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Summary

It is well known that zinc is an essential micronutrient
and, asarule, organismskeep relatively constant low levels
of zinc to maintain cellular functions. The squirrelfish
family (Holocentridae) is the only known exception from
thisrule. Squirrelfish accumulate very high concentrations
of zinc in the liver. In the present study, we demonstrate
that, while female squirrelfish store large amounts of zinc
in theliver and ovaries, the males show zinc levelsthat are
typical for vertebrates. The zinc content of the diet is the
same in males and females, and zinc is not lost from the
liver during starvation. Thus, the difference between
genders in zinc storage is not dependent upon the diet.
Rather, there are at least two processes that contribute to
the accumulation in females. First, females possess high
levels of two major zinc-binding proteins: metallothionein
(MT) and a novel female-specific zinc-binding protein
(FZnBP). In females, but not in males, aimost all MT is

present in the hepatocyte nucleus. FZnBP is exclusively
found in the hepatocyte cytosol of females. Second,
hepatocytes of female squirrelfish have a high capacity to
transport zinc across the plasma membrane. In addition to
theliver, only the gonads of females showed unusually high
concentrations of zinc. Administration of exogenous
oestrogen to females decreases the hepatic zinc
concentration whilethereisamatchingincreasein thezinc
content of the ovaries. Thus, oestrogen may trigger a
redistribution of zinc from liver to ovaries. Together, our
findings suggest that female squirrelfish may be uniquely
adapted to detoxify zinc and to utilize it asa macronutrient
for processes related to reproduction.

Key words: squirrelfish, Holocentrus marianus, zinc accumulation,
zinc, metallothionein, FZnBP, physiology, reproduction, fish, pisces.

Introduction

Zincisan essentia micronutrient to all organisms, but it may
become toxic if accumulated at higher concentrations (Vallee
and Falchuk, 1993; Hogstrand and Wood, 1996). In most
vertebrates, the hepatic zinc concentration is within the range
200-600 nmol g~1wet mass; Underwood, 1977; Hogstrand and
Wood, 1996). In contrast, several members of the squirrelfish
family (Holocentridag) accumulate extremely high levels of
zincin theliver (up to 70 umol g~1; Hogstrand and Haux, 1991,
1996). With the exception of the vertebrate retina (Weitzel et
al. 1954), these are the highest zinc levels reported for any
vertebrate tissue. The squirrelfish family is divided into two
subfamilies, sguirrelfish (Holocentrinage) and soldierfish
(Myripristinae), both of which are exclusively associated with
coral reefs. The unusual zinc accumulation in this family was
first observed in the squirrelfish (Holocentrus rufus) from

Bermuda (Hogstrand and Haux, 1991) and was subsequently
shown to occur in both squirrelfish and sol dierfish species from
Queendland, Australia (Hogstrand and Haux, 1996). The fact
that several species of this family, from widely separated
geographical locations, display this zinc storage makes it
reasonable to assume that a high hepatic zinc concentration is
normal for squirrelfish and is not related to environmental
influence or some inherited disorder in their zinc metabolism.

Although the average hepatic zinc levels of al five
squirrelfish species studied to date are high, there seem to be
marked differences among species and, more surprising, within
each species and population (Hogstrand and Haux, 1996). The
most pronounced variation was found in lattice soldierfish
(Myripristis violacea), which showed a 50-fold variation of
hepatic zinc concentration among individuals. Indeed, in each
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population, there appear to be individuals that are quite
‘normal’ with respect to hepatic zinc content, and these are
mixed with individuals that have extremely high
concentrations of hepatic zinc. Attempts to link zinc levels to
collection sites or fish size were unsuccessful. To date, gender-
dependence has not been examined because almost all of the
collected specimens were sexualy immature.

Zinc accumulation in squirrelfish liver is very closely
associated with increased levels of hepatic metallothionein
(MT; Hogstrand and Hauix, 1990a, 1996). Metallothioneinis a
low-molecular-mass protein that is believed to play akey role
in the intracellular metabolism of zinc and copper (Hogstrand
and Haux, 1991; Vallee and Falchuk, 1993). The synthesis of
the protein is induced at the transcriptional level by increased
intracellular activities of zinc and copper, and aso by other
metals within groups IB and 1IB of the periodic system
(Olsson, 1993). In mammals, a broad range of signalling
substances and other factors, generally associated with distress
and infection, can elicit de novo synthesisof M T (Klaassen and
Lehman-McKeeman, 1989), but the role of such factorsin the
regulation of the MT genes in fish is uncertain (Kille et al.
1992; Olsson, 1993). However, a recent study shows that the
5'-flanking region of the MT-A gene in the rainbow trout
Oncorhynchus mykiss has five functional activator protein-1
(AP-1) sites which enhance the transcription of the gene in
response to free radicals (Olsson et al. 1995). In addition there
are putative glucocorticoid-responsive elements (GRES) and
nuclear factor interleukin 6 (NF-1L6) sites, but the activities of
these sequences have not been confirmed (Olsson et al. 1995).
Once produced, MT bhinds metals specifically and avidly (Kille
et al. 1994). The metals that bind to MT are the same as those
that induce the synthesis of the protein.

Although the exact function(s) of MT remains elusive, there
is evidence that it may be involved in processes including cell
differentiation, proliferation and signalling, as well as enzyme
regulation, free-radica scavenging, and metal storage and
detoxification (Hogstrand and Haux, 1991; Sato and Bremner,
1993; Cherian, 1994; Hogstrand and Wood, 1996). In
squirrdfish, individuals have been found with hepatic MT
concentrations of up to 5.4pmolglwetmass, and the
correlation between MT and zinc concentrations is strong
(0.89<r<0.99; Hogstrand and Haux, 1990a, 1996). Furthermore,
in ‘high-zinc’ individuals, MT bound 60—70% of dl the zinc in
the liver (Hogstrand and Haux, 1996). From previous research,
it isnot clear whether MT concentrationsin squirrelfish liver are
high only because MT synthesis is induced by zinc or whether
zinc-MT has some specialized function in the squirrelfish liver.
Either way, the squirrelfish is a unique organism for studies of
zinc metabolism and the function of MT.

The aim of the present study was to provide a physiological
explanation for the elevated concentrations of zinc and MT in
squirrelfish liver. The concentration of zinc was measured in
the liver and eight other tissues of longjaw squirrelfish
(Holocentrus marianus) in asearch for unusual zinc-dependent
activities in other organs. The intracellular partitioning of zinc
between organelles and the cytosol of the liver was

investigated to localize any specific subcellular fraction of
particular interest. Likewise, the intracellular distribution of
MT was investigated, employing western blots of the different
subcellular fractions with an antiserum specific for fish MT
(Hogstrand and Haux, 1990b). Further, the subcellular
fractions were incubated with 85Zn and run on polyacrylamide
gel electrophoresis (PAGE) under non-denaturing conditions
in an attempt to localize zinc-binding proteins other than MT.
A food-deprivation experiment and analysis of the zinc content
of the intestinal contents were performed to evaluate the
mobility of hepatic zinc and the possibility that the high
concentrations of zinc are absorbed from a zinc-rich diet. In
another experiment, squirrelfish were treated with 17(3-
oestradiol to investigate possible roles for zinc and MT in the
sexual development of females (Olsson et al. 1987, 1989).
Finally, the kinetics of zinc fluxes within the liver was
examined using isolated hepatocytes.

Materials and methods
Animals

Longjaw sqguirrelfish (Holocentrus marianus, Woods;
100-314g) of both genders were collected by SCUBA-divers
using hand-nets off the Florida Keys, Tavenier and Key West,
Florida, USA, between the months of January and March. No
sedatives were used to capture the fish. The fish were
transported to the laboratory, where they were kept in 600l
circular fibreglass tanks, 10 fish in each tank. The tanks were
supplied with running, aerated sea water from Biscayne Bay
(salinity 29-33 %o; temperature 26-28°C). With the exception
of the fish in the food-depuration experiment, the animals were
fed daily to satiation with live shrimp.

Gulf toadfish (Opsanus beta, Goode and Bean) were used as
a reference fish, with ‘normal’ hepatic zinc metabolism, for
some experiments. Toadfish (84-150g) were obtained by
bottom trawl of the Southern reach of Biscayne Bay, Florida,
USA. In the laboratory, the toadfish were kept in glass aquaria
under similar conditions to those described for squirrelfish.

Tissue metal concentrations

Fish were killed by an overdose of tricaine
methanesul phonate (M S222) and then weighed. A 1 ml blood
sample was withdrawn from the caudal vessels using a
heparinized syringe. Blood cells and plasmawere separated by
centrifugation at 14000¢g, at room temperature, for 3min.
Blood cells and plasmawere transferred to separate glass tubes
for acid digestion. The sex of each fish was determined. Liver,
gonads, scales, kidneys, brain, retinaand a sample of the dorsal
muscle were dissected out and weighed. A sample
(0.030-0.759) of each tissue, except for muscle, was put into
a 16 mmx150mm borosilicate glass tube for acid digestion.
The proximal 10cm section of the small intestine was cut off
and the contents squeezed out. The muscle samples
(0.61-1.14g) and the intestinal contents were transferred to
10ml polypropylene tubes (Falcon) for acid digestion.

To each of the glass tubes, containing plasma, blood cells,
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liver, gonad, scales, kidney, brain or retina, 2ml of 70% HNO3
(trace metal grade) was added. The tubeswere heated to 100°C
in a sand bath for 3h before 300l of H2O2 was added. The
temperature was then gradually increased until all the liquid
had evaporated. Finally, 4ml of 1% HNOs was added and the
samples were analyzed for zinc and copper content by atomic
absorption spectroscopy (Perkin Elmer, model 2380), using an
air/acetylene flame (detection limit for zinc, 0.3umol I71; for
copper, 0.6 umol I71).

The samples of muscle tissue and intestinal contents were
digested in the polypropylene tubes. 4ml of 35% HNOs was
added to each tube, which were sealed and left in an oven at
80°C overnight. The next day, 1ml of H2O, was added
followed by another 24 h of digestion at the same temperature.
The volume of the digest was adjusted to 5ml with deionized
water (Millipore). Finaly, the samples were diluted 25-fold
with deionized water (Millipore) to reduce the HNO3
concentration in the matrix and analyzed for zinc and copper
content as described above.

Subcellular fractionation of liver

Fish werekilled by an overdose of M S222 and then weighed.
The liver was dissected out, weighed for calculation of liver-
somatic index [LSI; (liver mass/body mass)x100] and placed
on ice. The gonads were aso removed and weighed for
calculation of gonadosomatic index [GSI; (gonad mass/body
mass)x100]. Subcellular fractions of the liver were obtained by
differential centrifugation of liver homogenate using the
protocol of Julshamn et al. (1988), for rainbow trout liver, with
minor modifications. Liver samples (0.5¢g) were individually
homogenized in 1.5ml of isotonic buffer, 35mmol =1
Tris-HCI, 0.2moll1 KCI, 0.25moll=1 sucrose, pH7.4
(homogenization buffer), a 0°C, using a glass-Teflon
homogenizer. A 500ul sample of each homogenate was
withdrawn and transferred to glass tubes for preparation for
metal analysis as described above. The rest of the homogenate
was centrifuged at 3709, 4°C, for 5min. The sediment (nuclear
fraction) was saved and immediately placed on ice. The
supernatant was centrifuged at 92009, 4°C, for 5min, and the
pellet (mitochondria-ysosome fraction) was saved and
immediately placed on ice. Finally, microsomes were separated
from the cytosol by centrifugation at 1300009, 4°C, for 60 min.
The resulting pellet (microsomal fraction) and the supernatant
(cytosalic fraction) were saved and immediately placed on ice.

All pellets from the differential centrifugation were
individually resuspended in 500l of homogenization buffer
using a syringe with a fine-gauge needle. Nine complete sets
of liver fractions, from five females and four males, were acid-
digested for metal analysis as described above. The subcellular
fractions from the livers of 16 longjaw squirrelfish were each
subdivided into three portions and frozen in liquid nitrogen for
subsequent use in autoradiography of zinc-binding proteins
and for western blots for MT (see below).

Western blots
The subcellular distribution of MT in longjaw squirrelfish

liver was examined by western blot of the different fractions
obtained from differential centrifugation, using a rabbit anti-

perch-MT serum (Hogstrand and Haux, 1990b). Each
subcellular  fraction was  subjected to  sodium
dodecyl sul phate—polyacrylamide gel electrophoresis

(SDS-PAGE) with a discontinuous buffer system, according
to Laemmli (1970). Samples (1-3pul) were diluted 1:4 with
sample buffer [62mmol 171 Tris-HCl, pH®6.8, 10% (Vv/v)
glycerol, 2% (w/v) SDS, 5% (v/v) 2-mercaptoethanol,
0.0012% (w/v) Bromophenol Blue], made up to 20l with
deionized water (Millipore), and heated at 100°C for 5min.
The amount of protein loaded into each well was 20ug.
Rainbow Cold Markers RPN 756 (Amersham) and perch
(Perca fluviatilis) MT (I and Il; Olsson and Hogstrand, 1987)
were used as molecular mass standards. The electrophoresis
was carried out on a 4% (w/v) stacking gel and a 15% (w/v)
separation gel. Gels were run in a Bio-Rad Mini-Protean |1
electrophoresis system at 180V.

Following electrophoresis, the proteins were transferred
from the gel to a nitrocellulose membrane (Schleicher &
Schuell) by electroblotting, as described by Towbin et al.
(1979). The procedure was carried out in a SemiPhor TE 70
semi-dry transfer unit (Hoefer Scientific) at 0.8mA cm™2
(60mA) at room temperature for 60 min. After electroblotting,
additional protein binding was blocked by immersing the
membrane in 5% (w/v) dried milk in Tris-buffered saline
[20mmol I Tris, 137 mmol |71 NaCl, 0.1% (v/v) Tween-20,
pH7.6; TTBS] for 1h. The membranes were rinsed in TTBS
and washed once for 15min and twice for 5min with fresh
changes of the same solution. M T bound to the membrane was
identified by a rabbit anti-perch-MT serum (Hogstrand and
Haux, 1990b), diluted 8000-fold with TTBS, during a 1h
incubation. The incubation in primary antibody was followed
by the same washing procedure as before. A horseradish-
peroxidase-conjugated donkey anti-rabbit g (Amersham), in a
40000-fold dilution, was used as secondary antibody. The
rabbit anti-perch-MT antibodies were labelled with the
secondary antibody during a 1h incubation, which was
followed by washing in the same manner as before. All
incubations were performed a room temperature with
continuous agitation. |mmunodetection was carried out with an
enhanced chemiluminescence system (ECL, Amersham)
according to the manufacturer’ s recommendations.

Autoradiography of zinc-binding proteins

Subcellular fractions of squirrelfish liver were incubated
with 5Zn and then run on an SDS-PAGE gel under non-
denaturing conditions to identify and localize hepatic zinc-
binding proteins. SDS was included in the buffers to mobilize
membrane-bound proteins. Each subcellular fraction (50 pg of
protein) was incubated with 25Bq of carrier-free 65Zn (NEN;
67.7Bgng™1) in 0.3mol 171 sucrose at 0°C for 60 min in a total
volume of 10pl. The sample, 6.5ul, was mixed with 13l of
non-reducing sample buffer [62mmol 171 Tris-HCI, pH6.8,
10% (v/iv) glycerol, 2% (w/v) SDS, 0.0012% (w/v)
Bromophenol Blue], and 15l of this mixture (protein 16 mg,
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65Zn 12.5Bq) was loaded, without previous heat denaturation,
on a 12% SDS—polyacrylamide gel, with a 4% stacking gel.
Purified rainbow trout MT (Olsson and Hogstrand, 1987,
0.5ug) was incubated with 25Bq of 85Zn, as described above,
and run parallel to the samples on the gel as a standard. One
lane was run with 20Bq of 85Zn only to show the motility of
non-protein-bound zinc. The gel was run in a Bio-Rad Mini-
Protean |l electrophoresis system at 180V with 25mmol |1
Tris, 1.4% (w/v) glycine, 1% SDS, pH 8.3, as running buffer.
After completion of the electrophoretic separation, the gel was
dried and the %Zn visualized by autoradiography using
intensifying screens.

Food-deprivation experiment

A food-depuration experiment was conducted to assess the
mobility of the zinc stored in squirrelfish liver. Nineteen
longjaw squirrelfish (172—273g) were collected off Tavernier,
transported to the laboratory the next day, and placed into three
tanks. One of the tanks contained five fish (three females, two
males) and these animalswere fed to satiation with live shrimp,
once aday, over 12 days. The fish in the other two tanks were
not fed. Nine of the starved fish (five femal es, four males) were
sampled after 4 days in the laboratory and the remaining five
fish (three females, two males) were sampled after 12 days.
When sampled, the fish were killed by an overdose of M S222
and weighed. The liver and gonads were dissected out and
analyzed for zinc and copper as described above.

Oestradiol experiment

Longjaw squirrelfish (N=11, six females and four males;
134-301 ) were injected on day O and day 5 with 6mgkg
17B-oestradiol dispersed in peanut oil (1mlkg™). A control
group (N=9, seven females and two males; 175-314g), which
was kept in a separate tank, was injected with vehicle only
(Lmlkg™). The fish were fed live shrimp to satiation once a
day. On day 16, the fish were killed by an overdose of MS222
and weighed. The liver and gonads were dissected out,
weighed and analyzed for zinc and copper as described above.

Zinc transport in isolated hepatocytes

Hepatocytes from longjaw squirrelfish were isolated
according to Walsh (1987) and Kennedy et al. (1991). 100 pl
of a 85Zn/ZnS04 stock solution (223Bqul~2, 15umol mi~1)
was added to 10ml of hepatocytes, containing
24-60mgcellsm=1  in  modified Hank’'s  medium,
supplemented with 3mmol 171 glucose and 1 mmol |1 CaCly,
pH 7.3, in a plastic vial. Thus, the total concentration of zinc
in the transport medium was 148 umol |1 and the %5Zn activity
was 2.21kBgml~1, pH7.2. Cells were agitated during the
assay, using a shaking platform. At 1, 2, 4, 6, 10, 15, 30 and
60min, a 1 ml sample of the cell suspension was separated
from the medium by centrifugation through 0.5ml of 1-
bromodecane oil (Sigma). A 800l sample of the transport
medium was assayed for 85Zn by gamma counting and for zinc
by atomic absorption spectroscopy. The oil and remaining
medium were discarded and the hepatocytes counted for 85Zn.

For the transport kinetics experiment, seven stock solutions
of 65Zn/ZnS0O4 were prepared containing 234, 469, 937, 1870,
3750, 7500 and 15000pmol zincpl™2, respectively. The
specific activity of %2Zn was 14.9Bgnmol~! in al stock
solutions. 10 ul of each stock was added to separate Eppendorf
tubes. The transport assay was started by the addition of 1 ml
of cells (24-60mgcellsmi~1) in modified Hank’s medium
(described above). The reaction was terminated after 1min
(which gave initia inward transport rates), using the same
method as described above for the time-course experiment.
The rest of the procedure was the same as that in the time-
course experiment.

The unidirectional influx of zinc (Jin, Nmol mg=1min-1) was
calculated according to the following equation:

Jin=CC/(SAXx mx1t), @

where CC is the counts in the cells (ctsmin™), SA is the
average specific activity of 85Zn in the transport medium
during the assay (ctsmin~lnmol~1), m is the mass of the
hepatocytes (mg) and t is the time for the flux (min). The time
parameter was omitted for the calculation of inward zinc
transport (nmol mg™2) in the time-course experiment. Net flux
of zinc (Jnet, Nmol mg~t min1) was calculated as follows:

Jnet = ([ZNn]to — [ZN]t2)/(m x 1), 2

where [Zn]i and [Zn]t1 are the concentrations of total zinc in
the transport medium at the beginning and the end,
respectively, of the assay (nmol mli~1), m is the mass of the
hepatocytes (mg) and t is the time for the flux (min). The time
parameter was omitted for the calculation of net zinc transport
(nmol mg71) in the time-course experiment. The unidirectional
outward zinc flux (Jout, Nmol mg~tmin~1) was calculated by
subtracting Jnet from Jin. For calculation of the unidirectional
outward zinc transport (nmol mg™1), the net zinc transport was
subtracted from the inward zinc transport.

Differences between females and males in tissue meta
concentrations were assessed using the Mann—Whitney U-test.
Analysisof variance (ANOVA), extended with the Tukey HSD
test for post-hoc comparison of means, was used to detect
differences between females and males in zinc transport across
the plasma membrane of primary hepatocytes. Groups were
considered different at P<0.05.

Results

The longjaw squirrelfish collected were of both sexes and
varied considerably in reproductive status. It is not known
whether the fish were first-time spawners. Untreated females
(N=12) had amean GSI of 0.80 (range 0.16-6.14) and a mean
LSl of 1.11 (range 0.48-1.64). The mean GS| and LSl of
untreated males (N=9) were 0.86 (range 0.07-2.13) and 0.91
(range 0.69-1.28), respectively. Female longjaw squirrelfish
accumulated markedly higher concentrations of zinc in the
liver than did the males (Fig. 1A). The zinc concentration in
the liver of the male squirrelfish did not differ significantly
from that of the gulf toadfish (648+86 nmol g1, mean + s.EMm.,
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Fig. 1. Concentrations of (A) zinc and (B) copper in various tissues
of male (open bars) and female (filled bars) longjaw squirrelfish.
Values are expressed as mean + s.EM. (per gram wet mass). The
numbers of observations for males/females were: liver 11/15, gonad
11/5, scales 4/4, kidney 4/5, brain 4/5, blood cells 3/5, plasma 3/5 and
retina 4/5. An asterisk indicates that the value for females is
statistically different from that for males at P<0.05 (Mann—-Whitney
U-test).

N=6). Of eight additional tissues examined, only the gonads of
females showed an elevated concentration of zinc in
comparison with those of males (Fig. 1A). The zinc level was
high in the retina, but there was no sex-specific difference in
the zinc concentration of this tissue. There was no significant
correlation between the level of zinc in the liver of individual
females and body mass, GSI, LSI, ovarian Zn concentration,
or ovarian Zn content (data not shown). The hepatic
concentration of copper was significantly higher in females
than in males, although the hepatic copper level in female

squirrelfish liver was less than one-thirtieth of the zinc level
(Fig. 1B). The copper level waslow in al other tissues of both
females and males. However, there was a dlightly but
significantly higher concentration of copper in the blood
plasma of femalesthan in that of males (Fig. 1B). The zinc and
copper levels of muscle tissue were both below the level of
detection (30 and 60nmol g2, respectively) in males and
females.

The hypothesis that females accumulate more zinc from
their food than males was explored in two experiments. In the
first of these experiments, we analyzed the intestinal contents
of newly captured longjaw squirrelfish for zinc content. The
zinc concentration in the intestinal contents of female
squirrelfish was 237+27 nmol g1 (mean + s.e.m., N=5), which
was not significantly different from the 214+71 nmol g~1 found
in the intestinal contents of males. Thus, female squirrelfish do
not seem to eat a more zinc-rich diet than do males. In the
second experiment, the fish were starved up to 12 days after
capture to determine whether the females need a continuous
source of zinc to maintain the high concentration of hepatic
zinc. Food deprivation for 4 and 12 days caused a progressive
decrease in the liver size of both females and males, as shown
by areduced liver-somatic index (Table 1). There was atrend
of increasing zinc concentration in the livers of both genders
concomitant with the reduction in liver somatic index, but the
total zinc content of the livers remained unchanged during the
experiment. There was no evidence for a loss of hepatic zinc
during food deprivation, indicating that female squirrelfish are
not dependent upon a constant supply of zinc with their food
to maintain a high zinc content in the liver. Starvation did not
change the zinc concentration in the gonads or the
gonadosomatic index in either of the genders (Table 1).

Zinc transport rates across the plasma membrane of isolated
hepatocytes were studied to investigate the possibility that
differencesin transmembrane zinc transport are responsible for
the difference in zinc accumulation between female and male
livers. Squirrelfish hepatocytes from both genders, incubated
at a total extracellular zinc concentration of 148pmol |71,
accumulated 65Zn in a biphasic manner (Fig. 2A). An initia
fast phase, during the first 1-2min, was followed by a slower
accumulation that continued throughout the 60min transport
period. Inward transport of zinc in male hepatocytes reached
the slower second phase more quickly than did the hepatocytes
from femaes (Fig.2A). This difference resulted in
significantly higher amounts of 85Zn accumulated by female
hepatocytes at the 10, 15 and 30min time points, compared
with male hepatocytes. In both female and male hepatocytes,
the outward zinc transport balanced the inward transport
(Fig. 2B), so that there was no net gain or loss of zinc at the
end of the transport period (Fig. 2C). Differences in efflux
were significant at 2, 10, 15 and 30min between males and
females. Thus, hepatocytes from female squirrelfish have a
higher capacity than male hepatocytes to transport zinc in both
directions across the plasma membrane.

The concentration-dependence of the initial rate of zinc
influx (i.e. 1min transport assays) indicated that zinc influx
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Fig. 2. Time-course kinetics of unidirectional zinc transport acrossthe
plasma membrane of primary hepatocytes from longjaw squirrelfish.
For females, each point represents the mean of 37 fish; for males,
the 1 min point isfor hepatocytesfrom asinglefish and al other points
are the averages from 2-3 fish. The vertica error bars show the s.e.m.
An asterisk indicates a significant difference between males and
females (P<0.05; ANOVA, Tukey HSD test).
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Fig. 3. The effects of zinc concentration on unidirectional zinc fluxes
across the plasma membrane of primary hepatocytes from female
longjaw squirrelfish. Each point represents the mean of four fish and
the vertical error bars show the s.e.M. Jin, influx; Jout, €fflux; Jnet, Net
flux.

was anon-saturable process, at least in the concentration range
2.3-148 umol I total zinc (Fig. 3A). Zinc efflux, in contrast,
was maintained at a constant level at external total zinc
concentrations  below  40pmol 171 (Fig. 3B). Above
40umol 171, the efflux rate decreased linearly with increasing
concentrations of zinc in the medium. At an external total zinc
concentration of 148 umol 171, which was similar to that in the
blood plasma and in the kinetics tests shown in Fig. 2, zinc
efflux balanced zinc influx, and there was no net flux across
the plasma membrane (Fig. 3C).

Female longjaw squirrelfish were injected with 17(3-
oestradiol to elucidate whether zinc accumulation in the liver
is triggered by oestrogens. Contrary to the prediction, 1703-
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Table 1. Effect of food deprivation on liver-somatic index (L), gonadosomatic index (GS) and the concentrations and total
contents of zinc in liver and gonads of female and male longjaw squirrelfish

Zinc
Time
starved Liver Liver Gonad Gonad
Gender (days) N LSl GSl (umol g1) (umol) (umol g1) (umol)
Females 0 3 1.43+0.202 0.78+0.21 12.6£2.5 45.0+£22.8 2.66+0.13 4.75+0.32
4 5 1.05+0.19b¢ 1.08+1.08 11.8+16.4 28.3+42.2 2.95+0.92 6.20+£5.77
12 3 0.96+0.04¢ 1.31+0.66 18.0+£5.3 45.6+14.9 2.80+£0.03 9.72+5.09
Males 0 2 1.16+0.172 0.76+0.60 0.54+0.012 1.58+0.14 0.31+0.05 0.54+0.33
4 4 0.90+0.12a¢ 1.23+0.86 0.89+0.462P 1.67+1.14 0.30+0.08 0.78+0.58
12 2 0.65+0.04¢ 1.47+1.14 1.73+0.10P 3.46+1.17 0.28+0.05 0.91+0.54

Values are means + s.D.

Statistically significant differences between groups at P<0.05 are shown by superscript |etters. Groups sharing the same superscript letter are

not significantly different (ANOVA-Tukey HSD).

Table 2. Effects of 173-oestradiol treatment on liver-somatic index (LS), gonadosomatic index (GS) and levels of zinc and
copper in the liver and ovaries of female longjaw squirrelfish

Zinc (umol g1) Copper (umol g™

Treatment N LSl GSl Liver Ovaries Liver Ovaries
Sham 6 2.02+0.28 1.62+0.53 5.76x1.34 2.31+0.35 0.58+£0.10 BDT
Oestradiol 6 1.93+0.24 1.31+0.33 3.19+1.41* 5.30+1.27* 2.17+0.97 BDYt

1BD, below the detection limit, 0.008 umol g2

The fish were injected with 17B-oestradiol (6 mgkg™1) on days 0 and 5, and were then killed on day 16. A control group was sham-injected

with vehicle only.
Values are means + S.E.M.

A statistically significant difference from the control value is shown by an asterisk (P<0.05, Mann—Whitney U-test).

Table 3. Concentrations of zinc and copper in subcellular fractions of liver from female and male longjaw squirrelfish

Zinc or copper (nmol g~liver)

Mitochondria and

Element Gender N Nucleus lysosomes Microsomes Cytosol

Zinc Females 5 4391+3521* 447+89* 1348+871* 5146+2101*
Males 4 87+33 69+27 129+13 754+142

Copper Females 5 331.0£270.1 26.3+4.1 98.6+38.6 88.0£21.3
Males 4 21.0£1.3 18.7+5.1 40.9£3.8 45.6+16.3

Values are expressed as mean + S.E.M.

Significant differences from values for male longjaw squirrelfish (P<0.05) are denoted with asterisks.

oestradiol treatment decreased the zinc concentration in the
liver by 45%, compared with that of sham-injected females,
whilethe ovarian zinc concentration increased by 130% (Table
2). The liver-somatic and gonadosomatic indices were not
changed by the treatment. However, it is possible that the liver
sizeincreased and then returned to itsinitial size during the 10
days between the last 173-oestradiol injection and sampling.
All subcellular fractions of female squirrelfish liver analyzed
contained more zinc than those of male squirrelfish (Table 3).
In female livers, zinc was predominantly found in the nucleus
and cytosol (39% and 45 % of the total content, respectively).
In males, 73% of the hepatic zinc was present in the cytosol,

while the nucleus contained only 8%. The distribution of zinc
in males was very similar to that in both females and males of
a control species, the gulf toadfish (hucleus 11+2%;
mitochondria and lysosomes 19+3%; microsomes 137 %;
cytosol 57+5%, mean = s.E.M. expressed as a percentage of
total hepatic liver concentration). There were no statistically
significant differences between female and male longjaw
squirrelfish in copper levels of the various subcellular
fractions.

Since it was known that MT is a major zinc-binding ligand
in squirrelfish liver (Hogstrand and Haux, 1990a, 1996), we
investigated whether MT was co-localized with zinc in the
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Fig. 4. Western blot for metallothionein (MT) of subcellular fractions
from male and female squirrelfish liver. Lanes 1, 3, 5 and 7 are male
cytosol, microsomes, mitochondria-lysosomes and nuclei,
respectively. Lanes 2, 4, 6 and 8 are female cytosol, microsomes,
mitochondria-lysosomes and nuclei, respectively; lane 9isperch MT.
Arrows indicate mobilities of molecular mass standards (given as
kDa). The assay was repeated on atotal of six females and five males
with reproducible results.

nucleus and cytosol of females. MT in subcellular fractions
was analyzed using SDS-PAGE, followed by western blotting.
The western blot analysis showed that female squirrelfish had
a much higher hepatic MT concentration than the males and
that virtually al the MT in the females was located to the
nucleus (Figs 4, 5). Fig. 4 shows a blot of a gel on which all
collected fractions (i.e. nuclei, mitochondria and lysosomes,
microsomes, cytosol) were run together to illustrate the vast
abundance of MT inthe nuclel of females, compared with other
fractions from both males and females. Because of the very
high MT content in female nuclei, it was not possible to
visualize cytosolic MT on the same gel. In Fig. 5, two separate
western blots are presented. Fig. 5A shows a blot of nuclear
fractions from both females and males; Fig. 5B shows the
results from a blot of hepatic cytosol from both sexes. The two
gels were run under identical conditions. However, in order to
obtain a signa from the MT in cytosolic fractions (Fig. 5B),
the exposure time during the ECL detection was longer than
that for the blot of the nuclear fractions (Fig. 5A). The western
analyses showed that the difference in MT levels between
females and males lay in the presence of high quantitiesof MT

A Nuclei

MT F M F M M F
69.0 —p

46.0 =

30.0 —p

215 —p
143 —p

-~ w

ol

in the hepatic nuclear fraction; there did not seem to be a
difference in the cytosolic MT level between females and
males. Nevertheless, almost half of the hepatic zinc was found
in the cytosol of the females (Table 3), which suggests that the
cytosolic zinc was not bound to MT. In an attempt to
demonstrate the presence of a magjor cytosolic non-MT zinc-
binding protein, we incubated each subcellular fraction with
65Zn and ran the fractions on 12% SDS-PAGE under non-
denaturating  conditions (i.e. without addition of
mercaptoethanol and boiling). SDS was included in the buffers
to mobilize the proteins in the membrane fractions.
Autoradiography revealed a single zinc-binding protein and it
was only present in the cytosol of females (Fig. 6). This
female-specific zinc-binding protein (FZnBP) had a relative
mobility of 0.62, which was similar to that of a 28kDa
standard. MT migrated close to the front (relative mobility
0.95). Coomassie Blue staining of the gel confirmed that
FZnBP was an abundant protein found exclusively in the
cytosol of females (data not shown). To address the potential
problem of interfference by SDS with the zinc-binding
properties of proteins, the same experiment was repesated
without SDS in the buffers. This native PAGE provided the
same results as the SDS-PAGE (i.e. a single 28kDa protein
band in female liver cytosol).

Discussion

The present study demonstratesthat zinc accumulation inthe
liver of squirrelfish is specific for females, while the males
have zinc levels that are typical for that of any vertebrate
(Underwood, 1977; Vallee and Falchuk, 1993; Hogstrand and
Wood, 1996). Of eight additional tissues examined, only the
gonads of females showed an elevated concentration of zinc in
comparison with males (Fig. 1). The ovarian zinc level was
also much higher than that in other fish species (Hogstrand and
Wood, 1996). Furthermore, injection of 17B-oestradiol
resulted in adecreased hepatic zinc level whilethe ovarian zinc
content increased, indicating that zinc may have been
transferred from the liver to the ovaries (Table 2). The high

B Cytosol

Fig. 5. Western blots for metallothionein in subcellular fractions of female and male squirrelfish livers. (A) A blot of nuclear fractions; (B) a
blot of cytosolic fractions. M T, perch metallothionein; M, male squirrelfish; F, female squirrelfish. Arrows indicate mobilites of molecular mass

standards (given as kDa).
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Fig. 6. Autoradiogram of 5Zn-binding proteins in subcellular
fractions from longjaw squirrelfish liver, separated on 12%
SDS-PAGE under non-denaturing conditions. Lane 1 is 85Zn only;
lanes 2, 4, 6 and 8 are femae nuclei, mitochondria-ysosomes,
microsomes and cytosol, respectively; lanes 3, 5, 7 and 9 are the same
subcellular fractions from males; lane 10 is rainbow trout
metallothionein (MT). The arrows indicate the location of the female-
specific cytosolic %Zn-binding protein and rainbow trout MT. The
front is the dense line at the bottom of the gel. Non-protein-bound
65Zn (lane 1) migrated with the front, presumably because of
complexing to components of the running buffer. The assay was
repeated on samples from a total of five individuals from each sex,
with reproducible results

zinc concentration in the retina, which was not sex-specific, is
a genera characteristic of vertebrates (Underwood, 1977;
Vallee and Falchuk, 1993; Hogstrand and Wood, 1996) and is
probably unrelated to zinc accumulation in the liver and
ovaries. Thus, female squirrelfish may have evolved a very
unusual mechanism to utilize massive amounts of zinc for
reproductive purposes.

The higher hepatic zinc levels measured in females than in
males are probably not related to differences in food
preferences because the zinc concentrations of the intestinal
contents of newly collected sguirrelfish were equally low
(<240nmol g71) in both females and males. Furthermore,
food depuration had no effect on the hepatic zinc content.
Instead, we found a difference between the genders at the
level of the liver cells. Hepatocytes from femal es transported
zinc at a much faster rate than male hepatocytes in both
directions across the plasma membrane. This higher zinc-
transporting rate of female hepatocytes could explain the
ability of females to take up large amounts of zinc in the
liver.

The concentration-dependence of zinc influx during the
initial fast phase showed afirst-order relationship between the
concentration of zinc in the medium and the rate of zinc
influx. These results suggest that the fast phase of zinc influx
in squirrelfish hepatocytes occurs by passive diffusion,
possibly through an ion channel. The only previous study on
zinc uptake in fish liver is the classic work of Saltman and
Boroughs (1960), in which 85Zn and liver dlices were used to
analyse zinc transport in liver cells of pufferfish (Tetraodon
hispidus). Using a 40 min incubation period (compared with
1min in the present study) and arange of zinc concentrations

between 15 and 490umol |1 (compared  with
2.3-148umol 171 in the present study), it was found that
accumulation of 65Zn showed saturation kinetics (Saltman
and Boroughs, 1960). Because of the long incubation time, it
is possible that this saturation resulted from a limited number
of binding sites inside the cells rather than a limitation of the
transport rate. In rat hepatocytes, both saturable and non-
saturable processes seem to be involved in zinc uptake
(Stacey and Klaassen, 1981; Pattison and Cousins, 1986;
Taylor and Simons, 1994). The saturable pathway appears to
be a high-affinity, energy-dependent carrier with a Km in the
range 2-13nmol |71 (Taylor and Simons, 1994). In contrast,
the non-saturable pathway has been estimated to make a
significant contribution to zinc uptake only at free Zn2*
concentrations greater than 1 umol |1, The total concentration
of zinc in the plasmaof mammals ranges from 8 to 50 umol 171
(Underwood, 1977), but the concentration of free Zn2* is
probably no more than 0.2nmol I=1 (Magneson et al. 1987).
Thus, the high-affinity pathway is likely to be the carrier of
importance in rat hepatocytes under physiological conditions.
If there is a similar high-affinity zinc transporter in
squirrelfish, we would not have been able to detect its activity
because of the assay conditions used. In rat hepatocytes,
saturation kinetics were only observed when a chelator (i.e.
albumin or histidine) was used to buffer the concentrations of
free Zn2* (Pattison and Cousins, 1986; Taylor and Simons,
1994). No Zn?* chelator was used in the present study.
However, squirrelfish hepatocytes may not need a high-
affinity zinc transporter. Blood plasma in fish contains about
10 times more zinc than that in mammals (Hogstrand and
Wood, 1996). In rainbow trout, 99.8% of the total zinc is
bound to plasma proteins, which would mean that the free
Zn2* concentration is approximately 0.6 umol I-1 (Bettger et
al. 1987) or 3000 times higher than that in the rat. Hence, the
low-affinity, high-capacity pathway for zinc should be of
greater importance for zinc influx in squirrelfish hepatocytes
than it is in hepatocytes from the rat.

The outward transport of zinc was also markedly higher in
hepatocytes from female squirrelfish than in hepatocytes from
males. The outward transport in male hepatocytes was close to
zero during the entire experiment (Fig. 2B). At 148umol |71
total zinc in the assay medium, the zinc efflux balanced the
influx and there was no net transport of zinc. Incidentally, this
zinc concentration was close to the total plasma zinc level in
female sguirrelfish  (115pmol171). At lower zinc
concentrations, there was a net loss of zinc from female
hepatocytes and the efflux increased steadily with decreasing
zinc concentration in the medium down to 40 umol I-1. Below
this concentration, there was no further change in zinc efflux
or net flux with decreasing external zinc concentration. The
kinetics of zinc efflux suggests that the outward transport of
zinc in female squirrelfish hepatocytes is dependent upon the
concentration gradient and that the transport is saturable.
Recently, Palmiter and Findley (1995) cloned a zinc
transporter (ZnT-1) from rat and mouse that seems to mediate
zinc efflux in cultured cells. It would be interesting to probe
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for the presence of ZnT-1 in squirrelfish and for differencesin
its expression in females and males.

The high capacity of female hepatocytes to transport zinc
across the plasma membrane may be the mechanism for
enhanced zinc uptake, but it cannot account for the
dramatically different zinc concentrations in the liver unless
females also have a specific mechanism to retain zinc in the
liver. Femade squirrelfish have at least two zinc-binding
polypeptides that could serve to increase the zinc storage
capacity. Up to 70% of the zinc in squirrelfish liver is bound
to MT, and the level of MT is closely correlated with the
hepatic zinc concentration (Hogstrand and Haux, 1996). In the
present study, we show that there is not only a marked
difference in hepatic MT concentrations between female and
male squirrelfish but also that MT has a different subcellular
localization in the two genders. MT is considered to be
primarily a cytosolic protein (Bremner and Beattie, 1990;
Cherian, 1994), and thisiswhere most MT was located in male
squirrelfish. In contrast, the females had practically al their
MT in the nucleus. Extensive nuclear localization of MT has
only been reported under particular conditions (Cherian, 1994).
Specificaly, MT is found in the nucleus of mammalian
hepatocytes during late foetal and early neonatal devel opment
(Panemangalore et al. 1983; Sato and Bremner, 1983; Nartey
et al. 1987; Tsujikawa et al. 1994). Also, in growing primary
cultures of gastric mucosal cells (Tsujikawa et al. 1991a) and
in primary hepatocytes from partially hepatectomized rats
(Tsujikawa et al. 1994), MT is predominantly present in the
nuclel. In rat hepatocytes stimulated by epidermal growth
factor and insulin and in carcinoma cells, MT accumulates in
the nucleus during the S phase of the cellular cycle (Tsujikawa
et al. 1991b; Cherian, 1994). Thus, the presence of nuclear
zinc-MT seemsto be linked to cell proliferation. At this point,
we can only speculate about the significance of nuclear MT in
the liver of female squirrelfish. MT could be involved in the
expression of female-specific proteins or it may serve as a
vehicle to move zinc from the cytosol to the nucleus.

The nuclear localization of MT in female squirrelfish liver
can only partially explain the subcellular distribution of zinc.
The nucleus contained on average 39% of the zinc contained
in the liver. Another 45% of the hepatic zinc was found in the
cytosol, where there was little MT. Using non-denaturing
SDS-PAGE analysis of $5Zn-labelled cytosol, we were able to
identify a prominent female-specific cytosolic zinc-binding
protein, FZnBP (Fig. 6). This zinc-binding protein had a
relative mobility of 0.62 on the gel, similar to amolecular mass
standard of 28kDa. On the same gel, rainbow trout MT had a
relative mobility of 0.95, quite different from that of FZnBP.
Fish vitellogenin monomers migrate like a 270kDa molecular
mass standard on native PAGE (Silversand and Haux, 1989).
Thus, it can be concluded that the FZnBP of female liver cells
is most probably neither MT nor vitellogenin. Given that zinc
is utilized by some 300 proteins (Valee and Falchuk, 1993),
the presence of a single band after autoradiographic detection
of 5Zn was surprising. MT migrated very close to the front of
this 12% gel, which probably explains why no separate MT

band could be distinguished in the lane corresponding to the
nucleus from female fish. Still, there were undoubtedly other
zinc-binding proteins in the liver fractions that were not
revealed by autoradiography. We considered the possibility
that the SDS present in the gel buffer system could have
perturbed the zinc-binding properties of proteins other than
FZnBP. However, the same results were obtained when SDS
was omitted from the buffers, and it was concluded that the
results were therefore not an artefact due to the presence of
SDS. It is likely that FZnBP was the only protein visualized
simply because it bound more %5Zn than any other cytosolic
zinc-binding protein present. Coomassie Blue staining of the
gel confirmed that FZnBP is, indeed, a prominent protein in
the femal e cytosol. Thus, the absence of bands from other zinc-
binding proteins was likely to be the result of the limited
sensitivity of the method used. At this point, the function of
FZnBP is unknown, but it seems to be the mgjor zinc-binding
ligand in the hepatic cytosol of female squirrelfish.

In two recent studies, it was that shown that vitellogenin
from Xenopus laevis is a zinc-binding protein that binds
1gatom of zinc per 220kDa monomer (Montorzi et al. 1994,
1995). Vitellogenin is synthesized in the livers of oviparous
animals in response to oestrogens and, in X. laevis, the zinc
bound to vitellogenin is delivered to the growing oocytes as
vitellogenin is transported to the ovaries via the blood and is
taken up by the oocytes through receptor-mediated endocytosis
(Montorzi et al. 1995). Thus, redistribution of zinc from the
liver to the ovariesin response to oestrogens may be acommon
theme for oviparous species, but so far it has only been shown
to occur in X. laevis and is now indicated for longjaw
squirrelfish. It is obvious that al animals need zinc for their
embryonic development (Valee and Falchuk, 1993), but what
makes squirrelfish unique is the unprecedented quantities of
zinc that are stored in the liver and subsequently in the ovaries.
It is tempting to speculate that squirrelfish vitellogenin may
have a high zinc-binding capacity, but so far we have no data
to support this speculation.

The present study shows that female squirrelfish
accumulate remarkably high levels of zinc in the liver and
ovaries for purposes that are probably related to reproduction.
The mechanisms for this unique zinc accumulation include a
high capacity of hepatocytes in the female to take up zinc.
Influx of zinc into the hepatocytes occurs, at least partialy,
via a low-affinity, high-capacity system, whereas zinc efflux
may be mediated by a carrier protein. The female liver
contains two prominent polypeptides that seem to be
responsible for the accumulation of zinc. One of these
polypeptidesisMT, which in female squirrelfish liver isfound
mainly in the nucleus rather than in the cytosol, where it is
usually located in other animals. Zinc binding in the cytosol
is dominated by a novel female-specific protein, FZnBP.
Although zinc is recognized as an essential element, the metal
is often regarded as a toxic. The present study demonstrates
the excellent ability of squirrelfish hepatocytesto handle zinc;
indeed, female sguirrelfish seem to utilize zinc as a
macronutrient rather than as a micronutrient.
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