6.98) or an injection of MeHg at 2.5 lg/g body
weight in 20 mM Na2CO3 (pH 6.98) as previously described (Rich-
ter et al., 2011). Fish were maintained at CERC in flowing well
water, by treatment. Water quality was monitored throughout
the holding period. After 96 h, the fish were anesthetized with
ethyl 3-aminobenzoate methanesulfonate (MS-222, Sigma–Al-
drich) and the hypothalamus was dissected and flash frozen with
liquid nitrogen. All animal use was reviewed and approved by
the Columbia Environmental Research Center Institutional Animal
Care and Use Committee.

We conducted fish health assessments at three study locations
in Florida in conjunction with the USGS National Water-Quality
Assessment (NAWQA) Program. The three sites were the Wekiva,
Santa Fe, and St. Marys Rivers in Florida, USA. Site characteristics
of the Santa Fe and St. Marys River sites have been previously de-
scribed (Chasar et al., 2008, 2009). Additional LMB whole brain
samples for the microarray study (details below) were collected
from the St. Johns River near Welaka, FL. The St. Johns River is rel-
atively free of Hg contamination. Fish sampling and site details for
LMB in this river system can be found in Martyniuk et al. (2013).
All field research was conducted in accordance with the procedures
described by the American Society of Ichthyologist and Herpetolo-
gists (ASIH), American Fisheries Society (AFS), and American
Institute of Fishery Research Biologists (AIFRB).

2.2. Field health assessments and tissue collection

Fish examination and tissue collection procedures in the field
followed the methods of Schmitt et al. (1999). Weights (±1 g)
and lengths (±1 mm) of all fish were recorded. External lesions
and a necropsy-based health assessment of LMB were performed
according to the protocols set forth in the USGS Biomonitoring of
Environmental Status and Trends (BEST) Program (Schmitt and
Dethloff, 2000). Visible lesions and gross pathological anomalies
(fin erosions, skin ulcerations, eye disorders, visible tumors, and
skeletal deformities) were scored based upon their occurrence
and prevalence.

Following field examination, tissue, blood, and plasma samples
were collected for analyses of total mercury and biomarkers that
included ethoxyresorufin-O-deethylase (EROD) activity, vitello-
genin (Vtg), and sex steroids E2, 11-KT and testosterone (T). Blood
samples were obtained via caudal venipuncture using a heparinized
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