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Summary

Female squirrelfish (Holocentridae) accumulate higher
concentrations of hepatic zinc than any other known
organism. In the liver cells, up to 70% of zinc is bound to
metallothionein (MT), which is expressed at extremely
high levels. These attributes are related to reproduction in
ways that have not been fully characterized. In the present
study, we have demonstrated that female-specific zinc and
MT accumulation and distribution are strongly correlated
to the onset of sexual maturity in Holocentrus
adsenscionis Sexual maturation not only resulted in
increased concentrations of zinc in the liver and plasma,
but also increased levels of hepatic MT mMRNA.
Furthermore, mature female squirrelfish exhibited greater
proportions of MT protein in the nuclear liver cell
fractions. To characterize the physiology further, we have

examined the influence of the female sex hormone 3¢
estradiol (E2). E2 was not sufficient to elicit an increase in
hepatic zinc concentrations or MT mRNA levels. k&
administration did, however, result in increased levels of
MT in the nuclear fraction as well as overall hepatic MT
protein. E2 also increased concentrations of zinc in the
plasma. The changes in zinc concentration in the
bloodstream followed the same time course as vitellogenin
(VTG) transport from the liver. However, the high ratio of
molar concentrations of zinc to VTG in the bloodstream
suggest that VTG may not be the primary vehicle for
hepato-ovarian zinc transport in squirrelfish.

Key words: zinc, metallothionein, vitellogenin, estradiol, sexual
maturity, reproductive physiology, female, squirrelfish.

Introduction

The squirrelfish family (Holocentridae) is very unusual in1993). The absorption of zinc in marine fish occurs by two
that its members have been found to accumulate extremefyajor pathways. Aqueous Znis taken in through the gills
high concentrations of zinc (Hogstrand and Haux, 1991, 1996vhile the majority of zinc uptake occurs via intestinal
Hogstrand et al., 1996). This phenomenon is both gender amathsorption of dietary zinc and waterborne zinc (Hogstrand and
organ specific, with only female squirrelfish accumulatingWWood, 1996). Upon entering the bloodstream, zinc is bound to
large amounts of zinc in the liver and ovaries, while malegroteins such as albumin, which act in its transport (Fletcher
maintain normal zinc concentrations (Hogstrand et al., 1996and Fletcher, 1980; Dyke et al., 1987). Although the exact
This difference between the sexes is independent of geograpiechanism remains unclear, the recent discovery of the ZIP
location or dietary preference (Hogstrand et al., 1996). As ifamily of membrane-associated proteins seems to indicate a
other vertebrates, the retinae of both males and females contameans for zinc to pass into the cell (Guerinot, 2000). The
high concentrations of zinc (Weitzel et al., 1954). Howevercellular accumulation of zinc is likely to be the result of
the eyes of the nocturnal squirrelfish are conspicuously largeterplay between the relative activities of this ZIP-mediated
so the total amount of zinc in the retina is especially high wherinc import, and export by other membrane proteins such as
compared with total body mass (Hogstrand et al., 199&nT-1 (Palmiter and Findley, 1995; Cousins and McMahon,
Thompson et al., 1999). Recent studies suggest that zinc mag00). Once within the cell, zinc is almost instantaneously
play a protective role for photoreceptors during night visiorchelated to a variety of zinc-binding proteins (Vallee and
(Wu et al., 1993; Busselberg et al., 1994), thereby raising thHéalchuk, 1993). One such zinc-binding protein is
possibility of increased zinc accumulation serving as a meamsetallothionein (MT). MT is capable of binding not only zinc
for proper visual function for the nocturnal squirrelfish. but also other elements of groups IB and IIB of the periodic

Zinc is an essential micronutrient that is required for normatable (Kagi and Schaffer, 1988). One function of MT is to
cellular function (for a general review, see Vallee and Falchulsequester potentially toxic metal species within the cell, which
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is probably an extension of its role in the regulation of labildhey were housed in two tanks (40001) supplied with a
intracellular zinc. It has been shown previously that zinc cacontinuous flow of aerated seawater (28°C) from Biscayne
be toxic if accumulated in large amounts (Hogstrand an&ay. Fish were fed daily to satiation with live shrimp and were
Wood, 1996). Thus, it is remarkable that the concentrations @fllowed to acclimate to laboratory conditions for a total of
zinc accumulated in the liver of female squirrelfish (up to4 days prior to experimentation.
70umol gt wet weight) are higher than any other studied The squirrelfish in one tank were given interperitoneal
organism (Hogstrand and Haux, 1991, 1996; Hogstrand et ainjections of 5mg Ekg body weight! (1 mlkg-1in peanut oil)
1996). In addition, it has also been discovered that femalen days 0, 2 and 4, to maintain circulatingé&vels. A control
squirrelfish have high hepatic concentrations of MT, andjroup housed in the other tank was injected with peanut oil
MT levels are closely correlated to zinc concentrationsonly. Control and treated fish were sacrificed on either day 5,
(0.899<0.99) but not other metals that can bind MT6 or 10.
(Hogstrand and Haux, 1996), further suggesting a role for MT
in protecting female squirrelfish against potentially toxic zinc Sampling
hyperaccumulation. Fish were euthanized by overdose of MS222 (0:§gind
A seasonal shift in the subcellular localization of MT inweighed. Approximately 2ml of blood was withdrawn from
female squirrelfish liver also exists, with MT located primarilythe caudal vessel with a heparinized syringe, and plasma was
in the liver cell cytosol in late spring and co-precipitating withseparated from blood cells by centrifugation (14§)0@or
the nuclear fraction in winter months (Thompson et al., 19998 min. The plasma was divided into |B0samples and stored
Conversely, MT in male squirrelfish liver cells is maintainedat —80C for subsequent analysis of;,Etestosterone (T),
in the cytosol throughout the year (Hogstrand et al., 199rogesterone (P), vitellogenin (VTG), zinc and MT as
Thompson et al.,, 1999). Overall, this gender specificitydescribed below. Livers and gonads were removed, weighed
suggests that the dynamics of zinc and MT accumulation arehd immediately divided into aliquot samples. A tissue sample
distribution observed in female squirrelfish are in some wayapproximately 0.5g) was taken from each liver and subjected
related to the reproductive cycle. However, the point ofo subcellular fractionation as described below. Samples of
development at which females become segregated from mali@ger (approximately 0.5g) were placed into individual
in terms of zinc metabolism remains unclear. In addition, th&6 mmx 150 mm borosilicate glass tubes for acid digestion and
mechanism by which this occurs has not been identifiedubsequent zinc analysis as described below. The remaining
Because squirrelfish are not bred in captivity and are collectdiver samples were wrapped in aluminum foil and frozen in
from their reef environment, it is logistically difficult to liquid nitrogen. The frozen samples were transferred to —80°C,
characterize their reproductive biology, physiology andwhere they were stored until used for total RNA extraction as
endocrinology. Thus, we are still faced with the questions oflescribed below.
when, as well as how, this unique phenomenon is initiated.
The purpose of the present study was therefore twofold. The Tissue zinc content
first phase was to investigate the role of sexual maturation in Liver samples were subjected to acid digestion in 2.0ml of
female squirrelfish as pertaining to the accumulation an@0% HNQ; (trace-metal grade, Fisher, Pittsburgh, PA, USA).
localization of zinc and MT. To do so, we have measured zind,he tubes were heated in a sand bath for 3h &ClaAd then
MT, MT mRNA and sex steroids in female squirrelfish as aooled to room temperature before 0.5 ml eOklwas added.
function of ovary size. In a previous study involving matureThe temperature was then gradually increased to 120°C until
females, administration of Bfestradiol (k) elicited a allliquid had evaporated. The dried residues were reconstituted
decrease in hepatic zinc and at the same time moderated with 5.0 ml of 0.5% HNQ. These samples were then analyzed
increase in ovarian zinc (Hogstrand et al., 1996). Therefore, for zinc content by air/acetylene flame atomic absorption
further characterize the effects of this female sex hormone, ttpectroscopy (Perkin EImer, model 2380, Shelton, CT, USA).
second aspect of this study was to inject immature and matuRtasma samples (0.05 ml) were analyzed for zinc content in the
female squirrelfish with & followed by analyses of the same same manner.
variables as described above, to determine i Eesponsible
for any previously observed physiological differences in zinc VTG and steroid analysis
regulation brought on by the onset of sexual maturity. Plasma samples from each fish were measured for VTG
and steroid content by enzyme-linked immunosorbent assay
) (ELISA) (Specker and Anderson, 1994). The VTG ELISAs
Materials and methods were performed according to the procedure of Thompson et al.
Animal care and Einjections (2001). Each plasma sample was diluted 1:100 in phosphate-
Squirrelfish Holocentrus adscensioni¢Osbeck, 1765)] buffered saline [PBS (0.15mofl NaCl, 0.0015mokH?
were collected by SCUBA divers off Tavernier, FL, USA in KH2PQs, 0.015 molt1 NagHPQu, 0.002 molt1 KCl, pH 7.4)]
May and June, without the use of tranquilizers. Fish werand 10Qul of this dilution was added per well in 96-well
transported to the Rosenstiel School of Marine andNunc-Immund] MaxiSorp] microtiter plates (Nalge Nunc
Atmospheric Science (RSMAS), University of Miami, where International, Rochester, NY, USA). Squirrelfish VTG was
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isolated by ion-exchange chromatography according to Western analysis
the protocol of Silversand and Haux (1989), with minor Each subcellular fraction was subjected to SDS-PAGE with
modifications. This purified squirrelfish VTG was used th discontinuous buffer system according to the protoco|
produce standard curves. The samples were incubated ¢ Laemmli (1970). The protein concentration for each
duplicate for 1h at 4°C to allow for optimal adsorption ofsubcellular fraction was determined by Bradford assay
antigen to the plates and were then washed four times wiiBradford, 1976), and samples were diluted with distilled water
300ul PBS per well. Following the washes, the plates wergs necessary. These samples were then diluted 1:4 with sample
treated with 15l of blocking buffer (5% dehydrated nonfat puffer [62 mmolt! Tris-HCI, pH6.8, 10% glycerol, 5.0% 2-
milk in PBS) for 30 min at room temperature. Blocking buffermercaptoethanol (added just before dilution), 2.0% SDS,
was then removed and the wells were subjected tl60  0.0012% Bromophenol Blue] and heated at 100°C for 5min.
primary antibody and incubated for 1h at room temperaturg total of 25ug of protein was loaded into each well. Perch
on an orbital shaker. The primary antibody (gift from Dr(perca fluviatili§ MT was used as a standard (Hogstrand and
Ram Abuknesha, King's College London) was a sheepjaux, 1990). Electrophoresis was carried out on a 4% stacking
immunoglobulinG (IgG) reared against a conserved VTGyel and a 12.5% separating gel at 100V for 2h in a Mini-
peptide sequence diluted 1:30000 in PBS. The CrOSSI’eaCtiViMOtean I e|ectroph0resis system (B|0Rad)
and specificity of this antibody with squirrelfish VTG was  After electrophoresis, proteins were transferred from
confirmed by western blot (data not shown). After thepolyacrylamide gels onto 54 @&mitrocellulose membranes
primary antibody incubation, the plates were washed fougSchleicher & Schuell, 0@m pore diameter) by
times with PBS, subjected to 10Dof secondary antibody, electroblotting, as described by Towbin et al. (1979), in a
and incubated for 1 h at 37°C. The secondary antibody wasemiPhor TE 70 semi-dry transfer unit (Hoefer Scientific,
a horseradish peroxidase-linked donkey anti-sheep Ig®oorestown, NJ, USA) at 0.8 mA cthconstant current for
(BioRad, Hercules, CA, USA) diluted 1:2000 in PBS. Thes0omin at room temperature. Once proteins were transferred,
plates were then washed four times with PBS, andullOO the membranes were blocked with 5% dehydrated nonfat milk
of a tetramethylbenzidine (TMB) peroxidase enzymein TBS-T (20 mmolt! Tris-HCI, pH 7.4, 137 mmott NaCl,
immunoassay substrate (BioRad) was added according §10% Tween-20) for 60 min to prohibit further nonspecific
manufacturer’s specifications. After a 15min inCUbatiOﬂ,protein bmdmg All incubations were carried out at room
50pl of 0.5mol 1 H2SO4 was added to the substrate to stoptemperature. The membranes were then subjected to a series
the reaction, and the plates were read on a microplate readgffivashes in fresh TBS-T (one 15min and two 5 min) followed
(BioRad, model 450) at 450 nm2ET and P were analyzed by a 1 h incubation in primary antibody. The primary antibody
using the respective steroid ELISA kits (OXfOI’d Biomedicalwas rabbit anti_perch MT (Hogstrand and Haux, 1990) diluted
Research, Oxford, MI, USA) according to manufacturer's1:8000 in TBS-T. After another series of the same washes, the
specifications. membranes were incubated for 1 h in secondary antibody. The
i ) _ secondary antibody was a horseradish peroxidase-conjugated
Hepatic subcellular fractionation donkey anti-rabbit IgG (Amersham, Piscataway, NJ, USA)
Subcellular fractions of liver were obtained by differentialdiluted 1:40000 in TBS-T. Following a final series of
centrifugation of liver homogenates immediately followingwashes, immunodetection was performed with an enhanced
dissection via the procedure for rainbow trout liver describeghemiluminescence system (ECL, Amersham) according to
by Julshamn et al. (1988), modified for squirrelfish bymanufacturer's specifications. Chemiluminescence was
Hogstrand et al. (1996). Liver samples (approximately 0.5 g¢aptured on photographic film (Kodak), and the optical density
were individually homogenized in an ice-cold homogenizatioOD) of each band was quantified using Sigma Gel software
buffer (35 mmolt! Tris-HCI, 0.20molt! KCI, 0.25molt?  (jandel Scientific, Chicago, IL, USA). Each western blot was
sucrose, pH7.4) using a glass—Teflon homogenizer. Thgposed for 155, 30s and 60 to ensure the OD linearity of the
homogenate was centrifuged (3)dor Smin at 4°C and the film. The OD of each unknown was compared with the OD of
supernatant was removed, while the pellet (nuclear fractionthe internal standard of each gel. Although a known amount of
was immediately placed on ice. The supernatant Waghe perch MT standard was added to each gel, the results are
centrifuged (920Q9) for 5min at 4°C, and the pellet presented as arbitrary units because it has not been determined
(mitochondrial/lysosomal fraction) was saved and placed off the immunoreactivity of perch and squirrelfish MT are the
ice. This supernatant was then centrifuged (13,0p00r  same. The relative amount of MT in each fraction was thus

60 min at 4°C, resulting in a small pellet (microsomal fraction) calculated as the ratio of sample OD to standard OD.
which was saved and immediately placed on ice. The final

supernatant (cytosolic fraction) was divided into 0.5 ml aliquot Total RNA extraction

samples and immediately placed on ice. All pellets were Liver and gonad tissues previously stored at —80°C were
resuspended in 0.5ml of fresh homogenization buffer anthawed, and 50-100 mg of each sample was homogenized in
subcellular fractions were divided into aliquots and transferred ml of TRIzol Reagent (Gibco BRL, Rockville, MD, USA)
into liquid nitrogen. These samples were then stored at —80°@sing a glass—Teflon homogenizer. Total RNA was then
until used in western analysis for MT. extracted from the homogenates according to manufacturer’s
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Table 1.Comparison of untreated immature and mature female squirrelfish

VTG T E P MT mRNA N
GSlI LSI (ug/ml) (ng/ml) (ng/ml) (ng/ml) (relative units)  (relative units)
Immature 0.16+0.03 1.44+0.11 0.26+0.11 3.07+0.10 1.29+0.05 34.2+0.38 0.33+0.10 0.15+0.05
Mature 1.28+0.20* 1.64+0.10 0.32+0.10 2.95+0.11 1.82+0.33 33.3+2.26 1.18+0.16* 0.49+0.10*
P<0.001 P=0.290 P=0.553 P=0.596 P=0.536 P=0.930 P=0.001 P=0.020

Comparison of untreated immature and mature female squirrelfish in terms of gonadosomatic index (GSl); liver-somatic inplesieSl)
vitellogenin (VTG), testosterone (T), f-&stradiol (E) and progesterone (P) levels; hepatic metallothionein mRNA levels (MT mRN&); an
MT protein levels in nuclear (N) liver fractions. Values are mea. Mann—Whitney values are included for each variai#eh—14. Values
were considered significant@£0.05.

specifications, with minor modifications as suggested by the Statistics
manufacturer. Specifically, the homogenates were centrifuged Because gonadal examination is the only known way to
(12,0009) to remove insoluble material, and treated with adistinguish gender and sexual maturity in squirrelfish,
high salt precipitant solution (1.20motl sodium citrate, jmmature females [operationally defined as gonadosomatic
0.80mol ! NaCl) to remove glycogen. index (GSI) <0.25] and mature females were sorted into
. separate groups after sacrifice. To further characterize that
Northern analysis selected females were indeed immature and not merely adults
Total RNA extracted from liver samples (approximatelyin a regressed ovarian stage, the mean body mass of immature
10ug) was subjected to electrophoresis on a 1.5% agarose @gld mature females was compared (immature, 157.5+5.54 g,
with formaldehyde as denaturant (Sambrook et al., 1989). TR=9; mature, 245.8+10.8 dN=14). B-injected fish were also
standardize results, a reference sample with a constant amodgtted into groups of immature and mature females following
of MT mRNA was loaded onto each gel. In addition, somesacrifice (immature, 153.9+11.6l§=9; mature, 240.8+11.5g,
experimental samples overlapped between gels as a control fQ£13).
interassay variability. After completed separation, RNA was Squirrelfish samples were divided between the different
transferred onto a 170émHybond N nylon membrane |aporatories involved in the study and further divided for
(Amersham) by capillary/gravity blotting using the Turbo different analyses. Therefore, the number of observations for
Blotter (Schleicher & Schuell, Moorestown, NJ, USA). Theeach treatment group and sampling occasion was not the same
RNA was UV crosslinked to the membrane followed byfor all variables, and the resulting distributions were not
incubation in 18 ml of the prehybridization buffer [50% normal and did not exhibit equal variances. As a result,
formamide, %SSC, 2.0% Blocking reagent (Boehringer nonparametric statistical analyses have been used. Pair-wise
Mannheim, Indianapolis, IN, USA), 0.10% N-laurosarcosine comparisons between immature and mature female squirrelfish
0.02% SDS] at 68°C for 4h. The prehybridization buffer wasyere determined by the Mann—Whitneytest. For the E
discarded and the membrane was hybridized for 18h at 68°iﬁjection experiment’ trend ana|yses were performed by
in 18 ml of the same buffer, with 0.0probe mi! added, Kruskal-Wallis one-way analysis of variance (ANOVA), and
using a digoxigenin (DIG)-labeled antisense squirrelfish MTany significant findings were further subjectegast-hogair-
cRNA probe (Thompson et al, 2001). The plasmid wasvise comparisons performed by Dunn's Test. Data are

linearized and the DIG-labeled RNA riboprobe was madgyresented as means.£.M. Results were considered significant
from the DNA template by T7 RNA polymerase in the gt P<0.05.

presence of a nucleotide mix containing DIG-labeled dUTP

(Boehringer Mannheim). After hybridization, the membrane

was subjected to stringency washes (2 washesxi8SC, Results

0.10% SDS for 5min at room temperature; two washes in Immature female squirrelfish were compared with mature
0.1xSSC, 0.1% SDS for 5min at 68°C), followed by females to examine differences in a variety of reproductive
immunochemiluminescent detection of DIG-labeled probgarameters brought on by sexual maturity (Table 1). As
using a Fab fragment of sheep anti-DIG-AP conjugatexpected according to the definition of sexual maturity, there
(Boehringer Mannheim) and CSPD (Boehringer Mannheim) agas a significant difference in gonadosomatic index (GSI),
chemiluminescent substrate. Chemiluminescence was captur@ith mature females having a mean GSI approximately eight
on X-ray film (Kodak), and MT mRNA bands were quantifiedtimes higher than immature females. There was no significant
using Sigma Gel software (Jandel Scientific). Each northerdifference in the liver-somatic index (LSI) of immature and
blot was exposed for at least four exposure times to ensure Qbiature females. There was, however, a significant difference
linearity of the film. Arbitrary units were derived by the ratioin the hepatic zinc accumulation between the two groups
of sample OD to reference OD. (Fig. 1). Mature females were found to maintain hepatic zinc
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Fig. 1. Comparisons of zinc concentrations in the liver and bloot
plasma of untreated immature and mature female squirrelfish.. ) ) o )
Results are arithmetic means sm. (N=11-15 fish). Asterisks 19 3. Relationship of gonadosomatic index (GSI) and hepatic
indicate values that are significantly different from the sham-treateMétallothionein (MT) mRNA levels in female squirrelfisN=g1

control at the same sampling poiRKQ.05; Mann—-Whitney-test). fish)

GSI

were significantly higher in mature females than in immature

10 A females. As with liver zinc, plasma zinc concentrations were
5 g significantly correlated with increasing GSI (Fig. H30.001,
© N=21). There was no significant difference in the circulating
s~ 6 levels of VTG between mature and immature female
e 4_3 squirrelfish (Table 1). Plasma concentrations gf Eand P
é g 4. were also not significantly different between the two groups.
N = Hepatic MT mRNA levels (Table 1) observed in mature
g 2 female squirrelfish were nearly four times that of their
- , — r2=0.6361 immature counterparts. Furthermore, the levels of hepatic MT
04 ° ® GSlversus mRNA were significantly correlated with increasing GSI
liver Zn (Fig. 3,P<0.001,N=21). On a subcellular basis, MT protein in
the hepatic nuclear fraction (Table 1) was significantly greater
in mature females than in immature females. There was no
0.16 significant difference in the amount of MT protein observed in
B the cytosolic or mitochondrial/lysosomal fractions, and MT in
S 0144 ° the microsomal fraction was undetectable.
3 The effects of E treatment were determined for both
S o~ 0124 immature and mature female squirrelfish.tfeatment resulted
g ‘I_E ¢ in a significant increase in LSI of immature females during the
© E 0.104 sampling period as compared with control individuals (Fig. 4A),
NS with the highest measurements occurring at day 5 and remaining
% 0.08; 206513 elevated in Etreated fish at day 6 before returning to control
T 0,061 % A ° GSI;/ersus levels by day 10 (Kruskal-Wallis ANOVAP=0.009,N=18).
) plasmazn The trend was similar for mature female squirrelfish (Fig. 4B),
0.04 ' ' : : with a peak in the LSI of Ereated individuals at day 5 before
’ 05 1.0 15 20 25 falling back to levels similar to control individuals by day 10
GSI (P=0.008,N=13). E treatment had no effect on the GSI of

immature female squirrelfish (Fig. 5A). The overall effect of E
Fig. 2. Relationship of gonadosomatic index (GSI) and (A) hepatign GS| of mature females was not found to be statistically
and (B) plasma zinc levels in female squirrelfiskZ1 fish). significant  P=0.101, N=13). Interestingly, pair-wise

comparison of means indicates that GSlgfrBated individuals

was significantly greater than control measurements both at days
concentrations nearly five times greater than those observedSnand 6 of the sampling period, while significantly less than
immature individuals. Furthermore, there was a significantontrol GSI measurements at day 10 (Fig. 5BYr&tment had
linear correlation between hepatic zinc concentration and G3lo effect on the hepatic accumulation of zinc in either immature
(Fig. 2A,P<0.001,N=21). Plasma zinc concentrations (Fig. 1) or mature females (Tables 2, 3). However, there was an effect
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Fig. 4. Comparisons of liver-somatic index (LSI) in sham-injected':ig- 5. Effects of Eadministration on gonadosomatic index (GSI) in
(black bars) and Etreated (white bars) immature (A) and mature (B) immature (A) and mature (B) female squirrelfish at days 5, 6, and 10
female squirrelfish. Fish were injected on days 0, 2 and 4, arf the experimentN=2-7 fish). Results are arithmetic mearseim.
sampled on days 5, 6 and 10 of the experiment. Results aAsterisks indicate values that are 5|gn|f|_cantly different from the
arithmetic means £&.m. (N=2—7 fish). Asterisks indicate values that Sham-treated control at the same sampling pé<005; Dunn’s

are significantly different from the sham-treated control at the samtest).

sampling pointP<0.05; Dunn'’s test).

50% less than plasma zinc concentrations at days 5 anc6 in E

treated individuals. Likewise, plasma VTG concentrations
on zinc accumulation in the blood plasma of immature femalesere significantly increased inxfreated fish compared with
(Fig. 6A) with plasma zinc remaining significantly elevatedsimultaneous controls in both immature (Tablg”Z0.006,
throughout the sampling periodP<0.002, N=6). The same N=8) and mature (Table =0.001,N=11) female squirrelfish,
effect was observed in mature female squirrelfish (Fig. 6Bwith VTG concentrations in bothpHreated groups reaching the
P<0.001,N=12), although levels at day 10 were approximatelyhighest levels at day 5 of the sampling period.

Table 2.Effects of 1B-estradiol (E2) on immature female squirrelfish

Day 5 Day 6 Day 10
Control B treated Control Etreated Control Etreated
Liver zinc 1.14+0.76 1.34+1.04 0.45+0.08 0.43+0.17 1.74+1.34 6.10+£3.63
VTG 0.31+0.18 36.2+1.32* 0.04+0.05 28.9+7.02* 0.27+0.38 12.1+2.12*
E2 1.29+0.01 28.0+14.1* 1.31+0.04 6.95+3.71 1.28+0.15 0.88+1.17
T 3.03+0.11 0.10+0.07* 3.08+0.04 0.04+0.04* 3.10+0.31 0.15+0.00*
P 34.2+0.02 3.84+0.08* 33.4+1.10 2.80+0.64* 34.7+0.88 2.09+1.13*
MT mRNA 0.48+0.23 0.56+0.33 0.29+0.20 0.28+0.14 0.3740.21 0.60+£0.00
CMT 0.58+0.24 1.17+0.37 0.26+0.01 0.79+0.21 0.47+0.23 0.68+0.04

Effects of 1PB-estradiol (E) on immature female squirrelfish in terms of liver zinc, plasma vitellogenin (VTG), testosterone §T), 17
estradiol (E) and progesterone (P) levels; hepatic metallothionein mRNA levels (MT mRNA); and MT protein levels in cytosolicr (C) live
fractions. Values are measgm. Each variable was analyzed by Kruskal-Wallis ANOVA and pair-wise differences in means were statistically
evaluated by Dunn’s post-hoc teN2-7 fish. Values were considered significarR<Q.05.
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045{ A average E level of treated fish on day 10. Plasmal&els
0.40 . * ;(E: peaked in mature females at day 6 of the sampling period
0.35. . * 2 before dropping to levels at day 10 that were approximately 10
030 times less than the levels of simultaneous controls (Table 3).
E> treatment resulted in a significant decrease (up to 30 times
0.257 less) in plasma T levels of immature (Tabld?20.002,N=7)
T 0.201 and mature (Table 3P=0.001, N=10) females throughout
£ 0154 the sampling period when compared with control female
g 0104 squirrelfish. Likewise, plasma P levels were significantly
\? 0.05 1 decreased (approximately 10 times less) ip-tr&ated
S 0 immature females (Table 2P=0.002, N=7) and mature
% females (Table 3;P=0.002, N=9) when compared with
§ 0.8 controls. These drastic reductions in the levels of T and P in
8 0.7 B * . both immature and mature female squirrelfish are likely to be
S T in response to increased concentrations ef Ehus, the
g 06 = addition of large doses of exogenoust& female squirrelfish
é 0.5 * seems to indicate a negative feedback loop mechanism within
0.4 the hypophyseal-gonadal sex steroid production axis.
E treatment did not result in increased hepatic MT mRNA
0.31 levels in either immature or mature female squirrelfish
0.2 (Tables 2, 3) during the sampling period. Howevep, E
0.1 treatment did result in an increase in the levels of MT protein
- - in the nuclear fraction of immature female squirrelfish liver
0 Day5 Day 6 Day10 cells (Fig. 7A) when compared with control individuals

(P=0.002,N=8), with levels peaking at day 6 of the sampling
Fig. 6. Effects of E administration on plasma zinc concentrations inperiod. There was no significant trend in the levels of MT in
immature (A) and mature (B) female squirrelfish at days 5, 6, and 1§, nuclear fraction of Ftreated mature females (Fig. 7B).

of the experimentN=2-6 fish). Results are arithmetic mearsem. £ tharmore, E treatment resulted in increased levels of
Asterisks indicate values that are significantly different from the

sham-treated control at the same sampling pd&=005; Dunn’s cytosolic .MT pro.tein in. immature femalgs (TabIeF%,Q.O46,

test). N=8), while, again, a significant effect dld.no_t oceur in maturg
females (Table 3). In fact, there was a significant increase in
the ratio of nuclear MT to cytosolic MT irpHreated immature

E> treatment of mature female squirrelfish did result infemales P=0.046, N=8). This trend did not occur in2E

increased plasma 2Elevels during the sampling period injected mature female squirrelfish.

when compared with controls (Table B= 0.024, N=10).

Conversely, the overall effect ob Eoncentration in plasma of

immature females was not found to be statistically significant Discussion

(Table 2;P=0.142,N=7), even though there was a pair-wise Female squirrelfish maintain higher concentrations of zinc

significance at day 5 of the sampling period. This probabland MT in the liver than any other studied species. The

resulted from low sample numbers plus the lower-than-contralevelopmental timeframe of this zinc uptake into the female

Table 3.Effects of 1B-estradiol () on mature female squirrelfish

Day 5 Day 6 Day 10
Control B treated Control Etreated Control Etreated
Liver zinc 2.32+2.84 3.36+0.69 6.12+1.06 3.61+1.01 7.13+£1.83 14.2+6.35
VTG 0.43+0.27 33.0+2.82* 0.55+0.27 24.9+8.66* 0.13+0.06 12.1+2.12*
Eo 1.17+0.08 11.445.10* 2.53+0.95 18.2+8.95* 1.61+0.21 0.13+0.04*
T 2.92+0.28 0.10+0.03* 3.06+0.13 0.09+0.05* 2.88+0.29 0.25+0.14*
P 31.2+8.51 3.95+0.52* 32.0£3.31 3.67+0.83* 36.1+3.65 3.47+0.77*
MT mRNA 1.03+0.18 0.82+0.10 1.01+0.13 0.72+0.11 0.98+0.24 0.93+0.14
CMT 1.29+0.60 0.48+0.05* 0.63%£0.20 1.01+0.08 0.64+0.09 0.81+0.04

Effects of 1B-estradiol () on mature female squirrelfish in terms of liver zinc, plasma vitellogenin (VTG), testosteronef€xstadiol
(E2) and progesterone (P) levels; hepatic metallothionein mRNA levels (MT mRNA); and MT protein levels in cytosolic (C) tieasfrac
Other details as in Table 2.
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1.0 the influence of E(Hogstrand et al., 1996; Thompson et al.,
A p— 2001). Furthermore, Fadministration in this study resulted in
—E an increase in plasma zinc levels. As stated previously, hepatic
* zinc concentrations were not altered by increaselé\rls. If

1 zinc in the plasma originates from the liver, then both import
and export of zinc in the liver must be proportionately
increased by £ Interestingly, the hepatocytes of female
squirrelfish have indeed been shown to have higher zinc efflux
as well as higher zinc influx than the hepatocytes of males
(Hogstrand et al., 1996). It remains to be investigated if this
upregulation of bilateral zinc fluxes is under the control of E
or some other endocrine factor.

Zinc transport from the liver followed the same time course
as the hepatic production and transport of VTG. However, the
molar ratio of plasma zinc to VTG was consistently high
(approximately 11:1), suggesting that either squirrelfish VTG
has the capacity to bind much more zinc than do VTGs of
other species or that VTG is not the primary vehicle of
hepato—ovarian zinc transport in squirrelfish. In the present
study, immature and mature females were not significantly
different in terms of LSI, an indication of hepatic VTG
-_L‘ production. Furthermore, there was no difference in the plasma

o
ol

o

o
1)l

Nuclear MT levels(arbitrary units)

Ly
o

0.5 1 *

VTG levels between immature and mature female squirrelfish
from the respective control groups. This was in spite of 35%
higher plasma zinc levels in mature females in comparison
with immature females. Zadministration of immature and

Day 5 Day 6 Day 10

Fig. 7. Effects of g administration on MT levels in the nuclear . o fomales did result in increased plasma concentrations
fraction of liver cells of immature (A) and mature (B) female

squirrelfish at days 5, 6, and 10 of the experimém266 fish). of VTG and zinc in all females irrespective of sexual
Results are arithmetic meanss£.m. Asterisks indicate values that development stage. However, whereas plasma VTG levels

are significantly different from the sham-treated control at the samdecrease by day 10 of the sampling period in both immatur.e
sampling point®<0.05; Dunn’s test). and mature females, plasma zinc levels only decreased in

mature females. Furthermore, plasma zinc levels were twice as

high in mature females than immature females after E
liver, as well as the increased production and variabladministration, while VTG concentrations were similar in both
distribution of MT, have to this point been unclear. This studynature and immature females. These findings seem to suggest
presents evidence that the massive accumulation of hepattat plasma zinc is not primarily bound to VTG in the plasma
zinc in female squirrelfish occurs as a result of the onset @f female squirrelfish. ItrXenopus VTG-bound zinc appears
sexual maturation, as hepatic zinc uptake is significantlyo be the only form of zinc taken up by the developing oocyte
correlated to increasing GSI. One factor that plays a crucigFalchuk et al., 1995). Thus, it is unclear if the zinc in the
role in the sexual development of female vertebrates,.is Eplasma of squirrelfish that is not bound to VTG is a direct
Immature and mature female squirrelfish were injected with Eindication of zinc that is available for uptake into the ovaries.
to determine if this sex hormone was responsible for increas€ertainly, the zinc concentration in squirrelfish ovaries is
in hepatic zinc concentration. In this experiment; E unusually high, so zinc is likely to be taken up by the follicle
administration did not result in the increase in hepatic zinin one form or another.
accumulation indicative of the onset of sexual maturity. We The onset of sexual maturation also resulted in increased
have previously shown that Enjection of male squirrelfish levels of hepatic MT mRNA. However, administration of E
also produced no such effects (Thompson et al., 2001 immature and mature female squirrelfish did not enhance
Functional E receptors are probably present in the liverMT mRNA levels. This result is similar to results obtained
because VTG was produced and LSI doubled in response poeviously with male squirrelfish (Thompson et al., 2001).
E> treatment. Thus, Ealone is not sufficient to cause Similarly, in Oncorhynchus mykissE, treatment did not
accumulation of zinc in squirrelfish liver. directly result in the production of MT mRNA (Olsson et al.,

In addition to hepatic zinc, circulating levels of zinc in the1989). Furthermore, promoter analyses of various fish MT loci
bloodstream also increased as a result of sexual maturity. THiave revealed no elements that would be expected to respond
corroborates evidence from previous studies in squirrelfisip sex steroids (Olsson, 1993). Thus, there is at present little
which indicates that zinc is accumulated in the liver and passetkperimental evidence to suggest thatlEectly triggers MT
on to the ovaries via the bloodstream in mature females, undgene transcription in fish in general. Likewise, tEeatment
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alone does not seem to be sufficient to induce MT transcriptiotie factors that initiate these physiological differences
in squirrelfish. It seems more likely that accumulation of zindndicative of sexual maturity in female squirrelfish remain
itself, or in combination with a sex hormone (e.g), Bctivates  unclear. Studies of sex hormone profiles during the female
transcription of MT. This would mean that zinc absorption andquirrelfish reproductive cycle are currently under way. E
its uptake in liver are upregulated during female maturatiordoes seem to stimulate an increase in plasma zinc
Indeed, recent results suggest the female squirrelfish have eoncentration and we hypothesize that this is to supply zinc to
unusually high intestinal zinc uptake rate and that absorbetie oocytes. The purpose of such a hepato—ovarian zinc
zinc is rapidly translocated to the liver (Glover et al., 2002)transfer is not known, but Thompson et al. (2001) speculated
Furthermore, a study on isolated squirrelfish hepatocytekat it might be to supply the nocturnal squirrelfish larvae with
demonstrated that hepatocytes from females take up zinc maefficient zinc to ensure proper night vision.
rapidly than those of males (Hogstrand et al., 1996). Whatever
the signal for MT synthesis, the fact remains that the very The authors thank Dr Ram Abuknesha at King’s College,
potent production of MT allows zinc to be accumulated at very ondon, for supplying antibodies to VTG; Mr Henry Feddern
high levels in the liver of mature female squirrelfish. at Tavernier, Florida for supplying squirrelfish; and Mr. Tom

Not only are the levels of MT mRNA and MT protein Capo, RSMAS, University of Miami, for assistance in the
increased during maturation of the female squirrelfish, but theare of the fish. This research was supported by Grant IBN-
subcellular distribution of MT protein is also altered. Mature9631411 from the National Science Foundation to C.
female squirrelfish liver has a greater proportion of MT in theHdogstrand and an NIEHS Center grant (P30 ES05705) to the
cell nuclear fraction than immature females. This distributioruniversity of Miami.
could be the result of increased levels of Bs immature
females treated withaZdo indeed show increased proportions
of MT in the nuclear fraction of liver cells. However, this is References
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