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“THE TOXICOLOGY OF MERCURY AND INDUCED REPRODUCTIVE IMPAIRMENT IN
FISH : A REVIEW”
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atmospheric deposition contaminating watershedsréas far from anthropogenic or natural atmosphmrint
sources.

Several forms of mercury are present in the aquatvironment, including elemental, ionic, and oiga
Methyl mercury, one of the most toxic forms, bic@mulates in fish primarily through dietary uptakee level
of bioaccumulation is a function of age, speciag] &rophic transfer. Preferential bioaccumulatidnmeethy
Imercury over inorganic mercury results from theager assimilation efficiency and trophic trang#iciency of
methylmercury. Inorganic mercury is found in pisgious birds and mammals, but its presence geneglly
attributed to the ability of these species to conhueethylmercury to the less toxic inorganic forather than to
dietary uptake or bioaccumulation . Specific biaanalation of methyl mercury is evident, becauseaherage
proportion increases from approximately 5% methgkeary in the aqueous environment to 15% in
phytoplankton, 30% in zooplankton, and more tha% 90 fish . Total mercury levels in freshwatersNafrth
America generally do not exceed the ng/L range hManercury in surface water normally comprisest0.5%
of the total mercury content, but in anoxic watérsan be one of the dominant mercury speciesc@atnations
of methyl mercury in aquatic organisms increaseabge of trophic transfer. Methyl mercury conceidre in
phytoplankton range from 0.003 to 0.0p&§/g wet weight, whereas the range of methylmeraaycentration
increases to from 0.03 to 0.28/g wet weight in muscle of lower-trophic-levelHjssuch as bluegillLepomis
macrochiru$ and black crappiePomoxis nigromaculatdsIn higher-trophic-level fish, including largemtbu
bass Kicropterus salmoidgs methylmercury concentrations range from 0.1QL @ pg/g wet weight. Health
Canada has established a human consumption gwdkdirel of 0.5ug/g wet weight of total mercury in
commercial marine and freshwater fish. Even in riemregions, methylmercury in fish sometimes excehbds
concentration deemed to be safe for human consampi study of 775 water bodies in the provinc&okbec,
Canada, reported maximum muscle mercury levels3ff,2.90, and 5.60g/g wet weight for northern pik&éox
lucius), walleye Gtizostedion vitreujnand lake troutalvelinus namaycughrespectively. The adverse effects
of inorganic mercury and methylmercury on humanse documented however, relatively little is knoabout
the effects on the health or condition of wild-fighpulations.

Methyl mercury exposure can affect behavior, bémalstry, growth, reproduction, development, and
survival in fish. Long-term laboratory studies effi exposed to dietary methylmercury have noted tdss
coordination, diminished swimming activity, staieat and mortality. Industrial activities have risd in highly
contaminated local fish populations, with muscleeuey concentrations ranging from 8.4 to2f/g wet weight
in Minamata Bay, Japan, and from 6.3 to igfg wet weight in Clay Lake, Ontario, Canada. Atvdo
concentrations, mercury may affect fish populatiordirectly, through impairment of physiologicalogesses,
rather than through the severe neurological impamtnand death observed in extreme contaminatiadents.
During the past three decades, studies using sablebncentrations of mercurials have demonstratggitive
impacts on reproduction in numerous freshwater fgecies. Weiner and Spry concluded that reduced
reproductive success was the most plausible edfectercury on wild-fish populations at current egpre levels
in aquatic ecosystems. The mechanistic effectsethyimercury on reproduction, however, remain uacle

DISRUPTION OF HYPOTHALAMIC AND PITUITARY FUNCTION:
The hypothalamus:

Multiple hypothalamic neuropeptides and neurotrdtisrs exert a dual stimulatory and inhibitory
control over pituitary gland release of gonadottopormones that regulate gonadal function in fighe
inhibitory effects of pollutants on reproduction ynbe mediated via changes in regulation at thel lef/¢he
hypothalamus and pituitary. Methylmercury is a knomeurotoxin, the effects of which in fish aftendpterm
dietary exposure are characterized by brain lesioxiglative stress, and decreased activity. Varimadecular
targets within the nervous system have been intglican methylmercury neurotoxicity, including the
cytoskeleton, axonal transport, neurotransmissiararpeters, protein synthesis, and mitochondriakggne
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generating systems. Although methylmercury willdigareact with any sulthydryl group, it shows braiegion
specificity, with neuron loss only in certain areliethylmercury exposure in Atlantic salmd®a{mo solar0.68
ug Hg/g wet wt brain tissue) caused widespread Jatioa, with the most severe effects noted in thedluofia
and cerebellum and the cerebrum and other regieing bess affected. Furthermore, mitochondria ficmrtical
astrocytes are more sensitive to methylmercuryctiyxithan are those in cerebellar astrocytes. Thiuss
important to examine the effects of mercury expesur isolated brain regions. In addition, the enidecsystem
amplifies signals such that minor changes in nealrfunction may cause major disturbances in reprtoio.
Consequently, mercury may affect reproduction ¥ia hypothalamus at levels lower than those thatded
general neuronal damage.

In teleosts, gonadotropin-releasing hormone (GnRél)rons, originating in the ventral telencephalic-
preoptic-anterior region of the forebrain, projietd the anterior pituitary gland. Gonadotropineasding hormone
regulates the synthesis and release of the gomgilugr (luteinizing hormone [LH] and follicle-stinating
hormone [FSH]), making it a crucial neuroendocnnediator of reproductive function. Histological bsés of
neurons in the hypothalamic preoptic nuclei of tharrel Channel punctatyshas provided evidence for
potential inhibitory effects of mercury on neurastion. The magnocellular isotocin and vasotocicreting
neurons of the preoptic nuclei were smaller andtina (characterized by reduced staining of newunetery
material) in murrels treated for six months with dgJL of inorganic mercury. This may be importantcéese
isotocin and vasotocin control sexual behavior dledsts. Many neurons also exhibited various dsgdde
degeneration, from apoptotic chromatin condensationecrotic nuclear dropout. Some of the affeetedrons
were uncharacterized and may have included GnRUs$, calthough this was not proven. In rats, dietary
methylmercury decreased GnRH content in the mégiabthalamus. The paucity of information on theetf$ of
mercury on GnRH neurons in vertebrates may belecti&mn of the difficulty in studying them, becaubey do
not form a compact nucleus but, rather, a diffirserconnected network (i.e., hypothalamus anchtelphalon)
that is specifically involved in reproductive camtrTo our knowledge, a comprehensive assessmegemé
expression changes in the hypothalamus in relatomethylmercury-induced reproductive impairmentairy
species remains to be done.

Neurotransmission:

Neurotransmitters are released by presynapticensglls into the synapse, where they stimulateptece
on postsynaptic nerve cells. The release of hyperthia and pituitary hormones is regulated by
neurotransmitters, and in turn, neurotransmittézase is modulated by hormones. The effects of ungron
neurotransmission may be mediated by disruptionsyithesis, storage, release, and/or reuptake by the
presynaptic cell; by changes in activity of the amating enzyme; or by mimicking/blocking the
neurotransmitter at the synapse. Individual neanstmitters may be stimulatory and/or inhibitorytémms of
reproduction and may modulate the effects of otierrotransmitter systems, resulting in a multitofleffects
from alterations in one neurotransmitter. Furtheendecause each neurotransmitter may have moneotta
type of receptor, and because these various resepiay be on different types of cells, alterationthe level of
a single neurotransmitter may affect multiple cellglifferent ways. In fish, mercury affects thedés of several
neurotransmitters involved in regulating the systband release of GhnRH and the gonadotropins.

Mercury exposure decreased serotonin (5-HT) cdreséons in the brains of several fish species.
Serotonin is synthesized from the amino acid tnypsm and activates GnRH neurons to stimulate relebkH
from the pituitary. In a laboratory study with Nitdapia Oreochromis mossambigu$-HT levels decreased
significantly in the hypothalamus of males expogmdsix months to 15 and 3@y/L of inorganic mercury. No
change in 5-HT levels was observed in the teleraephor optic lobe. Levels of 5-HT also decreased/ole
brain of walking catfish@larias batrachuy exposed for 90 to 180 d to 4@/L of methylmercury. A field study
with mummichog Fundulus heteroclitysfrom an unpolluted site (0.029g Hg/g wet wt brain tissue) and a
polluted site (0.066ug Hg/g wet wt brain tissue) observed lower 5-HTelsvin the medulla, but not in the
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cerebellum, of fish from a mercury-contaminatede.sithose authors also noted lower levels of theT5-H
metabolite, 5-hydroxyindole acetic acid (5-HIAA), ¢ontaminated fish, suggesting that the low 5-eMels may

be caused by reduced synthesis rather than byasetdedegradation. These results agree with tho$suziuki,
who observed a decrease in 5-HT and 5-HIAA in tpothalamus of rats exposed orally to 4u/g of
methylmercury for 50 d. Further support in rats esnfrom the methylmercury-induced decrease in ictdf
tryptophan hydroxylase, the rate-limiting biosyribeenzyme in the 5-HT pathway, The inhibitory et of
mercury on the 5-HT pathway may depend on the deweéntal stage of fish. For example, methylmercury
exposure (1Qug/L) increased 5-HT in the heads of 7- and 14-dhaash mummichog larvae with no concurrent
change in 5-HIAA, Collectively, these studies irate that in sexually mature fish, mercury exposceia
decrease 5-HT levels, which in turn could be linf@decreased reproduction.

Levels of the catecholamines norepinephrine anghdiine also have been measured after mercury
exposure in fish. Dopamine is the single most potenibitor of LH secretion in fish, and it acts Imnding
directly to D2 receptors on the gonadotrophs andalbgring GnRH signalling. Dopamine was signifidgnt
increased in brains of walking catfish after a 9@xposure to 40ug/L of methylmercury. Levels of
norepinephrine, a stimulatory monoamine synthesimed dopamine, also were increased significamtlywhole
brain of walking catfish after methylmercury expmsuAqueous methylmercury (4@/L) elevated dopamine
levels in heads of 7- and 14-d posthatch mummidhoge without any change in its major metabolitdg-
dihydroxyphenylacetic acid or 3-methoxy-4-hydroxgpilacetic acid. No significant differences in dayrae,
norepinephrine, or 5-HT were observed in fatheathmivs Pimephales promelaafter a 10-d aqueous exposure
to inorganic mercury (1.69-13.51g/L); however, whole-brain measurements were méde would have
obscured any brain region-specific changes. In natthylmercury also has been shown to increasardiog in
the hypothalamus while decreasing the levels ofd#droxyphenylacetic acid. Total mercury concatitns in
the brain of wild mink correlated negatively witl2 Peceptor density and binding affinity, suggestngotential
adaptive mechanism to counter the mercury-induocedease in dopamine. Whether this adaptive meaimanis
exists in fish is not known. If mercury-exposedfigre unable to counter the increases in doparttiee, LH
release may be reduced and reproduction impaired.

As discussed above, LH release in fish is affettgdeveral monoamine neurotransmitters (dopamine,
norepinephrine, and 5-HT), suggesting that altenstiin their rate of synthesis or degradation coodact
reproduction. The degradation of monoamines inwlv®noamine oxidase (MAO), which is an intraneurona
enzyme complex responsible for oxidative deamimatlaorganic mercury decreased MAQO activity in nelrr
after a six-month aqueous exposure |{f§0) and in Atlantic salmon after a four-month digt exposure (0.13g
Hg/g wet wt brain tissue). Methylmercury inducechach more potent inhibitory effect compared witbrganic
mercury on MAO activity in Atlantic salmon. Similgy organic mercury (4@wg/L) was a stronger inhibitor of
MAO compared with inorganic mercury (50g/L) in walking catfish after 45 d of aqueous exmes
Furthermore, methylmercury significantly inhibitdgk rat synaptosomal MAQO activity in all brain reigs tested,
including the hypothalamus. These results inditizie mercury in both its inorganic and organic ferisicapable
of impairing the monoaminergic systems known tokes¢ modulators of hypothalamic-pituitary control of
gonadotropic function and, thus, reproduction. Aecli, causal link between monoaminergic disruptoml
decreased reproduction is required for substaotiatf this hypothesis; however, this link has yebe clearly
established.

The pituitary:

The gonadotropic hormones LH and FSH are relefised the pituitary in fish and control the annual
cycle of gonadal growth, ovulation in females, spaelease in males, and production of sex steroidsoth
sexes. Therefore, disruption of gonadotropin semretan have a major impact on fertility. The effeof
mercury on the pituitary have been limited to maiplgical analysis and measurements of pituitaryvedr
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hormone levels in plasma. Critically missing aredgts regarding the direct effects of mercury otuitairy
hormone release in vitro.

The morphological effects of mercurials on theuipgtry gonadotroph in murrel and walking catfistvdéna
been studied by several groups. Histological aeslyiemonstrated that compared to controls, goraalatrwere
smaller, appeared to be inactive, and were fewewimber in both species of fish exposed to 10 tadQ of
methylmercury, inorganic mercury, or a mercuriaidicide for six months. The mercury-induced inhdit of
gonadotropic activity was correlated with impairgohadal development. Whether the decrease in sesict
levels and, thus, an alteration of gonadal feedisaghals is causing the inhibition of gonadotrdpiection is not
known. Conversely, if the action of mercurials igsedted primarily at the hormone synthesis andasde
mechanisms of the pituitary, the resulting decreasgonadotropin could lead to the inhibition ofngalal
development. A thorough assessment of serum LH-&H and associated pituitary mRNA levels would help
determine whether the pituitary is directly affettsy methylmercury exposure. A recent study in @comized
rats observed a decrease in plasma LH after axpdsare to dietary methylmercury. Moreover, baddldnd
sex steroid levels are significantly reduced intgmswning female goldfishCarassius auratysafter a 28-d
dietary exposure to 0.883/g of methylmercury (Crump and Trudeau, unpublistiata). Further studies in fish
are required to determine the mechanisms of meiiadiyced inactivation of the gonadotrophs.

DISRUPTION OF MALE REPRODUCTIVE FUNCTION:

The cycle of spermatogenesis in which stem céligle into mature spermatozoa is controlled by Llidd a
FSH Throughout this cycle, the testes increase ize, swhich can be measured by an increase in the
gonadosomatic index (GSI; gonad wt/body wt 100) asuhlly is maximal in the breeding season. Disompof
testes function can be classified as either cytotdagical or endocrine in origin. Cytotoxic effsctare
characterized by damage to cellular integrity ¢erations in cell function, whereas endocrine ¢fféavolve the
disruption of specific cells as a result of altemas in pituitary secretion or gonadal steroidogine

Testicular morphology and spermatogenesis:

Compared to control fish, testicular growth ancetrepatogenesis in murrel were arrested following
exposure to inorganic mercury (/L) or a mercurial fungicide (200g/L) for six months. Necrotic areas were
visible within the testes of fish exposed to therengal fungicide, suggesting direct cytotoxic etlg however,
no obvious signs of degeneration were observed afteganic mercury exposure. Spermatogenesis \aso
inhibited and GSI decreased in male walking catéifbr 180 d of exposure to organic and inorganécaury at
30 to 50ug/L. Similarly, guppies Roecilia reticulaty exposed to 5.@g/L of methylmercury for three months
and medakadryzias latipey exposed to 4Qg/L of methylmercury for 8 exhibited signs of testar atrophy and
arrested spermiation. Wester. as well as WesteiCamton concluded that necrosis of the sperm wasrong
during the process of spermatogenesis, and thdkerayroposed a mechanism involving the disruptibthe
mitotic spindle. Mercury has been shown to resuldépolymerization of microtubules that form thetatic
spindle, which is a possible mechanism underlyimgamry-induced genotoxicity in mammalian cells
Disruption of testicular function also has beenested in exposures to environmentally relevant ke
methylmercury. Dietary exposure for six months tettmylmercury concentrations (0.1-1.§/g) similar to those
encountered by piscivorous fish in North Americautéed in a significant decrease of GSI in juvemiale
walleye with mean mercury body burdens of 0.25.8Y 2g/g wet weight. The normal morphology of the testes
was significantly altered, with the appearancetodahy. Decreased spermatogenesis and atrophieidiaous
tubules were observed in male Nile tilapi®réochromis niloticus after a seven-month exposure to
methylmercury. Intraperitoneal implants in the milkpia released methylmercury gradually, withafimuscle
concentrations ranging from 0.08 to 0.5g/g wet weight (assuming 80% water content), wtdoh similar to
levels reported for largemouth bass in the nortieead)nited States.From these experiments, it eacobcluded
that both inorganic and organic mercury exposuaeawariety of exposure routes can arrest gonagaldpment
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in male fish. This effect may be cytotoxic in n&ubecause effects at the level of the cell inclstectural
alterations in Leydig cells and necrotic cell dedthe inhibition of spermatogenesis in the murrakworrelated
with small and inactive gonadotrophs of the pityita

The data are inconclusive regarding the impactaa@ftury exposure on testicular growth. In addition
the studies mentioned previously, in several studéechange in GSI occurred. In wild-caught northake with
muscle mercury content ranging from 0.12 to Ou82g wet weight, no significant correlations wereurid
between mercury content and GSI or gonadal seridtepncentration. however, the small sample size 7)
and high variability may have masked any subtleat$. Dietary methylmercury decreased sex steewield but
had no effect on gonadal development in male fatimemnows with mean total mercury carcass conctotrs
of 0.86 to 3.841g/g wet weight after 250 d of exposure. Simila@s| was not affected in male tilapia exposed to
methylmercury, despite changes in testicular mdg@gyand spermatogenic arrest. This indicates higblogy
may provide a more sensitive indicator than GSkfsessing the effects of mercury on gonadal denlat.

In male fish, androgens control gonadal develogmeeacondary sexual characteristics, and sexual
behaviour. Testosterone and/or 11-ketotestostesearetion is high during gonadal recrudescencedactines
before spermiation. Plasma testosterone levelsifisgmly decreased in male fathead minnows fedtsdie
containing 0.87 to 3.93g/g of methylmercury for 250 d. Decreases in pladrh&etotestosterone also were
observed in male Nile tilapig( niloticug after a six-month exposure to methylmercury anthige-mouth bass
after an eight-week exposure to 3.12 to 6.@fg of dietary methylmercury, no concurrent deceeis 13-
estradiol was observed in either exposure. Theseiest provide further evidence that mercury alters
steroidogenesis in male fish. Further studies, wewere required to determine whether the effedirect, at the
gonad level, and/or indirect, via disruption of thgothalamus or pituitary.

In wild fish, the effects of mercury accumulation androgens, particularly 11-ketotestosterone, are
unclear. Similar to the results of laboratory stésdiboth plasma testosterone and 11-ketotestostexene
negatively and significantly correlated with musoiercury content (mean value, 0.4F/g wet wt) in sexually
immature white sturgeonA€ipenser transmonatysFrom these results, a mercury concentrationshuie
associated with steroidogenic effects was estimtidoe 0.2ug/g wet weight. This threshold was determined
previously by Beckvar et al. to be protective favgnile and adult fish based on a systematic aisabfsstudies
assessing sublethal endpoints (growth, reproductitavelopment, and behavior) of mercury exposure. N
significant alterations in 11-ketotestosterone lleweere observed in sexually mature common cayp(inus
carpio), brown bullhead Ameiurus nebulosiissmallmouth bassMicropterus dolomieyj or largemouth bass
containing mercury concentrations greater than @Qt2qug/g wet weight threshold. Nor were any alterations
testosterone levels correlated with mercury accatiaal in recrudescent northern pike with muscle cuer
concentrations ranging from 0.28 to 0.6¢/g wet weight. Although not statistically sign#iat, testosterone
levels in prespawning largemouth bass from a highenry lake (5.42,g Hg/g wet wt muscle tissue) were more
than 50% lower than those of bass in a control (@8k80ug Hg/g wet wt muscle tissue). Conversely, a pasitiv
correlation between plasma 11-ketotestosteroneecdrations and mercury residues was observed imtde
bass from the high-mercury lake. To our knowledfes is the only report of increased steroidogenasimale
fish associated with methylmercury exposure. Ireedasteroidogenic enzyme activity and a concuiremease
in plasma steroid levels were observed in femae éxposed to inorganic mercury. Positive cormfatialso
were observed between 11-ketotestosterone and enmserktury concentrations in female smallmouth (24—
0.51ug/g wet wt) and common carp (0.06-0488g wet wt). Field surveys are complicated by thespnce of
multiple contaminants in addition to methylmercumhich may impact steroidogenesis. Although cotiete
exist between mercury concentrations and sex stégoels, the effect of additional contaminantsrearbe ruled
out. This is particularly true for the largemouthsb study showing increased 11-ketotestosteromaube the
levels of other contaminants were not measurethesd fish. In addition to the confounding factomafltiple
contaminants, the differing results also may beibatted to species differences and the state ofadain
development during which the sampling took plachol€sterol plays a key role in reproduction in asts,
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serving as the lipid precursor for gonadal steroldpids mobilized from the liver gradually increas the

gonads from the preparatory-to-spawning phaseefeproductive cycle. Testicular cholesterol levidsreased
in male catfish exposed for 180 d to both orgamid morganic mercury , whereas in freshwater mutrepatic
cholesterol levels increased after a 180-d exposues organic mercury fungicide (Emisan-6; 2@fL). Both

studies suggest that mercury exposure resulteddaceeased mobilization of lipids from the liver donads.
Impaired lipid metabolism may be responsible, imt,pBor the inhibition of spermatogenic and steogjenic

activities in mercury-treated fish.

Sperm morphology and motility

The success of fertilization events likely areussl or inhibited completely by alterations in sper
motility and morphology. Fertilization success wiecreased after short-termdQ-min) exposure of rainbow
trout (Oncorhynchus mykissperm and mummichog sperm to inorganic mercudy methylmercury (1-1,000
ug/L). It is now known, however, that fertilizati@uccess is dependent on the ratio of sperm to sgg in each
test, because high ratios will mask toxic effegtptoviding sufficient spermatozoa to overcomegpermiotoxic
effects. None of the above studies discuss the tested and, therefore, may have underestimatetbxiwty of
inorganic and organic mercury.

Sperm also can be exposed to mercury in semiaoalsfl(i.e., in vivo) of contaminated fish. A 24-h
exposure in an extender buffer has been designetintic this type of exposure in vitro. Goldfish spe which
exhibited no effects after instantaneous expodae,decreased flagella length and motility afteimmubation in
an extender buffer with 100g/L of inorganic mercury. Attempts have been madeneasure the effects of in
vivo sperm exposure on fertilization success. Thusthe results have been inconclusive becausigeahherent
difficulty in assessing the effects on sperm idagon from other reproductive impairments.

DISRUPTION OF FEMALE REPRODUCTIVE FUNCTION
Mercury exposure also can affect reproductive eimdpdan female fish. Mercury has been shown to

affect ovarian morphology, delay oocyte developmant inhibit steroid hormone synthesis. As with tbstes, it

is difficult to determine whether mercury affeche tovaries directly or indirectly, via alteratioasthe level of
hypothalamus or pituitary, and whether the effectsthe cause or the result of changes in stererdegis. Unlike

in males, female gamete production involves théh®sis and incorporation of a yolk protein, whicaynransfer
some of the maternal mercury burden to the embrie. effects of mercury on the female reproductiystesn
discussed in the next section are separated irtogets at the level of ovarian morphology and eggldpment,
steroid hormone and vitellogenin synthesis, feayrahd spawning, and ultimately, egg and embryuwigai.

Ovarian morphology and oogenesis:

Oogenesis in teleosts involves the maturation fionmature or previtellogenic oocytes through the
accumulation of yolk vesicles during vitellogeneaisl, finally, the formation of mature oocytes. Shicle of
oogenesis was significantly repressed in the frasdbsmmurrel after exposure to inorganic mercurynercurial
fungicide (10-20ug/L), with a concurrent decrease in GSI . After IB0f exposure, only immature oocytes
completely devoid of vitellogenin were present, vetas the control ovaries were fully developed, vaitlarge
number of mature and maturing oocytes . Degenerativanges—-namely, nucleolar necrosis and atresia
(follicular degeneration)—-also were observed imesmf the fungicide and inorganic mercury treatnggotips .
Ovarian recrudescence was arrested with somecattetinges and a decrease in GSI of walking catfiglosed
over six months to inorganic and organic mercul@— ug/L) . Atretic follicles also were more common in
female Nile tilapia ©. niloticug after exposure to methylmercury implants; however change in GSI was
observed . Common spiny loadbepidocephalichthys thermaliexposed to inorganic mercury for 10 d at 100
ug/L had extensive vacuolation in the oocortex, ogier of the oolemma, and hypertrophy of follicutals,
leading to atresia of the oocytes after 20 d Iruallx mature largemouth bass, the frequency ofiatoocytes
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was positively correlated with sediment mercury aamrations in a Tennessee, USA, reservoir systérase
degenerative changes are suggestive of cytotokimnaoon the ovary.

Apoptosis is the main trigger for follicle atres$iremammals. and is involved in normal teleost @rar
development and regression. A significant increashe number of apoptotic cells was measured aries of
fathead minnows exposed to dietary methylmercurjuasniles through to sexual maturity (=250 d), hwit
resultant mean total mercury carcass concentratibriz92 to 3.84ug/g wet weight. Thus, the induction of
apoptosis in steroidogenic gonadal cells is onsipessmechanism by which sex steroid levels areaed in fish
exposed to methylmercury. Apoptosis may be a resftiltoxidative stress. which can be induced by
methylmercury exposure. Apoptosis occurs spontasigdn ovarian follicles and is regulated by follar
survival factors, including FSH, LH, and [éstradiol. Therefore, an alternative mechanism rimaplve
methylmercury-induced alterations in follicular @wal factors resulting in apoptosis. Reduced setevels of
LH were observed in methylmercury-exposed gold{i§hump and Trudeau, unpublished data), and deatease
serum 1P-estradiol levels have been correlated with meramycentrations in studies of wild-caught fish and
laboratory fish Furthermore, in the absence of degive changes, gonadal arrest has been retatyttbcrine
alterations resulting from a decrease in activitpituitary gonadotrophs.

Steroidogenesis:

In female fish, 1B-estradiol is the major reproductive hormone angrégluced primarily in the follicle
of the developing oocyte. Luteinizing hormone stiaes the production of testosterone, which is tamverted
into 17B-estradiol via the aromatase enzyme. One of thearki roles of 1B-estradiol is to stimulate liver
production of the yolk protein, vitellogenin, whichthen incorporated into the maturing oocyteater serve as
nourishment for the developing fish larva. Simiiatestosterone, gonadalft@stradiol secretion and subsequent
vitellogenin production both change with maturatafrthe oocytes; thus, plasma levels can be usedotator
the reproductive stage of fish.

In female Nile tilapia@. niloticug, 17B-estradiol levels decreased over the summer mamitisemained
low until November, when the hormone level surgegitepare for the new reproductive season. Thisboe
surge was repressed in fish exposed for seven mtmthethylmercury implants (0.3—1ud Hg/g wet wt muscle
tissue), which may suggest an interference withgraduction of stimulatory pituitary hormones orngdal
steroidogenesis. Methylmercury accumulation alse warrelated with decreased pigstradiol in fathead
minnows exposed for 250 d to diets containing @B3.93ug/g of methylmercury (mean carcass accumulation,
0.92-3.84ug/g wet wt) and in previtellogenic largemouth badier four to eight weeks of exposure to diets
containing 3.12 and 6.2hg/g of methylmercury. In addition to p-&stradiol, 11-ketotestosterone levels were
measured in laboratory exposures with female tlapid largemouth bass; however, no significant gbsvere
observed. In wild fish, sex steroid levels haverbeerrelated both negatively and positively witkatamercury
concentrations. Similar to the results of labonagiudies, plasma Bfestradiol concentrations in sexually mature
female largemouth bass were negatively correlatéth total mercury in muscle. A significant negative
correlation between plasmaft@stradiol and liver mercury (mean value, Oubdg wet wt) also was detected in
sexually immature white sturgeon collected in tlsvdr Columbia River, Oregon, USA. No significant
correlations between muscle mercury an@-é&3tradiol were measured in sexually mature fersadallmouth
bass and carp from the Hudson River, New York, UB#wever, in the same fish, 11-ketotestosterone was
significantly positively correlated with total muscmercury (0.09-0.47.g/g wet wt). Taken together, these
laboratory and field studies suggest that methytomgr exposure, at concentrations currently foundhie
environment, can induce alterations in serum seroist levels in female fish.

Vitellogenesis:
Estradiol stimulates the liver to synthesize tihegpholipoglycoprotein yolk precursor vitellogenm
oviparous vertebrates. Altered expression of vitgthin mMRNA and its protein is one of the most camiy used
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biomarkers of aquatic contaminant exposure. In sjaliellogenin normally is not expressed, but ande
induced by exposure to estrogenic chemicals. Inrabfemale catfish, serum vitellogenin levels dimabafter
17B-estradiol injection. After injection of inorganioercury, however, serum vitellogenin levels decdaasnd
did not respond to subsequenpiestradiol injection. Vitellogenin synthesis alsasninhibited in catfish after a
90- to 180-d exposure to inorganic mercury (80L) and organic mercury (4@y/L), as indicated by a decrease
in 3%P-labeled phosphoprotein content in the liver andries. In largemouth bass exposed to dietary
methylmercury (3.12 and 6.3%/g) for 56 d, females had significantly reducegkels of vitellogenin, whereas
levels increased in males fed the high methylmgrdigt. Female large-mouth bass with reduced wigelhin
levels also had significantly reduced levels of-E8&tradiol. A survey of freshwater species fromios sites
along the Hudson River provided equivocal dateelldgenin levels were negatively correlated withseia
mercury concentrations in female smallmouth basal{(®.51ug/g wet wt) and male common carp (0.09-0.41
ug/g wet wt) but were not related to muscle meraggcentrations in either sex of largemouth bask2(@.61
ug/g wet wt) or brown bullhead (0.055-0.p8/g wet wt).This inhibition of vitellogenin synthieon exposure to
inorganic or organic mercury may be a result of dimgd steroidogenesis or alterations in estroggnating
pathways. Recent studies have demonstrated adiesati vitellogenin mRNA levels in livers from fisgxposed

to dietary methylmercury in laboratory-based andsitt exposures. Similar to the reduction in vig#nin
protein observed in catfish and bass, vitellogeniRNA was down-regulated by two- to fourfold in fdma
fathead minnows exposed for 600 d to dietary metbytury (3.93ug/g). Conversely, some male fathead
minnows had elevated vitellogenin levels, but tesuits were highly variable and not statisticalyngicant.
Cutthroat trout from a high-mercury lake (0.0pg Hg/g wet wt whole-fish tissues) had vitellogemMRNA
levels fivefold lower than those of fish samplednfr a low-mercury lake (0.01pg Hg/g wet wt whole-fish
tissues) based on cDNA microarray analysis of IR&IA. Unfortunately, the study with trout did natrsider
gene expression in males and females separately, ntaking specific conclusions regarding the impafct
methylmercury exposure on vitellogenin expressidficdlt. On the whole, significant evidence suggethat
methylmercury alters vitellogenesis in femaleshwéductions measured in mRNA, protein, and lipieels after
exposure. Increased vitellogenin expression in sateay be caused by an estrogen-like activity of
methylmercury, because it has been shown to biatidcactivate estrogen receptors.

Lipids:

During the gonadal cycle, a reciprocal relationshifsts between hepatic and gonadal lipids, tharoa!
of which may be altered by pollutants, such as orgrdn the peak of reproductive activity, hepdipid levels
decrease, with a concomitant increase in gonadalde Phospholipids are an important componenthin t
structure of proliferating and developing germ elb reserve food in the form of yolk or as enesgyrces.
Cholesterol, on the other hand, is the precursostieroid hormones. Lipid content increased inliher (and
muscle) with a concurrent decrease in the ovafiégsamze featherbackNptopterus notopteryi€xposed for 30 d
to inorganic mercury (44-88y/L). Lipid levels (total lipids, phospholipids, éwholesterol) also increased in the
liver of walking catfish, with a simultaneous dease in all forms of lipids in the ovaries after&d4d exposure to
inorganic mercury (5@ug/L) and methylmercury (4Qg/L). Murrel exposed to 20Qg/L of inorganic mercury,
however, had a significant reduction of lipid artblesterol in the liver and ovary. In summary, thessults
suggest a mercury-induced change in lipid reterdinaor inhibition of seasonal mobilization of tigifrom liver
to ovary during ovarian recrudescence. Disturbaoteahe lipid balance by mercury may result in other
disruptions, including impairment of vitellogene§implicated in arrest of oogenesis) and steroideges.

Effects on ovulation and spawning:

Mercury exposure can alter fecundity (number afsegroduced) and spawning of female fish. Zebrafish
produced fewer eggs following exposure (19-25 d}l.tbug/L of a mercurial fungicide. A multigenerational
study with brook trout Salvelinus fontinalls exposed to agueous methylmercury observed no répgwn
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second-generation trout exposed to Ou@A or more methylmercury for 108 weeks. Similanhg spawning
occurred in fathead minnows (whole-body concerareti 4.47ug Hg/g wet wt) after 41 weeks of inorganic
mercury exposure at and above 1@fL Fertilization success was reduced in offsprimpole-body mercury
concentrations, 1.1-1.2g/g wet wt) of mummichog fed methylmercury-contaated diets. Recently, two
studies were performed with fathead minnows expdseatietary methylmercury as juvenile fish throwsgxual
maturation to determine the effects on reprodudtiothese studies, an overall decrease in spavgungess was
observed as a consequence of reduced gonadal gcowtiated to a decrease inpi&stradiol levels, decreased
fecundity, and increased number of days to spawinirfggh, with carcass mercury concentrations ragdirom
0.57 to 3.68ug/g wet weight. Days to spawning appears to baiémited by the female, because contaminated
females that mated with control males took 3 d ésrtg spawn, on average, than control femalesntlaétd with
contaminated males. In male fathead minnows witltass mercury concentrations of 0.71 to 4.2 wet
weight, spawning behavior and spawning success reeeed after dietary methylmercury exposure asrjies
through to sexual maturity. Because androgens rétieat in regulating reproductive behavior, metigrcury-
induced impairment of reproduction may be caused@li®rations in sex steroids that, in turn, regulaltered
behavior. A female-specific delay in spawning candspecially detrimental if sperm release is natilarly
delayed. Delayed spawning can have significantceffen the offspring, because it may disrupt thang of
feeding relative to seasonal food resources. lhgdish are unable to find food as an indirect effaf mercury
exposure, their growth may be affected, leadingdceased susceptibility to predation and reducedwal.

Eggs and embryos:

Mercury in eggs originates primarily from maternehnsfer and is predominantly (>90%) in the
methylated form. Originally, it was believed thaaternal transfer occurred by mobilization and tfanef stored
mercury to the gonads during oogenesis. The actmlunt transferred, however, is only 0.2 to 2.3%hef
maternal burden. In contrast, organochlorines eapsferred to the eggs at 5.5 to 25.5% of the whobyy
burden. The diet of the maternal adult during oegés) rather than the body burden, is now acceggethe
principal source of methylmercury in eggs. Therefothe exposure of embryos to maternally trandflerre
methylmercury depends on the levels of mercurphéprey of the adult during oogenesis, which cawy irdra-
and interannually.

Mercury exposure may diminish the reproductiveeptil of maternal fish by reducing the hatching
success of embryos. Hatching success of zebrafigiryes in unpolluted water was decreased after rmeaite
exposure (19-25 d) to O@y/L of a mercurial fungicide. Maternal exposureoatsay alter the sensitivity of eggs
to mercury in the environment. Mummichog eggs franpolluted site and a control site were exposed to
methylmercury (0.5-5.0 mg/L) for 20 min before ilezation with untreated sperm. Eggs from the pi@tlcreek
demonstrated a higher tolerance to methylmercuwrgn§ing-electron microscopy revealed that the obeggs
exposed to 1.0 mg/L of methylmercury for 20 min he increased incidence of spontaneous micropyle
blockage, resulting in reduced fertilization suec@hese studies indicate that pre-exposure of eggeercury in
maternal fish can decrease hatching success idatimatory, whereas multigenerational exposure ild w
populations may convey increased resistance tounepollution.

CONCLUSION:

The present review has collated data from botbrktbry and field studies supporting the hypothtsis
mercury in the aquatic environment negatively imipdbe reproductive health of fish. The evidenocesented
suggests that the inhibitory effects of mercuriats reproduction may occur at multiple sites withire
reproductive axis. A variety of endpoints have bewasured, but the majority of studies have focusethe
level of the gonads, measuring alterations in Gfalnetogenesis, steroidogenesis, and vitellogenSsise
notable variations in response to mercury exposuag be attributed to one or more of the followiagtbrs:
Species, life stage (larval, juvenile, or aduljats of gonadal development (recrudescent, spawring
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regressed), route of exposure, length of exposuegcurial species, and mercury concentration. kamgle,
spawning success was reduced in fathead minnowssedpas juveniles but not as sexually mature adults
suggesting that some life or gonadal developmegest may be more sensitive to methylmercury exposur
Species differences likely are important, becausgative correlations were significant between Mtgnin
levels and mercury content in smallmouth bass angl lsut not in bullhead or largemouth bass coltkétem the
same locations and with comparable mercury burdene.heterogeneity of species sensitivity to mgralso
was demonstrated by Birge et al., who studied lethiacentrations of inorganic mercury in embryovid stages
of a variety of freshwater species. Neverthelessss all studies, there appears to be a treneflurced gonadal
development, impaired gametogenesis, and decrsagesteroid levels. A consensus list of the effe€taercury
exposure on the reproductive axis in fish was dged through extensive surveying of the literatiBeme
evidence suggests that fish and other wildlife E®eenay adapt to mercury in their environment. Meyc
exposure can affect reproduction by reducing gamasmtity and/or quality, and surviving offspringutd be
more resistant to mercury toxicity. This naturalesgon scenario could result in populations mage od
individuals who have greater resistance to theceffef mercury. Studies with mummichog from botblean
reference site and a mercury-contaminated site paxéded evidence for this occurring in wild-fipbpulations.
Gametes and embryos of contaminated mummichogsitedhitolerance to methylmercury and, as a resdte
relatively unaffected by concentrations that haceee effects on gametes and embryos from the refersite.
The effects in mummichog are stage-specific, withtaminated adults exhibiting reduced growth anutmn.
Receptor-binding studies in wild mink have shownrelations between neurotransmitter receptor dessénd
mercury concentrations in the brain, which thoshans suggest may represent adaptive mechanismaitgain
normal neurotransmission. Adaptation and/or natsgbdction for mercury resistance may occur to sextent in
wild populations; however, the long-term effectsl @eological significance remain unknown.

Despite the large number of studies indicatinghhenful effects of mercurials on reproduction,réhe
remains a paucity of studies examining the specifechanism and site of action. Methylmercury ishbat
endocrine-disrupting chemical and a neurotoxickmtmammalian models, research has focused primanmilthe
underlying mechanisms of methylmercury-induced atwxicity while research into potential endocrine-
disrupting effects has been limited to developmealizrations in the fetus. Conversely, the majodf fish
studies have followed the classical endocrine-gtenuapproach of measuring reproductive impairnteraugh
fecundity, spawning success, and alterations inhypothalamic-pituitary-gonadal axis. Studies ishfihave
identified impacts of methylmercury on reproductidie understand the underlying mechanisms of thésets,
however, it is critical to look at alterations ieuroendocrine control, because the central nersgsiem is the
primary target for methylmercury action.

Several physiological and cellular mechanisms Haaen proposed in the present review. Reproductive
impairment may be caused by alterations in anyeffactors involved in regulating the hypothalaipitcritary-
gonadal axis. First, changes in neurotransmittezl$eor other parameters of neurotransmission cafi&tt the
release of GnRH and/or LH from the hypothalamus pitwtary. Second, inhibition of GnRH or LH syntie
and release would cause a cascade effect, resiftidgcreased gonadal hormone production and suéseq
decreases in vitellogenesis, gonadal growth, and @fird, alterations in gonadal steroidogenesisil@affect
gamete production and pituitary hormone synthesis release via positive-feedback mechanisms. ladtsted
lipid balance may lead to disruption of normal meges, including steroidogenesis and vitellogen€siular
mechanisms also have been proposed that may megidheral toxicity and/or specific impairment afdecrine
processes. The cytoskeleton is a target for mettrdony, and disruption of cytoskeletal componerdsla
impair the normal mitotic division that occurs duyrigamete development. Apoptosis also has beengedms a
mechanism by which methylmercury impairs the stiygéenic capacity of gonads. The reproductive axian
integrated system; however, many of the studieewad here examined only a single parameter ofatti.
Furthermore, data implicating the direct involvemehany of these mechanisms in reproductive intpairt are
still lacking. These studies provide evidence gfroéuctive inhibition, but they do not clarify whet the
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primary site of action is the gonad itself or whetht is the caused by inhibition of pituitary setbon or altered
neurotransmission in the hypothalamus or othernbraigions. Additionally, changes at the level o€ th
transcriptome or proteome associated with repraiictysfunction remain to be determined.

In summary, there appears to be sufficient evidgrmm laboratory studies to link exposure to mercu
with reproductive impairment in many fish speciéss now necessary to determine the primary ditgction and
the mechanisms involved in endocrine disruptioneatironmentally relevant exposures to methylmercury
Linking reproductive impairment with an ecologigallelevant impact on real fish populations is atHar
challenge. Fish are a large food source for bothans and wildlife, and the effects of mercury expeon fish,
as described in the present review, may similadguo in these piscivorous vertebrates. Thereforercory
pollution is a concern for both fish populationgldheir consumers, because mercury can act botteatlg, to
decrease the food supply, and directly, by conatéing in the food chain itself to affect top prestat such as
humans.
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