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Summary

Knowledge of the uptake mechanisms and metabolism
of metals is essential for understanding the factors
governing metal toxicity, discerning means by which
acclimation and homeostasis may be achieved and
characterising interactions between the metal of interest
and other environmental moieties. Zinc is both an
important aquatic contaminant and a vital micronutrient.
The physiological characterisation of dietary zinc
absorption in fish has, therefore, important implications
for environmental protection and aquaculture. The
present study aimed to elucidate the mechanism of
intestinal zinc uptake in freshwater rainbow trout
(Oncorhynchus mykisg using an in vivo cannulation
technique. Only a saturable component of zinc uptake,
with a concentration giving half-maximal rate of
accumulation (Kos5) of 309umoll-1, and a maximal rate of
accumulation max) of 933nmolkglh-1, was described.

mechanisms appear to regulate zinc uptake. Intestinal
mucus was one important regulatory locus, promoting
zinc uptake at low concentrations yet buffering the animal
against high luminal zinc loads. Regulatory mechanisms
also seemed to limit subepithelial zinc accumulation.
Experiments using ethylene glycol tetraacetic acid
(EGTA) to wash the intestinal lumen following zinc
perfusion exhibited a higher proportion of loosely
associated zinc at higher perfused concentrations. This
was attributed to saturation of the uptake process or
efflux from the subepithelium. Two distinct pathways for
passage of zinc across the epithelium were discerned, with
post-intestinal transfer possibly mediated by sulphydryl
groups, as illustrated by N-ethylmaleimide perfusion
experiments. Putative roles of zinc transporters and/or
intracellular-binding proteins are discussed.

This characterised the intestine as a low-affinity, high- Key words: dietary metal absorption, kinetics, heavy metal
capacity zinc absorption pathway. Physiological accumulation, mucus, tissue distribution, fish, zinc homeostasis.
Introduction

For aquatic biota, as for other organisms, zinc is a vitatpeciation within aquatic systems. Most zinc is sequestered
micronutrient (Watanabe et al., 1997) and must be assimilatedthin sediments while water column zinc is almost entirely

from the environment. However, in contaminated ecosystenarticulate, adsorbed to dissolved organic and inorganic
zinc is also an important toxicant (Eisler, 1993) and thereforeompounds (Florence et al., 1992; Rozan et al., 2000). It is
presents an additional physiological challenge. While thevithin the alimentary canal, where interactions with digestive
absorption of zinc needs to persists, mechanisms must alsecretions may cause desorption of metals from food and
exist for limiting assimilation and/or toxicity. Homeostatic ingested particulate matter (Powell et al.,, 1999), that
control of accumulation may be the key to survival inbioavailability is increased. It is therefore not surprising that
contaminated waters. orally assimilated metals have been implicated in chronic
Zinc absorption occurgia two major routes. The branchial toxicity (Woodward et al., 1994; Farag et al., 1999).
uptake pathway for waterborne zinc is well characterised, Despite the obvious nutritional and toxicological value in
owing to its mediation of acute toxicity. The passage of zinstudying dietary zinc uptake, there have been relatively
through an apical Ga channel in the chloride cells of gills few studies on this topic. In freshwater rainbow trout
accounts both for the uptake and for the potentially lethalOncorhynchus mykisdietary zinc supplementation caused
hypocalcaemia induced upon zinc exposure (Spry and Woodpse-dependent increases in body zinc (Wekell et al., 1983).
1985; Hogstrand et al., 1996, 1998). Significant absorptive interactions of zinc with other dietary
Dietary zinc absorption is less well characterised. It igations have been hypothesised (Knox et al., 1984; Hardy and
known, however, that gastrointestinal uptake is likely to be oShearer, 1985; Wekell et al., 1986), although the mechanisms
greater importance to zinc body burden than the branchial roubs which this could occur have not been investigated. Feeding
(Hogstrand and Wood, 1996). This is a consequence of zirmnc as an organi@ersusan inorganic, chelate have also been
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studied, with either a beneficial (Paripatananont and LovelDam National Fish Hatchery, Kentucky, USA and transported
1995; Hardy et al., 1987) or no (Li and Robinson, 1996) effedib holding facilities at the University of Kentucky. Fish were
upon body zinc status. These studies have mainly focussed praintained in 4001 fibreglass tanks with flowing, aerated and
quantitative endpoints and have not attempted to address ttechlorinated Lexington city tap water. Water temperature was
question of how zinc is absorbed. maintained at 11-15°C and food was withheld from fish for at
In contrast the mechanism of zinc absorption in a marine fisleast 5 days before experimentation.
(winter flounder:Pseudopleuronectes americahusas been
addressed more directly (Shears and Fletcher, 1979, 1983). Surgical preparation
Two components to intestinal zinc uptake were noted, with Anaesthesia was induced by immersion of fish in 3-
a saturable uptake pathway superimposed upon a lineamminobenzoic acid ethylester (MS-222: 0.4%gIpH 8.0;
diffusive route that was prominent at higher luminalSigma) and maintained by perfusion of aerated MS-222
concentrations. In addition, the intracellular metal-binding(0.1gt%, pH 8.0) across the gills for the duration of the
protein metallothionein (MT) was found to play an importantprocedure.
role. Passage of zinc across the basolateral membrane waJhe intestinal cannulation method was modified from
believed to be passive. Wilson et al. (1996). Transverse incisions in the body wall and
Zinc absorption in the mammalian intestine follows a similathen the stomach were made and a flanged inflow catheter
pattern to that described by Shears and Fletcher for marif®icroline: i.d. 1.02mm, o.d. 1.75mm, Cole Parmer) was
fish. Two uptake components exist, while intracellular bindingpushed through the pyloric sphincter and into the anterior
moieties such as MT have important roles (Lonnerdal, 1989)ntestine. The catheter was secured in place by a ligature,
The nature of the basolateral transfer of zinc is controversighking care not to occlude intestinal blood vessels. A second
although recent localisation of the ZnT-1 zinc exporter to théody wall incision near the anal opening exposed the posterior
basolateral membrane suggests a mediated event (McMahimestine. A small slit was created in the intestine and the
and Cousins, 1998). outflow cannula [flared 10-2Q0 pipette tip attached to a
In fact much recent research has focussed upon the potentiskthral catheter (Bard)] was inserted and secured in place.
roles of membrane transporters in zinc uptake. Moleculddndigested food was cleared from the intestine by sluicing
approaches have led to the cloning of many different metalith saline (77 mmoH! NaCl). Following incision closure the
transporters in a wide variety of organisms. Transporters su@xteriorised ends of both cannulae were secured to the body
as the zinc transporter (ZnT) group (Palmiter and Findlaywall via ligatures at the base of the dorsal fins. This allowed
1995; Cousins and McMahon, 2000), the ZRT/IRT-relatedhe fish to adopt a normal upright posture following recovery.
protein (ZIP) family (Guerinot, 2000) and divalent metal The entire surgical procedure lasted 15-20 min.
transporter-1 (DMT-1; Nramp2) (Gunshin et al., 1997) are
likely to play important roles in the uptake of zinc in a variety Experimental procedure
of species, tissues and cellular organelles. Following surgery, individual fish were placed in flux
The present investigation utilised an vivo perfusion chambers (Wood et al., 1996) supplied with flowing aerated
technique to examine zinc uptake @ncorhynchus mykiss and dechlorinated Lexington tapwater. Chambers consisted of
This procedure permitted close control of the gut environmera clear, perforated acrylic box (35&fil cnx8cm) fixed
in a physiologically responsive system. Timevivo, flow- inside a larger black acrylic box (40820 cnx14cm). Both
through nature of the method provided insights into potentidboxes contained fitted lids with anterior and posterior
homeostatic regulation of the uptake process. Basic kinetjgerforations. This construction allowed the fish to be isolated
characterisation of zinc uptake was followed by investigatiofirom outside disturbances yet permitted unobstructed
of specific aspects of the absorptive process, notably thexperimenter access to both cannulae. Once placed in the flux
potential role of sulphydryl moieties. This yielded informationchamber, approximately 1h was allowed for recovery from
about the mechanism of zinc absorption in a freshwater fiskurgery. Experiments were performed on unfed, sensory
species, and allowed comparison to uptake in mammals awmlgprived animals to minimise stress. The stress of surgery and
marine teleosts. The establishment of this technique ha®nfinement, however, were unavoidable, but consistent for
permitted subsequent examination of other aspects of zinmeated and control animals. During recovery the inflow
uptake such as the role of low molecular weight ligandgannula was connected to a peristaltic pump supplying a
(Glover and Hogstrand, 2002), and interactions of zinc wittv7 mmol ! NaCl saline and perfused at experimental flow
other dietary metals (C. N. Glover and C. Hogstrand, imates.
preparation). Perfusion of experimental solutions commenced once
consistent outflow was achieved. Previous experimenters noted
inconsistency of output at high flow rates (Wilson et al., 1996).
: In the present study higher flow rates appeared to stimulate
Animals mucus secretion, obscuring flow. Lower perfusion rates did not
Rainbow trout Oncorhynchus mykis#/albaum; 73-443g, allow consistent flow. Therefore outflow rates averaging
mean +s.0. 191+9 g,N=85) were obtained from Wolf Creek 9.0+0.15mlhl(mean #s.e.m.) were used, independent of fish

Materials and methods
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mass. Flow was calculated by collection and weighing 10 miactivity from the efferent cannula over the last 30 min of the
periods of efferent outflow. Fish were checked for signs oéxperiment. Flow rate) is the calculated average of outflow
intestinal fluid leakage and intestinal oedema (subepithelialolume over the final 30 min of perfusion and is expressed in
tissue water content). Furthermore, in initial experiments anlh-1 mis the fish mass in g, ar®Ais the specific activity
fluid budget was able to account for total perfusate volumegf the perfused solution. Net influ¥)X is expressed as
suggesting that intestinal integrity was maintained throughoutmolglh-1, and is a measure of the net disappearance of
the experiment. 65Zn(l1) from the perfused solution, at steady state.
Experimental perfusion solutions consisteds®@n(ll) (as Accumulated tissue Zn(ll) concentrations were calculated:
ZnCly: approx. 4 kBqmil, New England Nuclear), with Zn(Il) 7 = COMiccue/ SA 3)
added as ZnS£YHO (Sigma) to the stated concentration = CPMissuel SA, _
(5, 50, 150, 300, 400 or 5@@nol 1), in saline (77mmott  where accumulationZ]j is nmol. Accumulation rateg were
NaCl). In experiments to investigate the role of sulfhydrylalso determined:
group blockadelN-ethylmaleimide (NEM: 1 mmott; Sigma) . .
was added in solution with $Gnol =L Zn(Il). To allow the Z= CpMissue/ (M tx SA), )
physiological control of pH by the fish, pH buffers were notwhere tissue massry is in g and timetf is in h, to give
used. Consequently the pH of the inflowing perfusate rangestcumulation ratesZ) of nmol glh-1for all tissuesZ is a
from 6.0 to 6.4, while outflowing perfusate generally showedneasure of the appearance of Zn(ll) in tissues. This differs
a slight but insignificant increase. from F, which was based upon the difference between inflow
Ethylene glycol tetraacetic acid (EGTA; Sigma) is a strongand outflow radioactivity.
chelator of zZn(lIl). Experiments were conducted using EGTA The percentage of perfused Zn(ll) retaingd) (by the fish
to determine the nature of the Zn(ll) bound to the intestineafter a 3 h perfusion was determined as follows:
EGTA should remove loosely bound ZzZn(ll) without an _
effect on internalised metal levels. These experiments were ZrR=2Zr 127+ (3.cpmout/ SA, )
conducted in an identical manner to those described abowwhere total accumulatiafyr is the sum of accumulation in each
Fish were perfused with either ftholl-1 or 500umoll-}  tissue (nmol). Mucus and epithelial cells are continuously
Zn(Il). Following euthanasia the intestine was removed wittsloughed into the lumen and excreted. It can therefore be
cannulae intact and solutions [60mlI EGTA-free (deionisedfonsidered that epithelial Zn(ll) accumulatiafe) does not
water; 50 ml 1 mmoH! or 5mmol 1 EGTA followed by 10ml  necessarily represent Zn(ll) that is absorbed. Consequently the
deionised water] were flushed through the intestine at a rate absorbed Zn(ll) fractionZa) was used as a measure of post-
approximately 10 ml mir- epithelial absorption:
All experimental perfusions lasted 3h, during which time _
65Zn(ll) reached a steady state in collected outflow samples. Za =21 = Zel 127+ (3.cpmou/ SA, ©6)
Upon dissection the intestine was removed and splivhereZg is in nmol.
longitudinally. The exposed mucosal surface was scraped with Throughout the text ‘epithelial’ refers to the tissue removed
a glass microscope slide and dried to constant mass. Abm scraping of the intestine following perfusion. It therefore
the conclusion of the experiment, outflow samples, plasmancludes both mucus and mucosal intestinal cells.
blood cells, ‘epithelium’ (mucus and epithelial cells), ‘Subepithelial’ denotes intestinal tissue remaining following
‘subepithelium’ (scraped intestine) and duplicate homogenisestraping. Blood variables were calculated assuming that a 1 kg
samples of remaining body tissue were assayed®$on  rainbow trout has a blood volume of 50ml (Milligan and
activity via gamma-counting (Canberra Packard 3600). Plasm#&ood, 1982). ‘Body’ represents tissue remaining following
chloride (CMT10, Radiometer) and haematocrit wereexcision of the intestine, and blood sampling. ‘Post-intestinal’
determined as indicators of iono- and osmoregulatory integrityparameters are those calculated using pooled blood and body

data.
Calculations Data throughout the text and in figures are expressed as
The specific®5Zn(ll) activity of perfusate solutions was means 1s.e.M. Significant effects<0.05) of treatments were
calculated as follows: tested using analysis of variance (ANOVA), unless otherwise
stated.

SA=A/[Zn] x 1000, (1)

whereSAis the specific activity (cts ntihinmol1), [Zn] is the
Zn(l) concentration (nmotf) and A is the activity Results
(gammacts mim*mi-Y) of the perfusate. Characterisation of Zn(ll) uptake

Net influx (F) was calculated using the following formula:  The passage of Zn(ll) through the intestine at experimental

_ flow rates was rapid, witPZn(ll) detected in outflow within
F = [(cpmn — cpmu) x Q] / (m x SA), (2) " the first 10min collection period (Fig. 1). An initial rise in

where cpm is the gamma counts per minute of the inflowingoutflow 85Zn(l1) activity was followed by a sharp linear phase
perfusate, while cpgi: is a calculated average 6%Zn(ll) of output, the slope being independent of Zn(ll) concentration.
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Fig. 1. Profile of 85Zn(ll) activity obtained a>3§
from the efferent cannula following perfusion g S 40 |
of the intestine with Zn(ll) (5Amol ). xS
Perfusion rates averaged 9.0+0.15mIThe 20 |
vertical line indicates when the solution was
switched to®5Zn(ll)-free medium. Values are 0 — —
means s.e.M. (N=10, Zn(ll) perfusion;N=4, 0 20 40 60 80 100 120 140 160 180 200 220
Zn(ll)-free perfusion). Time (min)

A gradual realization of steady state was achieved during thetestinal compartments) ranged from 20.9+2.4 to 32.9+5.0%
second hour of perfusion. An exponential decay of activityat perfusion concentrations of 50®oll-1 and 40Qumol -3,
from the intestine was recorded following the subsequenespectively (Fig. 2). With the exception of the 40dol -1
perfusion of the intestine with a Zn(ll)-free solution attreatment group there was a trend of decreased retention with
experimental rates. increasing perfused Zn(ll) concentration. The absorbed
Zn(ll) stimulated mucus production at all concentrationdfraction (proportion of perfused Zn(ll) accumulated in
tested (Fig. 2). An increase in epithelial mass above that gfost-epithelial compartments) exhibited a similar trend. At
Zn(l)-free perfused controls indicated mucus production, anépmol I, 11.6 % of perfused Zn(ll) was absorbed beyond the
an increase in intestinal mucus was observed upon dissecti@pithelium, while at 50Qmoll~1 the proportion dropped
Control experiments yielded a mean epithelial mass of 0.071p 6.4%. The absorbed Zn(ll) fraction was significantly
compared with mean epithelial masses ranging from 0.17 toorrelated with the retained Zn(ll) fractioR<{0.05), while the
0.32g with zZn(ll) perfusion. The magnitude of the mucusretained Zn(ll) fraction was significantly correlated with
response was independent of the perfused Zn(ll) concentrati@pithelial dry massR<0.05). This relationship was made
and was induced even at the lowest Zn(ll) concentration testegpecially apparent by the 4@®ol I-1 treatment group, where
(5umol I7Y). a peak in epithelial mass coincided with a sharp increase in
The retained Zn(ll) fraction (the proportion of perfusedretained Zn(ll) fraction.
Zn(ll) retained by the epithelial, subepithelial and post- Net influx, the disappearance of Zn(ll) from the perfusate,

[ Epithelial mass
40 - —O— Retaned fraction - 06

—8— Absorbed fraction

- 35 Hm 7n(ll)-free epithelial mass
Fig. 2. The influence of perfused Zni -2 - 05
concentration upon epithelial ma ? = 30- fté
retained Zn(ll) fraction and absork ;E’ L 04 1S
Zn(ll) fraction. The value for epitheli 5 25- ' %‘
mass (gdrymass) resulting  fr %‘ Q 2
perfusion of Zn(ll)-free solutions (fille © & 20- L 03 &
bar) is the mean *sem. of 4 @ C_i' — £
experiments; epithelial mass of Zn '§ S 154 8
perfused solutions (open bars), retai % 5 l 1 T F02 2
Zn(ll) fraction (open circles), ar £ 8 104 | =
absorbed Zn(ll) fraction (filled circle %_’ \l - 01 w
are means ®.EM. of 7-11 experiment & 5 4 e
Control and Zn(ll)-exposed intestir
were perfused for 3h, and retained 0- : : : : : Lo
absorbed fractions are expressed 0 100 200 300 400 500
percentage of total Zn(ll) perfused o [Zn(I1)] (umol 1-1)

the 3h period. Epithelial mass is wie
mass of material scraped from the intestinal mucosal surface and includes both epithelial cells and mucus. Retainediain(B)tfrac
proportion of perfused Zn(ll) retained in the animal, while absorbed Zn(ll) fraction represents the proportion of Zn@j retgost-
epithelial tissues (intestine, blood, body).
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Fig. 3. Net influx of Zn(ll) (hmolgth-Y) from the perfused medium Fig. 4. Epithelial Zn(ll) accumulation rate (nmolgdry mass?)

into the tissues, measured as disappearance of Zn(ll) from perfusafollowing a 3h intestinal perfusion of the intestine with Zn(ll)

Values are means se.M. (N=7—11). Net influx was calculated over solutions of varying concentration. Values are means.Et.

the final 30 min of a 3 h perfusion. (N=7-11). Epithelium represents tissue scraped from intestinal
mucosal surface and includes epithelial cells and surface mucus.

exhibited a distinct sigmoidal pattern (Fig. 3). At lower
Zn(ll) concentrations a linear influx was noted which(epithelial cells and mucus from intestinal scrapings) was the
accelerated rapidly between 50 and BO®!I-1, and then largest Zn(ll) compartment accounting for 56—74 % of ttotal
levelled out to approx. 2750 nmaot'd?! at higher perfusate Zn(ll) accumulation. The gut as a whole (epithelium and
concentrations. A three-parameter sigmoidal curve bestubepithelium) contained 76-88% of total retained Zn(ll).
described the datar0.62, P<0.001, fitted to all data There was a tendency at higher concentrations for
points). proportionally less Zn(ll) to accumulate in the blood
Increasing Zn(ll) concentration increased total Zn(ll)(specifically in erythrocytes) and body (carcass remaining
accumulation (based upon Zn(ll) appearance in the fishjpllowing dissection), and concomitantly greater accumulation
although saturation was apparent at higher experimental the epithelial compartment. There were no significant dose-
concentrations (Table 1). This was reflected in most tissugependent differences in percentage accumulation for plasma
accumulation profiles, with the exception of plasma, whiclor subepithelial (intestinal tissue remaining following
exhibited a linear increase in accumulation with increasingcraping) compartments.
perfusate Zn(ll) concentration. The intestinal epithelial tissue Epithelial accumulation rate followed a very similar pattern

Table 1.Accumulation of Zn(ll) into various compartments followimgivo intestinal perfusion d#°Zn(ll) solutions of
increasing concentration

Zn(1l) accumulation (nmol)

[Zn(I1)] (umol I-9) 5 50 150 300 400 500
Epithelium 204 17631 664+140 1198+223 23021294 1945+254
(64+7) (56+3) (72+3) (7126) (7423) (684)
Subepithelium 512 5617 119+22 246154 412+79 42776
(14+2) (20+2) (13+2) (17+5) (13+3) (16+4)
Erythrocyte 1+0.3 61 10£2 18+3 61+18 48111
(4+2) (2+0.5) (1+0.2)* (1+0.4)* (2+0.5) (2+0.3)*
Plasma 2+1 2316 53+12 74+15 143+38 183+51
(6£2) (8+2) (741) (6£1) (741) (7£2)
Body 412 41+8 62112 96+25 166+39 202+30
(12+4) (14+2) (7£1) (7£2)f (1) 8+1)f
Total 3316 302145 9021168 1622+236 3088+367 27871234

Values are means &e.M. (N=7-11); values in parentheses represent the percentage contribution of each compartment towards total
accumulation.

Significant differences in Zn(ll) distributioriP€0.05) were tested by ANOVA, withost-hocdifferences determined by Fisher's LSD test:
* significantly different from the fimol I-! treatment group* significantly different from 5@mol I-X treatment group.
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Fig. 5. Subepithelial Zn(ll) accumulation rate (nmolgetmasst!)  Fig. 6. Body zn(ll) accumulation rate (nmofigvetmass h)
following a 3h perfusion of the intestine with Zn(ll) solutions of following a 3h perfusion of the intestine with Zn(ll) of varying

varying concentration. Values are means sEM. (N=7-11).  concentration. Values are means.ewm. (N=7-11). Body represents
Subepithelium represents intestinal tissue remaining followinghe tissues remaining following intestinal excision.
mucosal scraping.

solutions. Flushing removed 30-50% of epithelial mass, and
to net influx data (Fig. 4). An initial linear accumulation 46-97 % of epithelial Zn(ll) accumulation.
followed by a faster uptake rate at intermediate concentrations There was also a significant flushing effect on subepithelial
was described. Epithelial accumulation rate appeared @n(ll) accumulation rate (Fig. 8B). Flushing in EGTA-free
saturate at approx. 3750 nmotg—L. As with influx, the raw  medium reduced subepithelial Zn(ll) accumulation rate
data gave the best fit?€0.41,P<0.001) when fitted to a three- by 85% to 16nmolgth~1 at 500umoll-1. The resulting
parameter sigmoidal curve. accumulation rate was not significantly different from flushed
Subepithelial accumulation rate exhibited a hyperbolidntestine at 5@mol I-1. EGTA solutions reduced subepithelial
curve (Fig.5). As the Zn(ll) concentration increased, theZn(ll) accumulation to between 3.6 and 6.5nndhgl,
Zn(ll) accumulation rate rose in a relatively rapid mannerindependent of Zn(ll) concentration initially perfused.
levelling off at higher concentrations. The rate of zZn(ll)
accumulation into the body (carcass remaining following Effects of NEM in perfusate
dissection) followed a similar pattern, albeit of lesser A significant and highly pronounced effect of NEM was
magnitude (Fig. 6). At low concentrations a rapid rate ofoted (Table 2). Transport of Zn(ll) into post-intestinal
accumulation existed, whilst at higher concentrations @ompartments virtually ceased, with a 91-92% decrease in
saturation effect occurred. This saturation was mor@ccumulation rate. There was no significant effect of NEM
pronounced for the body than for the subepithelium. on accumulation rates into epithelial or subepithelial
Michaelis—Menten kinetics were calculated from an
Eadie—Hofstee plot of post-intestinal accumulation rate

(pooled blood and body accumulation rates). Post-intestini 2 600
rate was used as this represents the Zn(ll) considered to & e Subepithelial accumulation
truly absorbed. A maximal rate of accumulatiodma) -% 5001 —o— Postintestinal accumulation
of 933+232nmolkgth-1 was determined, while the =
concentration required to reach half this maximal riigs) % 4001
was calculated to be 309+1fidoll-L. A linear phase of & 300
uptake could not be determined. =

A strong and significant linear relationship between;f 200 .
subepithelial and post-intestinal accumulation was note $
(Fig. 7). As subepithelial accumulation increased so too di £ 100
post-intestinal accumulation. té_

Q
Post-perfusion flushing G 0 : : : : .

Flushing of excised intestine with saline or EGTA-saline 0 100 .200 300 400 500

reduced epithelial Zn(ll) accumulation rate. Accumulation Luminal[Zn(Il)] (Hmol 1)

rates dropped to 52-115nmoty~l with no significant Fig. 7. Relationship between subepithelial (intestinal tissue following
difference between experiments conducted at 50 anmucosal scraping) and post-intestinal (pooled blood and body) Zn(ll)
500umol 1 (Fig. 8A). The presence of EGTA in the rinse accumulation at different concentrations of perfused Zn(ll). Values
solution had no additional effect compared to EGTA-freeare means sEm. (N=7-11).
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l’T‘ Table 2 Effect ofN-ethylmaleimide on tissue Zn(ll)
< 80001 A accumulation rate
o == Control T Accumulation rate
g 70007 == EGTA-free
-1
R = EGTA 1 mmol | Control +NEM Decrease (%)
2 60001 —= EGTA5 mnol |- —
s Epithelium 384+146 357+67 7
IS Subepithelium ~ 12.1+2.0 11.743.0 4
B 5000j Blood 1.240.3 0.11+0.02 91+
g Body 0.09+0.02 0.006+0.002 92*
S 400;
= NEM, N-ethylmaleimide (1 mmott).
g ¥ ¥ Accumulation rate is nmolgh= over a 3h period of intestinal
N 2001 + perfusion with 5umol I-1 Zn(ll). Values are meansse.m.; N=7-11
% |—7—| "L‘ m experiments for control$y=3 experiments for +NEM.
< 0 i 1 . *Significant differences from control valueB<0.05), determing
iy 50 500 by Student's-test.
[Zn(11)] (umol I-1)
1607 B *
% diffusive linear component that was absent in the present study
5 - Control (Lonnerdal, 1989). Kinetic analysis of the saturable component
B == EGTAfree yielded aJmaxof 933 nmolkglh-1and aKo s of 309umol -1,
2 i = EGTA 1 mnmol |- i i i i i
gl_. 120 — EGTA5 mmol I-L Other aythors using a variety of techniques in rqts and in
S 5 human intestinal cell lines have reporteégs values in the
:§> range of approx. 30-3§0nol -1 (Menard and Cousins, 1983;
E’ g 207 5 Oestreicher and Cousins, 1989; Hoadley et al., 1987; Fleet et
=< * al., 1993), which include th&gs determined in the present
T study.
g 10 " 5 The intestine and gill are the two major uptake routes for
% § Zn(ll) in fish. Kinetic analysis of branchial Zn(ll) uptake has
been performed previously in rainbow trout. The@ax Of
50 500 intestinal Zn(ll) uptake in the present study was two to
[Zn(In] (umol 1Y) three times greater, while thi€os was nearly two orders

of magnitude larger than corresponding values measured
Fig. 8. Effect of post-perfusion flushing of excised intestine onpreviously for the gill Jmax 240-410nmolkgthl, Kos
epithelial (A) and subepithelial (B) Zn(ll) accumulation rate 3.6—7.8umoll1) (see Hogstrand et al., 1995). The intestine,
(nmolgthl). Values are means sEm. (N=3-4). Significant relative to the gill, can therefore be described as a low-affinity,
differences * between perfused Zn(ll) concentratiohyetween high-capacity Zn(ll) transport pathway.
control and flushed treatmenl%;between EGTA-free and EGTA It is un”ke'y that a diffusive Component of uptake exists in
solutions, where indicated, areR0.05. thein vivo preparation used. The similarity of the piscine rate
constant to those determined in mammals suggests that the
compartments. Markers of osmo- and ionoregulatoryalculation olKoswas not unduly affected by an undetermined
pertubation to the animal (haematocrit and plasma chloriddiffusive component. Furthermore the Zn(ll) concentrations
concentration) did not differ from control values following used in the present study were sufficiently high to detect such
NEM perfusion. a component should it exist (Steel and Cousins, 1985; Fleet
et al., 1993). The remarkable cross-species similarity of rate
i , constants for the saturable uptake pathway highlights the
Discussion generally conserved nature of intestinal Zn(ll) transport.
Kinetic characterisation of intestinal Zn(ll) uptake The conservation of transport across species and tissues is
An in vivo perfusion techniqgue was used to characterisdéikely to result from the actions of Zn(ll) transporter proteins.
intestinal Zn(Il) uptake in freshwater rainbow trout. Importantin  mammalian intestine, a number of transporters with
differences to established patterns of Zn(ll) uptake in othgproposed roles in Zn(ll) absorption have been discerned.
organisms were revealed. Most significantly only a saturablBMT-1 (Nramp-2) is an apically located transporter (Tandy et
component of absorption appeared to exist over thal., 2000) known to be capable of transporting Zn(Il) (Gunshin
physiologically reasonable Zn(ll) concentrations examinedet al., 1997), while ZnT-1 is likely to be involved in Zn(ll)
While saturable Zn(ll) uptake is an established phenomenon efflux across basolateral surfaces of intestinal epithelia
the intestine of other animals, it is usually accompanied by gCousins and McMahon, 2000). Within cells ZnT-2 (Palmiter
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et al., 1996) and ZnT-4 (Murgia et al., 1999) may play vitabeen hypothesised to occur at other piscine uptake surfaces
roles in Zn(Il) compartmentalisation with putative functions(Shephard, 1994). This suggests that mucus is likely to
in vesicular Zn(ll) sequestration. Recent studies haveontribute to the regulation of intestinal Zn(ll) absorption.
demonstrated the existence of ZnT-1 homologues in piscine Mucus hypersecretion may also explain the lack of diffusive
intestine (S. Balesaria and C. Hogstrand, unpublished). Margn(ll) uptake. At high mucus polymer content it is possible for
of the results in the present study could be explained by thepithelial mucus to exclude water passage across the uptake

actions of the transporters described above. surface (Shephard, 1994). This appeared to be the situation in
_ o _ the present study where no intestinal oedema was determined.
Regulation of subepithelial Zn(Il) accumulation In other studies using a similan vivo perfusion method,

One such transporter-mediated role could be in théntestinal oedema has been reported (Bogé et al., 1981). Using
regulation of subepithelial Zn(ll) accumulation. Flushing ofthe same protocol, luminal composition can be modified to
excised intestines removed considerable quantities of epithelis@duce intestinal mucus secretion, also resulting in intestinal
Zn(ll), independent of perfused Zn(ll) concentration or theoedema (C. N. Glover and C. Hogstrand, in preparation). If
presence of EGTA in the rinse solution. This is notable foZn(ll) absorption is linked to water or solute passage (Wapnir
three reasons. First, it suggests that most Zn(Il) was presenten al., 1989) the mucus layer would obstruct both water
the loosely bound fraction of the epithelium (mucus andibsorption and diffusive Zn(ll) uptake. The linear uptake
sloughing epithelial cells). Second, EGTA, which would becomponent observed in mammalian studies may therefore be
expected to remove extracellularly bound Zn(ll) (Tacnet et alan artefact ofin vitro techniques. In experimental systems
1990), had no effect above that of flushing alone. This impliecking the natural mucosecretory response, a diffusive
that extracellular binding to the epithelial surface did not playpathway to Zn(Il) may become available that would not exist
an important role in the uptake process. Third, the lack ah vivo.
any difference in Zn(ll) accumulation rate between 50 and Mucus binding of metals is proposed to have an additional
500umol -1 suggested intracellular compartments of therole in mammalian gut, potentially acting as the first step in
epithelium were saturated with Zn(ll) at the lowerassimilation. Atlow, nutritionally relevant Zn(ll) levels, mucus
concentration. may trap the metal close to the epithelium, generating high

This evidence is suggestive of a mechanism controllindgpcal Zn(ll) concentrations at the uptake surface. This would
uptake. Owing to the probable lack of a diffusive, paracellulaexplain why the subepithelial Zn(ll) accumulation curve
pathway for Zn(Il) uptake, EGTA-removable Zn(ll) is likely exhibits a hyperbolic uptake at low Zn(ll), while the slope of
to be sourced from the subepithelial tissue. Such an acti@pithelial accumulation remains relatively slight (Figs 4, 5).
could be consistent with the presence of a basolateral efflukhe ability of mucus to bind, sequester and then donate Zn(ll)
protein such as ZnT-1 and suggests that the passage of Znfb)the epithelial cells is attributed to the mucus microclimate
into the subepithelial tissue is subject to regulation. Théself. Within the mucus layer pH gradients may act to facilitate
decreased proportion of retained and absorbed zZn(ll) witthe transfer of Zn(ll) from the mucus to the epithelial cells
increasing perfused concentration (Fig. 2), a pattern also notéBowell et al., 1999). It has been demonstrated that affinity of
in marine fish and mammals (Lonnerdal, 1989; Shears argh(ll) for mucus is at its lowest at the pH of the mucosal
Fletcher, 1983), would also hint at a regulated Zn(ll) uptakenicroclimate in mammalian intestine (Powell et al., 1999), a
process. scenario that would promote Zn(ll) donation to the epithelium.

The dual roles of intestinal mucus in both facilitating and
Important roles for mucus hindering Zn(ll) absorption suggest this moiety has an

One of the most notable aspects of the present investigatiomportant regulatory influence upon dietary metal uptake.
was the massive intestinal mucosecretory response induced Hpwever, in providing an increased barrier to uptake mucus
the perfusion of Zn(Il). Heavy metals have previously beersecretion may result in decreased assimilation of nutrients
shown to stimulate mucus secretion in both fish andForstner and Forstner, 1994). As Woodward et al. (1994)
mammalian systems (e.g. Lock and Van Overbeeke, 198bhserved, environmental contaminants need not be absorbed to
Bandyopadhyay and Bandyopadhyay, 1997). This is purportezhuse harm.
to have significance for the protection of fish from metal
pollutants. The polyanionic nature of mucus at neutral pH Evidence for two uptake pathways across the epithelium
bestows it with a large metal binding capacity (Handy et al., A direct relationship existed between subepithelial Zn(ll)
1989). In the present study the flow-through nature of thaccumulation and Zn(ll) accumulation in blood and body
technique used resulted in the appearance of shed mucus in (hest-intestinal accumulation). A similar observation was
outflow fractions. The epithelial compartment (mucus andnade for winter flounder (Shears and Fletcher, 1983). Two
epithelial cells) accumulated up to 74 % of the retained Zn(Il)possibilities may explain this correlation. Either post-intestinal
indicating the shedding of mucus-bound metal and epithelislccumulation is dependent upon subepithelial accumulation
cells greatly reduced tissue exposure to this potential toxicarShears and Fletcher, 1983), or passage of zZn(ll) from
The role of mucus in binding, precipitating and preventing thehe epithelium to the subepithelium or the circulation is
potential toxicant from reaching the uptake surface has algwoportionally partitioned. Recent studies show that post-
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intestinal Zn(Il) accumulation can be affected independently oProtection Agency grant #R826104 awarded to C.H.
subepithelial accumulation (anite versaby altering luminal  Experiments presented here were approved by the Institutional
composition (Glover and Hogstrand, 2002) (C. N. Glover and\nimal Care and Use Committee of the University of
C. Hogstrand, in preparation; see also Table 2). Such evidenkentucky. We are grateful to the anonymous referees whose

favours the latter hypothesis. comments improved the quality of the manuscript.
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