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Measurements of metallothioneins (MTs) can be labour
intensive and require expensive probes and/or analytical
instrumentation. In contrast, the reverse-transcriptase
polymerase chain reaction (RT-PCR) has provided a relatively
sensitive and simple mechanism to measure expression of MT
in sentinel species in aquatic environments. The objectives of
this study were to characterize expression of hepatic MT in a
commonly occurring fish species of the southeastern United
States, the channel catfish (Ictalurus punctatus). Expression
of hepatic MT was assessed following exposure to several
metals found naturally and in excess due to anthropogenic
inputs. MT expression by RT-PCR was confirmed by Southern
blot with a cDNA probe (552 bp) encoding MT and the
complete 3¢  untranslated region from the common carp
(Cyprinus carpio) and a 388 bp cDNA probe encoding 49 bp
of the 5¢  untranslated region, the entire MT protein, and the
complete 3¢  untranslated region of winter flounder
(Pleuronectes americanus). Each probe recognized a single
band of approximately 550 bp which corresponded to the RT-
PCR product from hepatic RNA of channel catfish 24 h after
an intraperitoneal injection of cadmium chloride (10 mg kg ± 1).
Catfish were also injected with intraperitoneal administrations
of zinc sulphate (10 mg kg ± 1) and copper sulphate (2 mg kg ± 1).
After 24 h, zinc increased MT expression 16-fold over
controls whereas cadmium or copper increased levels 13-
and nearly 6-fold, respectively. A 1-week exposure to water-
borne 1 mg l ± 1 sodium arsenite or monosodium
methylarsonate (MSMA) induced hepatic MT expression
nearly two-fold, whereas water-borne exposure to the same
dose of sodium arsenate failed to increase MT levels. To
examine the effect of dietary sub-chronic methylmercury
exposure on hepatic MT expression, Japanese medaka
(Oryzias latipes), were lethally injected with solutions of
methylmercuric chloride to provide a 0.1 mg kg ± 1 daily dose
to catfish. After 30 days, hepatic MT expression, condition
factor and liver somatic indices were unchanged, although
hepatic and muscle residues of total mercury were
significantly increased following treatment. The results of this
study show that MT expression can vary in aquatic organisms

in response to different metal treatments and may be utilized
as a biomarker of exposure and possibly effect in the channel
catfish.

Keywords: metallothionein, RT-PCR, cadmium, zinc, arsenic,
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Introduction
Metallothioneins (M Ts) are  low-m olecu lar  w eight  cytoso lic

p ro teins that  contain  high ly con served cy steiny l re sid u e s

allowin g the binding ,  t ransport  and storage  of  var ious

transi t ion m etals (Ham er  1986, Andrews 1990). Express io n of

M Ts are  ind u ced in  m a ny  t erre str ia l  and aquatic  org anism s no t

on ly b y ex po su re  to  various tr ansi tion m etals,  but  a lso

end og eno us con sti tu ent s re leased by ce l lular  st ress ,  such  as

cytokines a nd ho rm on es (H am er, 1986, Andrews 1990).  The

associat ion of  MTs w ith deto xif icat io n and  m etal  expo sure  as

well  as  their  presen ce  d uring  acute  cel lu lar  s tress  in dicates  a

po tential  ro le as a  bioindica tor  of  m etal  exposure  a n d /o r

cel lular  st ress . Indeed, recent  s tud ies h ave show n  a dire c t

co rrelat io n betw een MT  ind uct ion  and  l i pid  pero xid ativ e

damage and physiolog ical  a l ter ation s in  f er al  f ish  p opulat io ns

(Farag et  al.  1995).  H ow ever,  d ue to  al terat ions caused by

p re su m ab ly  se co nd ary  hom eostat ic functions,  i t  is im perat ive

that  M T  expressio n be ad equately characterized  in  an y anim al

used as a  sentinel  spec ies prior  to  i ts use  as  a  bioindicator  of

effect .

O ne  of  the m ajor disadvantages of  using MT  as a  biom arker

has been the d iff iculty  in  obtaining co nsisten t  m easure m e n t s

of it s expression.  Ini t ia l ly,  pu rif icat ion  w ith sub seq uent

quanti ta tio n of  ind iv idual  isofo rm s b y m etal  con tent  was

p e rform e d to  m easu re  MT  p ro tein  (O lafson  and  T ho m pson

1974). O ther m ethods of  pro te in  m e asurem e nt ha ve re l i ed  on

in d i rect  satur ation  assays with radiolabelled metal  or  analysis

of  metal±MT  com plexes by graphite  furnace atom ic ab so rpt ion

sp ec trosco py (H am ilton and Mehrle  198 7).  Although these

m e th od s are  rel at ively s im ple to  p erform , they  are extre m e ly

sensit ive to  th e d ilut ion  of  the pro tein u sed and isoform s also

m ust  b e part ial ly  purif ied to  rem ove glutath ione or  other

sulp hh yd ral±m etal  c om p lexe s w hich  m a y l ead to

ov eres timation of  MT (Bienengraber et al . 1995) . In  addit ion,

the l ik el ihoo d of  un derest im ated p ro tein is  en ha nced  d ue  to

dim er izat i on  w h ich  readily  occurs in  aerated buffers  used  to

hom og enize t issue sam ples (P alum aa and Vasak  1992) .

Recently,  the development of  antibo dies to  isoforms in  f ish h as

al lowed a f ai r ly  rapid asse ssment of  MT levels (Hylland et  al .

1995).  However,  antib odies are  diff icu lt  to  obtain  and re q u ire

purif icat ion and  char acterizat ion studies pr ior  to  th ei r  usage in

fie ld  s tudies  (G eorge  et al . 1996) . A nother app ro ach  t hat  h as

sh o w n  p rom ise  is  the m easurem ent of MT  mRNA by N ort h ern

blot  or  r ibonuclease pro tect ion analyses (Kille  et al . 1992,
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Roesi jad i  et al. 1995 , S chlenk et al. 19 95, Z h an g an d S chlenk

1995, Ung er  and Roesijadi  1996).  T hese  sophisticated  m ethods

a re  very sensi t ive,  but often re q u ire  spec if ic cDNA or cRNA

p robes and radiolabelled materials f or  detect ion and can be

labour  intensive.  An al ternativ e m ethod for  m aintaining

sensit iv i ty, but  reducing the need for  radiolabel and  lab oratory

p reparat ion  w as rece nt ly  sug geste d by Jesse n-E lle r  (Jesse n-

Eller  et al . 1994) ut il izing the rev er se-tr anscrip tase polym erase

c ha in  react ion (RT-PCR). RT-P CR has been used  to  measure  MT

e x p ression in  f ield  and  labo rato ry  st ud ies w ith  F u n d u lu s

h ete rocli tus ex posed to  cad m ium  (Kap lan et  al. 1995) . A

m odifica t ion of  this  pro c e d u re,  Rapid  Am pli f ica tion of  cDNA

E nds (RACE), has al lowed establishment of  a re lat iv ely

inexp ensiv e but  sensi t ive m etho d fo r  d eterm ining levels of  MT

transcr ipts  in  f ish  (Chan  1994).

T he chan nel  cat f ish  (Icta luru s p u n c ta tu s)  has  been observ e d

in  w ate rw a ys t hrou ghout the United S tates ,  but  is

p red om ina nt ly  fo un d an d  co m m e rc ial ly  cu ltured  in  th e

so uthe astern  sta tes (Douglas 1974) .  I t  is an  opportu n i st i c

o m n iv ore  ranging thro ug hou t th e w ater  colum n  bu t  is

c on sid ered a  bottom-dw el l ing species  (Tucker 1985). Because

of its re lat iv e ab und ance and  na tur al  h is tory,  th e cha nn el

catf ish has the potential  to  be used  as  a  sentinel  species for

biom arker  stud ies  in  aqu atic  system s, especial ly  in  the

so uthe astern  United States.  In  previo us s tu dies in  I. 

p u n c ta tu s,  the induction o f  hepatic M T  in resp on se to

cadm ium  w as  charac ter ized  (Z hang  and S chlenk 1995) .

H o we ve r, the eff ects of  other  m etals on MT expressi on  in  th is

species hav e no t  been  exam in ed.  Co nsequen tly,  the purpose of

this  s tudy was to  d emo nst rate  that  RT-PCR can  be used  as a

m eth od m easu rin g M T  in duct ion by  m ult i ple  m etal  species

and to  characterize MT  ind uction fo l lowing  exposure  to

d ifferent  m etals by  varied  routes of  exp osu re.  E xposure  ro u t e s

in clude d in trap eri t oneal  inj ect ion  ( cadm ium , zinc and

copp er ) ,  water-borne  ex p osu re  (arsenica ls ) , and tro p h ic

transfer  (m ethylmerc u ry ) wi th su bseq uent  m easurem ent  of

hep atic  M T  ex pression .

METHODS

Chemicals
Cadmium chloride, zinc chloride, copper sulphate, sodium arsenate, and sodium

arsenite were purchased from Sigma Chemical Co. (St Louis, Mo). Monosodium

methylarsonate (MSMA) H.C. was obtained from Cleveland Chemical Co.

(Cleveland, MS). Methyl mercuric chloride was obtained from Aldrich Chemical Co.

(Milwaukee, WI).

Animal treatments
Juvenile channel catfish, Ictalurus punctatus (12± 15 cm), weighing about 80±

100 g were obtained from the US Department of Agriculture National Aquaculture

Laboratory in Stuttgart, Arkansas. Fish were acclimated and maintained in a flow-

through aquarium using charcoal-filtered, dechlorinated water (18± 22°C). Fish

were daily fed ARKAT catfish chow (Dumas, AR) at 2% of their body weight.

To compare the efficacy of MT expression by metals, fish (n = 4) received

intraperitoneal injections of 10 mg kg ± 1 of copper sulphate, cadmium chloride,

and zinc sulphate. Controls received a saline injection. After 24 h, blood was

obtained from the caudal vein, the fish was euthanized, and the liver excised and

frozen between two slabs of dry ice. Tissues were stored at ± 80°C until RNA

isolation. To examine the effects of various arsenical agents, catfish (n = 6) were

exposed for 1 week by 24 h static renewal to 1 mg l± 1 sodium arsenate, sodium

arsenite and MSMA (as the pure ingredient). Untreated animals were maintained

concurrently with arsenic-treated animals for controls. Since exposure to mercury

in predatory and omnivorous fish is predominantly through the food chain (Stein et

al. 1996), the effect of dietary sub-chronic methylmercury exposure on hepatic MT

expression was examined. Japanese medaka (Oryzias latipes) (approximately 

0.1 g) were lethally injected with solutions of methylmercuric chloride to provide a

0.1 mg kg ± 1 daily dose to catfish. Dose and duration were determined from

preliminary range-finding studies. Channel catfish were fed the methylmercury-

laden medaka daily for 30 days in flow-through tanks receiving filtered,

dechlorinated water. After the medaka was consumed, fish were then fed diets of

ARKAT catfish food at 2% of their body weight. Following the 30-day exposure,

catfish were euthanized, weighed and the liver dissected. The livers were frozen

and stored as above. An aliquot of the liver was used for RT-PCR and the remaining

portion for total mercury measurement. Total mercury in axial muscle and liver

was analysed using an LDC Analytical Mercury Monitor 3200 (Thermoinstrumental

Systems, Inc., Rivera Beach, Fl) after acid digestion and oxidation with potassium

permanganate as described previously (Schlenk et al. 1995). Condition factors

[100 (body weight, g)/standard length, cm)3] and liver somatic indices (LSI)

(percent body weight represented by the liver) were calculated in untreated and

mercury-treated fish.

Isolation of RNA from the livers
Total RNA was extracted from approximately 75 mg of frozen fish liver using TRI

reagent (Molecular Research Center Inc., Cincinnati, OH). The final RNA pellet was

dissolved in 40 m l of DEPC-treated water and the concentration was measured

using a Hitachi U-2000 spectrophotometer at 260 nm (Sambrook et al. 1989).

Agarose gel electrophoresis was used to check the integrity of the RNA (presense

of 18S and 28S ribosomal bands) and the density of the band corresponding to

the 18S subunit was measured by image analysis using the software NIH Image

1.5.2 on a scanned polaroid photograph of the gel. The density of the 18S

ribosomal RNA was used to verify spectrophotometric determination of RNA

concentrations.

Synthesis of cDNA and PCR (RT-PCR)
RT-PCR was carried out using the 1st Strand cDNA Synthesis Kit and PCR master

kit (Boehringer Manheim, Indianapolis, IN) as previously described (Chan 1994).

The Universal RACE-T primer (5¢ CCGAA TTCTC GAGAT CGATT TTTTT TTTTT TT-3 ¢ )

for the RT reaction as well as the 5’-(5¢ -ATGGA TCCNT GCGAA TG-3¢ ) and 3¢ -

adaptor primer (5¢ CCGAA TTCTC GAGAT CGA-3¢ ) were designed based on the

initial six amino acid residues of piscine MT (Chan 1994) and obtained from

National Biosciences Inc. (Plymouth, MN). For the RT reaction, 1.0 m g of RNA was

used in a total reaction volume of 50 m l containing 1X reaction buffer, 5 mM MgCl2,

1 mM DNTP mix, primer 1 m M, 10 units of RNAse inhibitor, 0.8 m l of AMV reverse

transcriptase, and 10 ng of RACE-T primer. The reaction mixture was incubated at

42°C for 1 h and then diluted with 150 m l water to a total volume of 200 m l. PCR

was carried out on a 2 m l aliquot of the single stranded cDNA solution resulting

from RT. The PCR master mix contained 25 units of Taq DNA polymerase in 20 mM

Tris± HCl, 100 mM KCl, 3 mM MgCl2, 0.01% Brijr 35 (v/v), dNTP mix (dATP, dCTP,

dGTP, dTTP) each 0.4 mM, pH 8.3 (20°C) in a final volume of 0.1 ml. A set of

specific primers for metallothionein expression was used as mentioned above.

The PCR was performed using 25 cycles comprised of three segments of 94°C

for 1 min; 50°C for 2 min; and 72°C for 3 min and then a final extension at 70°C

for 5 min. Amplification of an 800 bp fragment of b -actin was used to normalize

quantities of the amplified transcript. The primers for actin were 5¢ -

ACTCACATCTGCTGGAAGGT-3¢ and 5¢ -TCACCAACTGGGATGACATG-3¢ . Studies

D. Schlenk et al.162
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carried out with coincubation of b -actin primers and MT primers led to reduced MT

signals (see Figure 4). Consequently, separate amplification reactions were

performed with equal volumes of single stranded cDNA from the RT reaction.

Each PCR product was resolved on 1.0% agarose gels (Sambrook et al. 1989),

photographed, and analysed by image analysis as above. Southern blot analysis

was performed using standard methods (Sambrook et al. 1989) with cDNAs to

Pleuronectes americanus (388 bp) and Cyprinus carpio (522 bp). Hybridization of

transferred PCR products to the probes was carried out at 50°C and the cDNAs

were labelled by random primer extension to a specific activity of > 108 cpm m g± 1

with [a -32P]-dCTP (Sambrook et al. 1989). Following an 18 h hybridization, the

membranes were washed three times at 47°C with 0.5́ SSC containing 0.1 SDS

and exposed to Kodak XAR film overnight at ± 80°C.

Statistics
To compare animals injected with metals and water-borne exposures, a one-way

ANOVA was performed in order to assess variability and significance was tested

by Dunnets t-test. For mercury experiments, a Student’s t-test was used to

compare untreated and mercury-treated animals.

Results
Utiliz ing the RACE -T m ethod, primers were  design ed to

rever se  transcribe th e coding region of  MT  beg inn ing at  the

am in o-term inu s a nd  i nclud e th e c om p le te  3 ¢ u nt r a n sla te d

reg ion. A single pro duct  w as ob tained  an d was 5 50  bp  in

len gth.  S ou thern  blo t  analysis of  the PCR pro duct  u sing  cDN As

encod ing w inter  f lo under or  carp  MTs rev ealed  a  s ingle  ban d

c o rrespon ding to  th e 550  bp  prod uct  co nfi rm ing  i ts iden ti ty  as

the MT cDNA for channel  ca tf ish  (Figure 1).

E xpression of  the hepat ic MT  cDNA  for  catf ish  was

d epend ent u po n th e am ou nt o f  total  RNA  p resen t  (Figure 2).

Co mp ar ing th e induction  capacities  of  injected zinc,  cadm ium ,

a n d  co p p e r,  z inc was th e st rongest  M T-indu cing ag ent

fol low ed by  cadm ium , copp er and  sa l in e-treat ed con tro l s

w h e n sa m p les w e re  no rmalized  on a mg of meta l  basis (Figure

3  a nd  Table 1) . W hen com pared  on a m olar  basis,  MT

e x p ressi on by zinc was twice (24.8  Absorbance  U ni ts [AU])

that  of  cadm ium (11.5 AU ) and m ore  than tw o-fold high er  than

c o p p e r- in du ced MT  exp res sion (9.6 AU). F ollowing aqueous

e x p o su res to  1  m g l±1 so diu m  ar sen ite ,  ar senate  and  the

herbicide MSM A, arsenite  and M SMA  were  s tron ger  i nd ucer s

than ar sen ate ,  but  re lat ively weak co mp ared  w i th  c ad m ium  o r

zinc (Figure  4  and  Table 2).

Trea tm ent of  catf ish  for  30 days with m ethylm erc u ry-

laced  medaka (0.1  mg kg±1)  fa i led  to  induce  hepatic M T

e x p ression (Figure  5  and Table 3) . However, total  m erc u ry

RT-PCR measurement of piscine MT 163

Figure 1. RT-PCR products from hepatic RNA of channel catfish (I. punctatus)

probed with 32P-labelled winter flounder (P. americanus) and common carp (C.

carpio) MT cDNAs. Lanes 1± 4 ethidium bromide stained agarose gel; lane 1: 

800 bp RT-PCR b -actin fragment from hepatic RNA of untreated catfish; lane 2:

550 bp RT-PCR-product from hepatic RNA of untreated catfish; lane 3: 800 bp RT-

PCR b -actin fragment from hepatic RNA of cadmium-treated (10 mg kg± 1) catfish;

lane 4: 550 bp RT-PCR product from hepatic RNA of cadmium-treated (10 mg

kg ± 1) catfish. Lanes 5± 7: Southern blot of RT-PCR products from cadmium-treated

catfish probed with 32P-labelled winter flounder MT cDNA; Lanes 8± 9: Southern

blot of RT-PCR products from cadmium-treated catfish probed with 32P-labelled

common carp MT cDNA.

Control Cadmium Zinc Copper

MT expression 104±55 1300±350a 1621±222a 588±101ab

Table 1. Effect of the intraperitoneal injection of cadmium chloride (10 mg

kg ± 1), zinc sulphate (10 mg kg ± 1), and copper sulphate (2 mg kg ± 1) on the

expression of hepatic MT after 24 h in channel catfish (Ictalurus punctatus).

Each value represents the mean absorbance of four animals normalized

against the absorbance of b -actin±SD.

a Statistically significant (p < 0.05) from control.

b Statistically significant from a (p < 0.05).

Figure 2. Effect of hepatic RNA content on hepatic MT expression from cadmium-

treated catfish (I. punctatus) by RT-PCR. Lane 1: MT expression from 0 m g of RNA;

Lane 2: MT expression from 0.5 m g of RNA; Lane 3: b -actin expression from 

0.5 m g of RNA; Lane 4: MT expression from 1.0 m g of RNA; Lane 5: b -actin

expression from 1.0 m g of RNA; Lane 6: MT expression from 2.5 m g of RNA; Lane

7: b -actin expression from 2.5 m g of RNA; Lane 8: MT expression from 5.0 m g of

RNA; Lane 9: b -actin expression from 5.0 m g of RNA. Lane 10: 564 bp DNA

standard from Hind III-digested l phage (Biorad).

Figure 3. Representative ethidium bromide-stained gel of RT-PCR products of

hepatic RNA from channel catfish (I. punctatus) and rainbow trout (O. mykiss)

following various metal treatments. Lanes 1 and 9: b -actin expression from

cadmium-treated catfish; Lanes 2 and 20: MT expression from cadmium-treated

catfish; Lane 3: b -actin expression from zinc-treated catfish; Lane 4: MT

expression from cadmium-treated catfish; Lane 5: b -actin expression from copper-

treated catfish; Lane 6: MT expression from copper-treated catfish; Lane 7: b -

actin expression from zinc-treated rainbow trout; Lane 8: MT expression from zinc-

treated rainbow trout.
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con cen trat ions in  the l iv er  and  m usc le  of  m ethy lm erc u ry-

t reated f ish  were  s ign if icantly  elevated com pare d  w i th

c on t ro ls (p < 0.002) and ranged  from 1.9 to 2 .8  m g g±1 in  l iv er

and 1.2 to  1 .8  m g g±1 in  mu sc le .  In  ad dit ion,  f ish w ere  no t

signi f ican tly  aff ected physiological ly,  s ince there  w ere  n o

a p p a rent  changes in  condit ion factors  or  Liver  Som atic  Indices

(LSIs) (Table  3) .

Discussion
MT  exp ress ion has been show n to  be an effect ive biomarker of

e x p o su re to  m etals in  var ious laboratory  an d f ie ld  s tud ies wi th

fish  (H am ilton and Mehrle  1986, Hogst rand et al. 199 1,

Roesij ad i  1992). However,  m any gro up s h ave  arg ued that  M T

e x p ress ion does not  signif icantly  contr ibu te  to  measur ing the

adverse  effects  of  these  com pounds and m ay be less cost-

eff ect ive than p erform in g o rd in a ry  metal  resid ue  an aly sis

(Pete ring et al.  1990). Because  the endogenous function of  MT

is u ncl ear  and  ex press ion m ay be al tered  th ro ug h  n orm a l

phy siolo gical  processe s ( i .e . spawning in female f ish) , i t can  be

v ery  diff icu lt  to  determin e wh eth er MT  is an  effec tive

biomarker  of  eff ect  in  un character ized anim al system s

(Roesij ad i  1992, Olsso n et al. 1995b). Recen tly,  sev er al  stud ies

hav e sho wn  th at  M T  expressi on can  be q uickly  m easu red  i n

lab orato ry  and f ie ld  stud ies,  an d that  expressio n w as

signif ican tly  re lated to  al tered cel lular  as  well  as physiologica l

eff ects (Farag et al. 1995, P er kins et al . 1996). In orde r  to

identify  re lat ionsh ips b etwee n cel lular,  physiologica l  or  even

re p rod uctiv e s tresses an d M T  ex pression,  characterizat ion of  a

m od el  system  m ust  b e p erfo rm ed  with an evaluation of  several

in d u c er s .

E x press ion of  hepatic  MT  in th e channel  catf ish  has been

p rev iously ch ar acterized fol lo wing  cadm ium  exp osu re (Z hang

and S ch len k 1995) .  How ev er,  i t  was unclear  w hat eff ect other

m etals  m ight  have o n MT  expression in  t his  m odel  sy stem .

Or iginal  stu dies with chan nel  catf ish  indicated  the pre se n ce

of , at  least , two iso form s of  h ep at ic  M T  that  appeared to  be

enc ode d from  two m RN As (Zhang and Schlenk 1995).

H ow e ve r,  only  a sing le PCR produ ct  of  550 bp was o bserv ed .

Sim ilar  f in dings were also  observed  util iz ing  the same RACE-

T, 5 ¢ a n d  3 ¢  pr im ers w ith rain bow  t rout  (Figure  3)  which also

possess  two isoforms of  MT. Since both isoforms of  the tro u t

have th e same ini t ia l  ten N-term in al  a m ino  acid  re s id u e s

(Georg e and Hodgson 1995) , i t is not  surprising that a  single

PCR pro du ct  was o bserved.  T hus, as  in  trout , i t is quite  l ikely

th e  m ea sure m ent s  in  t he p rese nt  s tud y re p rese nt  th e

e x p ressio n of  both MT  isoform s ob served in  chan nel  catf i sh

l iver s.  Studies are  cu rrently  un der way  to  seq uence the 3 ¢
un tr an sla ted  region of  the amplif ied tran script in  hopes of

possibly separat ing the mRNAs for  each isoform  for  future

stu dies.  T h e extremely long 3 ¢ u n tr an slat ed region of  the MT

p rod uct  of  channel  catf ish is sim ilar  to  the 522 bp MT-

transcript of  the C. carp io  (K.M. Chan,  unpublish ed  data) .  T he

lengths of  the ca tf ish and carp transcr ip ts  were  conside rably

longer than other  RT-PCR produ cts  usin g the N- term in a l  an d

poly T  pr imer s such as rainbo w trout  (O n co rh y n c u s  m y k i ss),

t ilapia  (O reo ch rom is n i lo t icu s)  and goldf ish  (Carass ius

a ura tus)  wh ich  w ere  ap p roxim ately  350±380 bp (Chan  1994).

The signif icance  of  these  di fferen ces in  the 3 ¢  u nt r a n sla te d

reg io n is unclear  but  warrants  furt h er  s tu dy.

Z inc w as s lig htly  m ore eff ic ien t  th an cad m ium  an d each  of

th ese w ere  signif icantly  m ore eff ic ien t  th an co pper  in

en han cin g th e exp ression of  hepat ic  MT  in chan nel  catf ish .  In

juvenile  r ainbow  trout , an intraperi toneal  injection o f

cad mium  caused a 10-fold  greater  ind uctio n in  hep atic  M T

m RN A than an equi-m olar  intr ap er itoneal  injec t ion of  zinc

D. Schlenk et al.164

Figure 4. Representative ethidium bromide-stained gel of RT-PCR products of

hepatic RNA from channel catfish (I. punctatus) exposed to various arsenical

agents (1 mg l± 1) for 1 week. Lane 1: 564 bp DNA standard from Hind III-digested
l  phage (Biorad); Lane 2: no template control; Lane 3: b -actin expression from

untreated catfish; Lane 4: MT expression from untreated catfish; Lane 5: b -actin

expression from arsenite-treated catfish; Lane 6: MT expression from arsenite-

treated catfish; Lane 7: b -actin expression from arsenate-treated catfish; Lane 8:

MT expression from arsenate-treated catfish; Lane 9: b -actin expression from

MSMA-treated catfish; Lane 10: MT expression from MSMA-treated catfish; Lane

11: b -actin expression from cadmium-treated catfish; Lane 12: MT expression

from cadmium-treated catfish; Lanes 13± 17: co-amplification of b -actin and MT

from reversed transcribed hepatic RNA of cadmium-treated catfish.

Control Arsenite Arsenate MSMA

MT expression 120±46 224±33a 127±57 25±55a

Table 2. Effect of the 7-day waterborne exposure (1 mg l± 1) to various

arsenical agents on the expression of hepatic MT in channel catfish (Ictalurus

punctatus). Each value represents the mean absorbance of four animals

normalized against the absorbance of b -actin±SD.

a Statistically significant (p < 0.05) from control.

Figure 5. Representative ethidium bromide-stained gel for RT-PCR products of

hepatic RNA from channel catfish exposed to dietary methylmercury for 30 days.

Lane 1: b -actin expression from untreated catfish; Lane 2: MT expression from

untreated catfish; Lane 3: b -actin expression from methylmercury-treated catfish;

Lane 4: MT expression from methylmercury-treated catfish.

Condition factor Liver Somatic Index MT expression

Control 1.38±0.14 1.22±0.41 135±62

Methyl-mercury 1.28±0.03 1.27±0.10 125±77

Table 3. Effect of dietary exposure for 30 days to 0.1 mg kg ± 1 of

methylmercury on condition factor, Liver Somatic Indices, and hepatic MT

expression in channel catfish (Ictalurus punctatus). 

Each value represents the mean of four animals±S.D.
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(Olsson et al. 1995 a) . W hen com paring express ion of  one of  the

two  MT  genes  in  O . m y kiss  (MTa) b y zinc and  copper  in

transf ec ted  RTH ce lls,  the author s concluded that  z inc w as  `a

g oo d in du cer’  whereas copper was `a  poo r indu cer’  (Olsso n e t

al.  1995a). However,  when the levels  of  MTa in du ctio n  are

n o rmalized for  equi-molar  d oses of  metal , zinc induction w as

actually  o nly 25 %  high er  than co pper (Olsson  et al . 1995a) .

A lth oug h num er ical  valu es w ere  not  re p o rted  i n  s tu die s w ith

w in ter  f lo un der,  the  au tho rs  con clu ded  th at  cadm ium  was the

m ost  p otent  indu cer o f  h epatic  M T  m RN A w hen com pare d

w ith zinc ,  co pp er,  lead or  inorganic merc u ry  (Chan et  al .

1989).  Reaso ns for  di fferences in  M T transcr ipt ion by  various

m etals  are  pr imari ly  re lated  to  the numbers of  m etal  re s p o n s e

elem ents (MREs)  loca ted  in  the 5 ¢ un tr an slat ed  region of  the

MT  gene (Kille  and O lsso n 1994).  However,  other  factors  such

as m etal  disposi t io n and tr an script ion  factor  act ivat ion m ay

also  be diffe ren tial ly  aff ected by spec if ic m etals .

Ar senic  is a  n atu ral ly  occurr ing  elem ent in  so ils an d

w a terw ays with average m ean  con centrat io ns in  so il  of  2  mg

kg±1 a n d  s u rface  water  concentrat ions of  3 m g l±1 i n  th e Un it ed

States (ATS DR 1993). In  addi t ion,  arsenica l herbic ides are

w ide ly  u sed  th roug ho ut the so uth eastern  Un ited States  i n

cotton  agriculture  (S nipes  and Byrd  1994). E ar l ier  studies in

our  laboratory  d em on strat ed a  d ose-dep end en t in crease  of

h epati c  M T  p ro tein and  mRN A fo llow ing aqueous treatm en t to

arsenite ,  arsenate  and the herbicide,  MSM A (S chlen k et  al .

1997). MT pro t ein  w as m easure d b y th e

cadm ium ±h aem og lobin sa tur at ion assay (E aton an d Toal  1982)

an d  m R NA  wa s m easu red by N ort h e rn  blot  analysis using a

cDN A enco ding  for  winter  f lounder M T (Zhang and S ch lenk

1995). In  the curre n t  s t u d y, on ly  the highest  doses of  th e

arsenicals (1  mg l±1)  were  repea ted and sim ilar  levels  of  MT

e x p ressio n w ere  observed by RT-P CR as those  m easu re d b y

satu rat io n and N ort h e rn  an alysis .  A rsenite  exp osure  led to

higher concentrat ions of  MT  exp ression  tha n ex po sures to

M SMA  and ar senate ,  respect ively.  A lth ough MT  expre ssio n

w as ind uced by arsenic ,  ar sen ic-in duced  MT  expre ssio n  w a s

signif icantly  lower  than levels of  MT  expre ssio n in d uc ed  b y

cad m ium . A ltho ugh  the effec ts of  arsenic  on  MT  expres sio n

h ave n ot  b een thoro ughly exam in ed in  f ish prev io usly,  s tu die s

in mice ind ica te  a  s im ilar  pat tern  o f  w eak in ductio n b y

a rsen ica ls  w h en  co m p ared with transit ion m etals  (K re p p e l  e t

al.  1993). In  addit ion ,  in  v ivo studies in  rats  and m ice suggest

a n  in d i rec t  m echanism  of  MT  inductio n b ecau se  in  v i tro

ar senic  treatm ents  in  cel l  l i nes hav e no t  been  show n to i ndu ce

MT (Albore s et al. 1992,  Kre p pe l  et al. 1993) .

Rep orts of  merc u ry-co ntam inated f ishery  p o pu lat i on s h av e

been continu ing to  r ise  across  the United States (Gilm our and

H e n ry  1991,  Nix et  al.  1992) . In  previo us stu dies inv olvin g

feral larg e m outh bass (M icrop terus sa lm oid es)  co llect ed  fro m

sites  under US FDA  advisory  for  excessive  merc u ry  in  food-

fish ,  a direct  co rrelat ion was observed betw een M T  ex pres sio n

an d total  m erc u ry  content  in  m uscle  (S chlenk et  al.  1995).

H o w ev er,  the gen er al  appearance of  the f ish did not  indicate

o bviou s s tress ( i .e . ti ssue colorat ion, f in erosi on , etc.) . In a

sep arat e  s tu dy  pe rformed w ith feral  po pulat io ns o f  larg em o u th

bass collected fro m  m e rc u ry  adv iso ry  si tes  as  wel l  as si tes not

u n de r a dv iso ry,  no correlat ion was observed  b etwe en he pat ic

m etal lothio nein an d f ish  health  (S chlenk et al . 1996b).

M o reov er,  associat io ns w ere not  observ ed betw een  he patic  MT

of several f ish  species and populat ion or  species diversi ty

en dp oin ts  fro m  th e sam e w aterw ay (S chlenk  et al . 1996a).

Co nse qu ent ly, to  further  exam ine the effect  of  m erc u ry

con tam inat ion on  f ish  an d d eterm ine  w h eth er  M Ts m ight  be

used as i ndicato rs  of  h ealth  an d/or  ex posure ,  chan nel  catf ish

w e re  fed Japanese m edaka injected w ith m ethylm erc u ry  to

achieve a  dose of  0 .1 mg kg±1 for  30 days.  Methylm erc u ry  w as

chosen b ecau se  i t  is the pred om in ant  f orm  of m erc u ry  w h ic h is

accu mu la ted in  feral  anim als by trophic transfer  (S te in et  al .

1996) . Of the  few laboratory  studies exam in ing the effects of

m e thy lm e rc u ry  o n f ish , m ost hav e focused on acute

intraperi to neal  inject io ns o r  low  concentrat ion water-born e

e x p o su res  (Olson et al. 1978, Barghig iani et al . 1989). Neither

of  these  ex posure  routes m imic ty pical  uptake of

m e thy lm e rc u ry  by f ish which  is by long-term  d ieta ry  i ntake

(Drisco ll et  al. 1994) . Consequ ently,  unlik e the other  m etals

used in  MT  indu ction stu dies,  to  ad equately  evalu ate  the

effects  of  methylm erc u ry  on f ish ,  a low-level  chro n ic ex po sure

th rou gh the d iet  w as necessary.

A s observ ed  i n  p revious f ield  studies,  30-day exposure  to

m e rc u ry  did no t  change condition factor  or  L SI values,

al tho ugh  h epatic  an d axial  m u sc le  con centrat ions w ere

signif icantly  elevated. Moreo ver,  hepatic  MT  exp ressio n  w a s

u n al t ered b y the 3 0-day meth ylm erc u ry  treatm ent co ntr ast in g

studies in  feral  larg e m o uth  b ass  wh ich show ed  a dire c t

co rrelat ion  between MT  m RNA  and total  m erc u ry  in  ax ial

m uscle  (Sch lenk et al . 1995) and l iver (D. S ch lenk,

un pu bl ished  d ata) .  Stud ies i n  m am m als hav e sh ow n th at

m e thy lm e rc u ry  m u st  u n de rgo d em ethylat ion to  inorg ani c

m e rc u ry  to  init iate  MT  tr anscript ion (Leyshon-Sor land et  al .

1994, Kramer  et  al.  1996). T he lack  of  MT induct ion  by

m e thy lm e rc u ry  in  the present  stu dy m ay b e exp lained  by

sp ecies differences in  r ates  of  methylm erc u ry  d em e thy la t io n

betw een feral la rge m ou th b ass and  hat chery -r aised chan nel

cat f ish .  Other  possibil i tes  may be re lated  to  an  inaccurate

m odell ing o f  expo sure  such that  a feral org an ism  m ay not  eat

m e rc u ry-laden  f ish every  day at  0 .1  mg kg±1.  A lthou gh hep atic

and  axi al  m uscle  residu es o f  m erc u ry  a p p ro a c h e d

con centrat ions o bserv ed  in  p revious feral  s tudies,  exposure

studies at  even lower doses for  longer durat ion m ay be more

re p resen tative of  feral  exposure s.

S ince the am ino- terminal  seq uence  o f  MT  appears  to  be

co n se rved  in  f ish,  RT-P CR could theoret ical ly  be used to

m e as u re  MT  exp ress ion in  var ious t issues of  m ost i f  not  al l  f ish

species.  In deed ,  the RT-PCR has  been used in  our laboratory  to

m e as u re  MT  exp res sion in  the gi l ls of  Japanese  medaka,  in

c u ltu re d  Poeci liopsi s hepatocytes, an d in  catf ish ery th rocytes.

S tud ies are  cu rrently  un der w ay to  furth er  character ize the u se

of RT-PCR to  measu re  biomarkers o f  exp osure  as w ell  as

e x p ression  of  other  biochem ical  def ense  mechan ism s that  m ay

se rve as bioindica tors of  eff ect .
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