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Summary
The possible coupling between regulation of the affinities results support the idea of a shared transport site for Zn
for branchial Zn and Ca influx was investigated in juvenile  and Ca at the apical membrane of the gill epithelium and
rainbow trout Oncorhynchus mykiss acclimated to  suggest that there is a certain degree of coregulation of
relatively hard fresh water ([Ca]=1.0 mmol ). The Kn, for branchial Zn and Ca uptake in rainbow trout. Removal of
branchial Ca influx was manipulated experimentally by Ca from the water resulted in a large (six- to 24-fold)

exposing the fish to 2.amoll~! waterborne Zn for a total

of 28 days. This procedure resulted in rapidly increaselm
values for both Ca and Zn influx, an effect that remained
through the experimental period. There was a significant
linear correlation (r=0.88,P<0.02) betweerKm values for
Ca and Zn measured at the same time points. Zn exposure
caused progressively increasing maximum rate of
transport, Jmax, Values for Zn relative to the control value,
but there was little, if any, effect onJmax for Ca. These

increase in affinity (decreasedKm) for Zn influx and a
modest (1.1- to 1.8-fold) increase idmax for Zn. Thus, Ca
is a competitive inhibitor of Zn influx. In water lacking Ca,
the Km for Zn in Zn-acclimated fish was no different from
that of the control fish, suggesting that the C&/Zn2*
transporter was regulated to improve Ca uptake.

Key words: fish, rainbow trou@ncorhynchus mykisginc, calcium,
influx, uptake, acclimation, regulation, branchial, gill.

Introduction

In several recent studies, it has been suggested that Zn dvmakolateral membrane vesicle preparations from rainbow trout
Ca to some extent share a common uptake route across the gill epithelium (Hogstrandet al. 1996). Indeed picomolar
epithelium of freshwater-acclimated rainbow trout (Spry andtoncentrations of free 2h blocked C&*-ATPase-mediated
Wood, 1989; Hogstranelt al. 1994, 1995, 1996). Specifically, Ce&* transport in the same preparations. Thus, at this point,
these studies show that Ca is a competitive inhibitor of Zthere is considerable pharmacological and circumstantial
influx (Spry and Wood, 1989) and that Zn is a competitiveevidence suggesting that Zn and Ca share the same apical entry
inhibitor of Ca influx (Hogstraneét al. 1994, 1995). Ci is  pathway, but that the basolateral transfer is carried out by
believed to enter the gill epithelium through a voltage-separate mechanisms.
insensitive ‘transporter’ (ion channel or facilitated diffusion), Zn is a micronutrient and, as such, its uptake and excretion
located in the apical membrane (Perry and Flik, 1988; Flik andre probably regulated to meet the physiological requirements
Verbost, 1993). Experimental evidence indicates that thisn a daily and seasonal basis (for reviews, see Vallee and
transporter is the site for apical Zntransfer as well. For Falchuk, 1993; Hogstrand and Wood, 1996). For example,
example, exposure to waterbornétLeffectively inhibited the  uptake from the water and from the food can be manipulated
entry of both Zn and Ca (Hogstraaetdal. 1996). Moreover, Zn separately by the fish so as to achieve Zn homeostasis in the face
and Ca influx were reduced when endogenous release of the waterborne or dietary variations in Zn levels (Sptyal.
calciostatic hormone stanniocalcin was stimulated by injectiod988). Although Zn is an essential element, it is also potentially
of Ca (Hogstranekt al. 1996). At least in freshwater fish, the toxic to fish and, not surprisingly, the key toxic effect of
basolateral transport of €ais primarily mediated by a high- waterborne Zn seems to be a disturbance of Ca metabolism
affinity Ce2*-ATPase (Flik and Verbost, 1993). Recent resultgreviewed by Hogstrand and Wood, 1996). Fish chronically
argue against an involvement of this2CATPase in Zn exposed to elevated concentrations of waterborne Zn are often
transport under physiological conditions. No ATP-dependenable to acclimate physiologically, and this acclimation involves
or Na'-gradient-driven transport of Zn could be detected ima progressive reduction in the branchial influx of Zn and a
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restoration of normal plasma €devels (Hogstranét al.1994,  system which added Zn, as ZnS®;0 (BDH Chemicals),
1995). In two previous investigations, we found that a reductiofrom a stock solution (45 mgi=690umolI-1). The fish in the
in branchial Zn uptake occurred concomitantly with a decreasather tank served as a control. The flow rate of the added Zn
in the affinity (increase&m) for Ca and speculated that the stock was maintained using a pump (Masterflex), which
decreased Zn influx might be brought about by a reduction idelivered 3 mlimin! to produce a final total Zn concentration
the affinity of the shared apical &€&n?* transporter in the exposure tank of 2.8noll™t (=150ug It measured
(Hogstrancet al. 1994, 1995). These studies were carried out atoncentration; 2.25+0.3dmoll"1; mean =+ sEM., N=44).
an ambient water Ca concentration (1 mmblyielding influx ~ Computer modelling of the water chemistry, using the
rates,Jin, for Ca close to thémax The Zn concentration, in MINEQL+ program (Schecher and McAvoy, 1994) indicated
contrast, was kept at a level (Rioll™1) below theKm for Zn  that 59% of the added Zn was present a3*Z@5% as
influx (3.6pumoll~1, as determined by Spry and Wood, 1989).ZnCQs(aq), 7.5% as Zn(OH) 3.1% as ZnHCe and 2.0%
This means that a reduction K of the C&*/Zn?* transporter as ZnOH. Speciation calculations further suggested that 96 %
should greatly decrease the influx of Zn while leaving Ca influxf the Ca present was speciated a& @ad 4 % as CaSOThe
more or less unchanged. If the apical entry steps of Zn and @law rates of water and Zn stock solution were checked daily
occur through the same transport mechanism, and if the purpased adjusted if necessary. Water samples were taken once or
of increasing th&m for Ca is to reduce the affinity for Zn, then, twice a day from the exposure tank for analysis of total Zn.
changes inKm for Zn and Ca influx should be coordinated. The samples were acidified with HN@race metal grade,
Specifically, the<m for Zn influx and th&m for Ca influx should BDH Chemicals, was used in all procedures) to a final
both increase during acclimation to waterborne Zn. Data frorooncentration of 1% (w/w), and Zn was measured by atomic
previous work cannot provide a direct answer to this problerabsorption spectroscopy (AAS; Varian AA-1275) using an
because th&m for Zn influx has not been analyzed during Znair/acetylene flame. The day the exposure started is referred to
acclimation or in parallel with Ca influx kinetics. as day 0. The experiment continued for 28 days, during which
The present study was designed to test the hypothesis that the water temperature gradually increased from 9 to 11°C
branchial influx of Zn can be regulated by alterations in thewing to ambient conditions. Feeding was maintained as
affinity of a mutual C&7/Zn2* transporter. The affinity for Ca described above at 1% of the body mass per day. No
was manipulated, as previously described (Hogseaatl1994,  mortalities occurred during the exposure period.
1995), by a long-term exposure to an elevated, but sublethal, level
of waterborne Zn. To enable correlations to be made between Zinc influx kinetics
changes in kinetic parameters for Zn and Ca influx, the kinetics Michaelis—Menten kinetics of unidirectional Zn influx were
of Ca influx was measured in parallel with the kinetics of Zranalyzed on days 1, 4, 8, 16 and 28 of the experiment according
influx. Since Ca is a competitive inhibitor of Zn influx (Spry andto the procedure described by Hogstradal. (1994). This
Wood, 1989), analysis of Zn influx in the presence of Ca in thenethod, which is based on the appearac®zi in the body
water produces values of the appaténtfor Zn influx. As an  of the fish over a 24 h period, was found to provide the same
additional facet of the present study, we attempted to determimesults as that developed by Spry and Wood (1989), which is
the true kinetic properties of the Zn transport system byased on the appearancé¥n in the blood plasma (data not
eliminating Ca from the flux medium. This analysis was carrieghown). The flux chambers were black polypropylene bags
out simultaneously with the final measurement of Zn kinetics ifilled with 15| of dechlorinated Hamilton tapwater. Each of
the presence of Ca on day 28 of the exposure. these flux bags was equipped with an airline and placed in a
plastic basket for support. The flux bags were placed in a
) waterbath which was adjusted so that the water inside the bags
Materials and methods was at the same temperature (9-11 °C) as that in the fish tanks.
Animals Unidirectional influx of Zn was analyzed at total nominal water
Female juvenile rainbow troutOncorhynchus mykiss Zn concentrations of 50, 100, 250, 600 and 1&p0! (0.76,
(Walbaum) (1-5g), were obtained from a local hatchend.5, 3.8, 9.2 and 38moll1); relative speciation was identical
(Rainbow Springs Hatchery, New Dundee, Ontario). The fisko that tabulated above (MINEQL+; Schecher and McAvoy,
were held in two 264 fibreglass tanks (350 fish per tank), eactP94) at all Zn concentrations. 5min before the fish were
supplied at a rate of 900 mlmwith a continuous flow of placed in the flux bags, Zn was added to the water from a
dechlorinated, aerated Hamilton city tapwater®5Zn/ZnSQ stock solution (Zn=22.9 mmot},
([Na*]=0.6 mmol %, [CI7]=0.7 mmoll?l; [Ca]=1.0mmoltl;  1.66kBgumoll). Eight fish were used for each concentration
[HCO3z]=1.9mmolFL;, pH7.9-8.2) at a temperature of of Zn. At the end of the flux period, the fish were lightly
9-11°C. Fish were fed dry trout pellets (Martin’'s Feed Millanaesthetized with tricaine methanesulphonate (MS 222,
Ltd, Ontario) at a ration of 1% of their body mass per day. 0.1gf?) and transferred to a beaker of dechlorinated tapwater
containing an overdose of MS 222 (1.0%land a high
Zinc exposure concentration of ‘cold’ Zn (150 mgi=2.3mg 1) to displace
After a 2 week period of acclimation to laboratory surface-boun®Zn. After a 1 min rinse in this solution, the fish
conditions, one of the two tanks was equipped with a dosingere blotted dry, placed in individual scintillation vials, and
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assayed for85Zn activity in avy-counter (MINAXI Auto- intestine as a significant route of Ca and Zn uptake during
Gamma 5000 Series, Canberra-Packard). Water samples wemmnditions identical to the flux experiments performed in the
similarly counted fof5Zn activity, and total [Zn] in the water present study (Perry and Wood, 1985; Spry, 1987).
was measured by atomic absorption spectroscopy (AAS)
(Varian 1275). The influx of Zn was calculated from the counts Calculations and statistical methods
in the whole body divided by the measured specific activity of Non-linear regression was used to obtain valuelgfand
65Zn in the water, the duration of the flux period and the mas€y, for unidirectional influx of Zn and Ca. The
of the fish. Levenberg—Marquardt algorithm was used tdifiait different

On day 28 in both control and Zn-exposed groupssubstrate (Zn or Ca) concentrations to the Michaelis—Menten
Michaelis—Menten analysis of Zn influx was carried outequation (Leatherbarrow, 1987). Calculationgiofvere based
without Ca present in the water, in addition to the analysisn measured concentrations of total Zn or Ca (i.e. not frée Zn
(with Ca) described above. The objective was to obtain values C&*). Significant differences between control and
of JmaxandKm for Zn influx in the absence of the competitive experimental groups at each flux measurement were evaluated
inhibitor, Ca. The Ca-free water used for these flux analysdsy Student'st-test (two-tailed, unpaired). The number of
consisted of 0.7mmott NaCl and 1.9 mmoft KHCOs, observations for flux kinetics was considered to be the same as
pH8.1. The nominal Zn concentrations used in the assay wetige number of concentrations in each kinetic seriesNi&.
6.25, 12.5, 25, 50 and 10 I"1 (0.096, 0.19, 0.38, 0.76 and for Zn andN=6 for Ca), rather than the total number of fish in
1.5umol I™1). In all other aspects, the flux analysis without Caeach series (i.e. 40 for Zn and 48 for Ca). This conservative
present was carried out in the same way as that described abstategy was chosen because the fish in the same flux chamber

for Zn influx in the presence of 1 mmotiCa. were exposed to the same water and could not be regarded as
o o totally independent samples. Groups were considered
Calcium influx kinetics significantly different aP<0.05.

The kinetics of unidirectional Ca influx were determined on
days 1, 7, 16 and 28 of the experiment. Kinetic analysis was
performed as described by Hogstragtdal. (1994). For the Results
control group, eight fish were put into each of six Unidirectional influx of Zn and Ca both followed saturation
polypropylene flux bags containing 3| of synthetic waterkinetics and were well described by the Michaelis—Menten
([NaCl]=0.7 mmol ; [KHCO3]=1.9 mmol FL; pH8.0) with a  equation. Fig. 1 shows the Michaelis—Menten kinetic curves for
designated concentration of Ca achieved by adding anflux of Zn (Fig. 1A) and Ca (Fig. 1B) on day 28 of the
appropriate volume of &*Ca/Ca(NQ)2 stock solution experiment. In control fishlnax was approximately 200 times
(150 mmol t1; specific activity 148 kBgmmot). The six flux  higher for Ca than for Zn, but th&, for Zn influx was 80 times
bags represented a geometric series of increasing [Ca], wikbwer than that for Ca influx. Thus, the uptake system has a
approximate values of 25, 50, 150, 350, 750 and u5@f 1. higher capacity for Ca transport than that for Zn, but the affinity
The activity of C&"in the medium was calculated to be 99.9 %is greater for Zn than for Ca. Exposure to il
of the total Ca concentration (MINEQL+, Schecher and150ugl-1) waterborne Zn increased tKa for influx of both
McAvoy, 1994). For the experimental group, unidirectionalZn and Ca (i.e. decreased affinity). Zn exposure resulted in a
influx of Ca&* was measured in the presence of 1@n 1  substantial increase in tlgaxfor Zn (P<0.001), while thelmax
(2.3umoll™), yielding values of apparettm and Jnax (i.e.  for Ca showed a slight depression (on day 28 di.05;
determined in the presence of the competitor). Théig. 1). The kinetic variabledmax and Km for both Zn and Ca
unidirectional Ca influx was calculated from the appearance afiflux in control fish varied considerably over the experimental
45Ca radioactivity in the whole body over a 4h period, aperiod (Figs 2, 3). However, simultaneous flux measurements of
described by Hogstranet al. (1994). The fish were killed, both controls and Zn-exposed fish allowed for comparison
rinsed for 1 min in 10 mmott Ca(NQs)2 to displace surface- between the groups at each time point. The maximum transport
bound 4°Ca, and processed for scintillation counting asrate, Jmax for Zn in control fish ranged from 0.24 to
described by Hogstraret al. (1994). 0.41umolkg1h™1 (Fig. 2A). ControlJmax values for Ca were

All whole-animal flux experiments followed evaluated between 12.5 and 43unolkg1h1 (Fig. 3A). TheKn for Zn
standard procedures described by Perry and Wood (198%), controls varied between 3.6 and [@8oll1 (Fig. 2B), and
Lauren and McDonald (1986), Spry and Wood (1989) anthe controlKm, for Ca ranged from 11 to 406nol -1 (Fig. 3B).
Hogstrancet al. (1994). The 1 min washing step was consideredhus,JmaxandKm were always much higher for Ca than for Zn.
effective and appropriate for the removal of externally bound The Zn-induced increase K for Zn and Ca appeared to
radioactive isotope, because it was found to provide simildve present throughout the entire experimental period (Figs 2B,
transport rates (data not shown) to those based on the appeara3B¥ with the exception of day 1, where the elevatiokqifor
of isotope in the blood plasma (Perry and Wood, 1985; Hogstrar@ia influx in Zn-exposed fish was not statistically significant.
et al. 1994, 1995; Perry and Flik, 1988). The data presented orhe Jmax for Ca remained relatively unaffected by the
Ca and Zn influx are likely to represent the branchial pathwayreatment with the exception of a slight but significant
because oesophageal ligation experiments have eliminated finéibition on day 28 (Fig. 3A). Generallymax for Ca of Zn-
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Fig. 1. Michaelis—Menten kinetics of unidirectional Zn and Ca influx
across the branchial epithelium of rainbow trout after acclimation t 0- . .
2.3umol 171 waterborne Zn for 28 days and in control fish, tested 0 10 20 30
simultaneously. The graphs show the substrate-dependency of (A) . Time (days)

influx in the presence of 1mmotl Ca and (B) Ca influx in the Fig. 2. Changes in (AJmaxand (B)Km for unidirectional influx of Zn

presence (Zn-acclimated fish) and absence (control fish) of waterbor(in the presence of Ca) during acclimation top@®I1-1 waterborne

Zn. Solid lines and filled circles show data from Zn-acclimated fishzn. Filled columns show values for Zn-exposed fish and open columns

dashed lines and open circles represent control fish. Each point is frepresent controls. Values are shown as mearseM. Means were

mean value of eight fish. Vertical bars denote.elm. Jin, rate of  calculated from five groups of eight fish ealk%). Asterisks indicate

influx; Jmax, maximal rate of influxiKm, affinity constant. statistically significant differences from the control value at the same
time point.Jmax, maximal rate of influxkKm, affinity constant.

exposed fish followed the same pattern of changes as that
the control group (Fig. 3A). In contrast, theaxfor Zn in the In order to determine the true, rather than the apparent,
experimental group increased progressively over time, relativealues ofKm andJmaxon day 28, additional kinetics series for
to that of the control group (Fig. 2A). This trend was moreZn influx were determined in the absence of the competitive
evident when thémaxfor Zn in Zn-exposed fish was expressedinhibitor Ca. Acute removal of Ca from the water had several
as a percentage of the simultaneous control value (Table 1)notable effects. In contrast to the flux measurements performed
Possible covariance between the affinities for Zn and Cwith Ca present in the water, there were mortalities during the
transport was evaluated by plotting #agfor Zn influx against 24 h in water without Ca; survival varied from 75 to 100 %
that for Ca (Fig. 4). Because of the natural temporal variation®—2 dead fish per flux bag) in a fashion that was not obviously
in Km for both elements, only data from the same days wereelated to the presence of Zn. Kinetic curves for Zn influx were
used for this analysis. Regression analysis suggested a clogzy different in the absence of Ca (compare Fig. 5 with
(r=0.88) and statistically significant P€0.020) linear Fig. 1A and note the difference in scales of the axes). Removal
relationship betweeKm for Zn and Ca influx. IKmn values for  of Ca caused thKm for Zn influx in control fish to decrease
Ca influx on day 7 and for Zn influx on day 8 were introducedrom  4.3+0.8umoll”1  (mean +* sEM., N=5) to
as a data pair, the correlation coefficient was slightly decreas€d68+0.1Qumol =} (mean +s.e.m, N=5), indicating a large
(r=0.793), whereas the level of significance was furthe(sixfold) increase in affinity for Zn (Figs 1A, 5). Thé&n for
increased#<0.0188; data not shown). Zn in fish exposed to Zn for 28 days was 16.7426I171
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Table 1 Maximum transport ratelmax for Zn influx in
rainbow trout exposed to 2.3 umol vaterborne Zn

&

Day 1 Day 4 Day8 Day16 Day 28

Jmaxfor Zn 169+12 177+£13 217419 220+22 343+29
(% of control)

w
o
1

The values are expressed as a percentage of the simultaneous
control mean + k..M. (N=8).

All values were significantly different from those of the control at
P<0.001.

N
o
1

=
o
1

to an elevated level of waterborne Zn. It has been shown
0- : : previously that waterborne Zn induces a reduction in the
0 10 20 30 affinity of the Ca transport system and that physiological
150 acclimation to waterborne Zn is associated with a decreased
Zn influx (Hogstrancet al. 1994, 1995). Furthermore, there is
direct experimental evidence suggesting that apical entries of
Zn and Ca into the gills occur by a shared transport mechanism,
* which may be regulated by the calciostatic hormone
* stanniocalcin (Hogstrandt al. 1996). The present study ties
* the information from these previous investigations together by
showing an intimate connection between the regulation of Zn
influx and Ca influx. The strong positive correlation between
the Km values for Zn and Ca strongly supports the hypothesis
that Zn and Ca share a common apical transporter and suggests
that there is a certain degree of coregulation in Zn and Ca
influx. The documented downregulation of Zn influx during
0- 0 10 20 20 acclimation to waterborne Zn in hard water (Hogstrahdl.
Time (days) 1994, 1995) is probably caused by a decreased affinity of this
branchial C&*/Zn?* transporter for both elements.

=

Q

o
1

during acclimation to 28mol I~ waterborne Zn. For the experimental

group, the influx of Ca was analyzed in the presence a8 Zn,
whereas no Zn was present during the analysis of control Ca influ
Filled columns show values for Zn-exposed fish and open columr
represent controls. Values are shown as mearse#l Means were
calculated from six groups of eight fish eablx). Asterisks indicate
statistically significant differences from the control value at the sam
time point.Jmax maximal rate of influxi<m, affinity constant.

(mean +sEM, N=5) in the presence of 1 mmotlof Ca
compared with 0.71+0.28mol "1 (mean +s.e.m, N=5) when
Ca was removed. Thus, the differencekim between Zn- 5
exposed fish and control fish disappeared when Ca wi
withdrawn from the water. In control fish, the removal of Ca

caused a twofold increase Jnax for Zn from 0.24+0.02 to
0.43+0.05umol kgth™! (compare Fig. 5 with Fig. 1A). There 0 ‘ ‘

were no changes iimaxfor Zn in Zn-acclimated fish following 0 50 100 150

20

y=1.61+0.133x
r=0.88, P<0.020

154

FeN

10

Kmfor Zn (umol -1)

withdrawal of Ca (0.830.0Zmolkgth-l with Ca and Km for Ca (pmol 172)

0.93+0.22umol kg1 h=1 without Ca).

The

Fig. 4. Correlation between th&n (inverse of affinity) for Zn and

Ca influx in control fish and in fish (Zn-exposed) with
experimentally increasel{m values for both elements. Because of
cyclic changes in rates of Zn and Ca transport (see text), only data
present study is the first to explore thepairs generated on the same days (days 1, 16 and 28) were used.

Discussion

Michaelis—Menten kinetics of Zn influx during exposure of fishvalues are shown as means &em.
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0.8 influx analysis started on day 1 and ended 24 h later) and became
Zn-acclimated 0mmol -1 Ca gradually stronger during the course of the experiment (Table 1).
JImax=0.930 pmol kgt h~1 Neither the Ca-induced nor the Zn-induced increasasaifor

0.61 Km=0.705 pmol |-1

Zn influx are easily explained with current knowledge. The two
phenomena may or may not be related. However, we speculate

Jin (umol kg1 h-1)

04 | that, in the latter case, exposure to an elevated [Zn] may have
disabled C#'-specific transport sites despite the unaffedtes
7 T for Ca. New apical C4/Zn?* transporters may have been
0.2 j/// Control activated, exposed or introduced to compensate for a loss of Ca
L JImax=0.430 pmol kg h~4 uptake. In such a scenario, the number of Zn transport&igs (
0 _ Km=0.682 umol |1 for Zn) would increase while the net numbefufctional Ca?*
0 0.5 10 15 transportersjnaxfor Ca) would remain unchanged. Waterborne
[Zn] (umol 1-1) Zn is thought to interfere with branchial Ca transport on both

. : : I L . sides of the epithelium. At the apical membrane, Zn and Ca seem
Fig. 5. Michaelis—Menten kinetics of unidirectional Zn influx across .
the branchial epithelium of rainbow trout after acclimation totO compete for the.same uptake S'Fe’ bUt, f”lt the basolateral
2.3umol I waterborne Zn for 28 days and in control fish, testede€mbrane Zn effectively blocks the high-affinity?GATPase
simultaneously. In contrast to the experiment shown in Fig. 1A, cRY mixed inhibition (reducedmax and increasetkm) without
was omitted from the water. Note the different axes scales compar&ging transported itself by this enzyme (Hogstreinal. 1996).
with Fig. 1A. Each point represents the mean value for 6-8 fisHf is possible that a blockage of basolaterad*@eTPases leads
error bars show +&.e.m. Other details are as in the legend to Fig. 1.to a compensatory increase in the number of apicil/Z&*
Jin, rate of influx;Jmax, Mmaximal rate of influxiKm, affinity constant. transporters and, thus, an increadgsk for Zn. More research

is needed to clarify the nature and significance of this increase
in Jmax for Zn during exposure to elevated concentrations of Zn

The effect of waterborne Zn adinax for Ca seems to be in the water.
modest at the Zn concentration used in the present study. At theThe Km values for Zn in control rainbow trout from the
last flux measurement only (ia&ter 28 days of exposure), there present study (3.58-7.8#nol 1) encompassed that reported
was a small depression of theaxfor Ca. Similar results have for much larger (300 g) rainbow trout in the same water quality
been obtained in previous studies (Hogstetral. 1994, 1995),  (Km=3.6umoll1; Spry and Wood, 1989). Thimax values for
indicating that there is no major disruption in the total numbeEn, in contrast, were 1.5-3 times greater than that reported by
of functional C8* transport sites at this level of Zn exposure.Spry and Wood (1989). This discrepancy may well have been
In contrast to the affinity constarKm, there was no apparent caused by the 100-fold size difference between the fish in the
correlation between the maximum transport rdteyx for Zn  two studies. A similar allometric relationship seems to exist for
and Ca. This finding is in accordance with previous finding€a influx in fish (compare Perry and Wood, 1985; Hogstrand
that changes iBmaxfor Ca have no direct influence on Zn influx et al. 1994, 1995; present study).
(Hogstrandet al. 1994, 1995). The partial coupling between Zn It is now well established that branchial Ca influx in small
and Ca influx (dependeiiim but independenimay may form  rainbow trout varies over time in a cyclic fashion and that this
the basis for discriminating the regulation of levels of these twaycle is synchronous among individuals kept in the same
elements. In hard water, the Ca concentration (Lmoll general environment (Wagnet al. 1985, 1993; Hogstranet
greatly exceeds thém for Ca influx in Zn-exposed fish (50-250 al. 1994, 1995). The Ca influx cycle appears to be caused by
umol I=1; Hogstrandet al. 1994, 1995; present study) and thechanges in plasma levels of bioactive stanniocalcin, but its
actual rate of influxJin, is modified mainly by changesdmax. ~ physiological significance is still a matter of speculation
In contrast, influx of Zn is very dependent uponKhebecause (Wagneret al. 1993). Periodic changes in Ca influx also
the Zn concentration of natural waters (Eisler, 1993; Hogstranoccurred in rainbow trout from the present study and, in
and Wood, 1996) rarely exceeds thg, for Zn influx  addition, we found that Zn influx varied over time. While there
(>3umol "L, Spry and Wood, 1989; present study). In softwas little correspondence in the periodic variationdak for
water, in which the activén for Ca would be more dependent Zn and Ca, th&Km for Zn, even in control fish, seemed to
upon theKm, the fish may have greater difficulty in separatingfollow the pattern of changes Km for Ca influx over time.
Zn and Ca influx. Further research with soft-water-acclimatedgain, this correlation is suggestive of a coupling between the
fish would be required to test this hypothesis. apical entries of Zn and Ca at the gills and suggests that

A number of aspects of ZversusCa transport interactions stanniocalcin might be involved in the regulation of Zn influx.
remain unclear at present. For example, Spry and Wood (1989)It should be noted that the kinetic variables for Zn influx
reported that exposure to high waterborne [Ca] incredsgd measured over the course of the experiment are apparent values
for Zn influx. Similarly, a novel and curious finding of the because Ca, which competitively inhibits Zn influx, was present
present study is thdfaxfor Zn influx was greatly increased by in the water. Truelmax and Km for Ca have been measured
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