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flounder using an 'Ln eztu technique, ‘an - equilibrium dialysis technique -
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’ absorbing Zn ’ with the uppermost portion of the intestine hsving; the

that the capacity to absorb Zn

‘ABSTRACT‘ T Teee e

The gastrointestinal uptake of Zn"’-"' was studied in the winter -

B .

.o KR -<‘/'
- . g DN .

and a- non—absorbed marker technique.v g __ o S

~

!

T The entire digestive tract of the flounder was capable of

Yy vt

highest and the stomach the 1owest capacity. A seasonal study revealed

2+ was greatest during the summer feeding

v ,’ ‘s ",

period Zn2+ absorption appesred to involve at least two steps, the ] L

first a rapid accumulation of Zn2+ by the tissue and the secbnd, -'

slower transfer of Zn2+ into the body. The total amount of Zn
. mf o

! s . 3:
a_bsorbed increased with increasing loads of Zn in the lumen, the

'.,\ o '-

transfer mechanism d:Ld not appear to be saturated at the highest Zn

i’oads tested However Zn uptske was inhibited by several other o

metals and’ by the amino acid histidine. .- S SN

The capacity of the digestive tract to absorb Zn was not affected

- s

by feeding the flounder a high—Zn2+ diet or by increasing the body Zn2+ . -

] ‘

load by parenteral in;}ections. . In the eVent of exposure ‘to- elevated

, Y

Y 1eve1s of Zn2+ in the diet, it is suggested that eliminstion mechanisms _'

I

: may play a greate‘r role 1 Zn homeostasis in the winter flounder than ’

'J"f . \.. , . .
limitation of gastrointestinal uptake. SURR LI AR L

. . 1.
Y - L

The dynamics of Zn2+ turnover in the flounder was investigated by

examining the distribution of 65Zn in the tissues following single ‘

o intramuscular j,njections of the radiotracer. The tissues exhibited

-

different rates of accumulation and loss of 65Zn, the most"rspid being

/

“din tissues such as the kidney, liver, gill and gastrointestinal tract._ E K

Y
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Retention of. GSZn was examined in live flounder using a wholle-;
?body detector._ The loss of 55Zn appeared to vary seasonally, "when -

flounder were monitored during the aummer feeding period the rate of

652n loss (monitored in the area of the peritoneal cav1ty) increased h

over that seen in ‘the winter non—-feeding period (i € TB1/2=223 and

1510 days, respectively) Whole—body 652.'n retention. patterns were -
similar in floqnder injected with saline or a load of stable Zn

Under t:hese experimental conditions the rate of Zn2+ 1oss was. not -

affected by an’ excess of stable Zn .‘l-; L N T
L e e BLIRE RECR

Experiments conducted to determine the possible site(s) of Zn2+

C . PR

excretion into the digestive tract follov?hfg i v. injections of 65Zn

K-}

indicated that Zn2+ could be secreted" into the lumen contents sll

Other possible sites of Zn2+ eliminjation include the
gills, kidney and body Surface. o /‘ N _;‘

v

Chromatographic techniques were used to examine the Zn2+~binding
oy ; B

2+ "“' S

proteins in the cytosols of aeveral tissues of t“ne winter flounder. A>A .

low molecular Weight §52n (Zn2+)—binding protein, with properties
characteriz:l_ng it as metallothionein, was isola.ted from the mucosal and

4 +

-inJ ected flounder.

Cliver cytosols of Zn

it
" .

to be serving the same function(s) in the intestine of the flounder as '. -

commonly hypothesized for mammals. The presence of the protein in the

mucosal cytosol "did no“\pppear to be associated with any enhancement or L

depression of Zn absorption. .

e

metabolism of Zn in the flounder remains to be resolved. Thet it could

Rx

play a- role in homeostasis is suggested by the presence of a low molecular

- P

\weight Zn binding protein, With elution characteristics similar to

metallothionein, in the tissues of normal flounder.,-- ‘ ,’ -
SE R e

The role of metallothlonein in the normel c

o

Metallothionein did not appear - N
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‘3put (Hoss 1964 Pentreath 1973 a, b' Renfro et al. 1975) .For-exampleji"A

L

_rats appear able to closely regulate the zinc concentration in most of

Y

© - GENERAL INTRODUCTION R
o : b T ‘
) Zinc is essential in,trace amounts for the well—being of all living-\r' s ar

organisms._ It has been identified as‘en integral constituent of several 4

‘ -

4 v

metalloenzwmes involved in a widevvariety of mftabolic processes

'(Riordan and Vallee_1976) Where zinc deficiency has been demonstrated

in 1ah0rat0ry animals\(i.e., rats and mice), in livestock and in man,‘ i

'h"it is characterized by a’ reduotion in growth & loss of appetite,Iskin ‘i

ifdiet. However laboratory studies using the radiotracer 65Zn ihdicate ,fn

V]

k3

":_lesions and impaired reproductive development and function (dnderwood

Ll

--;1971 1977) ) 1'.1 :-‘”71“"“ el ‘fw& - 'fi_ .f ”. L i‘:u guld

M S . :

Fish can obtain zinc from the water,.via.the gills, and from the

N 2 -

that under normal conditions the diet represents the major source of in- LS

-+

even when Zn2+ is present in the rearing water, the growth rates of

‘ some fish have been shown to be reduced when they were fed a Zn2+

«zinc content of most body tissues.h Regardless of whether they are

3

; deficient diet (Ogino and Yang 1978 1979 Ketola 1979) In addition, e

'these fish exhibited a Loss of appetite, erosion of the skin and fins,‘

and developed cataracts."‘

‘. R . ' - oo

Mammals and birds have homeostatic mechanisms for maintaining ‘the tf - _7

1

presented with 1ow—(2—4 ug/g) or high—(600 ug/g) Zn2+ diets, laboratory e

A‘{their tissues (Reinhold et al 1967 Ansari et al. 1975) HOWever, zinc

.fdoes start to accumulate in liver and kidney of rats when fed diets :‘,

: %the ability to maintain the zinc content of most body tissues when fed

i

«
-

containing 1000 ug/gtn:higher (ChenQet al 1977) : Ruminants also hsveﬂ

deficient diets. However, they appear less'able to maintain f- ‘ f' SR



e Lmree n

: .j:;depressed when chicks were fed lcw-~Zn2+ diets (5 ug/g) (Zeigler et al.‘g‘

- -‘1974 Northcote et al 1975 Wiener and Giesey 1979) Furthermore,

homeostasis*when fed exceSS dietary~Zn2+ (Miller‘1970) - For example,
"Kincaid et al; (1976) observed a 5 fold increase in liver Zn2+ levels

gzllin calves fed a high~z diet (600 ug/g) for. 21 days. The mechanisms .

- e

‘for maintaining zincﬁggﬂ%ls in poultry also appear- to- be very effective.

) The zinc concentrations of most soft tissues were- not significantly

r:1964) Nor was the zinc concentration of the liver appreciably elevated

""when they were fed diets containing excess Zn2+ (Johnson et al. 1962)

Evidence for zinc homeostasis in fish is largely circumstantial.

N . t_

"f A number of field studies have demonstrated that for a given species ]

ﬂof fish tissue Zn concentrations tend to vary little between populations ;'

)

{'exposed to different environmental Zn2+ levels (Uthe snd Bligh 1371'

Portmann l972 Goodyear and Boyd 1972, Topping 1973, Harms 1975 Eustace R

= .

£ «.»
analysis of different species of fish residing in the same. locality, has ®

NRTI
.- .
1 "

,”demonstrated the existence of a significant species effect on tissue

and whole body concentrations of zinc (Cross and Brooks 1973 Giesey and

s Wiener 1977 Wiener and Giesey 1979' Milner 1979) Tt has been suggested .

"“_~thst the relatively higher levels of zinc detected in some SPECies bﬂ

maifne fish msy be due to their plankton feeding habits (Topping 1973,

} Windom et al 1973 Cross and Brooks 1973) or their habits of ingesting

‘bottom sediments while feeding (Eustace 1974) However, Ting (1973)

.:;jdid not observe any signifioant difference in ainc concentrations of
wtissues from seven species of marine fish which exhibited four different

.i‘feeding habits (herbivores, plankton feeders, benthic carnivores or

- pelagic carnivores) In addition, there are reports of 3pecies of fishl

N ,with similar feeding habits exhibiting significant differences in their -

‘whole body zinc concentrations (Wiener and Giesey 1979 Ctoss et al.:~‘

. _."

- ::?'ﬁ"‘“

B R I P T
DRI . S T L.



' 1975 Milner 1979) Within a species, consistent differences in tissue

l , .
concentrations oecur due to’ the sex of the fish (Fletcher and King

1 1978; Chernoff and Dooley 1979), the body size (Eisler and LaRoéhe 1972 .
A 1~ Cross et al 1973 Northcote et- ‘al, 1975 Wiener and Giesey 1979, Milner"

A l\x T "f1979) and: the season when sampled (Fletcher and King 1978 Milner 1979),"

‘ ‘ ‘V ' implying some form of . physiological control. ,‘5 ' 'n' : fi . Ql,'
. l~‘h“,. -._-‘ ) "7.. o 4 .

While direct accumulation from the water would seem to play only a

'minor role in the normal metabolism of zinc in fish a few field studies v

|

o Do
'have attributed elevated zinc concentrations in 1ocalized fis Ry "‘f. '

;1\f f-::‘»:populations to high levels of Zn2+ in the water' (Andersen - et ml. 1973,“

,“ \R ,I .
Atchison et al 1977) Differential uptake from water containing

r . . fr
3\ - =vf-e1evated levels of zinc has also been demonstrsted experimentally

(Joyner 1961; Spehar 1976 Milner 1976 1982 Holcombe et 4& 1979,

: ! ’ e
In general these laboratory studies

l
';Et- -'f Farmer et al 1979 Pierson 1981)

7i‘show an increase in Zn faccumulation in.the fish with increasing water

" q‘l A w o concentrations. After the initial influx, the stickleback (Gbsgerosteus
- \s*"' ‘acuZatus) was able ‘to- reduce its internsl zinc level despite continued

S; . exposure to ‘a. high concentration of Zn2+ in the water (4000 ug Zn2+/L)

(Matthiessen and Brafield 1977) However, other species of fish ex- -

'fhibited linesr uptake over the entire exposure period or took a much

longer time to reach an. apparent equilibrium., Variables such as; the f'

b

" Zn 2+ uptake (Pierson 1981' Farmer et al 1979) . Different tissues within :.

"u“-.

A feeding rateland the 5ex. of the fish also influenced the pattern of " :3‘ o -
S

1

I

!

C o the fish also accumulate zinc ‘to different degrees.- After 20 weeks :

" ie posure to 1360 ug Zn2+/L, the gill Vkidney, 1iver and operculum bone

e \“i . ;,of the Brook trout (Shlveltnus fbntznaZts) ~contained 4 6 1. 6 2 9 and ;{;»'7

Ce s 5 4 times more Zn.z+ than did tissues from control fish (exposed to 2 6

. ' Iy San el
R N B B - - :
f;’)/ Lg. n?f[L) In contrast, no significant differences were observed in j. o -

. + P L B 1

;:!:gﬁli‘i{:;fféiﬁilf. :-;-;r:. :'}} :. {:i:.'.'gxi S ;;;;;;;Jkl 5.‘



PR P

ﬂ':of Zn2+ in the diet may reeult in increases in the anf content of fish

‘ :,of retained Zn2+ decreasedtwith increasing input 1evel 1mp1ying some :.

o agreement with(field observatione that species of fish with similar '

< '}‘G@pathalmtchthaf molztrtx) were fed the same diets from hatching to'

“levels of Zn2+ to control water, demonstrating that fish have mechanisms

‘:for eliminating zinc accumulated f“rom the aquatic environment (Joyner

R

..

the Zn2+ cOncentrations in muscie, spleen or gonad (Holcombe et al

1979). The Zn2+ concentrations in most of the tissues and in the“whol - N

body declined when fish were transferred from Water cOntaining elevate
R

r
&

1961;. Holcomhe et al 197§) R “f’,;f;' "_' o -‘:_~V_'fgiﬂq“ﬁ

The ability of fish to maintain zinc homeéstasis when prese:%ed

with diets Varying in Zn j content has only been examined experimentally '

} (O-group,“Pleuronectes platessa). fedwdiets containing different amounts

':.‘:form of regulation. When the amount of Zn2+ in their diet was doubled
;”:from 15 to 30 pg/g there was Very Qittle difference in the whole body
: -anf content of rainbow trout C&zlmo gatrdnert) or in the Zn

i concentrations of'several of their tissues. However, feeding the trout

Ce

\

Ten

N feeding habits can vary in their Zn content, Jeng and Sun (1981) ) ;4=5v';rﬁ. el

‘zfound that when the common carp Qyprtnus cappto) and the silver carp

,by a. few investigators.. There is some indication that elevated 1evels

© adult, the Zn2+ concentrations in the former species were several times zf,:jyjﬁ‘i"

..‘.

NS e

(Singh and Ferns 1978 Patrick and Loutit 1978) Milner (1976 1979,.

’ - v

- 1982) reported that the total amount of Zn2+ retained by young plaice BRI

c.':

' of zinc, increased with increasing Zn2+ loads. However, the percentage o

l)

i . PN .
. \‘,- \,,_" z ) o o (RS

‘l oo \'..:'
‘a. low—Zn2+ diet (5 ug/g) resulted in a 1ower whole body content of zinc'fi ‘

the Zn2+ concentratlon of the liver was similar«at all dietary levels
- ' N

but the Zn2+ concentrations of the vertebrae, intestine and eyeball wereg'igl'

‘.“-_:Il'l .-: ._ . '.]" ‘ A_‘-..

2 3 timeSvlower in fish fed the low—Zn2+ diet (Ogino and Yeng 1978)

\,\

! \.




[fhigher than in thewlatter. They coucluded thathhe difference, in Zn2+
* Mmpbpcta . .
.concentration in-the two species was not caused by the’ level of Zn2+ in

N

cd o 72'.:,:'“ . ‘the diet per se but might be due to a Higher rate of Zn2+ absorption

‘in the common oarp.. The Zn2+ concentrations in the common carp were

. '

l, imilar in? fish fed 17 or 294 ug/g Zn2+ for s weeks.. However, Zn2+

Sl - . - . ' . .

) accumulated in the tissues when they were fed diets containing 1007 and' ‘j

Lo

11974 ug/g Zn2+ ’ At these concentrations there appeared-to be a linear

PR S NI

id.:.c¥;’;3f‘re1ationship between the level of Zn2+ in the body and the 1evel of »T

FRER

St u*

1~f '“i"V"_n.'°5<v;fh HZn2+ in the diet., The first evidence of Zn2+ accumulation was. observed
' O U . ‘

ir'

e
-

o the=5kin and muscle.“'Zn2+ concentrations in the hgpatopancreas, 6pleen,

,'» o

kidney and rest of the viscera showed np significantﬂchange.’Jﬁ

v;ation tends to indicate that

‘:cf{: {fnﬁﬁ/ To summarize, while available inf I

"5j27’ fish maintain tissue\gn2+ 1evels, little is known about the extent of Ff

. . PN . s N

- J F; 3 .'?_‘._5:f' and Hoekstra 1971, Underwood 1971, 1977).. It seems reasonahle to.'“

postulate that similar mechanisms could operate in marine fish since it

et LI »

. v ‘13 " 7;.‘;_' appeara that most Zn2+ enters via the digestive tract. The primary aim.

»

liifllglf;,f:]7:.;f‘ tract in Zn2+ regulationnih fish

The thesis is presented in three chapters., Chapter I deals with

K

the absorption of Z + by the digestive tract of the winter flounder.‘ -

i 3?3.13Tihfh;:j‘fdgf' Chapter II is conoerned with the dynamics of Zn2+ turnover dn the tissues'

. DI N 2 N
P J e

:-gng.‘and whole body, and the possible role of the gastrointestinal tract in.g

1

. Zn2+:.e3mretion. In chapterfIII the anﬂ' binding proteins in the gastro—

1

‘-:4' ceov

.;in the digestive tract tissues, followed by the skeletal tissues, then }; ‘L- -

e
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| ':"*with non—abeorbed markera. , When GSZn ie adminieter‘ i

absorbed from the small intestine, with maximum uptake occurring in the

’/ 65211 in rats following inject)ion of the radiotracer into different .

o g using non-absorbed markers in conjunction with 65Zn. ' Using this method

f_. ‘ INTROD’UCTION CL ' e L o
The methodology commonly used in.studies nn the gastrointestinal

-" [N -\'-

v abeorpt:l.on of Zn2+ in mammals hae been reviewed by Becker and Hoekstra

‘.;\l‘.. v‘- |

(1971) The techniques generally fall into three categories, nanlel)r"“v~

u " < \

'm. znuﬁ. tn s‘ntu and 1,74 ‘U'Ltpo. In. m;uo methods include euch techniquea L o »

'i . ' ! :.“ e

stable an"' in the diet (input’) and in the J.’eces (outp“_t), and 3 eding '; IR

o x‘.~

a.

detectore are often used to monitor the retention of
: ,1« Lo

the animal at varioue t:l.me :Lntervals. In G'Ltu methode include perfu' 0

:,r .

‘ . o

. of aegments of the intestine with 552n plus other test substancee or

[ \ - . ~ T ) .' _i
injection of the material into ligated segments. In v'z:bx'o methods in—-:E o
volve the :anubation of everted gut sacs or isolaéted strips of intestiné

b

o Theee three methods have been used in mammals to determine the site(s)

- r bl .
of absorption and to examine. ‘factors affecting the extent of absorption. 3
,__' ,? L8 B . J_W L 3. _:';}
Such factors include exgosure time, the amount of Zn2+ in the lumen, the f‘ -
L I . ﬁ 4 - ...n B et .

presence of other metals or dietary conetituenl:e in the lumen and the
Zn2+status of the animal. . ‘A o SN _'-. P T R

. e .

In attu etudies in rats have demonstrated that Zn2+ is mainly

2 i “ . Lo _T.- W e . R .

duodenum (Van Campen and Mitchell 1965 Methfessel and Spencer 1973 a) oo
! t
This has been confirmed‘by examination of the whole—body retention of
- oo

regions of the gastrointestinal tract (Davies 1980) X In ruminants the B

site(s) of Zn2+ aheorption has been examined in intact feeding animals

N

MO T N NoLed :x".‘.:'
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-

_Miller and Cragle (1965) concluded that’ ruminants abaotb Zn °2+ from the .
\_ﬁ:*_-" % s - . o,
abomasum, see—:ete it into the first third of the small int-estine and

, absorb it throughout the rest of the small intestine. e

. - o Studies of the time’ course of 552n absorption from the intestinal |
L llumen of different species of \mammals have demonstrated that both
. accumulation of Zn2+ by the intestinal mucosa and transfer in:olthe body
e occur rapidly._. In’ rats and mice maximum 652n ahsorp:ion 4was observed '

'within 30 minutes to, one hour following orsl admi;éistration of 65Zn, '
-<following instillzbtion of 6SZn d:l.rectly into ligated segments of the‘
intestine or follow:l.ng perfusion of the intestine with 652:1 (Methfessel
;and Spencer 1973a, Smith et al. 1978a£‘_ Davies 1980, JackSOn et al 1981)
) In addition’, Davies (1980) observed that the rapid phase of GsZn trsnsfer-_‘::‘
in rats was followed by a slower phase. He attributed this slower phase )
e .to transfer of GSZn that had bound to the mucosal. tissue,. and proposed

' that the rapid and slow phases were distinct processes._4 In ruminants, o

absorption of a 55er dose. injected. directly into the duodenum was Very L

LBV aR

ra.pid during the first hour and diminished progressively thereafter, A
g 'jwith very little absorption occurring after 8 hours (Pste et al 1970‘)

. L The mechani.sm of Zn2+ absorption in mammals is not. well understood

but the-consensus seems to be~ that it involves~binding of Zn‘2+ to specific'
Vsites or carrier prot-eig:”in the muc;sal tissue. This speculation has ;

arisen from the observation that the rate of E"5Zn absorption veraus 1oad‘
. ; .of stabl/L Zn2+ (in the intestinal lumen of rats) exhibits saturation N
‘kinetics characteristic of a carrier—mediated process (Hamilton et »al
" 1978 Davies 1980) ' It has also been’ inferred from feeding studies in |
e . ";‘.‘-intact animals. The percentage retention of orally administered 55211 o

1. declined in both rats and ruminants with increases in dietary Zn2+ }

~(Furchner and. Richmond 1962, Miller 1970) e T

P e ol
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Several nutritional factors influence the extent of. Zn2+ absorption

. in. mamme}f?s * The an'lf content of “the diet appears to- influence the
- A - d

R amount of Zn2+ absorbed (Becker and Hoekstra 1971, Sandstrom and

Gederblad 1980) However, factors which alter the availability of the E
Zn2+ for absorption are als’o~ :I:mportant (0 Dell et al 1972). ~'The‘v

presence of other trace metals has been demonstrated to affect the extent

of Zn2+ a'bsorption, although thé results from different laboratories,

' using different methods of investigation, are not always in- agreement. '

Van Campen (1969) observed that injection of Cu2+ into :Lsolated duodenal

segments in situw interferre& with the absorption of 65Zn in rats. How—

ever, addition of Cuz'*,' to the diet had no effect on the total body turn— ’

over of 55Zn (injecte% i p ) in mice (Cotzias et al 1962) or rats L

(Kinnamon and Bunce 1965), contrary to what one might e:ipect if less

stable Zn2+ was being absorbed. Results from an ‘z,n sz.i:u study in, mice

have led to speculation that there are. also analogous mucosal binding

»

) sites for uptake of Fe3+ and Zn2+ (Hamilton et .al, 1978) In the same |

study, these authors also found that Cu:l2 impaired uptake and transfer .

of Zn2+ :Ln mite on an’ iron—deficient diet but ‘had no significant effect

-~ '

SN

’ in'iron—replete mice.' Feeding Cd2+ to calves and goats reduced the

‘ amount of 65Zn they absorbed (Hiers et al 1967) l-lowever, Cd2+ had the~

opposite effect on the uptake of Zn7-+ by strips of incubated rat in~

testine, -and on %n vztro transfer in perfused ‘gut sacs (Sahagian et al

4

1966 1967). When these techniques were used Cd2+ greatly enhanced
Zn2+ uptake into the intestinal tisaue and ‘the’ subsequent transmural

movement. Conflicting results have also been reported on the effect of

calcium on an"' ahsorption.‘ High calcium had o definite effect on the

» .,

. “ absorption of dietary Zn in rats (Forbes and Yohe 1960) or man’

¢ .

(Spencer et al.. 1965) HoWever, Hoekstra (1964) observed Caz"' antagonism

. L

o
|
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Il

'11{ rats fed'certain diets. In diets containing cereals, it is a matter

K Al . -

_-‘"of dispute whether the antagonistic effect of calcium is due to the )

\\

formation of insoluble calciu.m—phytate—zinc complexes (Solomons 1982) .

As would be expected if Zn2+ homeostasis operates via changes in IR .- 1

[V

L

' Z i absorption, the extent of Zn2+ absorption in maxmnals appears to be

C T influenced by the Zn2+_ status of the animal Ruminants exhibiting signs C e

",A'Of clinical Zn2+ deficiency absorbed and retained a greater % of’ an oral). . “
f.,dose of GSZn/than did controls (Miller 1970); A‘On the dther hand

; elevating the Zn2+ status of the animal, either by injections of stable i

N - ‘Zn2+ or feeding high an"' diets, has been found to. lower the‘ Z of 552n -

- o ?absorbed For example, Richards and Cousins (19753) found that the 7 of

.

’ an oral dose of 65Zn transferred to the carcass was reduced in rats T ,‘(
~which had been inj ected (i.p ) with a an"' load Intraperitoneal ‘in‘-—- ' v S
-. : R Ajections of an".' also resulted in a decrease in the / of 6521'1 and total

stable Zn2+ transferred to the vascular perfusate when rat intestine was'

.

o perfused ‘in s‘l.tu (Smith et al 19783, Smith and Cousins 1980) In rats:v

fed a Zn2+—deficient diet, the.l% f E;":’Zn and total stable Zn2+ trans— )

‘ ferred to the perfusate was increased markedly. . ‘; .‘ . i A. l S o
e There is little information in the 1iterature on the nature of‘

.l gastrointestinal absorption of Zn2+ in fish. . In the present study Zn2+ . '.‘ .

' rabsorption in the winter flounder was - investigated using an 'Ln smtu |

. .

B technique (Section A), an equilibrium dialysis technique (Section B) and

T a non—absorbed marker technique (Section C) . Briefly, the in sttu

"'technique was used to determine the site(s) of Zn uptake in the gastro— '
< 5 ‘intestinal_tye{aﬁd o describe the time course of absorption. .This

- .‘method was also used to examine several of the factors which might affect

the extent of an‘wuptake, i e. the level ‘of: stable Zn2+ the presence )

’ of other metals and dietary constituents such as amino acids and sugars. T T

. . - P S s . . N . )




S £ flounder._ FERRE L

¢ Siﬁcte'" the winter:flounder? in N?vfoundland only feeds for part of the

year (Fletcher and K:Lng 1978) eeasonal variation in Zn2+ uptake was also ‘

.

investigated In additlon, the effect of different amounts of Zn2+ in

- S

the diet, and of the Zn tatus of the fish (artificially elevated _'~.

S

,‘-
o

by Zn2+ inJ ections) on ‘bn sztu uptake of Zn were examined. . ;hé-,‘“

equilibrium dialysis technlque was used o examlne the bihding of - Zn2+

to soluble prote:l.ns of the intestinal mucosa.‘ The effect of other metals,',

o

on ‘Zn binding was also 1nvestigated u51ng this technique. Studies.

with diets containing a non-abaorbed marker Were carried out to determine .

the site(s) end extent of Zn2+ ebsorption in~ intact feeding winter

T ST RS AND RETHODS -

N e el . \ - - . R . . R o
. . ) . AR . .

' -Section LY .I;'l"Bii?'ﬁ "!technique.

An m su‘:u technique used to study gastrointestinal uptake of Zn2+

similar parame‘ rs in fish The method was used to investigate the
site(s) of uptake and several factors which might affect Zn ptake, T

such as time, Zn2+ load, other metals, dietary constituents (amino acids,

fructose) season, level of Zn2+ in the diet and Zn2+ status’ of the fish.ﬂl';.

Winter flounder (Pseudopleuranectes amemccmus) (25 45 em’ long,
250 1000 g) were collected by d1vers equlpped w1th SCUBA (Fletcher 1977) R

‘ In the 1aborat0ry, the fish weze. maintained in aquaria (250 ~40,000" L)

' j suppl:Led with flowing seawater under conditions of amhient temperature

and photoperiod They were fed chopped capelin (Mallotus mZZosus)

) throughout the feeding period from April to October (Fletcher and King

\ o A e ST

1978) Except where indicated, the experiments were conducted during thlS

) -~

‘4.

N
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A

' period The fish were not fed for 5 7 days prior to: surgery to allow T

'

- fthe intestine to empty.

. Fish were placed ‘in anaesthetic (0 5. g MSZZZ tr‘icaine"methande- ,'

sulfonate in 4 L. seawater) for approximately 10 minutes and a ‘(L 2)

dilution of the same - solution or clean seawater was passed OVer the

N

gills during surgery. An incieion was made in’ the body .wall to expose
'Athe" gastrointestinal tr‘act . segment of the tract was then tied off .

'.and ‘a’ fixed volume (0 50- 55 mL) of. saline solution (1/ NaCl) con— ‘

‘ ,ZnClz as, well as other test substances, were injected into the ligated -

©

¢

"":'__.,After ‘a specified time period the fish was killed by a blow on the Head

‘.bled from a qaudal blood vessel and the ligated segment dissected out of

samples wfere counted in a gamma sc:Lnt:Lllation counter (Packard Model

'.‘578) Where indicated, the radioactivity was: also determined in the

- s

’ blood kidney, 1iver and other tissues. =
' The. results were expressed as the amount of Zn2+ “‘(.\cumulated in the

- intestinal tiseue (based ‘on the cpm .55Zn in the tissue) and the amount

. was computed by subtracting the sum of the cpm ‘?SZn in the intestinal

tissue and in the intestinal lumen contents from the total cpm 65Zn

- : = o

injected into the tied-— f segment. When a load of an].z_ was inJected

'

‘with the isotope, the results were converted to ug of Zn2+ based ‘on, the

specific activity of the 552n injection.

’ taining .-the radiotracer E55"21:1. (New England Nuclear), and, Where indicated,\ '

- region.j The incision was sutured and the fish returned to the aquarium.

the body. The contents in the lumen of the 1igated segment were emptied .

E into a counting vial : The tissue was placed in a separate vial and both o

‘ of Zn2+ transferred acroes ‘the: digestive tract itkto the body._ The latter

R
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' ambient conditions in March (water tempera&urer—o +6 C and not fed). . »' :

Site(s) of uptake l ' -_ ' "‘.:'7 ) ‘ ‘

_To- determine the site(s) of zinc uptake in the gastrointestinal
"tract of the flounder, fSZn (plus ch12 whe're indicated) was injected
,into the following segmentS' 'ne stomach, the upper intestine (whi.ch
included the pyloric appendages), the mid portion of the intestine and

"the lower intestine (excluding ‘the’ rectum) . In addition “to examining

\\ o

the site(a) of uptake in flounder during the summer feeding per:l.od the

'site(s) of uptakeﬁwas also examined in fish maintaiued in heated sea—

Lo

B “water (8 C) and fed a minimum amount of capelin during what normally is

4:he non-feeding period (November-March) and in flounder maintained under

‘," . L e - ! - s ' | . - PR Py

'Factors affecting Zn2+ uptake-' L RN N -

P

In e\xamining these parameters, unless otherwise specified only one

..segment of ‘the. intestine, the uppermost portion including the pyloric

» .
-

' .'appendages, was tied off . ,' Lo S - 4 S

- . .,I Zn2+ 1oad in lumen

NS . ," [T ) . ““.J‘:
Time . - =

To describe the time course of an"T uptake from the intestinal e

s

. tract, ,Gszn and a 52 113 Zn2+ 1oad were. inJ ected into the ligated intestine\

'and left for periods ranging from 1 to 48 hours (n=5-7 fish per time

per:l.od)

¢

The effeet of. the amount of Zn in the intestinal 1umen -on- both the

‘!..

- accumulation of Zn2+ in the tissue, and the transfer into the body, was .

\

\examined for a fixed time period (5—7 hours) at 1oads of stable Zn’-"' .
ranging from 5 to 530 ug (minimum of’5 fish for esch Zn2+ load)

' Other metals »‘ '_- £

..r

b

: To teet the effect of othermetals on Zn2+ uptake 6521‘1, stable Zn2+ C

i
w
E




_ (5 ug) and 0 (control n~35) or 200 ug ‘loads - (as its chloride,) of Cu2+

,-riiEl5 Mg &"' n-10 Caz"f n—10 Niz"' n—-9 Fe3+ n—lO‘ Mn2+ n"5 Hg2+ n‘“9'

.'copper loads ranging from 10 200 ug (n—5 fish per load) The statistical .
‘ rv"significance of the effects of these metal loads on Zn2+ accumulation in - i
' the intestinal tissue and on an"' transfer into the body was determined

:“"by analysis af variance and the J.east significant difference_\(‘,]_sd")w ‘Eesl!"

?‘(26 ug), 65Zn a.nd 0 (gontrol) ar 0 1 M loads of amino acids (proline, .

:1nto the ligated upper intestlne (n—4 fish pe:r.‘ test group,‘time period o

';3tenth of the above Zn2+ loacl for a shorter time’ period (l 1/2 hours)

Lo test group)

'\used in this study were collected from Conception Bay, Newfoundland. '
‘-.They vere held in the 1aboratory without feeding for approximately one} o A

/week before being tested. " U ‘ .: ;“-' P o

’

v

Coz"' n—6 Cd2+ n-lO Cr2+ n-lO (n'= numb r of fish) were inJected. into

' ,the ligated intestine for a 4-—5 hour expo ure, per:l.od. W .‘ o , B 1

\*\~—-.~\____- ' )
The effect of Cu2+ on Zn2+ (5 ug) upta e wasMer examined using

(Steel and Torrie 1960). " / Co

Am.ino acids, fructose

To test the effect 'Of amino acida on an"f uptake, stable Zn2+ *

methionine, alanine, serine, hiatidine and glutamic acid) were injected . i3

»

6 7 hours) : The exper:i_ment was repeated using the same load of three

L3N N

of the amino acids (0 1 M methionine, proline and histidine) and one

(4 5 fish per test group)

The effect of the addition of fructose (1 O M) cm Zn2+ uptake (35

b

s

‘i.ug Zn2+ load) was also examined (time period 4—5 hours n==5 fish per

P

Season S S . e T B PR

The seasonal uptake of Zn2+ (55 g Zn2+ 1oad | exposure period“-S 7

hours) was examined at monthly intervals over a twa-year period B Fisb

,,' w

. . L
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Analysis - crude protein 38/, crude fat 52, crude fibre 1%, ash 15/

",load of Zn2+ in the flounder (based on an estimated whole body con-

‘,ﬁ‘.\cx\ihed from l day to 5 months after the injection.

DO

LTS T

Level of Zn2+ :Ln the diet

To test t'ne effect of diets with varying an"' content on Zn2+

K "'v'uptake, fish were fed food pellets (407 moisture, compr;ised of Silve*

‘Cup Fish Feed, manufactured by Murray Elevators, Murray, Utah Guaranteed

2

‘with additions of cod liver oil (2%), carboxymethyl cellulose (3%) and

distilled water) containing 60 ug an'*‘/g wet weight (control) or pellets

e with ZnClz added (600 Hg: Zn2+/g wet’ weight).. Both groups were fed the
control diet for 2. weeks, followed by the control or high Zn2+ diet for _
5 Weeks, at a rate of approximately 2% of their body weight per: day.

- ‘After allowing 6 days ‘for the‘zut to clear uptake of Zn2+ (ESZn plus a

52 ug Zn2+ load) from the ligated- intestine, was ejsamined in: the two ) ot

. "groups. ,' ‘
‘.Body_ load B

LI

" .j' The effect of intravenoue injections of 20~ 25% of the total body _.

"‘.,-'centration «of 15 ug Zn2+/g wet weight) or of ‘an - equi\zalent volume of

o <

saline aolution (1/. hlaCl) on an"f uptake from the 1igated int:estine was '

’

. "f“; N

' "Analysia of stable Zn éontent ‘of tissu'eei‘ ;

K

Stable Zn2+~ concentrations were determined ‘on nitric acid digest:s of ¥

"the tissue using flame atomic absorption (Fletcher and l(ing 1978)

.Precautions were taken to prevent metal contamination of the samples.

A > -

';-All glassware was - washed, soaked overnight in 50% nitric acid and rinsed
. - thoroughly with distilled water. ‘. All acids used for digestion Were of

- IlAnalar grade (BDH Chemicals Ltd ) Tissue samplee (1-5 g wet weight)

r

: ‘,-.'-’were weighed into flasks,' dried at 90-—100 C for 2—-3 days, reweighed and

S
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A

"digested with 9 mL of nitric acid Fol],owing the addition of the acid

‘the dlgestion was' allowed to proceed at room temperature for Beveral

'."days and then h_eated until white fumes evolved. The digests were diluted

. to 25 mL with distilled water. Digestion blanks were included in’ each

N
-

Tun of samples. The concentration of Zn?-"'u was determined by flame atomic i

Y .
3 o

absorption (Varian Tectron AA 5) coupled to a. Varian A-25 recorder. An .

air-—acetylene flame was used to detemine the. Zn " a standard curve was -

: ‘run with each analys1s.. -

' D w*-Betermination of p}i of, lumen contents :

:l-;, LT The pH of the lumen contents (19.‘ of the supernatant obtained after -
.. ) ‘- . It - o .
';-lcentrifugation of the lumen contents) ,was determined using a: micro—

, .

i ;electrode pH meter (Radiometer) et . .

3

iy

<l

Se‘étion "B. In vitro: techniciue e

"o i

Lo

An equillbrium dlalysis technique was used to study the binding of:,

'Zn2+ to the soluble proteuze of the intest:inal mucosa (Shears and

e

) Fletcher 1979) R _ : :

.'0._» : Winter flounder (Pseudopleuronectes amemcanus) (30—40 cm long. '
' 300—600 g) were obta:Lned by divers equipped with SCUBA (Fletcher 1977)
and held 1’ WO L aquaria under ambient conditions of temperature and -

'light. They were fed chopped capelin throughout the feeding period of -

4

'April ro October (Fletcher and Klng 1978) . e

,:' ' *To prepare the mucosa.l supematant, the fish .Were killed by a blow
on the head and a section of the intestine from the pyloric caeea to ‘the

P

rectum was removed ' The contenta were gently squeezed out with forceps 4

! and the lumen flushed with 1ce cold saline (1z NaCl) The tissue _wés. L
e - - PRI e ,-‘ -




e

. lying tissue
- 10 mM TES [tris

<-homogenate was spu
-:_Equip. Co. centrifug. model B—60) and the resultant supernatant tested
} (4AS5. Varian Tectron) (Fletcher et al. 1975) ', e LT .

. “and. Fletcher (1978) Washed dia ysis tubing was filled with one L of.' -

E ?the supernatant (diluted to 1. 3-1 6 mg/mL protein) and placed in. tubes .

. N N @ . .
‘__.assayed in duplicate. Tﬁe tubea were placed on a ‘multipurpose rotator e

E'5Zn bound to the mucosal supernatant, to construct binding curves and .

.kept ice c ld throughout the mucosal cytosol isolation procedure.. The- °

-1ntestine was cut open lengthwise and the mucosa scra ed from the under-'

ith a glass slide (Van Campen and’ Kowals i 1971). The

. , *
mucosal tissue was homogenized “in 4-5 volumes of buffer\(175 mM NaCl

\ -
ydroxymethyl)methyl—Z—aminoethanesulfoni{: acid]pH 7. 4)

. using a motor—dri e, ‘glass’ teflOn, Potter Elvejhem homogenizer. The o

- o

at approximately 65 000 g for 2 hours (International ,.

.
Y

for _G'SZn binding. Th protein concentration of the supernatant was

N

- determined by amodified Lowry (Hartree 1972) or’ Biuret method (Layne S ] \ ‘
' 1957) ) Zinc concentrations ‘were determined on 5/e TCA (trichloroacetic

vacid) precipitated samples using an atomic absorption spectrophotometer

The binding of 55Zn to the mucosal supernatant was determined by ‘ ’

',equilibrium dialysis (Hughes an Klotz 1963) as describe_d_by Fletcher

" \

containing 10 ol of buffer with added GSZn (approximately 0 l uCi) and ;

L

ZnClz loads ranging from 0. 08 to 00 ug Zn2+/mL Each sample was. o

»'(Scientific Industries Inc.-model 150V) and rotated at approximately 60

rpm for 72 hours.. Th.e bags w"' e' then removed from the outside‘ solution,

+
aode

blotted and the contents emptied{'m'nto test» tubes. Aliquots of the ins:Lde

\and outside solutions were counted for ‘_S‘SZn in a gamma scintillation
counter (Packard Model 578) The counts were ‘used to determine the % of'..‘

o a

BN
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to determine association constants. T R
\ . - . ‘..‘.'_ . N . .

N, -+ . -Thé: / of . metal bound was calculated as follows. o

o . Lo . ‘ L . - .
d N E. . TR +

e

-esl LA N
cpm Zn/nl- outside-soln.,. R Dl
pnf 65Zn/rllL inside soln._.]'_ ~ -".(W:es_tphal 1971)

/ Bound 100 [1

o7y
'
.o

From this, the molea/L of Zn7-+ bound i.e. [Zn2+‘Bouud] at different

K

Zn2+loads was. determined. The slope .of the 1ine of the Scatchard-—type S

plot [Zn2+«Bound]/[Zn2+ Unbound} versus [Zn2+ Bound] then gives (—K);

where K—the association constant (Rosenthal 1967) "' ..'. o ‘

Y
Coad . -

‘ binding ,' the. effeets of lO uM 1oads of a number of other metals were also e

studied (FeCla, NiClz, COClz, MgClz, CuClz, MnGlz, chlg, C]’.‘Clz, CdClz

" \ and CaClz) The effects of increasing Cu2+ 1oads (0 0-1 8 ug Cuzfml.) on

the 7' of 65Zn bound to the mucosal supernmtant was also examined in one

...1‘ . T

experiment u51ng the st:andard buffer (TES) and repeated using a. HEPES

buffer C2 [N-—Z—hydroxye%hyl—p iperaz:Ln-—N'-—yl] ethanesul,fonlc acid)

P H

Glassware and dialysis tubing were washed ag. described \by Pletcher

. and Fletcher (l978) TES and HEPES buffers were purchased from Sigma

ChemicaI Company, all other chemicals used" were ana:lytical reagent grade

’.ﬁ )

o (BDH Chemd.cals) Radioisotopes (55Zn, Spec1fic a\ctivity 2=3 mCi/mg)

..._ . oy . ) E

R were obtained from New Englaud Nuclear.

Most of this study was carried out using feeding flounder during

L — . o4t X

.the summer months. However, two experiments were carried out On winter

non—feeding fish to determine if there were any dramatic seasonal

_ differences. Coo '. e 1'

In additiOn to stud}ring the effects of increasing Zn2+ loads on F’SZn R

: @

e R
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- Se¢tion C.--

In vivo technique:

BT

’ 1 In order to study zinc uptake in intact feed:Lng animals, flounder ‘

,Cwere fed diets containing th.e radioisotdpes 65Zn and a. non—absorbed

. -..".marker, ,“’ICe (cerium—ll;l) (New England Nuclear). ; According to theory, ,

s

o Athe site(s) and extent of Zn2+ absorption in the gastrointestinal tract .

- sl'rould be apparent: from the changes in GsZn relative to ‘,1"'10e in the

¢ - . . $.

.;-alumen contents (Miller and Cragle 1965)

Winter flounder (30—40 cn long, 300—800 g) use.d in the studies were~" L

-obtained by divera equipped with_SCUBA (I‘letcher 1977) They were

L initiplly held in 40 000 L tanks under ambient conditions of temperature

. ,-and light. They were fed chopped capelin from April to October—-—the N '

*

feeding period (Fletcher and l{ing 1978) Sl ' \_"-( :

Preliminary studles Were e0nducted to determine the suitability of

radiolabelled cerium as a non—absorbed dietary marker in fish., Winter

‘flounder used in these studles were maintained in :Lndividual 10—-15 L

i

- tanks and fed chopped capelin. In several fish, }“ICe in saline solution

: ‘_,was inj ected directly into the stqmach (using a surgical proaedure i’f.‘—

smilar to. that used 1n the ‘bn s'Ltu sj:udies) The flounder were dissected

&-

: 2, 3 and 5 days after the :I.n;| ection. The levels of ll‘1Ce 1n several
. &

Cet

intemal organs, a blood-sample, the’ gastr_ointestinal tissue, the contents

\of the gastrointestinal tract, a water sample and the fecal material

: Which had settled to the bottom of the tank were determined by counting

: che samples in a’ gamma scintillation counter (Packar;d model 578) he '

"~1"‘lce levels in several tissues and in the contents of the gastro-- e

.:i.ntestlnal tract were alno determined 6 9, 12 18 and 72 hours after -

‘ feeding the flounder p:[.eeeg- of capelin which had been injected with ll’1Ce

. FR -




. of July to October.

; 5 weekn (total feeding period)

o intestine (includes the pyloric appendages), mid intestine (divided into

'The SSZn/ ll’ICe feeding studies were carried out during the period

8-‘12 flounder were placed in 250 L tanks supplied

S with flowing BeaWVater unde'r ambient conditions of temperature and photo-

period 'l‘he fish were feci chopped capelin (gutted head and tail :
| removed) daily (at rates of lt to 6/ of their total body weight) for 4 to
Pieces of capelin were radiolabelled
by injecting ‘a few microliters of solution containing the two iaotopes E

into the muscle.x ) Radiolabelled capeli.n was. fed to the flounder for the Low

last 18 19 days oE the total feeding period

In another e::cperiment G"’Zn and 1l"1Ce were incorporated into food

v e

pellets comprised of Silver Cup Fish Feed, cod 1iver oil (2/) ,’ carboxy— .b -

methyl cellulose (3/) and distilled water (40/ moisture)

fed this diet at a rate of approximately 2 54 of their body weight per -

day for a total of l} weeks.
L e N

Radiolabelled pelleto*were fed for the 1ast

18 days of the feeding period. : ".

On the day following the last feeding, each fish was killed by a.
0 .
blow on the head, -bled fr'om a caudal blood vessel and the di‘gestive

»

tract tied off tn satu into the follow:l.ng regione. stomach, upper g "'r'.: . ;

.

two portions in some instances), 1ower 1ntestine and the rectum ' The .
contents in the 1umen of these regions were emptied into counting vials,
each of the gastrointestiml sections Were aleo placed in separate viala.:
The samples were counted in a dual channel gamma scintillation counter -.

RO "'- .
Appropriate corrections were made for the apill of N

- “h

(Packard model 578)
energy from'the SSZn into the l’*ICe counting channel (principal Phgl:on T

energy of J‘l‘lce-O 145 HeV' 65Zn-".l. 12 MeV) The radioactivity in a- blood )

-~ ‘-, . o

sample,_and in the 1iver, kidney and several other tissues was also ‘ .

’
s

determined for each fieh. L

Flounder were SR
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The data for the lumen contents of segment were expressed as D
the ratio of Gszn to 1"10e in the. contents. relative to the ratio of ER IR

“-652.11 to’ 1"*ICe in the diet. According to theory, if the ratio of 65Zn to K .

1"16e An the contents, relative to the ratio of 65 to 1'*1C!e in, the Ve IO A
‘e - .o - o T :

"diet, remains unchanged («1 e. GSZn/]l*:lCe in the contents = 1), th:Ls -

5 -indicates that fio net absorption or secretion of 65Zn has taken place in o

) the segment if the ratio of BSZn to 11*103 in the contents i.s greater .

than the ratio of 652n to ll*ICe :Ln the diet: (i e. Gsanl'*lCe in the contente s
' ' '; U Co E'E‘Zn/l“Ce :Ln the die oo

i et
s

- f"'->l) " this :Lndicates that a net secretion of 65Zn has taken place in the| L '
|\ ! EERE ; . » N D A. . t- v
segment, if the rat:lo of 652n to 1'”Ce An the contents is less than the RERETRS

A."rat:l.o of 65Zn tb 1"10e in the d:l.et (i e’ GSZn/“'lCe in the contents <*1), ;

B P b ‘e e
9. : PR s e ! . o
d Yool ‘ . . o N , . L

. N o . M B :

this indicates that ‘a net absOrption of G5Zn has taken plsce. , The %. net - R

,-""GSZn ‘absorption or’ secretion by the flounder was . calculated by subtract-'. K
1 ' ‘ "ing the ESZn/”lCe ratio :in the rectum contents (i e. the ratio of :'. ’
'.1|55Zn to 1';"ICe in the rectum contents, relative to the ratio of 552n to }
,1'*10e in the diet) . expressed as e % rrom lODA A ratio greater than un:l.ty -
M would yield a negative absorption value, indicating net secretion.A . ST
The stable Zn2+ (where 'possible) end the dry weights of the 1umen ) °
: *i.contents of th different segments were also determined. The data we.re J o
. \’ ‘._jexpressed ds’ ah%tio of the hlge in the, contents and the methodology - -
Lo g .described a‘bove used to, determine the site(s) and extent of absorption and
. "4: ) ‘.secretion. The Z net absorption ‘or secretion:f steble Zn2+. a.nd dry
o, T material b;r the flmmder was calculeted by subtracting the appmpriate"‘":-' R
ratio in the rectum contents (i e nry material/ll*lce in the contents,:,:f“:“' K
L LTl e i dry material/ll*lce An the diet “ )
o stable Zn2+f“”0e in. the contents), expressed as ‘a Z, _,from 100%. s .
SN 3 >'3tab13 Zn2+/1'*lce in the diet . e e PR .
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The effect of injections‘(i P ) of Zn2+ (ch12 in 1/ NaCl, 25% of'-;

" the estimated t:otal body Zn2+ load) ,or an equivalent volume of saline

i
'-'(1A NaCl) on’ the net absorptiou of Zn2+ from the diet was: also studiedA .
e f LT :
using the non—absorbed marker technique. Flounder were- fed chopped

‘ .eapelln for one ﬁionth before being 1nJected (i P. ) w1!:h Zn2t or saline.'

The feeding was co tinued for 14 days, with GSZn/“’IGe labelled capelin \

.4 being fed for the l'st 7 days of the study.‘ Tha day after the last

feeding the radioactivity remaining in the gastrointestinal contentsland, ‘
. in selected tissues was determined as described above; The contents of»A'

) -“.tthe tract (from the upper, mid and 1ow intestine) wereo also'examined to

\ :-' determine if 65Zn and thlC:e were present 1n the same compartment. , 'l‘he S

contents were rinsed from the counting vials 1nto centrifuge tubes with ;

. " L approx:unately 3 mL of seawater. The samples were spun for 10 minutes

a - . -

-at 12 000 g (Sorval Centrifuge) . The cpm 65Zn and 1L”‘Ce were determined‘

M

in ‘the resulting supernatants., and precipitates. The supernatants were

. « ':;subsequently treated w:.th TCA (trichloroacetic acid final concentrationv__‘

k2. 5/) and the radioactivity determined in the resulting supernatants

i ' -

‘ and precipitates .

The stahle Zn2+ content of the caﬁlin, the food pellets, the' gastro—

intestinal tract contents and several of the tissu-es was. determined : '." -

(following d:.gestion with nitric acid) usmg an atomic absorption

's'pectrophotomete.r .(AA5 Varian Tectron). L -. ,, - _ ' \g

e
PR

o




X RESULTS & .
. ll‘..«-f-/‘-""-"'" T ‘ ,
) - »M/ : T
Section. q"’In Bmtu techn;gne
site(s) of uptake )

In flounder examined during the summer feeding period the amount

df.65Zn and stable Zn accumulated by'the gastr01ntestinal tract tissue,..

- and transferred 1nto the body was.con31derably greater\in intestinal H';h
'areas than in ’the.stomach. . The amount of 55211 and stable Zn2+ ,
:a‘ccumulated.by and transferred ‘Beross the tract declined from‘ the opher

l g to the 1owar 1ntestine (Fig. l A B) T]?e treud was also observed in : l(.

"fish maintained :Ln heated seawater and fed d_

g February and March, :

v‘moq;hs”Ih which flounder do not normally feed Fig. 2) However dn

- normal March fish which had. not been fed since the prevmus October,

~ o v

' -there !Jas very little difference in the exted{: of tissue accumulat:lon‘-

v

‘.between any of the intestj;,nal areas (F:Lg. 3). 1 Transfer of Zn2+ into the

areas of the intestlne was apparent (Fig 3y, - .‘. “ ' ‘_;_:,;“

vy
- s

a The 1umen contents of the different segments Of the intestine were n;
alkaline (pH B 0 8. 6) and ‘no trends in pH attributable ~to the site in
the :|.ntestine, the Zn2+ load, or whether or not the flounder had been

feeding, were apparent (Table l) B -: R .:,‘: R R

Tactors affecting. Zn2+ upta.'ke:': R

.The‘ hpp'er‘Ii'nt'es‘tinal-'tissuei ‘.acdumulated appr’oximately' 20% df th’é"
‘tiotal amOunt of 65Zn injected into the 1ntestinal lumen Within the first
hour., Thls proportidh remained essentially the same throughout the

‘ “‘period of observation (_48 hours, Flg 4B) Very little 652n was "

3 . . L . e T

: body was’ very 1ow in these flounder and no difference between any cf the .
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- ’ 'Fig.' 1. The uptake of 65Zn plus an"“ (lA) and 65Zn (lB) by different
'segments of the digestive trac:t.~ The digestive tract was 1igated into L .
'f._‘sections in swu.' A 1oad of an"' (50 ug) plus 65Zn (A) or 65Zn alone v
' (B) was injected into the 1umen of each segment and left for '7+8. hourks. - S
e ‘55Zn was: counted in the intestinal tisaue and in the lumen contents. S i
. "Stable Zn2+ was - computed from the cpm and the specific acti.vity of the R ‘
’ ) ‘inJected 65Zn. Accumulated Zn2+ and 65Zn was that associated with the - . )
R ".'_‘int:estinal'tissue. ‘Transferred Zn2+ and 65211 was‘that'-computed from
: the difference between the amount of 552n 1n;] ected and the amount
- _recovered from the tract and the 1umen contents.‘ Values plotted are -'
+ SE (lA, n—7 fish 113 n—5 fish) '
7
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Fi§:.2. The uptake of 85Zn plus Zn2+ by different segments of the n;;i;; j”fh_l‘* 'ii.ii

digestive tract of flounder maintained in heated seawater (8 C) and fed L

during what normally is a non—feeding period (November—March) ) The -
"'-uptake studies weie conducted in February and March.; The di\egtive":'.'

v,
tract wasuligated into sections tn sttu Loads of stable Zn ranging

- et

e
2

from 2.5 to 250- ug plus 65Zn were. 1njected into the lumen of each

’

. ‘ tissue and in the 1umen contents Stable an+ waa computed from the'
o s ;r s . -
. cpm and the specific activity of the injected 652n. Accumulated Zn2+ ”+f,f.f'7l'::?
:i was that associated”with the intestinal tissue Transferred Zn 2+ was L :
. that computed from the difference between the amonnt of 65Zn injected .
and the amount recovered from the tract and the 1umen contents.‘ Valuesv

L .j':w‘; . plotted are’ X SE (5—7 fish per éach. Zn2+ 1oad)

Fig 3. The uptake of 552n and Zn2+ by different segments of the
digestive tract of flounder maintained\under ambient conditions. The ;-"l

'.:-4. :~1';~‘ fish were examined in harch (water temp. —O 6 C)' feeding had been.'

‘ | terminated in October of the preceeding year. The digestive tract was
1igated into sections\tn sttu Loads of . stable Zn2+‘ranging from 2 5
to 255 ug plus 65Zn were injected into the lumen of each segment and .

' 1eft for.8 hours. 652n was. counted in the intestinal tissue. and in- the '
lumen conténts. "Stable an* was computed from the cpm and the specific
activity of the injected 65Zn. AccumUIated Zn2+ was that associated

? with the intestinal tissue. Transferredizn2+ was that computed from the
difference between the amgunt’ of GsZn injected and the amount recOVered ‘:'l“\"

'.', L from the ‘tract’ and the lumen contents.}'Values plotted-arelxn SE (4— B

’

fish per each Zn2+ load)

. . ."‘.‘,\

segment and left for 8 hOurs. 652n was counted in- the intestinal s VT,'g“,J' Sl
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‘ “Table 1.  pH of t‘:ontents?‘-‘df different’ segments of\.the‘ digee'tive .
tr_a'ets:pf:_ e '-".E' e : i
‘ : T AL Fish maintained in heated seawater (8 C) and fed during what g )
normally is a non——feeding period (January—March) The digestive tract
. : ) ) o R .+, vas ligeted into sectiona zn 31,'1:u . Loads of stable an"' ranging from ‘ a C
, ‘,'. g i » | .. ., 2 5 to 250 ug were injected into the 1umen and left for B%lers. N
: S Values are thé mean of 2 fiah per Zu2+ load. i "
; . A e gy . : .
' ' zn?t load (ig) ¢ . ClpH ,
g REET S :';‘lfﬁper—intestine,' Mid-intestine A:'Low'—in'test'ine {.
LN 2.5 szl U a0 Lo 18;4‘3‘1_;
i - LR /~_12;5 Ty e 8,60 L . 8.50,/ ST e "’8 30
| ~o2500 8.05 " 8:00 . - 8. 25 -
- 50.0 . 8.30 8.0 3.45_ -
+250.0 . ".8.60 " 8,50 -, °8.55%"
: B Fish maintained under ambient conditions of water temperature and
not fed from October until March when the study was conducted. The . N
digestive tract was 1igated into sections ‘on situ. A 25 ug ‘load of - i‘
an"' was injected into the lumen and left fpr 8 hours. Values' L -"
) represent the ¥ SE of 5 fish. SO T
‘zn?t load (ug). - lipéer—inteet'in'e‘ el Hid-intestine Low-?int‘estine L e
25 o UV, 39 0.09 o 8.4;7 0. 04 R 42 o 07, f
* “The-lumen contents were spun &t 3000 rpm for- 10 minutes-and the pH of ..
: .the" sdpernatant deterdiinedl dsing"a' micro—elactrode. p_I;i meter. e
a § K ; ,
‘f‘: - o~ . , ~;!:§,_ = (e [0 v g w s e " R R S AN - _l '.
o . w . -
! . - - e e et r e m e e e+ b
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‘ transferred into the body in the first hour of exposure (1 ‘e, to. 65Zn was

transferred in 3 of the 6 fish examlned) Thereafter, the. amount of GSZnﬂ:“ .

in a lineaf fashion (coefficient of linear regression, r=0 94 df=33)
(Fig. QB) 1 This was reflected by the 7‘of inJected 65Zn appearing in

the rest of the intestinal tract and in the liver (Fig. 4A)

com

". Zn Load .

Lo x" L When loads of 5. to 530 ug of Zn2+ were inJected intu the upper

N ,/
intestine, both the amount of zinc accumulated in the tissue and the

"

'amount transferred into the body increased with increa51ng loads (Fig.

.

transferred from the intestinal segment to the rest of the body 1ncreased .

‘5),' While the reratlonship hetween the amount of Zn2+ in the lumen and oo

the amount transferred into tﬁe body did not appear to be linear,‘_?

//saturation did not appear.to have been reached at the highest load tested

i,When data from all loads (n—52) were combined, statistical analysis‘

1)

; revealed that the amount of Zn2+ transferred into the body was directly .

'viproportional to the amount of Zn accumulated in the intestlnal tissue

-(Fig. 6) The regression llne (r—O 93) can be expressed by the equatlon .

y =0, 96 x —0 88, where y ug Zn2+ transferred into the body and x—the'

2+ aecumulated in the tissue.‘

‘ 'ug Zn

W

200 ug 1oads ‘of Cu2+, N12+, Fe3+ Mn2+ Hg2+, C02+, Cd2+,A ‘and Cr2+ :

L }significantly (P < 0 05 lsd test) depressed tissue accumulation of a”"’
. A o
_-5 ug load of Zn2+ in the ligated upper portlon of the . intestine. ‘Thef

“'Aamount of Zn 2 transferred across the tract was significantly depressed

7. A B) oL o ;‘.-' ;




-
.
P
f
-
a”
"
i
N
o
<
f »
.
.-
.
i
.

1!fintestine (including the pyloric appendages) Was ligated tn sztu.

1i:ied-off segment.
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Fig 5.Q'The effeet of»Zn2+.loaas on aeeumuiation%of'eszn‘and-its":i*f‘

vtransfer from the intestine into the body. The upper portion of the

Loads

- of stable Zn2+ ranging from 5- 530 ug and 652n were injected into the ;'

'

FiJe to seven hours later the 1igated segment was t

- -

‘ removed from the fish and the intestinal tissue and eontents counted
. ARE . .-———
for radioactivity. Zn2+ accumulation was the amount of Zn2+ (cpm 55Zn)

associated with the ligated segment of. intestinel tissue.‘

[

u..waﬂ the difference between the total 65Zn injeeted and the amount found

I3

:in the ligated segment and its contents. Values plotted are X SE"

(m1n1mum of 5 flsh per group) : o WQA';‘;:‘ >
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Fig. 7. The effects of metal Ibads on the accumulation of . an by the

. intestine and on 1ts transfer into the body The upper portlon of the

intestine (1nc1uding the pyloric appendages) was: 1igated in sttu Stable
Za2t (&2 ug) plus 652n and 0 (control n—35) or. 200 ug loads of Cu2+ n—15

Mg2+. n—lO Caz+, n-lO Niz+, n—9 Fe .; n‘lO Mn2+ n—5 Hg2+, n~9

Co2+ n=6 Cd2+, n—lO Cr2+, n-10 (n-number of fish) were inJected into'

'
1

© the ligated segment._ Four to five hours later the 11gated segment was:,

removed from the fish and the intestinal tissue and the contents counted, L

g T

for radioactivity.‘ zn2t accumulation and transfer was computed from the .

X"/ &

cpm and the specific actiVLty of the injected 652n in 2+

‘accumulation'
was the amhunt of Zn2t associated Wlth the ligated section of 1ntest1na1A

i N ’ \‘, .
tissue.. antQZransferred was- computed as. the differenee between the

' amount of Zn2+ inJected 1nto the 1umen and the amount associated w1th the

ey

ligated portion of the intestlne and its contents The percentage of
2+ accumulated Lor transferred 2+ (load) . X 100 where Zn2* (load)
Zn2+ (no 1oad) Lo -

- 4' i ' . . — B [

.\\ -

is the amount oflzn accumulated or transferred in the presence of a 200

°

pg metal load and ani (no load) is the amount . of Zn2+ accumulated or

transferred in the absence of a metal load Values plotted are: X SE.f

vos
»
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Copper significantly (P < O 05 lsd test) depressed the amount of

in-zinc accumulated by the tissue (by 33/) and the amount transferred across

¢ .

T-the 1ntestina1 wall (by 574} at cu2t loads as low as 5 times the Zn2+
: /,/'""

.‘load (1 e 5. ug Zn2+, 25 ue, Cu2+) (Fig 8) Loads of lO or. 15 ug Cu2+

had no significant effect on Zn uptake.ls o

.- - ) : A

Amino acids, fructose

'

Histidine (O 13 M) significantly depressed the amount of Zn2+ (Zn2+

-

load 26 gg) accumulated in the intestinal tissue and transferred into the

i ; ) o ' _'5,f body (Fig. 9) None of the other amino aoids tested had any effect on'
' ithe accumulation .or transfer of Zn f under these exPerimental conditions.,‘

'.When ‘the’ experiment was repeated, using the same load of three of the k

famino acids (0. 1 M methionine, proline and histidine) with a lower Zn2+

'»,, . - Lt .
. v

”"load (one tenth of the amount in the above experhment) for a shorter Lo A

- i;time perlod (l 1/2 hours),‘the amount of ZnZ+ accumulated and trans- .

. fstatistically different from that of- the other treatments. An examinatioh"-

o ﬂ”~'. a'.of the pH of the injected solutions and the 1umen contents revealed that
‘while the test solutions, with the exception of that containing histidine

‘.';"_:s(pH 7. 5), were originally ac1dic (pH 2. 8;4 0) the lumen contents at the‘ o

o ;?; iend of the experiment were all alkaline (pH 7. 9-8 3) R 'HT' - .Q-‘: 'g

The addition of fructose to. the intestinal lumen did not have any

bt §

,significant effect on the accumulation of Zn in.the intestinal tissue

. or on its transfer into the body.‘_”
Season

There was a seasona difference in the Zn2+'uptake from the gastro—l"

."1ntestinal tract of fish_recently brought in from the field (i.e.-one :

S WA v e 8

E ferred was lower in the presence of histidine but the effect was not t oL PoT



Ild_«:FingS. The effects of Gu2+ on the accumulation of Zn2+ by the !

...........

I T

-

. intestine and ‘on its transfer into the body. The upper portion of the
}.Aintestine (including the pyloric appendages) was ligated 1n sptu Stable'.‘

‘ﬁi'an2+ (5 ug), 552n and 0 (control) to 200 ug loads of Cu2+ were injected

e \

.rinto the 1igated segment.. Four to five hours later the ligated aegment

, -
v

j.was resoved. from! the fiﬁh and the intestinal tissue and the contents f.iud

5

{’counted for radioactivity.. Zn2+ ccumulation and transfer were computed
“*from the cpm and specific activity of the injected 65Zn Zn2+ .
-.accumulation was, the amDunt of Zn2+ associated with the ligated segment
,fof intestinal tissue.. Zn2+ transfer wag computed from the difference

.:between the amount of Zn2+ injected into the lumen and the amount found

; associated with the ligated portion of the intestine and its contents..

,Values plotted are X SE (5 fish per group)
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: RN Fig 9 The effect of 0.1 M loa.ds of ' amino acids on Zn2+ accumulation ,

’ by the- intestine and on ite transfer into the body. The upper portion

:

, Stable Zn2+ (26 ug) 55211 and O (COntrol) or 0 1 M loade of am:lno acide,

K

-~

L from the cpm and the specific activity of the injected 65Zn Zn2+
., accunmlation ‘was the amount of Zn2+ associated with the ligated section
v of intestinal tissue. Zn2+ transferred was computed as the difference :

B 'between the amount of an"' injected into the lumen and the amount

‘of the. intestine (including the pyloric appendages) was’ ligated 'bn ettu.'-""

'(histidine glutamio acid serine, alanine, methionine and proline) 'were.ﬁ‘ i
"'_'.;‘inj ected into the ligated aegment. Six to seVen hours later the ligated“
'segment was removed from the fish and the inteetinal tiesue and contents N '

. »counted for radioactivity., Zn2+ accumulation and transfer were computed

associated with the 11gated portion of the intestine and its contents.

Values plotted are X t SE. .Four .fieh were examined :Ln each test group. -’

-
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: o Aweek earliver) - Both_ the amount ofA Zn2+ accumulated.:.n the. tissue and . __
- o transferred into the body from the ligated upper intestine peaked during
"'A'i% v L the summer months (t‘ig 10]3) Peak values for tissue accumulation were
at: 1east three times, and transfer into the body six times, greater than
: the lowest values. Feeding activity, as evidenced by the presence of
food material in the digestive tract of at least one fish sampled from
the field vas Initiated in April and terminated in NOVember The o

,, - oo

amount of food material in the gut (expressed as a percentage of the body

Yo

e weight) reached a maximum in July, remained high in August and fell off

by Septem‘ber (Fig. 10A) There was also a seasonal fluctuation in the '

R : stahle Zn2+ concentration (ug/g dry weight) of the intestinal tissue t‘
.‘-.‘; g L . (Fig. 11) The stahle Zn2+ level reaehed a 1ow in February-March,
. ; S i ipcreasing 20-—30/~in Apr:Ll 'Dhe m01sture content of the intestinal

tissue varied‘ by one to four percent between different months throughout

the year,' 2 peak of 87/ moisture heing reached in August (Fig. 1l)

. . ’I’he aceumulation and transfer of Zn2+ in flounder held in ‘the
A\ - . . . s .

1ahoratory and maintained under amhient cond:.ticns in July was 31m11ar to )
o that—observed in fish maintained in heated seawater (8 C) and‘ fed during

what norma.lly, is the non—feeding period (November—March) (Table 2)

Tan

‘t_-~,.‘" S The accumulation of Zn2+ in the tissue was approximately twice and the

- transfér -of'-an"' into ,the body approximately ten times greater than that

observed in 1aboratory fis’n examined in March. Transferring fish from

L ' ambient water (0 C) in April to heated seawater (8 C) resulted in no a

B change in intestinal tissue accumulation of Zn7-+ but a. four~—fold increase

in transfer was observe.d (Tahle 2)

LS e L O o N
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. "Fig 10. (A) Seasonal changes in gut content weight._ The winter

~,flounder were killed immediately af/ter capture and the contents of. the -

o whole digestive tract: weighed. Thé water temperature was recorded in

X the area where the fish were caught (Fletcher 1977), and (B) Seasonal

. changes in accumulation of Zn in the intestine and in its transfer o

-

! ._into the body Winter flounder w‘ere caught at approximately monthly
:intervals and maintained 1n laboratory aquariums for seven days without -

. . feeding. " The upper portion of the intestine (including the pyloric »

appendages) was ligated 'Ln sztu. Stable Zn2+ (55 ug) and 65Zn were

.

injected into the 1igated segment. Five to seven hours later the .

. Sy .
. ligated segment was removed from the fish and the intestinal tissue and

" the contents counted for radioactivity. Zn2+ accumulation and transfer

',were computed from the cpm and specific activity of the 65Zn inj ected. $h

4Zn2"' at:ctimulatitm was the amount of Zn2+ associated with the 1igated

segment qf intestinal tissue.

an"' transfer was computed from the ;

4'difference between the amount of Zn

inj ected into the lumen and the :

S its.contents.

'amount found associated with the 1igated portion of the intestine and

Values plotted are X ' SE. Therenwere no- differences in A

Zn2+ uptake in the two years examined so monthly data vere consolidated.

o Four to 19 fish were tested each month. o
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ot %

cm) were used in the investigations of the various factors affecting Zn

uptake.

: C _ | ; L o )

- L Level “of Z:an 1n the DiEt ,\~[‘ ) ,.; PR ,“"-::--

) The concentration of Zn2+ in the diet (60 vs. 600 ug/g wet weight) . L

. had-no significant effect on- the intestinal accumulation of Zn?*"' or on o

‘ its transfer into\ Hﬁe boqu (Table 3) In addition, the Zn2f concentrations

of the intestine, kidney and liver were not significantly different . : ..'_ __‘_ :

t ' between fish fed the two. diets. It should be noted that three of the‘ . * q o

B - control :Eish (n=ll) and four of.the experimental grcup (n—12) had 105‘: . :
‘ ) - Qeight by ,zhe terminatiOn of the study. 'However, weight loss 01‘ gain ey 5
o : did not consistently influence Zn2+ uptake in fieh fromn either group. \ k

.-J L.

Also, there ‘?s no difference in the Z‘2+ uptake attributable to the sex

'o 1"

of the fish, TR e
' s x,. _A_ge (body 1ength, weigm;) o . },;i'-f

The relationship between Zn2+ uptake and sex or age (body weight. “

.v._.r

length) of the fa.sh was not studied per se. However fish of both

sexes, covering a wide range of weights (250 1000 g) and lengths (25-45

P v

,"

No difference in Zn2+ uptake attributable to sex or body -size .
K ) L

oL . A .
. S ent B . LI

was app arent.

| Dd Load : FRPER

g ) : When the winter f’l.o:mder were giv? an intravenous injection of o
s . . ""‘:I Z 2+ the i“ntestinall ievels.of Zn2+ reached a peak wit‘nin 7 11 days
. (Fig. 12) .' | ’. B ?
2 Although then concEntration of zn2+ in the intestine wae. signific’antly o .
higher :Ln. Zn -:Lnjected fish examined 7 days after the injection than ! S
1t was in the controla, the uptake of Zn2+ and 65.Zn by the lig,ated part g
’ ‘ of the intestine did not differ between the two groups (Tablee ﬁ and 5)

" a
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~ . . .'
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‘ég,testinal tissue. Zn2t ttﬁnsfer was computed frou the differeuce ‘netween the amount of. Zn2+ injected and the

O T

oy

- Table i

pective diets for 5 weeks.

v

' the :lnteat:lne (lncluding the pylot:lc nppendnge-) was ligated in e1.tu

:lnt'o the l:l.gsted section

v
o

: spec:lfic activiry of thie injected 55Zn. _

y:yzgd in the. ,11"5!3 :Iddney and unliga_rcd part of ,the intestine.»

.0

'l'he fiah vere theu starved for 5 days t& allou the gut to empty.

: amount Eou.nd asaociated with the ligated portinn of the intestine and its cuntents.'

i

The. effects af a h:lgh Zna"' 'diet on ‘the uptake of an"' from the upper intestine of the uinter flaunder. P
» Control dlet (an"' - 60 uglg vet weight) high Zu‘ai’d:lel: (an"' - 600 ug/g vet we:l.ght). 'Ihe f!.sh were fed the res-
‘ 'l'he upper portion of
Sr.al:le an"' (_'}2 ug) und 6520 were :lnjected
Seven tu n:lne huura later the ligated se.gmant was removed frnm the fish and the :lnteat-A
‘f , 1nal tiasue and contenta counted for tadioact:lvity. zn2t accumulation a.nd transter were dumputed from the epm and

-
an"' ncclmulntiou wag the amoimt of an"' samociated with the. ligated

an"' concentrac’ions were anal~

Values expreaaed as X t SE (n-number of fish)

P

o . zo?t Accumilated  Za?t Tranaferred
’ in the Intestinal . into the Body -
“blet. ©  {n) .Tissue ‘(-"sa) -" ' (HB)

cy . . - -

Sex

'

an"' Cuucentrntion (gg/g dr.'y we:lght)

)

Intestine

) Kidney i

Liver ..

Control , -11 S141 2 0,21

9.47':: 1.aé'

6722122

" High 22t 12 .5.61 ¢ 0.5

. NS*'

Male

Fenale

" Male

’ . i’mle'»”

‘.ﬂs‘.
Ca
-7

-5

99,9 3,67

™

96.0 & 2'33

1030t208
1020149’0

E nst

1610 £12,5

127.4 + -4.25

197.0 . 16.5

152.0 £ 9.38

NS*®-

128.0 £ 18.2

131.0 £ 7.36 .
©.108.0 ¢ 8.06

.170.0 £ 27.7°

NS*

: NS = not significant at -0.05 level
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i o Table 4 ’Ihe ‘affects of an"' inJections on the 'uptake of an"' by the :I.n— L

tescine Win:er flounder were injected 1ntravenously wich saline or Zn2+ B <l
: \' C o equivalent t:o 257l of their tot:a.l body an"' Seven days‘ following the in— - Co \
e jection t:he upper porcion of t:he :I.nt:es:ine (ineluding the pyloric appendagea)

was, 1:I.gate.d 'm mtu Stable Zn2+ (52 ug) and GSZu were :Lnjected .tnco t:he o . v

W - 7' o ligated segment.. Niue to lO hours Later the 1igated segment and . iﬁs\c\/tze_ugs )

were temoved from the fish and counted for tadioactivit:y.. '.I.'he Zn2+ accumu-‘ ’
LN " I

R _ ated and transférred were computed from the cpm and specific actlvity'of the
injec:ed 65Zn anT'T acctmulat:ion was :he a.moum: cf Zn a.ssociat:ed wil:h :he

ligated segment of . intestinal L':Lssue. - an"f trans‘ferred was- eompu:ed from t:he '

(RS

: diffe.rence ber.ween the amount of an"' :I.nje.r.:ted and t.he amount associated with

t:he. ligated portion of the intestine and :Lt:s contents. The intestinal an"' f"'

. conc.ent:ra.tion waa analyzed in the unligated part of the :Lntestine. Ve;}ues s o

St expressed'as x SE (n-number of fish) L \
T Zn2+ Ac,cumulated Zn2+ Transferred Inte.stinal ,an'ff' ' E - -
" Treatment: - \(n) - Fus_) I (ug) "7 ug/g dry weight)
2n2+ Injec\:ed C 10 o, 12.£0.75; . | 1#1& + '1‘95' . 7151.0 £ 5. ’2‘2

Saline Injected IS S 7 0% 073t 18 LELE T 128 .0 i 43, Eh
Ea T T s LUwse "-<001 ST e

o

. . Y o -t . - A l‘,' . . » v e ' o { R . - ' S
B L NS* = ‘mot signiffcant’at the 0.05 level™ . - " . o - T T s
» « ' N . '. . ~_.
. [N . . hy . -
L c‘ . . -
s .
Hl - - N
. - Tt 3 @
':[' ..... T
T I ERRRRE .
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,:Eéble Sa The effects of Zn 1njectinns on the -uptake'

"t'ine. W:Lnter flounder were .mj ected intravenously wit‘

54

Valent to ZSZ of. their total body Zn Seven days fol'owing the injection the

-upper portion of the :Lntestine (including the pyloric ap ndages) was ligated

141 ewtu 65Zn waq injected into the liga.ted segment._ N lne to 10 hours later

'- the ligated Begment: and’ :Lts contents vere removed fram the t‘ish a.nd counted for

N radioactivity The .SSZn accumulated and tranaferred were ccmputed fram the cpm
."of i.nj ected 65er. : GSZn accmnula.tion was the percentage of the :!.njected 65Zn

. asspciated with the ligated intestinal tissue. . t.’5Zn transferred was che diff-

erente between th amcunt of 552 njected 1nto I:he lumen and the amount assoc- ‘-
¢

“iated with the ligated portion of the intestine and its contents, expressed as "_~

P -

a percentage of the injected 55Zn. The 1ntestinal Zn2+ concentrat:lon was ' ._‘

. %NS ="not significant at 0.05 level’ .
. .
. R ¥
5 8 /‘. i
) . . o ‘ ' : . T
m‘:ﬂ' e .1 »‘."..—j:.&‘:.. [T ’ ', R } f ‘ o - "“_-“t..l'\"‘m':“,“":-- ‘_’ -. ot

analyzed in the unligated portion of the 1ntestine. Val;xe_a _expresaed aa_ X iSE
: L R eh T . - .

(n-number of fiah) S \d

. 857y Accumulated | - 63%n Traseferred . Intestinal ZnZt
Trieatm'ent SUREEN Y R ¢ s o %) (ug/s -dry weight)

'Sanne Injected 8 475 £ 459 ) 'z"b.l‘"i"'éf".i.jj‘ T T12700F 2798

-

znz"‘ Injected 10 43.0°2 5.75 .0 )7 19.9 + 2, 59 o 152.10': 5.11°

ey e _....4_ .. e el .

Bocn oL teo 0 wsw o o Nsk U L<.01

s‘aline 'dr an"’_ 'enui—- C

e e et et r e o ot 4 . e e
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'<":'T;. effects on Zn2+ binding. Observations on the variation of Zn2+ binding .

No significant difference 1n the Zn uptake by the intestine was
h observed betWeen controls and Zn2+ injected fish whentexamined from 1 o - .'~i .

day to 5 months following the injections.“<

" ‘séection Btlffn vitro techhique T

Zn2+ binding to the mucosal supernatant proteins Was studied u31ng- -

2+

: association constants (Kl, Kz, Kg) could be derived from the Scatchard—;
\4

type plot of [Zn2+ Bound]/IZn2+ Unbound] versus [Zn2+ Bound] (Fig. 13)

loads ranging from l 16 to 33 0 ug Zn per ng protein. Three '

- The data for one March (K—l 29 X 107) and " one April (K’3 45 K 07) non~:é::7";f ﬂf'f:.
T feediné‘fish were similar to the data obtained for four feeding fish. -

‘Gf';f“ Therefore all of the data wete pooled and summarized in Table 6. ;

| The effects of. lO uM loads of various metals on. Zn2+ binding were_
as follows. (mean of two separate trials with each metal Metal (10 uM'_f
load)cyrBuffer (0 utt 1oad), 7 Bound"Buffer, 95 6 ZnClz, 85 7s CuClz,
79 9; FeCl3, 97.3; NiClz, 96 2 CoClz, 96 5 CaClz, 97 1 MgClz, 96 8

£ HgClg, 95 l MnClz, 97 0 LiClz, 97. 3). Another experiment was carried

Alout and the results were as follows Buffer, 92 0 ZnClz, 74. 5 CdClz,:

~ _' 89 6 CrClz, 90 3. Cu2 -was the only ‘metal ion tested which appeared to Sl 4fl

B .m...iv.-_‘a T

affect the binding of Zn2+ to the mucosal cytosol.‘ fherEf;re the effect "Xf_?‘f;““%'
f.“‘of Various Cu2+ loads on the binding of 65Zn was determined and compared . S\'
. with similar 1oads of Zn2+ The results of one experiment using the

standard buffer (TES) and another using ‘a HEPES buffer are illustrated

T ' L in Fig.-l&. -It would appear that Cu2+ and Zn2+ loads had similar, : ‘ R ,-',:1' .

s

between several fish using TES buffer tend to indicate that the

~ PN : - o o
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I A'f~‘fcomputed on the first slope of the line (loads up to 1 4 ug Zn2+)

'S - gK1—2 47 X 107 the second slope of the line (loads up to 9 ug Zn2+1\ B
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i differences in’hinding'using HEEES:hufger was largely due-to variationu S
; hetneen"fish rathertthan aniefﬁect‘oflthe_buffers.fi, /
“"Section C. .In vivo technique ”> : L , T 1::-'M S - e \,(
- Coe - N - s , 'w‘ et CE o - AR f . L e P

Suitability of’}“ICe as a non—absorbed marker

When 1L’lCe was injected directly into the stomach of the winter

), -

;flounder, the radioactivity remained associated with the gastrointestinal

o~ - N s

“:tract contents and the.fecal material i After three days, 26 and 41%’of

the amount injected were found in the rectum contents and in the fecal
. meterial, respectively. By Eive days, less than lA of the 1“10e dose '.

; was present in the gastrointestinal contents, 53A was recovered in the A'.:¥

e

‘T_ fecal materialyn”At the ;ime points examined less than l/ of the 11”‘Ce

dose was associated with the gastrointestinal tissues and no radio-:' 8

i

activity was detected in any of the other tissues examined (i.e. blood

<kidney, gall bladder, gonad or spleen) Similar results were’ observed
. .o y
: when flounder were fed l‘*ICe—labelled pieces of capelin.i The. radio—sﬁ'“

'activity was again associated wfﬂh the gastrointestinal tract contents,

‘not w1th the gastrointestinal tract tissue or any other tissue examined

L, . I N ‘.-‘
: . e

. ‘ﬁ 65Zn/JL*lCe feeding study using radiolabelled capelin ._f't”‘"

The ratios of 65Zn to 1l|l1Ce in the contents of different segments g

o

o

.of the gastrointestinal tract, relative to the ratio of 55Zn to 1410e in
"i;fuf‘:‘ﬁ ,ffthe lahelled capelin, ‘are summarized in Fig._lS There appeared to be

' .flittle or no net absorption of 552n in the stomach, a. large net secretion e

PR . ) R .

1] PR \‘y,.

"fof G5Zn into the upper intestine and a net absorption Of, 65zn, along the :‘
e R “irest of the tract. Theflounder's net absorpuion of 65Zn from the labelled

"capelin averaged 53A.~_ ‘ ::ﬂ.?’f,. ‘{f‘ h': S rr’“?hl
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segments of the gastrointestinal tract was similar to the trend observed

) Coee "" :for G5Zn (Fig. 15) 0 average, the flounder absorbed (net) 72/' of the

T

a

R

- dry material. ~ A

S It was not possible to analyze the stable Zn2+ gpncentrations of the

K contents in th_is feeding study.i However, average values for the Zn2t

Tae T v f . Y

= r K o concentratian of the stomach contents (1 e.,54 7 ug Zn2+/g &aneight,

t s v ‘n'-4) and the contents in the rest of the intestine (137 8
E SR :'ery weight, SE, n—14) of capelin—fed flounder were obtained by

dissecting five fish which had been fed chopped capelin for a two-month

. : ‘ o . 'period (Table ‘7) Using these values for stable Zn2+ the ratios of

stable Zn2+/to 1"‘lce 1n the contents were estimated -and compared to the

ratio of stable Zn2+ to }”ICe in the capelin (ug Zn2+/g dry weight of

‘-.~'capelin‘ 57. 1 z 2, x

»

SE -of 15 samples)

b

and secretion of stable Zn2+ in different regions af . the gastro-‘-

.. intestinal'traet was sianlar to that observed for 65Zn (Fig. 15).- How—
.z'.l ever, when net absorption was- based on the ratios calculated with stable
3 L4

‘2

“a

' ‘, \the stomach and a lower net ahsorm:ion in the rectum contents than in-— s

»“._ dieated by the 55Zn. Only 37/, of the stable Zn2+ in the capelin was ot

. absdrbed compared to 53% of the 65Zn.

-

‘ﬁ' N .,"'.r~ i P N T A;_v L \
' "l'he level af total 65Zn in the gastrointestinal tract tissues was

. roaa

T there was little difference in the concentration of 552n (s e. cpm 552:1/
. . a we

. The trend of net absorption

highest in the upper :Lnt-estine (whiqh_ inclddes the pyloric appendages) butj"

g wet weightl in the intestinal tissue from the different regions (Fig ’

P, . . . L o .‘ ‘-‘r-“ . ' - . . N .
o The trend of net ahsorption- and secretion of dry lmaterial in different Ce

."“ ; o

15 9 ug Zn2+/g

" . Zn 2+,' there appeared to he a slightly greater net absorption of an"' in ' _ .

‘l_* ~:tn I
PR
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kable 7. The stable an"'» concentrations (ug Zn2+/g dry weighr:) of gastro-— R
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PO

Flounder we:e fed chopped capelin for 2 montha at '»'”'.

approximately sz -of their body weight per day The day after the last

S 'inteetinal cract tissue—and contem:s of winter flounder Eed capdin Eor,a ; '

'feeding t:he digestive tract was ligated inta aections Ln azf:u The stable"

1 . )
}__A\; . g T ¢
- .
. r“'A‘Z-month period
. ¢ i‘
‘ where n-number of samples. '

K and contents using atomic abaorptien apectruphometry.

Zn2+ concentratiuns were determined on nitric acid digests of the tissue
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"gFig. 16
‘~flounder fed radiolabelled capelin for an, 13—19 day period
fwere fed radiolabelled (65Zn and 11*1Ce) capelln da11y for 18 19 days (at the ;~"

o end of 4-5 weeks total feeding period) |
Tfing, the digestive tract wes ligated into sections in sttu. 65Zn and

o 1“Ce vere counted in the tissue.- The total amount of 65Zn (cpm) (A) and
..the concentration of 65Zn (cpm 65Zn/g wet weight) (B) were determined
:for each segment of the tract . Values plotted are the mean total

amounts of 65Zn (A) and the mean concentration of. GsZn (B) expressed as a ra~;t
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The distribution of 65Zn in the digestive tract of winter

Flounder \ s

The day after the last feed—

| tio of the mean values obtained for the upper intestine (which includes

the pylorié\appendages) 17 fish were examined.;
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R The stable Zr?z'*' cont‘.entrations (ug Zn2+/g ﬂry Weight) of the . _ / o
intestinal tiseue, examined in floundEr fed unlabelled capelin, vere ‘ .
.. similar along the tract (Tal:le 7) i . f o . : )
o GSZn/l"lce feeding study us:[ng radiolabelled food pellets R | R B T

When flounder were fed radiolabelled food pellets the net absorption o - e

SR i . of 55Zn from this diet was' lower than the net absorption of 65Zn from the _' o . e D

3

J:adiolabelled capelin (i e. 14 versus 537, compare Fig 15 ahd 17) ';‘V 'f .‘

' The net absorption of stable Zn from the food pellets by the flpunder
f averaged 17% (Fig. 17) This was lower than the Z net absorption of

3 L stable Zn?-"' from the capelin but the concentration of Zn2+ in the food
pellets Jas higher than in the capelin (i e. 92 8 and 57 1 ug an"'/g

dry weight, respectively) The net absorption of dryr material from the :

. food pellets averaged 417' compared to 72% from the capelin (Fig. 15 and i 3 " , .
® ) : The relative distribution of 552n in the gastrointestinal tissues

: of flounder fed the radiolabelled pellets (Fig. 18) .was similar to that Y R
observed :Ln flounder fed radiolabelled capelin for a similar uime period

(Fig. 16) However, the absolute levels of radioactivity were approxi-

‘-f mately six timew, reflecting the lower specific activity of the o

food pellets (48 and 330 cpm Gszn per ug stable Zn in the food pellets o ‘_-"v \/
and.capelin, respectivel,}’).,v. . 'ﬁ.‘-'~ Lo S o f_- RN

SR ""‘ FeedLg 65Zn/“'lCe labelled capelin to flounder injected (i.p ) with SRR IS
. Zn2+ or saline .' S, i, ‘ ‘ N

R S The net absorption of ESZn (53%), stable Zn2+ (517) and dry material - o

~

(76/) from capelin by saline—injected flounder was similar to that | "-"_' RN S
" L . gt oL o . .
o T ', observed from non—injected fish (see Fig. 15) . In flounder which had 'ﬂ o
) R "nf"-, . R ; ] N : . \_ PN ., .'. - :
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greater than one yields a negative absorption value, which would

69 {
- .

Fig 17. Ratios of 65Zn/ll*l(]e an"'/l‘“Ce and dry material/“*lCe in

b;r -

food pellets for 18 days.. Flounder were fed radiolabelled (552n and

\ -

feeding period) The dey after the laet feeding, the digestive tract

. contents, the dry weight of the contents (g) and the concentration of

v

f

- ratio of GSZn/“"ICe in the diet the ratio of zn2+/1"1Ce in the ! g

f : - . ' .

4

T,

material (g)/l'“Ce in the diet.e Valuee plotted are X .4 SE (n-l|-5)

subtracting the relevant r.'!tio, expressed as a Z from 1002 A ratio

\..L .. ""3..‘..

according to theory, repreeent net secretion. 'i

s?ﬂble an"' (ug/g dry weight) were also determined. The data are A

? the digestive tract contents of winter flounder fed radiolabelled fieh
1“ce) fieh food pellets daily for 18 days (at the end of a 4-week total 3

: was 1iga€gd im:o sections 'bn :-rbtu GSZn and 11*1Ce were counted in the

expressed as. the ratio of 55Zn/mlCe in t'he contents divide‘d by the .‘

,’ contents divided by the ratio of Zn2+[“‘1Ce in the diet' and;the ratio- . -

- of dry material (g‘)/mlCe in the contents divided by the rat'io'-of‘ drv

/ net absorption of 55Zn Zn and dry materi.":ll can be\qalculeted by )
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‘ 'F:I.g.-‘-'18. The. dietribution of 65Zn in the digestive tracta of winter

flounder fed radiolabelled fieh food pellets for. 18 dﬂys. Flounder o
K . .
. Were fe‘l radiolabelled (BSZn and 1101Ce) fish food pellets daily for 18; L
"days (at t:he end of a t°t31 lf'-wetak feeding Period) The day after the
,.1ast feeding, the digestive tract was ligated into sections 'Ln eetu. . ,,_‘
55Zn and ll’1Ce were co‘unted in. the tieeue. . The total amount of 65Zn o
»(ch) ® and the °°n°en't;'ati°“ °f SSZn (cpm/g) (B) vere; determined for ' .
' - C (

;each segment of the tract.' Values plotted are the mean total amount of ot

v

65Zn (A) and the concentratian of 55211 (B) expressed as a ratio of the

,mean values obtained for the upper intestine (which includes the pyloric A

~

B

'-.appendages) 6 fish were examined. S T e ST
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been injected with an"' (two weeks prior to dissection) the net absorption .

-y .

of 65.'L’n ftom the radiolabelled capelin was. significantly lower (only S L
. 57 was absorgd) and a net secretion of stable Zn2+ oecurred (net ) Co ‘ ! ; L ,f
; “ ’aecretion~152) (Table 8) SRR 'f=f~" L L ‘

i

B T , Distribution of 65Zn and ll*lCe in the lumen contents ‘of flounder fed
R A T __'radiolabelled capelin S

'-.-. ."lr
T v

f'j-' . Following centrifugation of the contents of the tract (from the ,' ”
‘ lupper mid and low intestine), on aVerage, 887{, of the total 1'*ICe in the SR BTN
"" contents was associat@ith the precipitated material, only 517 of the .

:465Zn was 1ocalized in- the precipitate The 65Zn remaining 1in. the super— L

: . :
e -} o 'natant was: not precipitable with TCA (trichloroacetic acid). h Y e v
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'_ U ) Table 8. 'The ratios of 65Zn/IHCe an"'/l“Ce and dry materiall1'*1Ce in ..~ e
o ’ ‘ the rectum contents of capel:l.n-vfed winter flounder igjected with stable ,:‘ ' - DA " -
L . X Znﬁ"' or sa.line.. Flound.er were fed. radiolabelled capelin (GSZn and ll”-(!e) y |
_ ' ‘ for 7 days (at the end of 6. weeks total feeding ti:me) Fourteen daya R 2 L '_“‘
ol - ‘ v T . ‘*lprior to, the laet day of feeding, the flounder were injeeted (:L P. ) with‘l.‘ T
o n7-+ (252 of thei:r eeti.mated tntal body Zna"') or saline (12 NaCl) ‘ \ g'
:_- . day after the last feeding the gastroiutestinal tract vas: ligated in« ‘ .
E . : : -9‘”-'1". The cpm GSZn and- 1“109. in the contents were caunted. . The dry I
¢ . weight and steble Zn2+ concentretion (ug Zn2+/g dry weig'm:) of the e T B KR :“;‘."‘l-”_‘:',-
Rk rectum contents vere detemined Data are expressed as:” t'ne retid of _ .
. Gsznll"lCe :Ln the rectum contents divided by the ratio of 5SZn/1“Ce :Ln R . "
. . ; t:he capelin, the ratio of Zn2+/ 1'*10e in the c:mtenta divided by the -,". s e
. “ ratio of Zn2+/1"16e J’.n the cepelin, the ratio of £ dry material/“’lCe ~
g 1n the contents divided by the ratio of g dry mterial/*l'*lCe :Ln the T
". . ) . "' . . N ‘v- o A' - '“. ‘.A:l.‘
‘ capeld.q. Values are. k= SE, n-number of fish.‘ ' ' ' !
< ',55zﬁ/1’*’1cé“ﬂ“ Z"t.iz""fl"i..lCe.i . dry matter (g)/l"ICe o . e
ot zo®F infected. 0.95 + 015 -;«115 0.1 - - . "0,39.£.0.08 g5
S T T ,(n-G} S SN
e ~'Saline injected . - 0:47 % 0.05 - 0. 49 0. 67 0.2 £6.05" P Y S
L R sy (u-5) @=5) - -__- I RO
T e T s .01 o R S
' -NS* ‘= pot 'eigdifit:aut at, the 0.05 -lével T U : I SR CIR
, - . R
R SR . _
A s ;:. ! ,‘. N
it;v“,' - - “ e , ' vy ";'
! L .
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tomach), a: mid-gut (intestine) and a hind-gut (rebtum) (Barrington 1957)

L {,‘-the intestine of the floundet had the greatest capacity to absorb an"'
) ':..These findings are in agreement with Btudies. carried out on ligated ,,
: “ﬂ.’-segments Of the rat gastrointestinal tract where it was found that Gszn Lo
”“3 taken “P more rapidly from the duodenum than from other Bectiona of
o the. intestine, very little 65Zn was absorbed from the stomach (Van Campen .
.:,and Mitchell 1965 Hethfessel and Spencer l973a) Although there is 1ittlej. f

' "information in the literature on metal uptake from the gastrointeetinal

»,}site dependent._ For example, Boge et al (1979) found, using an m 3’Ltu

‘was linear in the upper inteatine and a saturable phenomenon in/the lower

,'intestine. S

' »,.flounder using the non—absorbed marker, cerium—141. In agreement with

' :_;:-absorption occurs 1n the stoma::h (compare Fig. 1 p 2& with Figs. 15 i‘ 7 I

'p. 62 and 17 p. 69 ). The high ESZn/“’lCe ratios (>l) :l.n the contents of E See

"l':"":this area. ‘ This apparent eecretion of SSZn in feeding f:lsh ma.sks the
"'j-'f:abeorption from this area which :Ls observed in the in Bttu studiea.“ The: . © o

T. Byzg eratos nte contentso teres o te n'tes nearevlv,"
_p55z/1"10 i0s. in th fh tfhitti '

| br-sevjsxon-..'-. e O

The gaatrointestinal tract of the winter £ lounder is aimilar ‘to that

.of other ve_tehrates in being comprised of a fore-—gut (oesophagus and ‘

Y

Results from the in. ettu studiee indicate that the uppermost end of - B

I

mpe e

N . B
= DT ] "

P UUYU U S

-

tract of fish, the absorption of other substances has been found to be o

. ‘perfusion method, that glycine uptake in raianw trout (Salmo gazrdnem)

v

e e e Led
ﬁ~ .

The sitea of Zn2+ absorption were a.lso studied in intact feeding

s

.the 171 sztu findings, the feeding studies indicated that little or no _552n' -‘5‘1“:' <

P I

f,the uppermost portion of the inteatine auggeat a net secretion of 65Zn intol 1

1 - RO S P




K . .’..‘_/‘.-m- ol : - .o
s"‘ - Jon . ) . o i . . .
et T s T
1o c o from the upper intestine. v Similarﬁnet absorption a.nd~ secretion trends - TR

alang the tract were observed for stable Zn and dry material.

Interestingly, these( results are similar ‘to those reported for nmxinants.,_,_" '

- Miller and Cra.gle (1965) reported ‘an’ elevation of the 65ZnIIMCe ratio = )

in the contents o.f the first intestinal segment, indicating a, large net

R secretion of 65Zn Ratios representative of net absorption of 652n= were

g . v - ' . “'t
: ' . - “I‘.'

CIET o, obsex:ved throughout the rest of the small intestine. The question which

KT i ‘. ‘,oﬂ

_ ‘ present\d udy ,is‘ whether the net;.secretion of stable Zn2+ 652n and
S e : B ey -
‘ L dry material '.:o"fhe upper intestine is real N whether it represents
] ' | -an’ artifact of the method : "" } N -." : | B
} “: ; ) In qrder to be uaeful for dEtermining the site (s) of absorption of

,1.-‘,."_.v1:, . ‘,,,.\ “' .

L T . a substance, an indicator must moye through the di&estive tract at the

,‘»

S same rate as the ing,esta.‘“ﬁ'h].is and Huston (1968) em-xluI ted the use of
X - T G ‘r:-, v . " .
I S T radiocerium as ‘a: digesta flow marker in ruminants and fo' d tha,t it

r

: f_"‘.' remained in close physical associatiqn with the indigest,ble residues.‘ '
As such they reasoned that cerium could be used as s marker for deter-—-':' '
co : —— e ' oi IR ‘.«. .

ST PRI .

mining the flow df the total overall array of residues in the diet but

[PRTIN

. might be less valid to uee as a msrker for determining the flow of the
Lo L Tl R R ; . . , ,, o

more digestib,le residues. In flounder fed radiolabelled capeliu, most

i ' -

of the 1‘*ICe in the ingesta was associated with the solide while ESZn was o

evenly distributed between soluble matprial and solidsu If the non-
K N =, ’ _ﬁ__{ ' .
digestihle material in the ingeeta, to which most of the 1“Ce adsorbs, :

S moved through the upper intestine at a faster rate 'than the digestible
PR RN o T [
‘ R material this could account for the apparent elevation of dry meterial,

C 557.n and stable Zn

T L . & " RPN
RS R arises from Miller and Cragles f1965) findings and the findings in ée. o ',::-’ff'-‘r'




= the intestinal tissue within .the first hour of exposure with very lirttle "

K has been hypothesized to occur.in rats (Sahagian et’ al 1966 Kowarski

.'useful in determining the net absorption or secret:ion of -nutr,ients by b T

) S

N the entire“ﬂﬂeﬁ’tine (i e. based on the ratios in the' rectum coptente or

fecal materisl) but is less useful in determining tho site(s) of uptake

' -':along the tra!:t. E ":5‘ R SR

\ ‘.'» E Lo B o . ¢ N .:-;.:

Most of the information on the dﬁaotors affecting gastrointestinal

. -,'1 r'
. , 8 -
f 8

intest:l.nal tissue, followed by, 'ﬁmfeg of Zn2+ into the body.’, When’

..~ B
° LN ‘h n

L Zn? + absorption 'wes examined over a 48—hour period Zn2+ accumulated in B

C-x L -

L being transferred into~ the body., Following this i.nitial accumulation, ‘:'

o Y _" B LTy

'_ period the amount|of an"' transferred into the body increased at ‘a-. inear '

EER

-rate. ‘ A’ similar two—step,.absorptiOn process,,where Zn?"" transfer into the

. -blood f}ollows ‘an obligatory acoumulation of Zn2+ :Ln the intestina-l tiseue,

et 51. 1974 Smith et al. 19_78a)..

' In addition, lthere eppears to be a

' second, more rapi process :l.n rets, whereby Zn’-"' :I.s trensferred int—Lthe

..- : B ', 1 _u :

. . lm
K \,- .

: tissue was greeter from lower than from higher doses. Thie implies that




-

but non-specific bind:l.ng was appanent at higher doses (50-—200 ug)

) ,'(Davies 1980)

-jwould be rate limiting at high concentrations of Zn in the intestinal

. tissue (sties 1980)

a0 _7:Bj

‘, In rats, Zn2+ appeared to bind to specific sites at low doses (1-—50 ug)

-"-@.- o c, ) —

The«-amount of Zn transferred into- the'body gthe 'flounder.appe'ared_ i

to be directly proportional to the amount of Zn accumulated by the
intestinal tissue This suggests that the transfer of Zn from the R ]

_-:,mucosal tissue into the blood may 'be ,a passive process.,' Such a. mecha sm

1

;'has been propaaed for the absorption of - 55Zn from water via the gills of -

':the plaice (PZewonec{;es platessa) (Pentreath 1973b) In this instance

it was suggested that adsorption of 652n to gill mucus resulted in a

x P

‘ .higher concentration of 55Zn in the gill tissue thsn in the blood flowing

through the gill 1amellae. Thus the 552n could be transferred into the ',

®

" 'blood stream down a. concentration grad/ient nBy contrast, in rats, a plot

. of the Zn2+ transferred into the g\dy, versus the Zn2+ accumulated in the

RE

, ‘ 'intestinal tissue exhibited saturation kinetics,‘ suggesting that l:he B

release of Zn2+ to ‘the blood involved a carrier medisted process which
N co N L

i +

Using an 'm situ | perfusion technique, Smith et al (l978b) concluded .

’ _that the rat intestine required a protein carrier, in the vascular per- L
'.fusate in order for Zn transfer to take place. They suggested that

. "albmnin was the plasma protein An’ the portal ‘blood wliich was responsible -

-

'A_for the removal of Zn7-+ from the mucosal cells. Albumin has been

o

identified as the major plasma protein that Zn2+ :ls associated with in
' -systemic transport in mammals (Henkin 1974) Under normal physiological
iconditions the molar ratio of Zn2+ to albumin in plasma is low (i €. 0 06),

Aleading Bremner and Mills (1981) to suggest that if albumin is the carrier

-

prote:l.n Zn7-+ a'bsorption would probably not. be 1:Lmited ‘by an inadequate
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flux of available binding sites on. the carrier, i e. even allowing for

- S only one Zn2+ binding site per albumi‘n molecule one would expect that

.
- {I..__” A‘H,'-;

A there would normally be .an “excess. of sites available for Zn2+ binding

In addition, it has been observed in birds that the plasma proteins bind ~fi'7_-
: o Zn2+ with greater strength \than the’ intestinal mucosa proteins, presumably

facilitating the moVelnent of Zn2+ from -the intestine into the" blood (Suso .
alndEdwards 1971) ' - vt

u

Fletcher -and Fletcher (1978) examined the binding affinity of winter ‘
B T '.',"_ flounder pl‘asma proteins for Zn ‘using an equilibrium dialysis technique.. e

_ More than -one binding system for Zn2+ was detected The highest affinity

~, "

binding system appeared to be undersaturated with Zn2+, i.e.. they estimated
that it would take twice the normal plasma Zn2+ concentration to- saturate
the highest affinity b‘inding system._‘ The association constant of this
system, 107-105, was similar to that of the mammalian serum albumin—Zn2+
o complex._- When flounder ‘seruin was‘chromatographed on Sephadex G—150 S
Fietcher and Fletcher (1980) found that over;957 of the Zn2+ was assoc— -
iated with a protein fraction having a molecular weight (75 000) com— E

- - _\

parable to albumin-like components of carp plasma (Nagano et al. . 1975, ..

l

Yanagisawa et al 1977) and to. mammalian serum albumin (Peters 1975)

This fraction probably represents the higher affinity Zn2+ binding system -

L T o : .‘ . in the flounder plasma Therefore, it appears that an albumin-like pro-
‘ tein may also be involved in the systemic transport of an"'\in fish.
: An examination of: the affinity of ; the intestinal mucosa proteins for
Zn 2+_ using the equilibrium dialysis technique revealed that more than one ’\
binding system is also present for Zn2+ in the mucosal cytosol of the ‘
‘_ flounder.‘ The association constant of the highest affinity binding system
(K—2 42 X 107), obtained from the Scatchard—type plot of the data

(Rosenthal 1967), represents the affinity of the binding proteins for Zn2+

\ .
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! when the amount of - Zn2+ added to the system is up - to four times tt{e amount

of endogenous Zn2+ found in the mucosal cytosol. This suggeats it would

‘take four times the normal. endogenous Zn2+ level (0 30 ug an'*'/mg pro-

Rl

. ,tein) to saturate the highest affinity binding system. The associat:ion

; constant oE this system was lower (P < 0. 05) than that reported for the ©

' blood plasma which, if the syst is involved in an"f absorption, wouldp

.o

'facilitate the ,transfer of Zn2+ from the mucosal cells to the blood

T

Furthermore, since the high affinity binding system in the flounder plasma

-

:’appears to be undersaturated with Zn?-"', one would not expect transfer and

Ibinding of Zn2+ to plasma proteins t.o be a 1imiting step., Thisv is con— :
' 'sistent with the hypothesis that Zn2+ bound to the intestinal tissue in ,
T the flounder may ‘be transferred into the blood by a passive process which
|occurs down'a concentration gradient.‘. B ; o B ]
Several intraluminal factors affect Zn2+ absorption in mammals (Becker |
.and Hoekstra 1971) and it appears that these variables are also important |
determinants in the extent of Zn2+ absorption in the flounder In keeping .
' with the dependency of the Zn2+ transfer step 1a the flounder on the prior.
'{ accumulation of Zn2+ in’ the intestinal tissue, the factors which altered the‘

extent of accumulation also altered the extent of transfer into the body.

-,

As previously discussed, the level of Zn2+ in the lumen seems to be
. 'an important determinant of the extent of Zn2+ absorpt{on "In the flounder. ;‘
.Although the proportion of Zn? -absorhed declinedv as :the intraluminal
. Zn 2+ load increased, the amount of Zn2+- absorbed actually increased with
K increasing loads over a fairly wide range (5 250 Ug) " Based on' the‘se i
‘S‘Ltu fi,ndings the potential exists for flounder l:o take up increasing
'..amounts of 'an"' if the Zn2+ level in their ‘diet (or in’ the sediments

2+

ingested with the diet) inoreases.v The proportion of zn2 absorbed from

;the diet by rats also declined ds the amount of Zn ‘+ increased but

© o

E ‘Jackson‘et al.. .(1981) Su'gg_ested that under normal dietary coﬂditi,ons the



"‘;total amount of Zn2+ absorbed actually increased.

—

‘absorptive mechanism operated in the linear portion of the curve v Inm -

other words, a rise in the Zn content oy/he diet resulted in a pro-—-”

‘>portionate rise in’ the a.mount of zn??, . absorbed. Similarly, Miller (1970)

found in ruminants that, although the percentage of dietary an absorbed .

L from the diet dq)tlined with increasing 1evels of Zn2+ in the food the S

K

- The e‘xtent of Zn2+ absorption in mammale is also influenced by

dietary factors whic].& alter its availability (O'Dell et al. 1372;

3_Solomons-1982) When flounder were fed radiola.belled capelin (stable

-

"Zn2+-57 1 ug/g dry weight) the net absorprion of stable Zn from the

"tapelin averaged 37%. 0n1y‘177.§ of the stable Zn2+ was absorbed frop a.

-:;-._:averaged 41 and 727’ respectivel'y) s0 ‘that 1ess of the Zn

diet of fish food pellets (atable Zn2+=92 8 ug/g dry weight)
differences in % absorption from the’ tw0 dieta may’ be attributable to.’

the different Zn2+ levels but the digestibility of« the two diets also

A

- appeared to be very different. The di‘géstibility of the fish food pellets

9

was much 1ower than the capeIin (i.e.~ the net absorption of dry material
|

2+ may have been

v’

available “for’ absorption-_ Using the non—absorbed marker technique,

Hiller and Cra,gle (1965) observed a positive correlation between dry

- matter digestibility and Zn : absorption in ruminants. There is little -

information pertaining to fish on the availability of Zn2+ from different

"'-‘diets bly: Milner (1979, 1982) estimated that only 404 of the Zn2+ in-a diet

‘ 'hon-digestible cuticular material.

. of Az'tema aahna nauplii was available' to yotmg plaice for absorption.
‘The low" availability of Zn2+ was attributed to the binding of Zn2+ to
. T PR LRI . : Va

Several food constituents have been found to enhance the absorption

. of metals in mammals (Forth and Rummel 1973) Kroe et al. (1963) found

“that 59Fe appeared more- quickly, and in greater amounts, 1n the blood

- i

A2

e
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when an amino acid (D 1M methionine, proline, phenylalanine, serine, o

' ‘glutamic acid ord:ristidine) was placed in the ligated intestine of rats*‘

P

. into the body) from the ligated intestine of the winter flounder. ‘.

.
'

v

with the iron. However, a 0.1 M solution of several of the same a-gino .

’ acids did not enhance Zn2+ absorption (tissue accumulation or transfer N

Addition of histidine (0 l M) actually decreased Zn2+ absorption . ']En‘:“'

~

memmals, histidine appears to enhance the uptake of iron into the tiSSue .

-

(and its subsequent transfer) by complexing the iron in the 1umen and

1ncreasing the amount that is available to binding 51tes on or within the -

' mucosal cells (Forth and Rummel 1973) However, the donor effect of a

chelator only takes place if the effective stability of the complex is not

toa high If the stabil:.%y of a c0mp1ex is high the extent of absorption

may depend on: the extent to which the entire complex is absorbed' Perhaps

the conditions employed in the’ present study were such that the Zn

I -

. not r»eleased from the histidine—2n2+ complex for accumulation into the

tissue. Pecon and Powell (1981) found that the ratio of histidine'metall- ’

influenced the extent of Cd2+ uptake from the cardiac stomach of crabs
(Ca?,lznectes sap'z,dus) Low histidine' cd2t ratius (l 1), resulted in an '

increased Cd2+ transport over that observed without histidine, at higher
&

histidine : ca2+ ratios (10:1 to 400:1). histidine had no effect on. ca2+. -
. . ‘!’ D

transport. They reasoned‘that Cd2+ and histidine were co-transported

In the present study, inhibition of Zn2+ uptake was observed at a.

. histidine' an"' ratio of 125 l a ratio at which Pecon and Powell (1981) ‘.

observed no effect on Cd2+ uptake in crabs and lower than the ratio of
histidine.metal (5000 l) .found to enhance iron uptake in rats (Van Campen )

1973) Recently Destreicher and Cousins (1982) reported that several

s

intraluminal constituents thought to. be zi’nc chelators (1. e citric acid
AY

. cysteine, reduced glutathione histidine, methionine, picolinic acid and



' at a chelator to Zn ratio of 69 1 only tryptoPhan exhibited an in—

bhibitory effect. ' ‘ o .',

) However, ,in the present study, no significant difference in Zn

o4

‘\ .. 'u‘\ ' {

.tryptophan) did not enhance the transfer of zinc from t‘he lumen to the

. v.] (

) portal circulation of .the vsscularly perfused rat intestine At s

A

lum}.*nal pH value of 6 6 (versus pH f; 2) they found that methionina,
G

: ,histidine, _cysteine, tryptophsn and glutathione, present in a’ ratio of

s

¥

Fructose is another dietary constituent which has been shown to .

. ) increase iron absorption in rats (Forth and Rummel 1973) 'Char’ley et '

“ o

Ajal (1963) proposed thst this was due to the formatlon of a fruct 'se—irOn A

'u

B . complex which was soluble at elkaline pH.‘ -Shey speculated that Z e

: fructose chelates were also formed in the presence of e:xcess fructose. S

e

2+

accumulation in the intestinal tissue or, transfer into the body was

[

_‘-'..observed when an excess of fructose was injected into the ligated intestine

'

: _,of fructose on iron absorption in mammals is. applicable. Pollack et al

' (1964) proposed that the effect of fructOSe on iron absorption was not . -

Lk

C e

. : Y. .
-due to its. chelating properties but attributable to the metabolism of

vfructose dur:u.ng its sbsorption The uptake of fructose was’ not examined

3

.fish have very lim—ited anlytic enzyme activity in their gastrointestinal
.

tissue and as such may not be able to digest car‘bohydrates. K ,'_

Another important variable found to influence Zn2+ absorption in ‘

: ,mammals is the: presence of other metals. ‘ Depending on the experimental
N lconditions,j copper, cadmium, iron and chromium have been found to exert

".an antagonistic effect on Zn2+ uptake (Van Campen 1969 Hiers et al

1967 Hamilton et al 1978‘ l-lahn and Evans 1975’ Hall et al 1979)

chelator to Zn of 14: 1 decreased the 1umen to plasma transfer of. E'SZn ':"' e

of the flounder,‘ It may be thst an slternative explanation for the effect - ‘

, in the winter flounder, .but Cowey et al (1974) reported that marine flat— e

0 PRI




- of the flounder and on its transfer into the @dy. However, in the

":Based on the 'Ln st'l:u findings of the present study, 'several metals exert .

an- inhibitory effect on the accumulation of Zn2+ in the intestinal tissue )

o . f . . . at

’ equilib\lum dialysis experiments, copper was the only metal which: inter- " \

‘ferred with the binding of an"' to the mucosal cytosol proteina. Similar

- antagonism has been reported in the binding of copper and zinc t-o rat

(4

I albumin (Evans and Hahn 1974) and to :he flounder plasma proteins ‘ L y

Y R

B (Fletcher and Fletcher 1978) In viewsof this, the inhibitory effect on- I

":the in @N‘:u uptake of Zn2+ caused by mdst of the oth&: metals (i e. Ni2+ o

-

- ':"Crz"' Fe3+ Cdz"' and Coz"') may be mediaﬁ:ed at the surface of the, mucosal

cells whereas Cu may also interfere with the transfer step. - In rats - ,.

o .\

"“it hee heen suggested that Cu2+ and Zn2+ compete for similar sites on S
'mucosal binding pro teins (Van Campen 1969) or, on the albumin molecule
(plasma transport protein) at the transfer step (Evans et al 1975)

Under normal circumstances the diet of the w:lnter flounder would

probably contain much lower levels of cadmium, chromium, nickel and ,(

copper than zinc (i e. the metal composition of a typical food organism
I

'.the polychaete, Nerees dwerswolor, expressed as ].lg/g dry weight

' ’cadmium 0, 1 chromimn 0 05;" copper 18; iron 450‘ manganese 9, nickel o
1. 5 zinc l70 (Bryan 1976)) However, food organisms living in con-“
- tsminated areas may contain eleVated 1evela of theee metals.» For example,
:. 7V d‘bverswoloz' from a contaminated estuary contained 1140 ug copper .
'per g dry weight (Bryan 1976). 'I‘he potential therefore exists for
‘elevated levels of heavy metals to interfere with a fishea ability to/‘
obtain’ their required zinc.l - R : \
.When examined under ambient conditions both the accumulation of Zn*

'3
o by the intestinal tissue and the transfer of Zn2+ into the body varied

2'|'

seasonally. The ability of the ﬂlounder to absorb Zn2+ was greateet during
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" the feeding perioda This coincides with the growth period ofo the -‘

flounder (see Fig 47 p 230) when Zn2+ would be required for incor— “‘,

.

v"poration into new tissues. In’ addition, the fish spawn in June and the

.

:an"' wh:l.ch was deposited in the gonads (approximately 42 of the total

h

~ body Zn2+ in males and 25% in fe.nales) ts presumably 1ost from the body

. and must be reacquired during the feeding period .' ' ’..‘ . ‘.

) 1ogical demand for Zn2+ (i e;

. ~_fortuitous occurrence.‘ The accumula

-

The question whieh arises from the observed seasonal chanﬁe in Zn2+

‘absorption in the flounder is w’hether or not it is a response to a physio

T rf' .
homeostatic response) or- merely a

transfer of Zn"r

EA

maintained in the laboratory in heatecf seawater (approximately 8 C) and ’

[y

' fed during what normally is a non-feeding period resembled that of

summer fish. : Transfer of ambient fish (which had been maintained in

) - the laboratory, water temperatu,re approximately 0 C) to heated seawater

‘_(8 .C) in April resulted in no change in tissue accumulation but a four—

oo

-',fold increase in transfer was observed The increase in Zn2+ transfer

st

-‘:-i_n the warm acclimated flounde‘r during the winter may have been due to an ’

:I.ncrease in diffusion of Zn at the higher temperature. . However, .this -

Ases unlikely since the temperature coefficient for physical diffuaion

.of a solute is approximately 1 4 per 10 c rise in temperature (Lehninger

-
Lo

19\75). It seems more likely that the increase in temperature may have

1

",_"exertled' an indirect effect on’, Zn absorption by altering the blood flow

3

N to the di'gestiire 'tract Since plasma prote:l.ns may play a role in the g

PE.

transfer of Zn2+ :Erom the gut to the ‘blood an increase in blood:_f_low:‘ ,

3

“ ‘than the water temperatu;re are- probably also important Bince the Zn2+ :

A_absorption in flounder held under ambient conditiOns started to decline

e

could, —conceivably result in an increase in Zn2+ transfer. Facto’rs‘ other.“ .
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g ' in September when the water temperature (-vas 'stdll h:lgh (See Fig. 10 B ‘_ L ’ R
By L ft.j-‘\“ RN
;‘ | "‘ - . Ther'e was ‘& seasonal fluctuation in tbé sta%le an"‘ concentration “
| B Qf the 1ntestina1 tissue but: this.did not apnear‘ to be a controlling ..,.*,", - . ‘
"';1{ ;Eactor :I.n the extent of’ Zn2+ absorption._ .There ‘Was no. apparent— reilat,ion—_:‘-'""" ‘
‘ ship between the endogenous stable Zn2+: eontent of) the tissue at:d the o .
. ,‘ 3 amount of ‘Zn + accumulated from the lumen 'Ln a'btu Nor was any relation- ' . )
ship apparent when the :oncentration. of Zn2+ in the intestinel"tisseue . :
wae eleva.ted b}’ injections of an"' ’ , -' 7]\ R -
| ' Artific.ially elevating t@g an"'_ status of the flounder by ‘injections .
' | A of stable Zn2+ did not alter the intestina‘ltaccumulatiOn qf £’SZn (or GSZn:.-A‘.;‘ '
- in the presence of a Zn2+ loa:) or :Lts transfer into the body. If the Lo
] a flounder ma.intains its whole ‘Body zn2+ 1;ve1: by controlling the extent ofvtl‘ .
- : absorption from:the intestine one would expect to see a reduction in Zn2+ - '
. af‘_‘ k E absorption in Zn2+—in3ected fish. ~Cousins and his c;o;workers (I'{iehards - ' S e
o _a.nd Cousins 1975a" Smith et al. 19788'-Cousins 1979) fotmd that absorption. - . .
. . e . co i
of 65Zn was_reduced in rats Which' were previously injected with a Zn i ,‘-

]_oad o They attributed the decrease in transfer to the binding of 5\5Zn to

vt o
metallothionein in the. intestinal tissue. and theorized that homeostatic - v
control of Zn absorption was . modulated through changes :Ln the meta—\-llo— ) . . )
- thionein content of the intestinal tissue.‘ . = ‘, | ‘“ .. B
' This involvement of metallothionein has been challeng_ed byaseveral 3 o
o investigators (Starcher et al‘\. '1980" Evans et al 1979, Jackson et al.- . .
‘ ‘ '. 1981) ‘and does not appear to apply to .'the flounder. Metallothionein Was_"f-v . .': ;"’fv ‘
‘ detected in ‘the intestinal cytosols of; an"'—injected flout?der (see v'_
o T S
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L . 'Based on the ratioe of GSZn to- 1I*I(Je in the rectum contents of flounder T

.: secretion Of( stable Zn2+ in the Zn

. t:Lne)

-~

e s e

\ Prior inJection o:E the flounder with a Zn2+ load did result: in a .‘

",reduttion of the net: absorption of 65Z-n from radiolabelled capelin. '

) dissected lla days after the injection, the net absorption of 65Zn from .

=

E c‘apelin averaged 537" in ealine—-injected flounder and only 57 in the Zn2+

" injected fish } If (as is suggested by the tn sttu findinge of 55211

n

. 1 . )
v, uptake from the. upper inteetine) there is no ‘difference in the absorption o

of 55Zn in tl'}e Baline-—‘ and Zn2+-injected fish the observed differences

E /' in net abeorption 7,71 m,vo must b,e due to secretion of 55Zn. Baeed on the

{ ] - nr
! ratio _f sta le Zn2+ to 1'* 1Ce in the~ rectum contents there wae a net
/ ’ -

ot

in_-j ected flounder BN

Feeding the flounder a high level of Zn2+ in the diet (600 versus 'f . ST

J

. 60 g an"'/[g wet weight) for five weeke deld not result in any significant

i L "1’e1evation of Zn2+ in the tissues e.xamined (i e. kidney, liver or intes- N h \

o . c

If the Zn2+ in the diet Was available for absorption, one %ould

-

L expect that more Zn2+ would have been abserbed from the diet with the .

' .

g added Zn2+ than from the control diet (3ee Fig.\ 5 p. 32) Since there

n appears to: be no decrease in the Zn absorptive capacity of the flounder '

fed ar hig —Zn2+ diet it WOuld apptar that regulation of the tiesue Zn
levelxe was achieved by elimination of the extra absorb’ed zn2t

The relative importance of absorption and excretionlto ’the homeeetasis .
Miller et al. (1971) pro- ) -

I" of Zn2+ is a difficult 'problem to reaolve._

. S .“_- posed that high 1evels of Zn2+ in the diet had ‘a greater effect on

\ absorption of. Zn2+ by ruminants than on endogenous excretion ' They“ ‘ C |
baeed this .on the observ'ation thet feeding a high Zn2+ rIiet (600 vg/g) e
did not have a greater effect on 65Zn loss from the body than did a _

200 ug/g diet

-

Furchn,er and Richmohd (1962) drew eimilar conclueions ia

RO




“no t_ been

feces.

. rats sinced the dietary Zn i+ level did not appear to have sny effect on
~. the. long-lived component of the whole—body retention of orally

:“\ administered GSZn (i e. the rate of decline of the&ong component of the BN

retention function was unchsnged by differences An. the dietary zinc

' concentration). As discussed previously, it has been hypothesized thst

'the extent of Zn2+ absorption in the rat is controlled by alterations in

3 the metallothionein level (Cousins 1979) However, Ehrans et al (1979)

o ,havél proposed that dilution\of the oral dose of 65Zn (used to access the et

""extent of Zn absorption) by\ endogenous secretions of stable Zn2+ has o T

AR

' -”'.'from dif erent diets. Using=the specific activity of the GSZn in the f.‘

L kidney snd in _st ne of the rats to cslculate the eontribut:l.on of

1o P

{ endogenous an"‘ ‘to the totsl amount of Zn2+ in the intestinal oontents
(a method developed by Wie_gand and Kirchgessner 1976 a b), they postu— 0
;lated that rats maintain homeostasis by secreting excess Zn’-"' into the

3 intestine. Similarily, since lcinetic evidence on Zn2+ uptake in the rat

P

of the diet would result in a proportionate rise in the amount of Zn

l

absorbed Jackson et al.. (1981) hypothesized that to maiqta:ln homeostasis, -

Y

a rise in Zn excretion must occur. In a study on.-the dietary

_' utilization of Zn2+ Wiegand and Kirchgessner (1980) observed that, at
"-high Zn2+ levels in the diet, rats absorbed zZn2+t. in amounts which.

exceeded their ‘net requirement for body maintenance and growth., They
. 'concluded thst under these conditions Zn2+ balance in the,rat wss main-‘ ‘ SR

tained by eliminating Zn2+ from endogenous pools in the bod‘y via the

[ A .
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iven enough consideration in estimating the retention of 552n )

. e . KO ERET

"'A'indicated that under normal dietary conditions a rise in the an'*', content® - 7 .- o
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I _-:} J portion of the year in which to obtain ita armua]. requirement of an eI

uptake off Zn2+ may not he 1imited by the Zn2+ Btatus of t’ne animal. .- . SR ;':f’;

S . iy . S G -'
' e Rather uptake of an'*' may be maximized Such a. process would Be o
\ o o 4,"jadvantageous df the availability of Z“2+ from the diet 15 1im:l_ted by »

b PR . ._:'factors auch aa an e:.:icess of{—other metals or t:he digestibility of the --"_ r

' ' s _diet.l In the event of exposure to. elevated levels of Zn2+, the present _;;' oo

. P

:_study indicates t:hat eliminaticm mechanisms may play a greater role in T

i K
-

n2+ homeostasis than limitation ‘of- gastrointestinal uptake. e :, - :“
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jected directly into the animal have demonstrated that Zn is incor—
O D
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-+ "+ INTRODUCTION - -
o "

Studies with the radiotracer SSZn, .either administered orally or in—v

‘ porated into ~different tissues at different rates. Several similarities ‘

LT

o . exist in the distribution patterns of 552n in the tissues of ruminants,

\.

dogs, mice and rats (Sheline et al. 1943 Gilbert and Taylor 1956 Rubini :

et al 1961 Cotzias and Papavasiliou 1964; Miller 1969) Tn general,
' ‘-the muscle and bone accumulate 552n very slowly in comparison to-the .~

,'more rapid-. accumulafion observed in tissues ~such as the liver,' kidney,

(o3
] , - .

spleen, pancreas heart, lungs and gastrointestinal tract. ) The turnover

s

df Zn2+‘ in. several of the tissues also appears to change with the Zn2+ .

J °

3 status ofvthe animal. Miller et al (1967) observed that most of the

1 -

~

soft 'ti"ssues o-f' <Zn2+—deficient ruminants accumulated a higher’ percentage

of the Zn def.icient animals also’ retained the 65Zn 1onger, i,ge. the

55Zn exhibited a-longer: biological half lifev © \' "
Y & h
As well as resulting- in changes in the- extent of Zn absorption (see ;

")

Chapter I), changes :Ln the requirements of mammalian tissues for Z.n

'l'appear to result in alterations in the elimination of Zn 'Ruminants fed

a, Zn deficient diet (6 ug/g) exhibited lower fecal losses of ‘a single

‘ intravenous injection of 652.11 than did those ‘fed .a control diet (46 ug/g)

. 3 ’
' i(Miller et al 1966) ¢ Ihe 65Zn loss was further reduced when the animals

' 'developed signs of clinical Zn2+ deficiency (Miller 1969) : The'opposite .

. ,‘result was - observed when animals were fed high-Zn diets. Fecal excretion

LR

.'-of an intravenous in:j ection ‘of 65Zn was increased when calves were fed

’high—Zn2+ diets,‘ﬁith 200 ug/g supplemental an"' (i e. added to_the control"

-'diet which contained 38 ug/g) having as great an effect as 600 ug/g

T L LT TRy S TR i - . . . . ‘er L A T S Vs St NSRS

'.’ \>:-L.' I'l'

vof an oral dose of 5§Zn than. did tissues of’ normal animals. The tissues
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. (Miller et al, 1971). .The, whole-body loss: of, an 1njection of 65Zn (4.p. )

. was accelerated in mice when the. dietary Zn-+ level was increased '

(Cotzias et al 1962). Similarly, Furchner and “Richmond (1962) observed
jFhat rats maintained on diets supplementedizith Zn2+ retained less 65Zn .
than rats on normal ‘diets. However, in th experiment, the 8570 was -

v

administered orally and the authors attributed the differénces in 552n

.,retention 1argely to inhibition of ahsorpt1on. They proposed that ‘this was
.. a reasonable conclusion Since the rate of loss of the long—lived component f'

,Jof the 65Zn retention function did not appear to be affected by differences :

]

"1n the dietary Zn2+ concentration o 1U"' ‘“3l“A".- . o . %

'

I mammals, the general concensus is that Zn2+ elimination from the '

N body occurs mainly via the digestive tract (Underwood 1977) Collection ofl
"'feces and urine following oral administration or injection of 65Zn have

' demonstrated that very 1ittle zinc is excreted in’ the urine (Rubini et al

.

. ;1961 Cotzias et al 1962, Miller et al 1966 Methfessel and Spencer 1973 b,

l jWiegand and Kirchgessner 1976 a b) . Birnstingl et al. (1957) proposed that -}

;pancreatic secretions accounted for most of the endogenous Zn2+ in -the

-feces of dogs but this does not appear to be the-predominant route in other

species. For example, Pekas (1966) found that fecal excretion of endogenous’

was - not g:eatly reduced in pigs when ‘the pancreatic duct was ligated

Similarly, Stake et al (1974) concluded that“Zn2+ excretion via'the pan--}x"

.creas accounted for 25/ or less ,of the total endogenous loss in calves.

-Ligation of different segments of the gastr01ntest1nal tract of rats

.following -an inJection ‘of. 65Zn (i v. ) demonstrated that Zn2t could be -

’secreted into all regions of the tract;'the principal site being the small
.A)

'-iintestine (Methfessel and Spencer 1973 b) Since the duodenal segment did
' not contain greater amounts ‘of ssZn than the more, distal portions of the.

.vsmall intestine, this study also appears to contradict the hypothesis that

)



pancreatic Juices constitute the primary source of endogenous fecal Zn2+

The mechanism of intestinal-Zn secretion has not been elucidated but in :‘

'.vztro studies using rat intestine suggest that the transport of Zn2+

O

, across the 1ntestiﬁhl mucosa from the serosal to the mucosal surface, may -

be an active process requiring metabolic energy (waarski et al 1974)

'hAlternatively, it has been suggested thathn excretion may occur by-. Oy

\

»desquamation of mucosal cells containing anf or by the secretion of Zn
-along with 1ntestinal juices (Methfessel and Spencer 1973 b)
The dynamics of 6SZn turnover (accumulation and‘loss) in whole fish

and An fish tissues has been examined in several radioecological studies

v

designed to assess both the potential toxicity of the redionuclide to the

4

: fish and the potential health hazard of the fish (considered as a food
."/organism) to humans (Nakatani l966 Baptist et al, 1970 Merlini et’ al
‘ ‘1973 Pentreath 1973 ayb, 1976) < In agreement with observations 1n mammals,

A

‘these studies indicate that Zn2t follows a specific pathway through the

. — body, iee. different tissues accumulate and loss §SZn at different rates.,

L L

In the" present.study the dynamics of Zn2+ turnover in the winter
flounder 'was investigated by examining the distribution of : 65Zn in the

E tissues following intramuscular injections of the radiotracer. In addition,
.~ ) ‘. . o ‘l .
o . the whole-body retention of Gszn was examined in normal flounder and in

‘flounder in which the Zn2+'status was elevated by injections of stable Zn2+.

R Studies were also carried out to determine the site(s) and extent of 55zn

excretion into the,gastrointestinal tract._
p N “ oL - ' ) _A- : o "-

MATERIALS AND METHODS . . -

- “-Section-A. Distribution of 65Zn in several organs and fissues of the o
i winter. flounder following sing;e, intramuscular injections.. . ’ B

3

'. The distribution of 65Zn An various organs and tissags of the winter

[T

ey




she

”following a single intramuscular injectiOn (1. e. into the dorsal fin mysele, -7

~ mm ool my e e 0 el . R

flounder was investigated by monitoring the radioactivity in the fish

. 3

“20nuCi per fish) The flounder used in- these studies ware maintained under

-
i

ambient conditions of temperature and photoperiod' they were fed'chopped

capelin from June to Dctober. The fish ranged in body length from 30 -39

:

_cm and in body weight from 300-874 g

In one study the flounder were injected in }-‘[ay. Five f;\.sh at each

‘time ‘point were then killed and dlasected 1,.3, 7, 15, 28, 71, 156, 296, -

392 and 528 days follow1ng the injection. Samples of several organs and
- L N

"'.tissues were. weighed and placed in vials, the cpm 65Zn in the tissues were

' B

. then determined using a gamma scintillatlon tounter (Packard model 578)

‘Standards were: counted at: each time interval to correct. for phy51ca1 decay

“in the tissues. '. "_ o T 4:' ‘ .A,.:

. | of the isotope. The concentration of 652n in the . tissues (cpm 65Zn/g wet
'.'weight) was exptessed as a / of the total amount of GsZn 1nJected into each ‘
'flounder. The data were plotted on semi—log paper and estimations made of

. -the blological half-tlme (TB1/2) and the rate constants (K) of 65Zn declima_~ S

i~
o

“TByjp = __ 03t - .. (Comar .1955)
Tog e/
-and; Koo = 0,693
C T T51/2
) where, Ao = concentration of 65Z'n at t::Lme0
AL = concentration ‘of 852 at timet _
T ' - STk
e = _time interval (days) - . . 3-;‘3
g ' o i AP AN

‘ The total amount of 65Zn in ‘a given organ or tissue was calculated by

multiplying the cpm 65Zn per 1] by . the total weight of the tissue. ‘The

weights of the gonad liver, sp,leen, gastrointestinal tract, kidney,
Uy

interhaemal spine (bone) and eyes were determined for each fish by directly

o



———

‘;.ication)

. In a second study, winter flSﬁEdbj
'TSSZn (into ‘the dorsal fin muscle) in A gust.

' 'x‘length from 30—42 cm and in body weight from 299 1049 g

.“%é . ) "‘i. . ~:‘: : -55; . f: {‘: o ‘I“Q“

“weighing the tissue

-:as 5% of its total body weight.

fish and directly counting the 652n in all of the tissues.

' Section B,
si gle intraperitoneal inJections..

B L Y PR PR - Pl e

)

The total weight of blood in each fish was estimated‘

f

The'total weights of white muscle,' ’

Z-gills, skin and scales for each fish were estimated using equatiOns:

- K 5'.

“which relate the tissue.weight to the body length of the’ fish (see'

‘) Appendix A, equations derived by Fletcher and King,. personhl commin-— - ; '

"The total amount of. 65Zn in each tissue was ' expressed as.a % B

of the total amount of 65Zn injected into each flounder. '

' In one flounder (a male), the total amount of 65Zn remaining in the P

fish 528 dsys post—injection was estimated by completely dissectinm the

In this

: fish ~in addition to the tissues mentioned abOVe, the skeleton, fins )

+

and , fin muscle-were'also examinedv )
| (all female) were inJected with '
The fish ranged in body
Groups of 10

and 9 flounder vere dissected in October and April respectively

concentration (GSZn/g wet weight) and total amount of 65Zn, expressed as"

S

':a ? of the amount of 85Zn injected into each fish, Were calculated for '

several representative tissues. The total amount of white muscle in each

’fish was estimated from equations which relate the tissue weight to’ the -
:body length of the fish (see Appendix A, equations derived by Fletcher :

‘and King, personal communication) R -

1

Whole—body retention of 65Zn in winter flounder following

Wh°1e‘b°dy retETltion Of zinc was followed by measuring the radio—""“

nuclide content of fish injected intraperitoneally with 65Zn (30-50 pci-
t“jper fish) in saline or 65Zn plus a load of stable Zn2+ (25% of the total "

o .body 1oad of Zn2+ in the flounder based on an estimated whole body conr

P
.
'

Theq“ :

B e




. two 3"-by " N'aIvcryst'als Two regionsof,eachz&fish de51gnated sivte.A and'

.counting a 652n standard at eac1 time 1nterva1 The a

'1centgation of 15 g Zn2+/g'wet weight% The fish examined comprised both
‘;sexes and ranged in body weight from 300 to 700 g. One group of flounder:

‘(4 saline-— and 3 Zn2+ in_] ected) was in_]ected in late August, another

l

v group (3 saline- and 3 Zn -injected) was inJected in ~December. Feeding .
: ”was terminated in early September.x Both groups were monitored-through'tdf
the following June, Four saline- and two Zn inJ ected flounder vere also
: monitored from June t‘o August' the fish wvere fed chopped capelin ’during

this interval The flounder were maintained in individual 10 L tanks

supplied with flowing seawater at ambient temperature.
Each flounder was radioanalyzed live by placing it in- a pla(iglass

container through which seawater was passed The flSh were anesthetized e

(for 10 minutes in MS 222) prior to being placed in the container and held

in a fixed position such that the same regions of. each flounder were counted

at, s_uccessiye ti_me‘tinte_rvals. The fish in the tontainexr was, counted bétween

. B, were counted (Fig. 19) ‘The peak of 65Zn ;adioactivity at each s:Lte was} .

integrated' corrections were made for physical decay If the isotope by
tivity at site A in

each fish was. expressed as a / of the initial counts per minute detected

1

'3-5 hours after the 1njection.- The activity at_ site B in each fish was

.t

' expressed as a A of the ‘maximum counts per minute detected (1 4 days after

the inJection) ‘ The data were plotted against time on semi log paper and

,analyzed by the standard kinetit approach usually applied to first—order . :“

reactions (Comar 1955 Baptist and Price 1962) Where the curve appeared

s

o to con51st of more than one component (i e. retention at site A), the slope

. of the linear tail of the curve was ‘more - accurately determined by t,he

A

method of least: squares and extrapolated back to 'the y axis‘ The ‘extra—

,. polated values were subtracted from the corresponding values of the first

BN
od
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Fig. 19

flounder monitored for 65Zn activity at successive time .intervals

plus an equivalent volume of saline.

The regions (designated as s:.te A and site B) of the winter o AR O
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o

component of the curve, yielding \ straight line. The retention process~

. may then be expressed\by the form R a eTklt'+ a, e'th in'nhich a], ay

.and kys kz are the intercept and rate constants, respectively of the

individual components of the,curve. The. intercepts (al,az) represent the

o

-activity (A of 6SZn) prese.@ at zero time in each component. Values of -

. XK' (rate constant) vere calculated by multiplying the slope of each line

A~Aby 2 3, the slope being log Ao - log A/t in which Ao represents the ‘

.‘1ntest1ne, including the_pyloric appendages) were dried digested with ClL

and Zn2+ injected flounder ‘the stable anf concentrations of several

.'activity present at zero time and A?the activity present at time t. The i

-" i

~'biological half—time of each component was determined by the equation

o ‘1;131,2 - A_0;6:93':. o . \.

. PR 3 RS
Section C. Comparison of Zn2+ concentrations in several tissues of winter

flounder injected with Zn2+ or an equivalent volume of saline. g
SN

- -

To-complement the study on the whole—body retention of 65Zn in saline—-'.:

I, . .

R - )

‘(afl males) were. injected intraperitoneally with Zn2+ (25% of: the cstimated

£
later the fish were killed bled from a caudal blood vessel and dissected

Samples ‘of kidney, liver and intestinal tissue (uppermost portion of the‘

— c.

N

"'nltrlc acid and the Zn2+ content, of the digests determined by atomic

-absorption spectrophotometry (Varian Tectroh model AAS) as described in .

.Chapter I, p, 15). _The:anf concentrations are expressed per,g of-dry -

tisswen oo - - L o

fSectiOn;D. * The sitegs) and extent of 65Zn "secretion" inté the
"gastrointestinal tract. “ . R S

ety . Lo K : ¢
ot T .o . .

. .

Winter flounder were injected intravenously with 552n and a stable-

_Zn2+ load (equivalent to 25/ of the estimated body load" of Zn2+ of a 200 g

B T TR

L S

'\tissues were: analyzed The study was’ conducted in January. The flounder/ "

ﬂ"total body Zn2+) or ‘an equivalent VOlume of saline (17 NaCl) Fifteen days o

’
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' v .a;flounder in the summer feeding period (June—July) 'FiSh-used in. this ‘
.~ ifyﬁf:tfijz, ,study were maintained under ambient conditions of temperature and photo- R
Rf R ‘:h:period, they wene fed chopped capelin during the test period. .GSZn (20 -

v . Lo . 1

_j~a B “i.pCi per fish) plus a stable Zn2+ load (247 of the estimated total body

%i-ff. ”:_an+) or: 65Zn plus an equivalent voIhme of saline (1% NaCl) ‘were injected

Ejﬂgt N ';fintravenously. Five flound/r of each test group Were killed 9 and 27 days
j;f’ \*- - ”:flater. The fish were bled, an‘incisibn made in the body wall and thétupper—d
?{ %;; g {:t-ﬁi:portion of the intestine (including the pyloric appendages) tied off tn . rwa"
;f ;é X _ '_:Hi;situ. The contents of this region were emptied into. a counting vial. The
.3} “fwul“‘h‘ii—lhl} cpm 652n in the intestinal tissue, lumen contents, kidney and liver were.“"s
i“ ‘ﬂ_'féf.fdetermined as previously described and expressed as*a.Zvof the’ total 552n ' -

VTP : : S o R
P - . . e . . ‘ L o

' fﬁ" injected into each flounder. C '”" SRRt ‘_'xﬁ

B The changes in tissue 552n concentrationS‘following a- single intra— o

v :%fuj,l.;d”;fmuscular injection are demonstrated fh Fig. 20 21 and 22 Only the'

'".values (X i SE) for the male flounder are plotted since they representedl -

o -

f'the majority of the fish examined at eéch time interval (i e. 3 5 of the .

“f 2 fish dissected at each time point) The values for the female flounder

'\u . ,. ~z‘

-generally fell within the same range as the males but there Were too few :

R o

» ' .0 @
et ¥

.

: ?“"7~ff?:}-.z'-' i'z .~ % . _RESULTS .. ’
) Section A Distribution of 552n in’ several tissies and orggns of the :
winter flounder following single intramuscular injections._‘“ n T Lo

;-

,j65Zn attributable ‘to the sex of the fish
R

in the other tissues of . the body._

o . - . . s . [ s
v . v ‘ N o s Vo
PRI I - . . P [

'T.;e ' 17) there was an overall decline in the 65Zn concentration

'fvalues to determine if there were any differences in the’ tissue turnover of“

S

ey

Up to 15 daystollowing the injection, the decline in the 65Zn con—

From day 15 (May 22) to day 71 (July

v-‘\ t
r
e
T,
3 L e PRSIV URUN NSOV JUNY
.

in;theuliver,

2

&

&)

*centration in the blood was accompanied by a rise in the 65Zn concentrati_n .

‘ 3
. i' ¢
b
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':,'Fig.lzz Concentrat‘ion of 55Zn in the skin, scales,' eyes, ﬁite _muscle

-

;and interhaemal spine (bone) of flounder dissected from 1 ‘to 528 days'

following a single intramuscular 1n3 ection (May 7) Data- expressegl as;

% f .

% of Inj ected Dosé X 10 l’ (x SE n—3-—5 males per point), where, z

Injected 'D‘.’E?e =" _cpm Gszn/g tissue X 100. ‘. P
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)

gastrointestinal’ tissues and*- kidney; there'was‘ver“y 'little chan'ge in.thE»
- GSZn concentration :Ln the gills a:l} sple‘en. From day 71 (July 17) through

to the end of the experiment (day 528) similar GSZn turnover pattierns were’ :

observed in the gastrointestinsl tissues, blood gills, spleen and kidney

(Fig._20,21) ", o e o

The biological half-times (TBl/z, days) and rate' constants (K days 1),
based on the §5Zn concentrations in the tlSSUES of flounder dlssected 71
. 156, 392 and: 528 days after the 1nitial 1nJ ection, are Su:nmarized 1n Table ’
'.9 The _GSZn concentration in the kidney, blood gastrointestinal tissues,
‘ spleen “and gills declined fairly rapidly from July to October (i e, TB1/2 )
averaged 55 dayS, K averaged 0 0128 day ly, V,ery little decline in the. .
;: o :";__" : 65Zn concentrat‘ion in these tissues occurred from October to June (1.e.

TB1/2 ranged from 638 to 1817 days, K ranged from O 0004 to 0. OOll day 1),'

65"n concentration of these tisaues increased aga:Ln when feeding was

'

o ooso day 1‘.). The raté of loss of 652n from the

i . . -

greatly between the feeding and non-feeding periods.

" ranged from 0 0051 t b
" liver did not. diff
.o v LT The 65Zn concentration in white muscle, skin and interhaemal spine —

(bone) tended to increas.e o7 remain constant in the period from July to-

October when the 1eve1 in most tissues was declining (compare Fig. 22 wit‘n

Fig. 20 and 21) In one tissue, the eyes,< the 552n concentration contlnued
to rise over ‘the duration of the study (Fig. 21".)"._- . : L .

Twenty—four hours follow1ng the injection, 52 5 6 92% (X * SE, n"S“

fish) of the total amount’ of 65Zn injected per fish was estimated to be

)

. S . e recovered in the ‘tissues which were eampled (i e. blood gonad liver, ,
o T e e _‘ spleen gastrointestinal tissues, kidney, gill white muscle, skin,vscales,
_Lnterhaemal spine and eyes) (Table lO) These tissues together accounted

<

A which corresponded topthe non—feeding per:x.od.-_ The’ rate of decline in, t.he :

resumed (i e.. from June to October the TBl/Z ranged £rom 87 to 135 days, ‘K

A N PR W ) o M. . . - et . L : . , L e L . P o
[ R . — " . . » - o 4

[P 5 U T S ) - RN SR
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Table 9 Biological half-cimes (TBl/Z) and rate constants (K) of 552n decline S B
in t:issues of l:he uint:er flounder (0") based on. the concentration of 552n in the . o o
tissues of fish dissected 71, 156 392 and 523 days after the initial. inj ection : A
" om May 7 (used x of 3—5 fish per t:ime poim:) T - ) o : . . A D
July+October October+Jane" . - June+De tober . 5, A
(71- and 156 - - (156 and 392~ (392- and 528~ . L
L days‘post-inj ). dazs posc-inj ) .. days post-inj.} M S
TiSSﬁE TB]/ . T mlllz" . K ,’l 2 :,.:'. + . ‘
, % (days) -(da,ys‘l_)- . (gays). -(davs'l_l' {days) ‘ (days.‘l.')v— R
"Spleen ™ - Y '60.  0,0116 1251  0.0006" "103-. . 0.0067 SRR RN
" Liver - 18t c0.0059 ¢ izu_ns‘ £ 0.0033 ., 164 . -.0.0042 ‘ 3]
© Gl 62 . '0.0112 6387, 0.00LL . - 126 - 0.0d55-
" Ridney. . % C0.0137 1817 0.0006 © . 135 - 0.0051 '
. Gastrointestine 58 00119 1692  0.0006 '~ 87 . -0.0080 © v
o . -(pyloric ,appen'ddges) . B - : ’ L .
_Blood 4s - 0.0154 - 1716 000004 127 - 0.0055 . -
. Whise—-muscle z - 633 0.00L 233 - 0.0030 .
' .Interhaemal s - - ’_ 476 ' ~0.0015- ., - -
_spine (bone)- ‘ T i
>where, TB]/Z = 0,3 K t . .
. N . . s g
103 (Ao) * «(Comar I935) G
- . . v v
and - . o '
"K = 0,693 S o ‘
' . TB oy .
- ‘ - 1/2 | Y
T A= concentration of S 5Zn at time, .
’ A = concentration‘of 55Zn at time{f \
E "t = time interval (c'la'ys)._,'f - . - ,
. concentration of. 657 in tissue =, iy _ Zn/g X100y X 10 A .
' e ; " ‘epm. ®3Zn'inj. per fish . - 3
. i
~ . o T ) fl
S : . t
PRSI e . #“. -
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.‘the amount: of 552:1 injec:ed per. fish) in several organn and t:iaauea

110

’ ‘"“Télble 10, Estimates of the total amuunt: of 55Zn (expressed as’ a % of -

b

the w:lnter flounder following a single incramuscular 1njection. Va_lu‘es N

ofl

. expressed. as. SE, n-numbe: af - fish dissecced
. Days Post-ini.  1-. 20~  71- 156~  296-  392-- 528-
‘Date " May 8  Juge 6- July 17 Oct 10 Feb 27 June 4 Oct 17

4,29 (275, 0.46° 0.14° -0.25 ' 0.43° 0.15
" Gonad .- 1,28 3.68% 5igEt . 0,67t 2.67: 2,49t 3.67%
oo o cea s LIS 02 o.eh 0.52 0.8
Cvers s w02 2,07 L6t 1,02 0.52  0.88:
e 0.5 0.8 0.20° 0.8 04§ " 0.06 0.1
- . - s i RN L o . .
" - Spleen . . 010t 0.26t  0.22+ 0. 09:' 0.08t  0.06r 0.06f .
.. fw . 0.0l . Qo5 0,08 . 0.01 001 0.0 .01

.. astroint. 175 5.38t 3.88t  1.04 - Q.93 0.93t - ONY*

: brace .+ -- 0.5 1.8 . 0.3 . 0.1 .13 0.1 ~ 0.12 -
Kidney , 1.08: 1.0t 1.07¢ 0.24% p.ééx‘ "0.29t - 0.27¢
.4 009 0.0z © 0.09 . 0.03 -0.08 . 0.04- 0.01 °

. ey o 1.83% 2,13t . 2. 25+' 0.85¢ 0.93 0.77¢ - 0.46%
: o 0.26 0.28 . 0.11°° 0.08 0.12 .0:11 - 0.08
Wilte,muscles . 1.0t 4.l6f 8.42t 7.18F  €.38E 412t 423t
. cO 023 | L7l 0.8 " 0.9  0.86 - 0i77  0.61 .
Tk U0 TEM3t 8.97t 15,95 12.48: 13, oo:- 11.48:  4.50t.
B 1.63. ©-2.04  ©0.79' .- 2,38  1.81 . 3.00 O. 16
CScales | - - 138 2.0t  2.56.  l.ekt 3.1%  1:95t .2.00t -
CTTT L 03l T0u0 | 0.15..  0.34  0.62° 0.43 .0.43

. Iiterhaemsl - 0.02¢ - 0,04t 0,08t .. 0.06¢ 0.065° 0.06f 0.08#

‘ spine (bome) ©  0.003° 0,01 0,0l 0.01' . 0.0l 0.0l 0.02
Eyes 0.1t 0.25%t  0.3Gx . (0.26¢  Q.4lk - 0.4l 0.55%
S, . 0.2 - 007 0.0z  0.02 . 0:06 0.06 0.4

JTotal | o 52,5 %0 4L0% S0.1F 28.2% 30.6% 26.1:18.6 x’
ST e AT L6 421, 3.84 0 05.29. 1163

- ) ({n=5) (n=3)  (n=5) (n-3) - (nm=4)  (a=5) | (a=4)
., Tissue o i : "

‘Blaod - " 36.08: - B.82t 7.96t  2.24¢ 1,66t 1.87% 1.33t

'I.‘or.al 552u (%) = cm 552:1/3 X weight: (g X 100
. cpm €52n 1nj. - per fish . ]
. .
'I'he weights of the gcnad 11ver, spleen, gastruintestinal tract, '
. kidney,, iaterhaemal spine (borie} and eyes were deternined hy
directly weighing.. .Blood welght was estimated to .be 57 of the

" total body weight. Wedights of the gill, white muacle. skin. and

scales were estimated -from equacioaa relatiug tissue weighc :o '_ B
body lengt:h ‘(aee Appendix Az, v 7 L O A
4

EX
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' “_intestinal 1umen contents were observed

By comparison, 38.8% of the total amount of GE'Zn injected was recovered i

"<contents. is summarized in Fig. 23. Very 1ittle .SSZn Was detected'

:-;bile (1 e. 0 Ol% of the total 552.1.1 inject d per fish)

the urine sample of .a few of the flounder .

‘ July (29 and 71 days post—injection) At \these times, approximately 0.1-

v BT £+

for 60 70.4 of the total body weight “of the flounder (Table 11) The

65Zn recovered in these tissues declined to 18 6 ‘l 63% (X  SE, 'h=4‘
fish) in flounder dissected 528 days followmg the inj ection (Table 1 )

{

“one fish which was completely dissected and counted after the same time '

LA

interval '~(Ta.b1e ~12) The difference was 1arge1y attributable to the 552n

recovered :I.n the skeleton, fins (and skin covering the fins) and other

4 ‘muscle (i e. fin and belly muscle)

" - The dietribution of E‘SZn in the bile, urine and inteetinal trect

’\ :"'

Somewha‘e‘ ~h1§her

The maxi um ¢ 65Zn values in the

the fish dissected in June and

k . '0 2% of the total 652n inJ ected per fish was detected in the lumen contents'

"muscular inJ ection) (Fig. 24 A).

‘,65Zn in the gonads over the same period

of r'few of the flounder. The level» of radioactivit)"»was similar'in the ' - E
' lumen contents of the upper and lower intestlne (i e. divided the intestine

' into two parts before draining the contents)

The % of 65Zn in ‘the 1iver, white mu.ecle, kidney, gill filaments and

'gastrointestinal tract of the female flounder declined significantly

"o

; (P < 0. 05) from October to April (63— and 236—days after a single intra—

There was a 1arge increase in the A of

o,

tissues ‘was not significantly different between flounder dissected in ool
October and April but there was a significant decline in the weights (P<0 05)'

(expressed as a 7 of the total body weight) of several ‘of the tissues (1 e. o

' The concentration of s5Zn in the

R
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’ ' Table 1. Weighis® o'f:r‘:issixes and organs .exﬁre’sse__d‘ as a % of f:he" body .

' '_.'weigh.t:. Values are X 't SE_(n=number .of‘_f:i.s'h‘_disseé‘t‘ed)‘i‘ , O,

[EX] 2

Date .- . May 8 ' Jume 6 July 17 ~Oct 10 Feb 27 June &4 .Oct 17
@) 3 e - (D) . (aed) . (ae5) - (aed)

. Gonad . . ' 9.98+ ~8.45t 13,18t

B o . 7+ 6.69% - 9.2l 13.46%
™ PR ol oL l.e, L9 v

0,907 . LS50 . 136

L.

oo
ff

“liver © -  0.96% © 1.30f  -0.88%

0.04 - .0.14. :'0.06 0.05 - -0.04 - 0.25

ok o .o+ 7 spleen’- °  0.09% _ 0.11¢ - 0.10% - .0.10¢ . 0.11x  0,08% *° 0,12%
e I 0,01 . 0,02 - 0.01 .01 0.02. . -0.01,  0.02°

“1.89+

e 0.0 Gastroddt. ' -r4.12%° 2.55t  2.36% - 165 L
-- . : 0,21 - 0,09 0.25",

tract . . 0,137 0,45 0.21,

oW
L -

TS
’-..
. o
. (V.
e
—

~

)

i+

" Kidney T . 0:4It . 0.37¢ © 0.37%

S 0,030 ~0.04 1 0.02

00 OF .o OF .60

2o
I+
o
A )
o0
B
o
W
[2)3
it
o
.
[9,]
(8]
W

. el - 23 LAz cL206 0. L
S i vTom06 70.08" . 0,05 0 0.
) L Wnite muscleé . 36.31: 34.72¢ 43.6L:’ 37,
E T C .97 2,17 0 2.8 1
b o skdn L 7.39% 6.84: j,.7.o7g5 5.9 : .30
TS ULl 7 04 0.38 70,30 0.29 U 0MD 016 0.26 -
" Scales’t .. 2.45% 2. 33+,-’ .2.06% ' 1.69¢
TeTier 0 005 Y0013, 0.08 - 0,09

"B 0 00 Intethaemal . 0.24%" 0.26s. 07195 . 0
' ‘ e ‘spine (bone) 0.01 -. '0.01 .0. 02 -~ .0 ‘ 02 0 .
E . - ' s L A . ' -
. . Eyés. " - - 0.20% -0.28% 0.24: 0.16+  0.29% 0.25¢ - 0.20% -
T © 004, 6.01° . 0.01, . '0.04 -~ 0.08 _-'0,02° :© 0.01

*_ = — — ;
o Weigh:s of gonad, liver, spleen, gaatrointestinal tract. k:l.dney, 1nter-
A . o "haemnal spine (bone), and. eyes were determined by directly weighing._ The
‘ ) total weights .of white muscle, gills, .skin, and scales for each £ish were.
- - - - est:imated using equations which relate the cisaue weight to the body
S "\ length af ' the fish (see Appeudix A)..
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injected) in several organs and. tissues of a male winter T ¥

flounder totally dissected 528 days following a single intra— -

mus c.ular inj ec tion -

ab-le 12, Total amount’ of 65Zn (expressed 2s a % b-f' th‘e auio‘ﬁnt -
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Tissue o . % of Inj. PR

' Bloo_;l v
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”h@.iler, o

. Gastrointestinal tract

1 N “A,
Spleen S _"'m -

Kidney' ‘
Gill -
'Whlte muscle

Skin

"Scales :
&

} Ihi:efﬁa'émgl 'Sp:iI:IE: (bone) . e L 0.07

Eyes

Other skin (on fins head ‘and belly) - . y I!&/.‘67

rother muscle% and belly) ‘ o ST "4’.‘]0

. 'Fins
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.Appendix A)y \'?: : ‘.".'-

. —

C6 .

Fig. 24 AL Total amount of 65Zn (expreased as a % of the amount of 65Zn

:‘ injected per fish) in eeveral organs and tissues of female winter

.fl_ounder dissected 63 (i.e. :I.n October ['_'] ) and 236 days {l.e. in

- April - ) following a single intramuscular inj ection 7 of 65211

inj. . cpm ESZn/g X Weight ﬁ\g_)_ X 100. v o ] .
e cpm 552-n inj . s T e SR,

. 'Fig. 24 B' Tlseue weighte (expressed as a / of body weight) of female

flounder dissected in October ( D » (n—lo) andn April C: . "')‘ '

s *(n 9) (see Fig 24 A) The weights of ‘liver, kidney, gastrointestinal

tissue and gonad were determined by directly weighing the tisaue. The

total amount of white muscle and g:Lll filamente :I.n each fish Was

estimated from equations which relate tissue weight to body length (see :

-
. . - .
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crease :I.n the’ W ight of"the gonads (Fig. 24 B). ."' o ) ', ) . -

"’.. A ) "t o -0 N - /’.‘

‘ Section B Whole-—body retention of 65Zn in winter flounder follow g
: si gle intraperitoneal :Lnject:l.ons. e /’\ : R

IAC
/ ’-- .

Similar Glen retention profiles were obéerved in the flounder in— ‘
jected in Augus or December. In ~addit:[on, there were no apparent
differences in lwhole body retention of 55Zn attributable to the sex of

I:he fish. _ Howe’ver, fewer females than males Were examined-—only two of DR

the seven saline— and two of the s:l.x an"‘-:l.njected flounder were. females._.,
Repreeentative ESZn retention profiles for site A of Zn2+— and ealine-. .
inj ected flounder,‘monitored from August or Decber through to .Tune, jare

depicted in Fig. 2;:5 A. The retention curve was composed of two exponential

rate funCt-"-O'ﬂS (Fig. 25 B) The biologicel half—times (TBl/z) and rate T

- ] o
:,: constants (K) of the twc components of the curve are summarized in Table

E N 13 A 1ong—1ived component with a TBI/Z of 1510 225 days (X SE of

7 fi.sh) in the seline— and 1200 266 dayp (X SE of 6 fieh) in the

-

an injected flounder eccounted for the mejor portion of the total 65Zn .
A :

. actlvity (72 and 657 in the sal:Lne— and Zn2+-inj e.cted fish, respect:ively)

In three of the six Zn2+ and five of the seven saline—injeated

» -’

flounder, the Z of 65Zn retained ‘i oite B rema'ined mkhanged or increased R

d. In the remainder of the fish the'

slightly over the examination per
TBl /2 of the long—lived component waa similar to that determined for site =

A (1 e IBl/p_ of 2081 days (x of 3 fish) for Zn j and 2109 (X of 2 ~.

fish) for aaline—injected flounder) (Fig. 25 C) -f"

e

The rate of E"SZn 1053 :anreased in flounder monitored frd‘m June to

L L'

August (Fig. 26 A and B) : The TBl[z» when n(onitored at site A, wes 223 ) U
74 days (x i SE, n-4) and 219 50 days (x SE, n=2) :m s?line—* and Zn2+

o
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o approximately 1, 07 of the total Zn2+-injected per fish Was detected in - -

o the 1umen contents

L injected (1 v

. s N v
AN LI ..', L B el

~finjected flounder, respectlvely. Wheniflounder'nere“monitored'at'Site.B;

"the TB /, was 181 27 days and 207 +‘2o dayh in:theﬁssline- and ZnZt-

'in_]ected flounder, respectively (Fig. 26 A B) ' _”* o

Tffféection c. Comparison of: Zn2+ concentrations in_several tissues of winter -
CL flounder i;jected w1th_Zn2+ or an equivalent volume of saline. - v S

e

Fifteen days following the injections, the stable Zn2+ concentration‘
'in the kidney, liver and intestinal tissue of Zn2+—injected flounder was -

elevated 70 21 and 264, respectlvely, above that observed in the saline— J

R

‘inJected fish (Table 14)

C T:o'ailﬂ Ca e T e

"Section"ﬁ Site(s) and extent. of Zn2+ “secretion" ia the gastro- T o
intestinal tract S ; ) e S Lo

The distribution.of zinc in several tissues of winter flounder,j

:
|

'examined from 2 hours to 14 days following 1ntravenous inJections of_ 65ZnA"

. plus a Zn2+ load, is summarized in Fig. 27. " The concentration of Zn2+ in

the blood reached a plateau by 15 hours post—injection' concentrations in .

:‘the kidney and liver tended to r1se over the period from 2 to 14 days.:'

NThe Zn2+ concentration in the gastrointestinal tlssues peaked at day 7,
:declining slightly by day 14 the concentrations were similar in all” regions

of the tract The ug Zn present in’ the contents “of the gastrointestinal

R

'"Utract was greatest in the flounder examined 24 hours post injection (Fig.

‘!
Y B

28) . The l%#el was higﬁeﬁt in: the lumen contents of  the upper intestine o

(region including the.pyloric appendages),~at 24 hours post—injection,

2

‘éf the'’ upper intestine. ";; ' "L .b ;-j, : . ,; .

.

Similar levels of 65Zn were detected in the lumen contents of flounder

with,GSZn plus stable Zn2+ 55Zn plus an equivalent ;

JIpp— --"" ’
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volume of saline (Fig 29) As obsarved in the preceeding study, the level
of 55Zn was highest in the contents of the upper intestine. _ Ligation of
the upper intestine prior to the i. v. in]ections resulted in an elevation

- of ‘the -55Zn concentration in the upper intestinal tissue. The levels were

elevated in both the saline— and an"'—injected fish. The 65Zn concen— '

tration in the test of the intestinal tissue was similar to that observed

'"'"when the upper intestine was not ligated. The 1eve1 of 65Zn in the lumen
' -'f-’" conténts of flou.nder in which the upper intestine vas ligated was 2 4

times higher tha.n that observed in fish in which the intestine was lefft Cee

A

'0pen.—This elevation of SsZn in the lumen contents was observed at. all i

locations in the tract in both fbhe Zn2+- and saline-injected flounder. L

*

In other words, sSZn was secreted" into all regions of the tract, not

]ust 1nto the upper intestine. .' '. S PRI -‘—“

Y

The above studies were conducted in October and November. A study'

was also conducted to determine the distribution of 65Zn in saline- and

. Zn2+—1njected flounder 1n the summer feeding period (June-.]'uly) The

: distribution of GSZn was similar 1n the Zn)-*'- and saline—injected

flounder' the 55Zn concentrations in the t$sues of both grouPﬁ..declined

_ :over the 1nterval from 9 to- 27 days (Fig 30) l Very little of the total
' 55Zn injected per f1sh was detected in the lumen ccntents vof the upper
-'_intestine (i e'. 65Zn recovered in the contents generally accounted for

:‘-.‘Aless than 0. 17 of the total GSZn 1njected per. fish) There was no

»

o significant‘ difference in the amount of 65Zn detected in the lumen contents

i

' fof flounder injected with Zn2+- or. saline. '
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o il DISCUSSION"

Mammalian studies with the radiotracer 652.n have shown that different K

’ tissues in the body vary in their affinity for zinc (Sheline et al. 1943, _

Q

Gilbert and. Taylor 1956 Rubini et al 1961 Cotzias and Papavasiliou

. Apparently, the rate of exchange of zinc from the

'blood into the tissues and vice versa is much more rapid for the metabo— S

lically active tissues such as liver and kidney than for tisaues ‘such as .

--muscle and bone. In agreement with these studies, different tissues in the .

flounder also exhib:Lt different rates of accumulation and release of .

:" 552.:1 following an intramuscular injection of the radiotracer. For a sub-

stantial time period (71 days) following the injection, the §5Zn con—

)

centrations were an order of magnitude higher in. tissues such as, the ', L

kidney, liver, gill and gastsrointestinal tract than in bone or muscle.. In.
addition, during the period when the 65Zn concentrations in these tissues :

were declining rapidly, the concentration of 65Zn in the muscle ard bone
W , .

' remainéd constant or. increased. This implies that a- fraction of the

stable 'Zn2+ in several tissues of the flounder may not, be readily ex- o

. 't
o

changeable with an"' absorbed from the environment. If one compares the )

distribution of 65Zn (expressed as a ;'{. of the total amount in the tissues)l '
i with that of stable Zn2+, even up to 528 days post-—injection there was

: relative1y~ less 65Zn than stable Zn2+ in some tissues (notably bone and

4

scales) and more 6SZn than stable Zn2+ in others (notably skin) (see Table' :

1_5 k. and B)

’The tissue distribution of 65Zn in other species of fis‘n has been

examined in several radioecological and pollution studies.- The routes of
g y

1abelling the fish varied greatly :Ln these studies but, in agreement with, : 3

AN

the present findings, the 65Zn concentrations tended to be lowest in the

LSRRI [N
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Table 15 A, Relative diatribution of 65Zn ‘and sta.ble ZnZ'*'b in several tisgues and

* orgaus of winr.er Elounder (male) '

‘Daym Poap dnj. ' i~ 29577 7l \.156-. 296~ . "392-. 528~

i
B

.. . N P ' .
T - - L

- .

\ 2 85+ . % a2t

Date” May.83 June 6 July 17 Or.r. 10 eb 2] . Juna 4 ‘Oci-;‘?' "

Spleen . . s 0.7 "~ 0.8

Caseroine, . . LL5 - 18.5 10,6  Cdal .
tract .- . " ST e e ' o

Kidney . Tl - 38. 29 - L0 ;;A"_ '._l.a 300 1,4

Tskin .. R0 3LS 434 49.4 49,4 55.8 T 33.0  19.5
“Seales Y 91 70 69 65T 1L 9.5 U .M47 U 2L
‘Taterhaemal . 01 . 0L . 0L

tiver © - 9.8, 14,1 S.§° 5.3 3.9 1'. 2.5 6.5 © 3.4
0.6~ <. 0 o ©L 0w 0.3
3.5 4.5 4.5 3.6

N

Can ooaza T g6l 3L T35 37 36 - 3.3
" White muscle 8.6 'IAL6 2.9 28,4 24.3.°.20.3° .31 9.5

02, 0.2 0.3 . 0.6 1.5

sp_in"e (bome) . ° . - - L . SRR n

EYu ‘ 9.7'._-“0.9"‘

8 3ased on daca in Table 10, p. 110. z 55z:\ - 55Zn per t:laaue or urgan geum:edz X 1oo .
.“ h !

N  total s-"zn in :gsaues exanined

‘Rased oa euc:hnation of - _atable an"' in :issu.es of a 35 em mle flounder (Fleccher and
King. peruonal coumun. , see Appendix B)y .. ) ) o

v . .,

'9-.9 DL 1.6 ';_2."0. B 3:.

v

e



"I'ab'l‘e ‘15 B. ‘ Compariaon of distribution of 65Zn and

U143

o

' stable Zn2+b An tissues of one male flounder which was

ce

._ completely dissected 528 days post injection.

-Tiesue\ . . g 8%n . g zn?t

f.‘.s,piee'n' SR IPERN P KL

:Kidney ' oo o u', : e ,1"0-: SRR

1‘Gills_‘ A ST TR Y T

‘Scales , "f R e 47 ’ :, 9.5

Liver . © e a1 IR o

Gastroint tract T L ile o ‘1.4‘.',\:,

_.-"VWhiEe muscle . . C -.’. “T15.03 -__1'\6.9' SR

" .Ofher musele..' . .. - 16,7 0 - 9.7
E,(l e, fln and belly) S S

Skin (plus -~ @ i o 2270 8.0

e ,underlying tissue)

LN

",:Fins ‘,w__'j”,..‘, R } Y1208 0 v R 1046,
'Interhaemal spine (btme) R .b.3 IR L oue

..'OLher bones BT o 19._.‘7,' 27.<l<-l..
_(i e. akeleton and’ 'head) ' | R - o

,'Heart ‘ '-‘ g S SR I & T 0'..;1'

"__E}_{eS«.‘:"-,_ L . 19 AT P L

Based on data in Table 12, p. 113.. 7 65Zn =

65Zn per tisaue ‘or. organ (actual) X 100 ’
total 65Zn in tissues examined L

b Based on estima.tion of stable Zn in tissues ofg
‘similar size (32 cm) male flounder (Fle.t:cher ahnd T ing,
personal commun. ». See Appendix A and B)
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mt.iscle and bone. ' For example, the muscle and bone exhibited the lowest

65Zn concentrations in goldfish (Carasseus auratus) following injection
f 552n directly into the alr bladder (Hibiya and Oguri 1961) in brown

Bullhead (Ictalwf'us nebuZosus) following exposure to .GSZn—labelled water

(Joyner 1961) and in pumpkinseed sunf sh (Lepamze gcbbosus) following in—u
gestion of rsdiolabelled food “(Merl i et al 1973) Thezuptake and

decline of 552:1 in the tissue he sunfish (exposed to 1abe11ed water

J‘

for 1 24 days) was most rapid ‘in the blood, gill and Icidney, intermediate o

in the gastrointestinal tiesues' slowest 1n the muscle and bone (Merlini

.

et al. 1973) Similar trends of 65Zn retention were observed in the

tissues of young plaice (PZeuronectes platessa) exposed to 55Zn in the )

water for 180 days (Pentreath 1973b) The flux of 65Zn Was highest ‘in— the.

gills, followed in descending order by the kidney, gastrointestinal tract

i tissues, liver,e bone and muscle. The slowest rates of 552n accumulation

were also observed in the bone and muscle of rainbow trout (Salmo gazrdnem)

5

following ingestion of - single dose of 55211 (Nakatani 1966) The con-

centration of SSZn’ was highest in the gill tissue of the trout for short

o time periods (1.e. 120 168 hours post-administration) but, over extended time :

-

periods (8—182 days), the highest concentrations were observed in the A .

gastrointestinal tract tissues. The 65Zn concentrations in the blood

- liver, gill filaments and kidney declined rapidly over the ' same time period. i

The concentration of stable Zn2+ in most somatic tissues of the winter '

flounder remain relatively constant throughout the year (Fletcher and King « ‘f'

’ i personal commun.‘), However, based on the distribution of 652n, there

does appear to be a seasonaI change in the turnover of Zn in several of

the tissues. For example, the 55Zn concentrations in the kidney, gill and

"

: gastrointestinal tissues declined rapidly during the summer months, whereas Co

- bt b AVH 7 e m RS N o ey e st D
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very little chenge '{'i'nthe 'é5zn conce'ntratiohe occurred duringll‘the' wiriter.
During the non-feeding period several tissues declin% in weight (see Fig
' :,;-‘24 B, Py 116) anci\ Zn2+ "lost" from these tissues appears to be redistrib- . s
‘, ‘uted within the body. As shown by the. distribution of Gszn in the A
".'.tissues following a single injection (i.mrL (Fig. 24 A) and by stable o
:,Zn2+ analysis of the tissues (Fletcher and King 1978) 5 “the’ female flounder
.‘continues to incorporate a substhntial amount: of Zn 1nto. the ovaries - - -
during the post—feeding period It is unlikely that the ovarian requir- s‘
‘,:ements can - be met by accumulation of Zn?-"' from the water but they could ‘:' L

'~‘ . 'be met hy Zn2+ released from the tissues which are metabolized. 'I'he

7'.which lose weight may also be transferred to other tissues in the male. .
; J‘For example the dry weight and" amount of Zn?-"' in the scalea increases

»:_-A._over the winter (i e. from October £o April—May) (see Appendix B) There
' adult male to be higher than in a female of the ssme age (see Appendix B)

of the tissues, the 1oss of G'-'-'Zn from whole flounder also appears to change M .\ l
' .:l'seasonally.- When the activity An the aree of the peritoneal qavity . h
i ,_(referred to as. "site A" ‘ see Fig 19 p. 97) of live flounder injected in
';‘_'lat}a August or December was monitored through to .Iune, the plot of 552’.n L
"'retention resolved into two components. ‘ 'I'he first oomponent, ‘sccounting
‘ ';.v.for 28% of the initial amount, had a very short half—time, approximately 2

2 :,I_days, snd probably represents movement of 652n from the body cavit}' (i.e. oy

the’ injection sit:e) into the tissues. HoWeVer, since v:ml}r localized srees -

o

‘kv
-

IR

;

. ::“ . PR s “?‘

. “males have finished gonadal development hy the time feeding is terminated
) i -
'so there is no’ apparent post-feeding requirement for Zn2+ by the male )

gonads. However, the Zn2+ released during the metabolism of tissues

is also a tendency for the Zn concentrations in most tissues of the S 4

o In agreement with the observed changes in 65Zn retention “in several
i R S

R S V.




;‘of the flounder could be counted :Lt ia not possible to sey whether thie,“ X

L . ol N f repreaented 65Zn lose from the body. A For example, when 8 eecond f'area ) _
P g ] '-f. e oo Sa g e W . N

. comprising mainly muscle was examined, the activity at thie gite. (i e. el

- | ‘"site B" eee Fig. 19 ap. 97) actually increased ove:; the study per'iod - .;:"

' 'in many of the fi“sh. The second component of the e:’5Zn retention plot had
' -,'by far the longest; half time, 1510 days. It aecount:ed for the major

portion of the ac.tivity (72%) and ie probably moet repreeentative of

- T

the actual rdte of Zn2+ turnover in the flounder during the non-feeding

ool ] period.. Plots of whole-body retention of 65Zn consist of one or more ‘ ;

components in other epeciee of fieh\ examin?ed (Baptis‘t et a1 1970,

-",f;*; . Pentreath 1973 a,b Willis and Jones 1907) The species used in theee,‘.ﬁ,l:

'

etudies tended to be small in s“ze or Were restricted to earlier age("‘-:‘_.l_; :'

claeees. ,Therefore, thé components preetmably represent the actuel loBa

f'. f 65Zn from the fish. However, ao observed in the present study, the

1ong—1ived component usually accounted for most of the activity and is *
B V

probably most repreaentetive of the exchange of Zn2+ in: the fish with

-

he an"'-in ite envinonment._ T'he eize and half—time o:E the short-—lived

LR

‘ . “ : component:(s) appears to be influenced by how the 65Zn is admi_nistered
(Baptis et al 1970) Unless the tiasues are uniform1y 1abe11ed with

55Zn the compartments of 65Zn in t:he fish, as determined by whole—body

“A .

65Zn 1oss, may not actually represent compartments of etable Zn

At

"7 (Willis a.nd Jones 1977)

When the activity in the £ lounder wae monitored from June t:o Auguet '.:'61‘-"{
B e S ow . S e
(feeding wae reeum.ed in .}'u.ne), the ra.te of 65211 1oes was increased from {\\

that observed over the winter (see Fig. 26, p. ‘127) The biological half-— St

time of 6SZn loss was similar when monitored at‘ "site A" or "site B"

. averaging 223 and 181 days 3 reepectiVely. Interé‘stingly, ‘this rate of Bszn

1oss is :Ln the same order ae the theoreticel half—time of an'!' turnovet ,

# ! .

FORRRE)
K

VTR, e
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i B S calculated for flounder fed a diet of capelin. ] Flounder maintain'ed ‘in the‘"
: . e c [ .
- 1aboratt:»r3;r on’ a diet of chopped capelin (11 ug . Zn2+/g wet weight) consume

.on average, 2% of their body weight per day,: over the summet. feeding period

fe Lo . s This represents a. dietary intake of 109 ug. Zn2+ per day in a 35 cm male C N
| ‘ flounder (estimated body weight‘ 496 g) At a retention value of 37/ '
(based on the non—absorbed marker technique) this represents a daily input

Lt . _ of 40 ug Zn2+ : 'l‘he flounder undergoes somatic growth and gonadal develop—- A -

ment during the feeding period 8o a fraction of the absorbed Zn2+ is pre—

sumably incorporated into new tissues. A summation of " the- total element

e .

levels in the tissues ‘of a 35 cm flounder gives -a total bodys burden of 10475 =

ug Zn2+ at the beginning of the feeding period (see Appendix B) At t‘he RN

end of the feeding period, due to increases in somatic growth and gonad .
b o

N development, the total body burden increases to 12204 ug: Zn Over a

: ) 20—week feeding period this represents a requirement of 12 ug Zn per
' ' day, the remainder of the Zn2+ which is retained from the capelin (i e., )

28 ug Zn2+ per ‘d"ay) presumably 1s available for exchange with the Zn2+ in .

e T the tissues. “For the concentration “of Zn2+ in. the somatic tissues to-

remain constant it also represents"the amount of an"' which must be

T\min.ated from the fish ) Using this value of Zn2+ input the theoretical

W
: \half time for exchange of, thp total body burden of Zn2+ in a 35 cm male

I

S flounder Would be 259 days, which is comparable to the half-—time

- observed using whole—body retention of E"SZn (1 e. approx. 200 days)
" o g N It should be noted that such an estimationf of biological half-—time is

R

predicated on the assumption that the flounder 1.3 exchanging Zn2+ w:ith

'r.' S e its enyironment as if it were a single compartment with regard to Zn?"" s

dynemics. ' Since different tissueg appear to exchange an""at different SR :

rates (based on distrib'a.tion of €52n following an injection), it may be

g

that the flounder excretes Zn not as if it were a single compartment

a o . . ‘ A<_.. . _.‘ . o

Mo,
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- but rather \a's'a sum "of coiiipartments."i. .

During the non—feeding period the only input oyf:Zn2+ into' the' Lo ’
£

- flounder would be from seawat er¥. . Pentreath (1973 a) estimated that pla

--accumulated an"' from seawate ‘at. a rate of 0 867 ng g lday Using

vy

this retention value, this l‘epresents an input directly from water into a Lo

-.,35 cm male flounder of 0 43 ug Zn2+ per’ da.y, 100 times lower than the
"','estimated dietary input frcnn capelin._ o T , >
In view of the slow rate of 65Zn loss observed in flounder during
} .-'the non—feeding period compared to the increased rate of 65Zn lose during
_"‘,the feeding period (i e. when Zn2+ input inCIeases), one could s"peculate
.that the rate of. Zn2+ intake influences the rate of Zn2+,elimination in’ 8

-the flcwnder. However, examination of GSZn loss :l.n flounder injected with

u 1

a. load of stable an"f tends not to support this hypothesis. K The-whole-"
' -body 65Zn retention patterns were similar 1n flounder in,jected with sallne '

o with a load of stable Zn2+, i. e. the rate of GsZn 1oss did not appear

e N

',to be affected by an: e'xcess of stable Zn Based on the— telatibnship ‘

'between the whole body concentration of Zn2+ in the fish and the con— .‘

s

centration of Zn in the water, several investigators have proposed that

‘ ‘an. active excretory process is triggered in fish when a critical thres—- '

) hold" concentration is reached (Matthiessen and Brafield 1977 Chernoff and
Q- )

Dooley 1979 ‘Pierson 1981) However, in the present study, flounder “do

o1

‘ 'f' o not seem to have detoxified the excess Zn2+ by rapid excretion, 15 days '

following an injection of stable Zn2+ (25/ of the total body Zn2+) the. -

concentration of Z‘.'l2+ was elevated 70 21 and 267’ in the kidney, liver and

) intestinal tissue, respect:l.vely From this, and the whole.—body retention :

ot

) data for 65Zn, one may conclude that the mechanism of excretion of stable S B

il
1

- ‘an"' and 65Zn :Ln the flounder 18 similar' the excess Zn2+ does not appear

‘“ 0 . . . Lo
R : . . . . R R - , LT

- . . s . ;! P - s
B T B TS PRNEP TN R T R RSP
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A//”fj ‘;the relationship was not statistically significant (Hoss et al 1978) s“ii.,
‘1GSevera1 investigators have reported a (flationship between water temper- ,f 2
. .o - .. .1 o N . i N l »,'.‘ y . . ,' . . ' . ) . ' .t
> . ( T A :
= T - e - '.H. N ~-~——~-:‘. ———— . -4-«,«.-._.....Z.Jv..‘uuw.lun...;.m".~\~

“to’ have triggered an’ active'excretion process.,' SRR f'-7

The flounder examined in - the 5SZn retention and tissue distribution

.studies were maintained under ambient conditions, ds such they were sub—
"f,ject to changes in water temperature as well as feeding. Therefore, an ,

alternative explanation for the aeasonal change in 65Zn retention is that

it is related to differences in the metabolism of the fish associated with[

these changes. However, from the available 1iterature it is difficult to

R

-_ I

R the fish (i.e. extent of feeding, rate of oxygen consumption, temperature

{- e
‘of the water) ‘would have on the,retention of 6SZn. Edwards (1967) con- .

o Acluded that §5Zn loss in yolmg plaice (PZeur'onectes pZatessa) (1abelled ﬂ

>

o ‘Lby,Z-day exposure to 65Zn in the water) was positively correlated with the~
xh respiratory rate of . the fish"the loss os 552n was: greater in plaice fed
‘at'an -excess rate than in those fed at a maintenance level or starved.'i
TIn two~other species of fish Shulman et al. (1961) found that the 65Zn
iloss was. fastest in the species with the highest rate of oxygen con-llf
-rfisumption (1. e..TBl/z followingaingestion of radiolabelled food was ‘58 and
E '13 days in mummichog (Fundulus heteroclttus) and Atlsntic 51lverside L
(Ménzdta mentdta), respectively, the oxygen consumption of the latter was'
:ntwice that of the former) However, the TBl/z of 65Zn in another species -
R which they examined (cunner, Tautogolabrus adspersus) did not differ
"{vsignificantly An a. starved fish or in fish fed. from 58 l to 153 7 cal/g/
.day.: The rate-of G5Zn loss from black sea bass (Cepé;oprzstze atrmata)
:'a(labelled by 4—7 days exposure to 65Zn in water) was higher in fed fish

o than in unfed ones, but the variability between individuals was high and

‘predict what effect variables which seem to influence the metabolism of ..




and black’ sea bass) ‘ - - Lo ’t

.2

i sutured Over a 7—day period less than l/ of an: oral dose was detected in

kS "
o

ature and 55‘Zn loss. The biological half time of 65Zn in mumm:.chogs

' ,:maintained at lO C was 75 days compared to a half—tlme of 35 days in
- ,fish maintained at 30 C (Shulman et al 1961). In contrast Hoss
T et al (1978) found that the rate of loss of 65Zn in ‘the pinfish

’ (Lagodon z'hombmdes) was not greater at’ 25 C than at 12 C.v These authors .

JF

"were unable to demonstrate a clear relationship between E"5Zn 1oss and

.‘ metabolism of the fish in the species which they examined (i e MLW T

S

- o . . . . |
-t

While it has been demonstrated that flsh can eliminate accumulated

-

’ an+ (Joyner 1961, Holcombe et al 1979), 1itt1e-1 1s kaown. about the routes o

i ..or mechanism of Zn2+ elimination. , Based on’ the concentrations and rates

¥,
.

- 'of accumulation ancl loss of 55Zn in the tissues following exposure of the
’ fish to 65Zn, the involvement of the gills and/or the kidney and/or the

: gastrointestinal tract have been suggested.A Nakatani (1966) hypothesized'”

C that the gills might be a site of an"} excretion since the gill filaments
- of rainbow trout (Salmo ga%r'dnem) contained the highest concentration of -
b 65Zn during ingestion of 65Zn.' He also examined the distributlon of 65Zn )

.in trout which were cannulated for urine collection and had the anus

1

4,\

‘the urine, 15 62 was' detected in- the gastrointestlnal tract and 19 5% was
1detected in the remainder of the body. It was reportedly not possible to- " -
L measure the 65Zn in the large volume of water required to keep the fish

g ,alive in the metabolism tube but the 64 9/ of the dose unaccounted for in

the fish tissues was presumed to have been excreted by‘le gills.

Matthiessen and Brafield (1973,) found that the density and secretory activity

of the "'chloride‘{ cells in the gills ‘were increased An sticklebacks .
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" h - .i:'_‘Oguri (1961) speculated that the intestine was. the main route of Zn2+

P e Do T TNV A Lo © ereeiepam msaa e freainen ey - T et et ar e ) s e

-

‘(Gaster’asteus aculeatus) exposed to sub lethal levels of Zn2+ in the -
_water. From this, they speculated that these cells might play an ex— .

cretory role. However, Pentreath (1973'b) did not observe any difference

in the 552n dis.tribution in autoradiographs of gill t ssue of plaice

(PZeuronectes plaﬁessa) exposed to- 65Zn in the water *o injected with E5521:1 Co

) ﬁ‘_,to prevent direct water uptake, there was no evidence o accumulation of

'»GSZn in the “chloride" cells. Pentreath (1973b) lthought that the high
‘7f1ux ‘of 55Zn through the kidney of the plaice might‘be indicative of a,

route of excretion (i e. in plaice exposed to radiolabelled water, the flux

- -~

f 65Zn through the kidney was second highest to that in the gill fila— ‘

p

'_'ments) The gastrointestinal tract, is the main route of an"‘ excretion

in matmnals (Underwood 1977) and ma%lso play a role in fish. Hibiya and |

' '.excretion :Ln the goldfish (C’arasszus auratus) since it was the most active
/'-tissue in fish dissected 7 days following an énjection of 65Zn into the
‘air bladder.. Joyner (1961) also observed a high concentration of: 552n in
':'-'the gastrointestinal tissues\of:x—-:wn.hullheads (Ictalarus nebulosus) |
T‘dissected 7 ddys. after a: 96-hour exposure to radiolabelled water. The
- activity in the gastrointestinal tract tissues was. not- due to drinking the
,'Z radiolabelled water'- 557:1 was . also detected. In. J:he intestinal tissues of |
' fish in whioh the oesophagus was plugged. The gastrointestinal trﬁt
'tissues have also been found to retain high activity over an extended
: period cf time following al doses oﬁ 65Zn. The gastrointestinal tract
'of rainbow trout accountehr 27, 55 65 58 and 602 of the total radio—‘
: activity in fish dissected 8, 85, 116, 141 and 182 days after a single oral =
doae of 65Zn (Nakatani 1966). Whether or. not . this represented Zn%"' in

; the process of excretion is difficult to resolve. o

. . .
. - . S
RPN D

b

s e e eemn R S gl A e s
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Following inJection of BEZn into the winter flounder, the concen= .

tration ‘of 55Zn was relatively high in all three of the tissues thought

" to- be possible routes of excretion.. k.idney, gill and gaetrointestinel
‘treot. In addition a eimilar ‘GSZn retention pattern was observed dn

-'these tissuee _OVer the duration of the long—term e“tudy (528 deys) (see T

Fig. 20 21, P 102 104) However, without direct evidence, it is not

: possible to say whether the 652n decline in these tissuee represented any

s '—652n lose from the body at these sites. . 65211 was. detected in both the .

urine and intestinal lumen contents but the amounts were low (0 1/ of
‘the total 65'i’.n injected) and highly varia‘ble between individuels (see

‘ '.Fig 23 p 114) It ie poseible that zinc loes eleo occurs vie the body

B

lysurface. The concentration of 65Zn :wag high in the skin, relatively more~

- ‘55211 than stable Zn was found in the skin up to 528 deys post injection. ,

o Experiments conducted to determine the possible- site(e) of Zn2+

-;‘ excretion into the digeetive treet following an. intravenous inJection of -

55Zn, indicated that while the greatest emount of radioactivity was

_detected in the lumen contents of the upper inteetine, E'5Zn was secreted'-’ '

',into the lumen contents all along the digestive tract.

T

- The- level of SSZn in the 1un1en contents was’ Bimiler in flounder in-

'jected with 652n plus a Zn2+ 1oad or an equivalent volume of saline. :

-

Y.HOWEVEI, 'due to the differences in specific activity, the 65Zn in the
i _lumen contents of the Zn injected flounder presumably represents a
.. greater amount of etable an"' than in the saline-injected fish. . It is o

'difficult to determine wh,at the level of radioactivity represents in terms

of 1oss of stable Zn2+ Wiegend and Kirchgessner (1976 a b) cOncluded

ol - ,that foll"owing parenteral administretion of 65Zn in rats, the specific

",r.adioactivity in the plasma, kidney, emall intestine or pancreas cpuld

e '



validly be used to estimate the amount of stable an"' that the GSZn in

. the feces represented. In the flounder injected with 652.n plus stable

v

-Zn2+ (257 of the’ total body Zn2+) if one uses- the specific activit,y of

the injection solution to estimate ‘the stable an"' "secrete " into the

' lumen of the upper intestine, it amounts to approximately 1 2 ug of

'stable Zn2+ in fish dissected 9 and 27 days after the in;jection. : If one

' uses the specific activity of the intestinal tissue (i.e. 65Zn/g divided

- by stable Zn2+/g, determined by atomic absorption 5pectrophotometry) it

'amounts to 2—10 ug of Zn2+

'I.‘herefore, while the rate of Zn2+ loss
(based on the retention of SSZn) appears not to be. affected by excess

an"' in the body, the absolute quantity of Zn2+ eliminated via the

. gastrointestinal tract is probably greater than in the saline—injected

‘fish As shown in a feeding study using the non—absorbed marker 1‘*1Ce ’

_‘result in 2 net secretion of stable Zn

(see Chapter I, P 68), prior injection of flounder with a- Zn2+ load did

v

x
M
.o
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Although it has been demonstrated that mammals maintain Zn2+ homeo— .

”“stasis by -a combination of the proceeses of absorption, excretion and

;at the cellular 1evel

‘absorption procees adH in the uptake and storage of Zn2+ in orgaus euch

storage, little 4g known about the mechanisms involved in an+ regulation d'

During the past decade research ‘on this subjeet

has concentrated on the involvament of metal—binding proteins, both in,the _

1

. -

as the liver, which play a’ role.in Zn2+ metabolism..

»

Specifically, N

,attention has focuSed on the involvement of a low molecular weight,

‘ cysteine—rich protein, metallothionein. ‘f-<h E ‘, lk‘ it_;;‘" L -::".',

.‘ ‘.

Metallothioneins were first purified from equine kidney by Kagi and

Vallee (1960, 1961) It was subsequently found that metallothioneins’ ;V‘-g=*j'“

/'occurred in the tissues of a wide variety of vertebrates, invertebrates -

~and microorganisms and that the concentrations could be dramatically

d2+< -zn2+

' elevated by exposing these organisms to heavy metals (i e. ‘-

‘thionein are reviewed by Kagi and Nordberg (1979)

S ,-.‘.

The major contributions made to this area of research

v o . o e T .

ngf and Cu2+)

‘over the two decades following the- initial identification of metallo— _.;" L i.uﬂ

‘ sequences have been determined for metallothioneins purified from various

, / ,
‘vertebrate tissues (i. e equine kidney (Kojima et al. 1976), equine liverp .

E servation of function during evolution.

(Kojima et al 1979),,

L (Lerch 1930)

‘thioneins isolated from these very diverse species which suggests a con—

human 11ver (Kissling and Kagi 1977), mouse liver
(Huang et al 1977 1981)], from 1nvertebrate tissues (L. e.»the crab,

Seylla sermata Lerch et al 1982) and from the Eungr‘ Neurospora crassa

. k]

' A high degree of sequence homology exists in the metallo— SR

-

.

However, the physiological function

of metallothionein is not yet clear (Kagi et al 1981' Brady 1982 Webb

A -

Complete.amino acid ly?;um:_'~ NI
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and Cain 1982) ¢. In recent years’ measurement of metallothionein mRNA levels

N

L using cDNA hybridization techniques has demonstrated quite conclusively

' cells (Beach and Palmiter 1981 Gick and McCarty 1982). However, it has L

also been observed that Zn2+ is present in metallothionein even when the

: several physiological stress conditions whic:h alter the Zn

that heavy metals regulate the expression of. the metsllothionein gene at
the 1evel of- transcription (Durnam et a1 1980, Durnam and Palmiter 1981) R \

Since exposure to Cd2+. and ng"' increases the tissue concentrations of

metallothionein, there has been much speculatiou that the protein serves”

tol detoxify harmful heavy metals (Webb 1979) Consistent with this - . o

hypothesis is \'&e qbservation that cell lines (i e. mice and hamster)

v‘l -
Selected for Cd2+—resistance exhibit an increased capacity for metallqe

thionein synthesis when exposed to the metal compared to that of normal

=

protein is induced hy other metals (Winge et al. 1978) Low leVels of . F
Zn2+-metallothionein also ocecur naturaily in the tissues of several ‘*‘K o
organisms (Bremnet and \iarshall 1974 a b) and they are particularly elevated

in the hepatic and intestinal tissues of fetj'l. and newborn animals (Wong

and Klassen 1979 Johnson and Evansg- 1980’ Bakka and Webb 1981 Charles—.

'1

oo Shannon et al ~1981) This information, coupled with the observation that ‘

2+ status of the

- ‘ animal also result in an increase in \Qe;allothionein synthesis (Bremner

" and Davis——1975, Oh et al 1978), s fled. to the concensus that these pro=

that iniections of stahle Zh2+ and feeding high Zn2+ diets result in the o

. >
| e o

teins may play a role in the homeostasis of Zn

Richards and Cousins (1975&, 1.976, 1977) were the fitst to demonstra\te\

PO

synthesis of metallothionein in the intestinal mucosa of rats. They con—

L c}uded that the efflux of Zn2+ from the mucosal cell into the blood was .

L]

Cousins (1979) proposed that control of Zn absorption, in response ‘to the '

R T T T et . S s m=ipea

inversely telated to the 1eve1 of metallothionein in the mucosal cytosol. ;

[V . B ‘. . ' ".. " T . .- e

] . - "

.
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fz. J_lOOO ug/g or higher supplemental Zn were fed to the rats, most of,the

‘jﬁx\hhﬂowéver‘“the turnover of Zn2+ etallothionein was rapid”and the accumulated

< e, e B VR A P T 1 3 ) A i ] e . . A . .- . i
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body s needs, was’ mediated through changes in the production of metallo—' v_.,’;“ r'

"thionein. According to this model when the Zn2+ status of an animal is -
- S "
.elevated, metallothionein synthesis is induced in the. intestinal mucosa.?

' The metallothionein then competes for newly absorbed Zn2+ with the normal
carrier" protein in the cell thereby reducing the amount of Zn2+ that is E :f f-

. available for transfer into the plasma. Zn2+ bound to metallothionein

‘w0u1d then be eliminated during the desquamation of the mucosal cells.g

IOther investigators ‘have confirmed that metallothionein is present in’ the

f.intestinal tissue'but opinion differs ‘on. its involvement in Zn2+ absorption~ }"f

.'and Zn2+ homeostasis. Fot?example, Starcher et al (1980) concluded that

Zn2+ absorption, rather than being inversely related to the metallothionein

'-content of mice intestine, was directly proportional to it.- They suggested
;. that metallothionein was directly involved in the absorption process.
Chen et al (1977) examined the aCCumulation.of Zn2+ in the liver and

ikidney of rats’ fed Several levels of dietary Zn2+ When diets containing

- P . .

. excess Zn in, the tissue cytosols was associated with metallothionein.'

-an* was'depletE4 to presumplemental levels within three days'of feeding o
4 o Co . N

- the“rats a Zn2+¥deficientndiet. Although a small portion; of the Zn2+ in
" the metallothionein fraction appeared to be transferred to the large mol—- ’ ‘L 'fi
-ecular weight proteins most”of it was excreted in the feces and urine.b:ih ;o

+ :This seems . to indicate that the function of’ metallothionein in Zn2+ \f"

\
‘~metabolism could be to temporarily accudhlate excess levels of the metal

bduring periods of elevated exposureqard release it for excretion when feed- e

._fing of high,Zn2+ is terminated The rapid turnover of metallothionein in o

the rat seems to’ preclude ita having a significant role as a storage pro—' ',? :

\ .

o tein. However Zn does not appear to he as. readily depleted‘from the S

[ Tt e emes s el o B e AR LS N PRSP
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' metallothionein fraction in ovine or bovine tissues (Whanger et al 1981
1'a,b); In both lambs and cattle, excess Zn2+ accumulated with the metallo— .
g thionein fraction in’ liver, kidney, pancreas, and small and 1arge intestinal

: epithelia.. The biological half-life of . Zn2+—metallothionein in the 1iveri5“

;of lambs and cattle was 22 6 snd 24 T days, respectively, compared to 1. 7
.‘I'days in rats., The slower turnover of ovine and bovine metallothionein
makes the proposal that this protein serves as. a storage protein in certain"{

Z'mammalian species more feasible..‘an* stored in this form eould possibly

serve as ‘a source of metal ions for Zn2+—requiring metalloenzymes., It'hes

e .been demonstrated tn vztro that metallothionein can transfer Zn2+ to

‘ 'apoenzymes (Li et al. 1980 Udom and Brady 1980) 5*'Llf‘i‘: '\‘,3f“1‘ff,' 'f{

Metallothioneins, with characteristics‘similar to those obseIVEd in .

mammels, have been identified in gill kidney and 1iverofboth marine and

Vfreshwater fishes exposed to elevated levels of cadmium, methylmercury,i

'copper and zinc (Olson et al. 1978, OVernell and Coombs 1979 Pierson-

vl980, McCarter et al. 1982 Kito et al. 1982a) It has usually been postu—' '

rlated that the protein has a. detoxification function in fish (Boquegneau
1979, McCarter et al. 1982 Kito et al 1982b) but a: metallothionein—like

fraction has also been deteoted in the livers of non—exposed fish (Noel—

»

Lambot et al 1978) ' Therefore, as suggested for mammals metallothionein

-in fish

may play a role in the normal metabolism of essential metels,-such as Zn2+

In the present study chromatographic techniques were used to exnmine

the presence of Zn2+>binding proteins in the cytosols of several tissues

:of the winter flounder., Most of the emphasis was placed on—the intestine .
!, . and liver but the kidney and gill tissuE‘were a;so examined. Both normal
'fish and fish_which_had their metal status elevated by injections of Zn2+

s

'E'(end Cd2+1 were investigated‘ ProcedureSQsimilar.to those used in»mammAlian:l3; e

. R . . Coe . .
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- injected flounder.

" end, Zn2+-binding profiles in the intEStinal cytosol were examined "~9f:

studies to purify metallothionein were followed to isolate the low molecular ;

weight binding proteins in the intestinal and liver cytosols._ In addition,

the incorporation of 358-cystine, used as a: measure of metallothionein

. .7 .
. N

Synthesis (Richards and Cousins l975b) was compared in saline— and Zn2+

.0'

low molecular weight protein fraction in Zn2+ homeostasis in the flounder,-

particularly its posaible role in the abaorption process.v.&owsrds this

ot

1.the head and the intestine immediately dissected out of the body.

\ f: seasonally An conjunction with an- examination of Zn2+ uptike from the tn

Yy .
’; sttu ligated upper intestine.

The relationship of the low molecular

Weight Zn2+;binding fraetiou and in: st&u uptake of Zn2+ from the intestine

-
-

Was also examined in saline—injected flounder and in flounder which had

their Zn2+ status elevated by injections of Zn2+ ‘ _ 3};213" ‘

s '..

] MAIERiALs AND _immops =

Preparation of tissue ytosols R .
To- ptepare the mucosal cytosol the flounder was killed by a blow on:,-

The

1ntestinal contents were squeezed out and the lumen flushed with ice—cold

. L
wo . f - .

saline (1z NaCl) The tissue was kept ice—cold throughout the isolation

procedure. The intestine was cut open lengthwise and the mucose screped

from the underlying tissue with,a glaas slide (Van Campen and Kowalski

1971) The tissue was homogenlzed in, 20% weight/volume oi buffer (same ;'f

buffer,as that. later used to elute the sample from the Sephadex column)

using a. motor-driven, glaSSvTeflon, Potter Elvejhem homogenizer (8—10 g

passesl The homogenate was spun for 10 minutes at 12 000 g (Sorval centri—

fuge SM—24 rotor) The pellet was discarded and the mucosal cytosol (high

“‘.,,'.

peed supernatant) obtained by spinning the supernatant at 65 UOO g for one . ::A,

€ . N ,‘I P . . LN . .
e E LT e T e e T e

Attempts were made to assess. the involvement of the ~;T.“

T




“@
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hour (International‘ Equipment Company, centrifuge model B-60)
"'-_isolate the 1iver, kidne}r and gill cytosols. o
- the Biuret method (Layne 1957) Tl }‘ ’ PO ; L ] C 'J

‘ ‘V‘.«_(L M. U ) Zn?-“"-binding proteins in the tissue cytosols, the high speed
,.'supernatant was further treat"ed uaing a modification ot a procedure ‘

: :.'-developed to part:[ally purif}r metallothionein from rat liver (Cherian
‘:-_1974) The supernatant was heated in a‘water bath to 70 C and ma,intained ‘

g 'at that temperature for one minute.

o ‘(12 000 g for 10 minutes, Sorval centrifuge, SM-24 rotor) the pellet was

,_‘{discarded and ammonium sulfate added slow‘ly, with stirring, to the euper-'

repeated th.e pellet again discarded and ammonium sulfate added to the

s supernatant to attain a saturated solution (1002 weight/volume) Thi
-_:‘aolution was centrifuged and the resulting pellet diseolved :Ln a nimum :'
) ‘volume of buffer (0 l M e.unnonium hicarbonate, 2 mM 2-mercapto '..hauol, pH -

o ;8-.5_) The sample was dialyzed overnight against 2 L of the' same buffer to’ ‘-:

e — R BRI I L T SR R B T TR L T A RICN IR I
. N B A Y o i E - B

¢

Similar homogenization and centrifugation steps were followed t:o .?

The protein concentration of the tissue c'ytosole' tagas'; det‘erini‘ned _b‘y’ '

e : N . c

When the ‘aim of the study was. to isolate the low molecular weight

A

:Lee.-cold during subsequent purification steps. Follovﬂ“g centrifugatio‘ o

i

- "‘natant to ‘a concentration of 40% weight/volume. The= centrifugation was o ¥ FRRNNES

I"’

n

o

ey W e . T

“Femoye the ammonium sulfate. el Lf" N 3 “ Ll

'j;_;,treatment and salt fractionation) was labelled with 65Zn (or 105’Cd)

The tiSSue cytosol (as obtained by centrifugation following heét 7
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o using Gilson ‘or’ LKp fraction collectors. _The total cpm 552?1_(3r 1°9Cd) N

*exchange (DEAE—cellulose) and Bio—Gel P-30 columns.' The L M. W. Zn2+'- D T _'“ ,:
55Zn/fraction was greater than oné half of the 55211 in the peak fraction) BRI ..
» approximately 4 mL by ultrafiltration under N2 pressure using UMVI

- - ' : . ‘ PR : - T " -
from the column with 0. l H. ammonium bicarbonate, 2 mM 2-mercaptoethanol

-

buffer, pH 8.5, E Fractions of known volume (usually 4 mL) were collected g .

in each fract:l.on was det:ermined using a gamma scintilla ion counter ) AR
(Packard model 578)"“ Th.e m;able Zn2+ (or* Cd2+) concentration of the oo I

fraction ‘was determined (by directly aspirating the elua@"t) using an .

v

atomic absorption spectrophotometer (AA 5 Varian Tectron) An estimate

of the relative protein concentration in each fraction wis deteriined by

examining the L\absorhance (A 280, 250 and 230 nm) (Unicam SP 500 Series 2)

.

The, molecular weights of the major Zn -Hinding fractions were

\ q.

estimated by comparing the elution profiles of the samples with. those o B

3

ohtained for proteins of known molecular weights ; e. bovine serum B T '{".

N albumin uw 67 ;0003 ovalbumin MW 43, ooo chymotrypsinogen MW 25, ooo- myo- U | NS

- - '
v . o . . LI ¥ »

globin W17, ooo, ribonuclease M 13 700) o R ~/ Lo
‘- To isolate the 1ow molecular Weight (L M W ) Zn2+—binding proteins, - V
fractions eluting from the Sephadex G—75 column vere applied to ion-'.' ' .‘ ) . \‘:" , :
N SRR [

binding proteins (i e.. the peak fraction plus thnse fractions wﬁ.ere the
f s

ultrafi,lters CAmicon) : The concentrated sample was dialyzed overnight (.f" ‘. ,
agai?nst a 0 05 M- Tris—HCl buffer (IJH 8 6), it was then appl:ied to a pre.. b : e

a

equiliﬁrated ion exchange co‘l.umn of %)E—SZ cellulose (Whatman) (column S

>
et o

dimensions l x 30 cm) The column was eluted with a linear gradient from
. Q \'- .o g
0 G5 to 0 3 M 'I'ris-ECl’: huffer (pH 8 6) (total volume = 4(]0 mL)

g ..
T

\

Fractions of known volunie were collected and again monitore}i for cpm

\ T,

552n ug Zuﬂ"'/mL and absorﬁance a,t 280 230 nm. The major Zn2+—binding
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: fractions (dle. peak fraction plus those with 5‘5;n greater th.an one half of ,
’ " the peak) were pooled and concentrated to approximately ten mL- by ultra=- __;__ ‘
filtration (UM 2 filter) The concentrated sample was dialyzed aéainst Ce e
W‘_,_”-ﬂ i ‘0 l-bi"annnoniu bicarbonate, 2 mM’ 2-mercaptoethanol buffer (PH 8. 5) . { ‘
K "_;if".:f:-dialyzed sampl was applied. to. a pre~equilibrated BioGel 'P 30 column : o ‘ | ".‘ £y

I PR (Bio—Rad) (cdlumn ‘dinensions 2 X 80" cm) and eluted with the o1 buffer. 3;‘},}“

w T
’ - . L . r,
Lo ;The peak L M W Zn“—hinding fractions were pooled dilay_zed against
. : I, R
-dilute (l 20) buffer and lyophilized (Labconco Freeze Dry 3) CTel s -'-.:L.j:“/
' . R ' "' : . v : C - " ——; . "_..-
.:,‘" oL The L M W. Zn2+—binding fraction isolated by the above procedure was, ) i
_ﬂ‘ in some instantes, furt:her examined using high pressure liquid chromato-
’ i"graphy (HPLC) A sample of the protein wag applied to a TSK—-lZS Bioﬁd
. . o
‘ ; "‘fgel filtration column and eluted with 0 1 M Tris-HCl 0 l M- sodium sulfate C
‘ R buffer, pH 7 4 (flow rabe’ = l 0 mL per min). The eluant was monitored at e
-"',ahsorbance 230 nm. ,'"'An estimation of the molecular Weight of th protein »
- o :l‘ _was made by comparison with the elution profiles of proteins of known - o S :.
! Ymolecular weights. e ‘: , " L v
e . Thé L. M W. : binding protein fract:ion was also examined using Slab
* . | A - - .
Gel Electrophoresis (BioRad model 220) according to the system of Laemmli

Ty Co (1970).-' Samples were applied to 102’. acrylamide gels (Tris Glycine gels

Wd.th and without urea) ’ The gels were eluted with Tris-Glycine buffer : '
Lo o (_pH 9, 2), fixed in 57’ trichloroacetic acid (TCA) 5% sulfosalicyclic acid,- '
P ‘ R S ' : Lo
o stained with Coomassie Blue and destained with 10/ TCA R _'-' 7 4 A

EERVN ) The amino acid composition of selected protein frsctio-ts was determined S
Exy quantitative analysis of hydrolyz«ad protein (24 hr, 6 N HCL hydrolysis ‘:'.;

: el s at 110 C) The analyses were performed on a Beckman Spinco 121 Amino Acid

: -é.,,’:Analyzer. Cysteine and methionine were determined as cysteic acid and "

X ..'methionine sulfone, respectively, after oxidation with performic acid : .

B (Leggett—Bailey 1967) ‘I'he recover’y of cysteic acid following this pro— - ".' .
R . o - A T S ey el

R R
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T - cedure was "est'imated"toftie 907 (Schram 6t ali 1954). :
R Section A ‘Zinc bindinngoteins ‘in ‘the mucosal cytosol of?w;inter flommder. . , |
§ In the initial studies on Zn2+-binding proteins,a the mucosa was
o ] ) . o , ~ -

: i ' o 1abe11ed using a surgical procedure to inject 65Zn directly into the
i : Lo NG . 3 IR
: intestinal 1umen. Fish were placed in anaesthetic (0 5 g MS 222 tricaine o)

I'.‘»f; methanesulfonate, in 4 L seawater) for approximately 10 minutes and a (1 2) i
i . . : o
‘ i dilution of"the same solution, or clean seawater passed over the gills o
l.‘j' during surgery.' An incision was made in the body wall to expose the gastro—'f
‘ intestinal tract. One mL of saline solution (17 NaCl) containing 55Zn : o
” was inJ ected into the upper intestine. The incision was sutured and the
fish returned to the aquarium. Three to five hours later, the fish was
kllled by a blow on the head and the intestine dissected out df the body._
L kY The intestinal cytosol was then obtained by the homogenization and
‘y ce‘ntrifugation procedures outlined above. 'I'he total time which 1apsed
3 A ' )
& from removal of the intestine to application of the sample to the column
Ve ' averaged 3 hours., AR
' i) hromatographic separation of Zn2+—binding proteins in the
{ - mucosal tosols of- normal and Zn —injected winter flgunder.
choeal cytoeola (high speed supernatants) were obtained from normal
' flounder and flounder which had been previously injected with a Zn2+ load ‘
} (25,4 of their' estimated total body Zn2+) The Figh’ examined in this

, study were maintained in the lab:’ratory An: 40 000 L tanks, under ambient

w : L conditions of temperature and photoperiod. , They were fed chopped capelin -

during the feeding period. S : o »I : o : X
) " ' "-- ‘.. vq‘ -_ T LI - - RS {

) E A sample of the mucosal cytosol from each fiah. was applied to a -

ol e !

" : Sephadex G-lOO colunm which had been pre—equilibrated with a TES buffer

:f'f':i (:L.e. lO mM TES (trie(hydroxymethyl) methyl—z amino—ethanesulfonic acid),

e . :

.'.‘:. ) .."' K '. . Lt ,,/ - X ‘ sl ,,‘..\’ K .

t& ) e . ! N i ‘» ; I ! o
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175 mM NaCl, pH 7 4) The elutiOn profiles Were plotted and the relative.

amounts of 65Zn and Zn2+ in. the major peaks determined by integration of ..

.y .'jthe areas under the curve (Technicon—model AAG Integrator/Calcﬁla’Eor)

A

S N ii)~—Ghromatographic separation of_an"'-binding proteins in the
"_-mucosal c’ytosols of winter flounder examined at- monthl}r intervals.

The chromatographic separation of Zn -binding proteins present i'li'_'

: the mucosal cytosol was also investigated in conjunction with an exami- (.

1 N ]

' nation-of—the seasbnel in sztu uptake of Zn?-"' (Bee Chapter I, Section A,f

J : L p. 14) Flounder used in this study were collected in Conception Bay,
"Newfoundland and were held :ln the laboratory for approximately one week
. '.ﬂ-before-)-being tested. They were not fed during this time.

o ) 4y
. l

A sample ‘of mucosal cytosol (containing 50 mg _gf protein) from e’aﬁh'-, o

.-
[

3

fish was applied to a Sephadex G 75 or G—lOG column.

) iii) Chromatographic separation of an"'—binding proteins in the‘ .
=,mucosal cytosols .of winter flounder fed diets containing different Y
concentrations of Zn 2t, . e L. :

’I.‘he chromatographic separatlon of Zn —binding proteins present in e o

the mucosal cytosol was also investigated. in flounder fed d.iets containing

L vdifferent concentrations of Zn2+ | This was carried outo in conjunction
v .with an 'Ln 8'Ltu study on Zn2+ uptake from the upper intestine (see
:A\ N Chapter I Section A, p .15) The fish were fed food pellets containing
’ ,"'6o UE an'*‘/ g et weight (control) or! pelle‘ts with ﬂZnClz added (600 ug o
7,. 'iw “ :l‘- 2'*'/g‘k‘wet: weight) Both groupa were fed the control diet fo:: two w.eeko,‘.

: ’ o ,followed By the control or: high Zn diet for five weeks., The flounder .

. X e
" were exam.ined in Septemher, for comparison two fish brought)in from the

3 PR . " o

! ‘field one Week earlier were also examined The mucosal cytosol from each

‘_..flsh was applied to a Sephadex G-—75 column. Caen T S T
. L L ;
‘ Lo - N : A
: RTRTIRNL Y . RIS e o
4 . l,l ; ' ' “" ' : ‘

t + . M .« 1
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1 25 mg Zn2+/100 g body weight, . The an"' (as ZnClz in l/ NaCl) was
administered in four injections ovet a 12 day period (in August) Two ) ) "
days after the last injection the fish were bled and killed the intestines
.’ - removed and the mucosal scrape of the fish pooled (yield =l;5 g) Pooled

: i‘vsamples of m}}cosal scrape (approxlmately 50 g) were also obtained from |

normal (untreated, recently brought in from the field) flounder at ' a M

’ .~various times throughout the year. G

Section C. The "incorpo'ré‘ti‘on' of '355—cystine Iiﬁto ‘the lowﬂmolecular "

K
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SectiongB. Isolation and purification of low molecular weight (L M W)
zn2t-bin 1ng proteins in the mucosal cytosol of winter flounder. ’

LM W. an"'-binding proteins Were isolated from the mucosal cytosols

K of Zn2+—injected and’ nor,;al winter flounder according to the purification .

: ‘-procedure"outlined.ooh p 159 I552:n was added to the samples before they

'

. 'were applied -l:o the Sephadex G-75 column. In a'representative study.

L

L flounder (N"9) were 1njected intraperitoneally with a total body load of

4

o 2

v

A
PR
Vo
RS

. weight (L.M.W.)-ZnéT. binding proteins inu&he mucosal cytosol of the L EOR I
.winter flounder. . e y TR
C romatographic techniques were used to investigate the incorporat.ion R “; B

'.of 35S—cystine into mucosal cytosol proteins of winter flounder._ 'le.‘a

(as - ZnClz, 257 of their estimated total body Zn2+) or .saline (17 NaCll. L -

; ‘,Six days after the initial injections two of the Zn2+ and tWO of the L
o “'-'saline-treated fish were injected intlevenously with E’55-:':yst:ine N - ' i
-‘ _‘ (approximately 20 uCi per fish which ranged in body waight from 250 350
' ~-g) 'l‘wo days later the fish were killed and the mucosal cytosol of each

fish isolated . At the same time, a pooled sample of mucosal tissue was ‘.‘: _
. : '-'.also obtained from flounder injected with Zn2+ (_n=20 fish, Hield=54 g) or" |

) -'saline Cn=52 fish, yield 63 ) in order to obtain enough material to

I » ) -
:..’ - . Tae DR : o

representative study, !flounder were injected intraperitoneally with Zn2+ - ,-

i ' . . Ay
A
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T characterize the L.M.W. Zn2+-binding proteins. l c S K K B
- .The mucosal cytosols from the 355—eystine injected flounder were
applied to Sephadex G—75 columns following heat treatment and fraction—'__:

ation with ammonium sulfate (see p 160) Four mL fractions were = "

‘ collected 0. 2 oL .of the fractions were added to fb mL of Riafluor (New . n
o L ' . England Nuclear) The radioactiv:.ty was determined in a Beck.man - 73""'-- i

X CV o :Scintilletion Sped\trophotometer. The absorbance at 230 nm. and ug Zn2+/ ~1_ ’
. .:, . . '.‘mL of each fraction was also.détermined. . '
v Section D The relationship of low molecular weight (L.M.W.) Zn2t-. )
" binding proteins in' the mucosal cytosol of - winter flounder to in‘ situ .
’ uptake of Zn ; from the upper intestine. o ' e U

)_ The presence “of. the L M. w. Zn2+-binding proteins in the mucosal ,
cytosol Was .examined in conjunction with an investigation of the effects - . :‘, ;

o ;of intravenous injections of Zn2+ (257’ of the’ estimated total body Zn2+).‘

s or saline (1/ NaCl) on A 81,'l:u uptake of Zn2+ from the 1igated upper

R

'infestine (see Chapter I, Section A p. ]_5). This study was conducted in f

& August, Zn2+ uptake was examined one week following the i“jGCtions. .'A o ,1,
) 'portion of the intestine of each flounder was used toﬁnal}'ze the stable.” N
AZn2+ concentrationa of thl =tissue,l the mucosaAwas scraped from the rest S % K
. of the intestines of 't':heSe fish. Pooled samples of 12 and 14, g were ) R
. b . “

’ 'obtained from the Zn2+— and saline—,injected flounder, .respectively. '.)The -

l “'.‘-mucosal cytosols were heat. treated and fractionated with ammonium sul-

Sephadex G-75 column. '.;': - p ‘ _3 .A: - -'J , n
. a l.‘ N - | ‘ . L
N Section E. Chromatographic separation of Zn2+-binding proteins “in the C
SRS DA . liver cytosols of normal. and Zn‘*-injected winter flounder. R a

Il . . . .
. w AT e L e N A

: L Ch'roina,tog'raphic‘:'separation«oﬁ Zn?*-hinding proteins was carried out . . .
. . R . L , L Sy e, . - . . I N 1.

L ST oA
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R

b .body weight)

L,;.- o1 )...in the liver cytoaol of Cd2+—-injected winter flounder. R
S .

removed, pooled (yield from g fish=82 g) and frozen. L
'_' the pooled liver wae applied directly to a Sephadex G—75 column (applied

T ‘-treated and fr‘actionated with ammonium sulfate before application to the'

.Sephadex G-75 column (applied in two 1ots)

:hody load of 1, 25 mg Zn2+/g body Weight“ The L M W Zn

: 'of 150 g of liver was obtained from the flounder

b

e . e - . L. e e e i e

167
‘'on liver cyroeols (high speed supernatants) obtained from nomal flounder
and flounder which had been inJected with an"' (O 5—1.0 mg - Zn2+/100~g~—»

\ IS

a sample, coptalning 50 60 mg of protein. was applied to a Sephadex G-lOO

! column T

. Séction F Isolat:ion antLpurificatiOn of “Low molecular wei&ht (L M W l

. .Zn2*- (and CT"' ) binding proteine in the’ 1iver cytoaol of winter R
P'flounder. ; s

¢

L M W. proteina were isolated from winter flounder which had been'

_injec.ted with’a total body 1oad of 0.25:mg" ed2+/100 8 uody weight.-. The

4Cd2+ (as CdClg) was administered in three inj ections over a 12 day period

One week after the last injection the fish were killed and the 1ivers '

-~

BSZn was added to the cytoaol obtained Erom eaeh fish and - g

The cytosol obtained by homogenization and cen;trifugation of half of S

:Ln 6 lots), the cytosol “btained from the rest of the liver was heat

‘

The subSequent purific ation

. -d.
v

v steps (ae outlined .on p 160) were sim;Llar for the two batches of1 liver. g

(. N
._"‘ .;i )...in the liver cytosol of Zn2+-injected winter flormder. o “. T ’.'..

.

S In a representative etudy, the presence of L, M W. Zn binding pro—“ '.

. 'vteins was examined in flounder which had been injected (i p.) with g tota].

binding proteins \

"."were flso isolated from the intestinal cytosols of these flounder (see

. ‘
e vSection B, p 165 for details of the injection format).' A pooled sample

v 652.;1 was- added to. the

SQ .

eﬂw‘-




| -..')'l_—GB’ M
'blivef cytosol (which had been heat treated and fractionated with ammonium
! sulfat:e) before it was applied to’ the ‘Seph ex column :, '
iii) ...in the liver cytosol 6f .no el :ninter ,fllolnnder‘. ' “., -
The purification procedure usedl o isolate L. M W. an .-binding _ |
: “_'prdteins from 1iver cytosols of 'Zn —injected flounder was folloyed R ”
' using the 1iver cytosols of normal (untreated) fish. ’In a representative
K study, two hundred g of liver was pooled from winter flounder brought in “' .' ]
from the field at'the end of July. - ' r | ;
IIS-ection"C | The 1ncorporation of 358-—gystine into‘ ‘the 1ow. molecular | : ‘}'
weipht (L.M.W.) an"'—binding proteins in the 1iver cytosol of the R
winter flounder. - T
A ? - [ Y
Chromatographic tec‘miquee were used to 1nveatigate the incorporation% ‘ .
) of 353 cystine into the liver cytoaol proteins of winter flounder. .
In a’ representative study, winter flounder were injected (i v.) with
: 358-cystine (approx. lOO uCi per fish) 20 to 30 hours after receiving an *
:injection (i p ) of Zn2+ (l mg/lGO g body weight) or. saline. On the day'r' .
- -following the 35'3—-cystine injection, the flounder were bled killed ‘and- _ |
,' the liverstremoved The liver cytosols were heat treated and fraction— . -
) ated with ammonium Bulfate before application tp a Sephadex G-75 column,.'- E 4/
“4 mL fractions—were collectedu'f 0, 2 L of t:he fractions were added to 10 o /’ )
‘ '-mL of Riafluor (New ngland Nuclear) The radioactivity was determined
.'in a Beclunan Scintil ation Spectrophotometer. . The absorbance at 230 nm _: :
and IJE an"'/mL of each fraction were also determined ' ,
Section H. Comparison of chromatographic elution 'profilee of an'*' . dr
;- , bhinding proteins.in kidney, liver, gill and intestine of normal and .
- Zn“"-injected winter fl&mder. - . S
| Chrometogrephic.separation of Zn binding' proteins present in gill \‘ «

B T e T s rmah b e v
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‘and kidney cytosol was carried out on seve ’l (non—treated)\ and
% \
i Zn inj ected winter flounder. ‘ mé elution profiles of the liver and
‘ ;mucossl cytosols were examined in the same fish o ' ‘ A ) S
_ The intestinal mucosa was 1abel"1:ed by inj ecting 652n diretly i!nto ' :
C ‘ tl'le lumen of the intestine, GSZn was s\dd‘ed to the liver, gill d kidney
: j:sup_ernatants. _ The samples were applied }t\o a Sephadex G-75 coluum. 4 Iz
38 .,RESU.L.T..S‘ o
Ty . _<'Section A Zn2+—bin ing proteins in the mucosal cytosol of the: | ST e
'winterflounder..’: R R T R S
_ ) Chromstographic separation of Zn2+—binding proteins in. the N '
: ",mucosal cytosols of normal and Zn2+-injected winter fl&under. '
The elution‘ profiles obtained by chromatographing muoosal cytosols‘ .
) "'-.from normal (n-3) and an"'—injected (u=3) winter flounder on. Sephadex .
‘ G—lOO columns sre presented in Fig. 31 A B and c. o v* R .
' In both an""a-injected and normal flounder, _the majority of the P o
o ‘ 'absorbam:e at 280 nm eluted at the voidx vqlume of the column (Fig. 31 A) N B
5 ’ '.‘This comprises proteins with molecular weights greater than lOO 000.. . ;e
« ' f o ' o et ;
. In the mucosal cytosola from the Zn.ﬁ"' inj ected flounder~ 65Zn was' . I P
, associated with protein fractions having estimated molecular weights of o
;>150 oo (Fraction 1), 80-150 ooo (Fraction 11), 30-40 ooo (Fraetion 111), . R
. ".and 10-15 000 (Fraction IV) (Fig. 31 B) There was relatively more 55Zn 5 'q:' !
T 'sssociated with the- 10‘15 000 MW proteins (Fraction IV) in the intestinal - - .
= . ‘ ':-cytosol isolated from flounder one week after the Zn?-"' in:lection thsn in f B
| . .intestinal cytosols isolated tﬁree days or three weeks after the in-- "
RN ‘ jection (Table 16) A L ?\
The 652n profiles of mucosa.l cytosol proteins isolated from normal
S -"‘;'_"‘flounder were sim:'_lar to the profiles observed for Zn?~+-injected fish ,
‘ e "q ‘ N - . PR R - . . . .
H ,
Ty :u ". . ‘.'.'- . '.“,
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However, less, of the total SSZn applied to the column ‘was. associated with
. the 10 15 000 MW proteins (Fraction IV) (Fig. 31 B) Based on integration

of the ‘area of the peaks (outlined by the cpm 65Zn per fraction), in

A proteins in the low molecular Weight fraction (IV) compared to 18 22/
in the normal fish (Table 16). ' . o

The distribution of stable Zn2+ in the’ column e.luants differed
somewhat from that of 65Zn (Fig. 31 C) In the mucosal cytosols of an"'
injected flounder, relatively more stable Zn2+ (i e._ 48 68/ of the total
an"') than 65Zn (18—25/) was associated with Fraction T (compare Table
16 and 17) Less stable Zn2+ (6—-237 of the total) than 65Zn (29—44/)

3 .
.\was associated with Fraction IV (compare Tables 16 and 17)

The amino acid composition of the “peak of Fraction IV is shown in '
,Table 18. In both the normal ‘and Zn2+—in_]ected flounder, cysteine |
‘accounted for the greatest ¥ of the amino acids (17-38 6% of the’ total)

The elution profiles discuss;d above represent those of fish
o -examined in July and August. Several normal and Zn —injected flounder,
'held at ambient conditions, were examined from February to Junel Zinc—
‘bind;mg Fractions I, II and III were . prgsent but Fraction IV was not - |
'detected (total number of fish examined tﬁ) 4‘ S - ; j‘”:'i‘-

: ii) Chromatographic separation .of 'Zn? —binding proteins in the
’ mucosal cytosols of -winter flounder examined at monthly intervals

2

The 'chromatog-raphic separation.of Zn binding proteins present in
‘the 'mueosal cytosol was also investigated seasonally. 'I‘he EsZn elution
T S ) ‘profiles obtained by chromatographing mucosal cytosols on Sephade_x G—75

columns indicated that two Zn —binding fractions were present through—

/ - out the year—-e fraction representing proteins with molecular weigh ts 3.

r

Zn2+ —injected winter flounder 29—44/ of the tota& 65Zn was associated with
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Table 1,7. . '.the dia::ibul:ion (l) of a:able Zu2+ 1n- the major fractiona elutins from a Sephade.x 0

[ SN
:

{
G-lOD column (Bee Fig. 31 C), mucosal cytogols obtalned from nomal fluundar ‘and flnu.nder in-

- jected Hith a an"' loa:l (examined 3 days, i‘veek and 3 weeks after l:he 1njection). ~
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L 70,000 (corresponds to Fractions I and II ‘on - a Sephadex G—lOO dolumn) and ) "‘-
. , P ; 3
a. fraction represent:l.ng proteine with molecular weights of 30-1;0 OOO ‘
- . . T ,:'I - : :
(Fraction III) Fraction IV‘ 'comprising proteins of low molecular g, Iy
weights §10 15 000), was not always detected.- [Yf 39 fish examined A. M
‘ o, 55Zn peak corresponding to Fraction IV wag only present in 10 individuals. B e ..';'.‘ ;

It was"‘not detected in flounder examined from January to May,vit was Lo Tl

<’ ‘ detected :l.n some, not 4&11 of the fish exa.mined from June tU*‘December..‘- ) )

\“ During the period when Fraction v vas, present similar elution patterns s o
Rk AL v e T
; (Gszn, stable Zn2+ and A 280 nm) were observed in the different [months O
"y ow P . R ‘.‘, B 2 - \ Ce el ~
"iii) Chromatographic separation of Zn2+-binding proteins in the X

mucosal cytosols of winter flounder fed" diets containing different :
amounts o:E stable Zn + DRI . . e :

The 65Zn elution profiles obtained by chromatographing mucos,al C

v

“,;cytosols of winter flounder fed a control diet (60 ug Zn“‘/g Wet weight), R
a hig‘n Zn2+ d'.l.et (600 ug Zn2+/g wet weig’nt},' and those recently broug‘nt ’ ~A"'f:.

»in from the field (feeding on ‘a- natural" 'diet) were: similar (Fig. 33)

Th_ree 652.‘1:1--bindi_~ng fractions were present' a fraction representing/ g .
Cproteina with molecular weights >7D 000, a* fraction representing proteins
with molecular weights of 30-40 000' a frect:[on comprising proteins of o
smaller molecular weights (10-15 000) N B ‘ ', . o
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using Sephadex G-75 (col'umn dimensions = 2 5 X 90 cm) Fraction s:Lze ‘

diet (600 ug an'*'/g wet Weig‘ht), or recently brought in from tha field,i}' .

of flounder fed a control diet (60 ug Zn2+/g wet weight), a high Zn2+‘ o A
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”‘Seetion B Isolation and gurification of 1ow molecnlar weight (L M 1{.) ;
Zn2+~bindingjroteins in the mucosal cytosols of winter flounder., o
The Sephadex G-75 elution pattern of the partially purifiei‘l 'mucosaL ‘u o 5 4

¢“ ,--» ___:.n..

cytosol (i e. following heat ti*eatment and a.mmonium sulfaJ:e fractionation) s . ‘

of Zn2+—injected fl&under is depicted in Fig. 34 A Most of the protein v ) ’
(Absorbance 230 nm) eluted in. the void volume of t:he column., A small .

protein peak (Absorbance 230 nm) ‘was found 1n the position corresponding e e T

g;caphy (DEAE—cellulose) most of the protein (AZSD nm), 6521\ and stable :

to that of low moleUar weight (L M W ) proteins‘ the major portion of

the 552:1 and stable an'*' eluted with this fract.’wn. 4

When this L M W fractlon was applied to ion—exchan.ge ehromato—' ""i

En

( .

- nz'*ﬂ eluted in a single peak (Fig. 314 B) 'l'here was. 1ittle absorhance at
wv .""'"" : 280‘nu1 associated with this peaﬁ’ ‘ -‘; : ' ‘ ! g
u?‘,' i Further chromatography olf the major DEi&E peak on Biogel IP;-BO pre— s~ . -
L duced the elutlon profile/shown in F:Lg. 34 C 'I.‘he _55Zn and stable Zn2+ ;
eluted 1n | single pea; which was associated with high absorbance at 230 . |
l i nm;end neatly zero ehso;:hance at 280 T, e -. .‘f__v" g 'ﬂ; '

The main pealg eluting from the Biogel P—30 column weﬁ lyophilized' :

\45 8 of mucosal scrape resulted in 3 6 mg of purifled" k“ .M, W Zn2+-; v :
. Exindinlg‘ protein. The eunino acid composition of the protein ie shown in’ \ .
l ; ‘Tab‘le .19‘.4 Cysteine. is the most predominant residue (33 1/) folls_owed b)‘r
5 '.,threon;:.ne (13 4/) 'glycine (_l(] 6‘/) s serine (l{] M.) and lysine (10 3/) a
e The Sephade_x G-75 and DEAE—cellulose elution profiles for a oled . :
;‘.‘sample of mucosal scr.;ape (50 g), obtalned from normal flounder inb(ctober, - — «
are. showu in Fig.. 35 A and B. , Host of the protein (A 530 nm) eluted in \ i o
p K .,:_i»the froid volume of the Sephadex (G-?S column. 'ihe‘majot portion of 65Zn ., o
s ' and an'*', eluted in the positioniof ‘L. M W proteins, but there was not a‘ )
: .'T.j"ﬁcorrespondingly clear absorbance peak (A 230 nm) e T
S _}' SR
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Fig. 34 Separation of o Zn2+—'binding proteins in t'he mucosal cytosol

of Zn2+—inj ected flounder._»'

' OB . urther separation of. the L. M.V, Zn2+-binding fraction .

P

(eluting from the Sephadex G-—75 column) .on. DEAE-celluloae
(1 X 30 cm) using a 0. 05 to‘0 3 M Tris HCl gradient, pH 8 6

".*‘-_"; Total vol 400 mL Fraction size collected = 4 0 mL
' - fn.l ) : .
C Separation of the major Zn2+-binding f{'action, eluting

v
from the DEAE—cellulose column, on Biogel P 30 (2 X 80“ cm)

Fraction size collected 4 2 mL. I‘.‘
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L of - the mu;cosall cytosol
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190 -

Fig. '35. Separation of Zn2+—binding proteins in the mucosal cytosol

of normal flounder.

—

A. Separation of— Zn2+-binding protein On Sephadex G-75 (2 5%

(R

90 'cm) following heat treatment. and ammonium sulfate fractionation 5

i+

Fraction size collected 4 8 mL. co

B.. Fui:ther- sepé‘ration of ‘th‘e LMW ‘an"'—binding ffaction 3
(eluting from Sephadex G—75) on DEAE-cellulose (1 X 30 cm)
using a 0 05 to, 3 0 M Tris HCl gradient, pH 8 6.»,. Totai vol.

400 wL. Fraction size collected = 3 6 mL
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’ﬁbinding°pnotein iéolated from tne mucosal cytoéol“i‘ o,
" of Zn2+-1nJected winter flounder by Sephadex G—75,

' DEAE—cellulose ion—exchange, and Blogel P-3O ‘

w2 oo

Table 19, " Amino acidhedmbosition'of«L.M.W.’Zn2+;, o '?']

;chromatography. s

Amino acid fi‘ : C ;' % total residues

 Aspartic acid - . ¢ . 5 ..fjf .uJ' 9.5

‘.Threoninefv‘ " }";' - . j . ;13,4 ‘.Jfl,d:\:" o

© . Glutamiciacdd, ' - . 36

41Glycine‘ . e ": . 10.67

’ Methlonine+ o Y i '}"',f_};7 ~

-

. “Serime. . .0 o104 00T

" Proline 'Il‘,ll L - S ,—‘ ‘:{ﬁmﬁ‘

Alanine ‘1: T f. . 159

Cysteinet’ - I £ T

-

Valine © - R 0 2

Tsoleuedne . -1 - .+ T e

Leucine ‘ A o "'b“dl 0.3 -

Phenylaianine Co . R ;;.': 0.1 ;t_

‘s

" “Lysine o o T 1003

. Arginine .. : IR - B T R

Histidine' IR T f‘:-‘;'”'d.i

Tyrosine‘.\ ' Aj L ?- s 0

® cysteine determined as cysteic acid

+. methionine determined as methionine sulfone e

L




«){—.
193

“ .. . o .o = “)‘-." /.. . ' . 3 . o / :
’ ' ~When subJected to ion-exchange chromatography, a major pdrtion of/
- the L.M. W. proteins was not retained, eluting with the bed volume of- the
' — (Y

' column. “A. 1arge portion of the 65Zn and stable Zn2+ eluted with these )

proteins. A peak ‘was not eluted at an ionic strength equivalent to that

of the major DEAE peak observed for mucosal cytosols from Zn2+—injected
fish (expected position designated by _, , Fig. 35 B).. Nor was Cae l
S A such a peak evident in mucosal cytosol preparations of fish examined at,
other times of the year. :f‘fﬁ‘ yf,
Section C. The incorporation of 35S-cystine.into-the low molecular

T - weight (L.M.W.)-Zn2T binding;proteins in the mucosal cztosol of ‘the | -:“
) , winter flounder. o K .

' -
.' I [ . . - ' . E LA . .
[ . A . L4 . « L

T o I'J‘V . The injection of Zn2+ (ZSA of the estimated total body Zn2+) en—,,'-
. C. -t L . ; [N
o hanced the incorporation of 35S-"cyst1ne into the L M M protein fraction

v in the intestinal cytosols applied to a- Sephadex G—75 column (Fig 36) -
The flounder which were 1nJected with saline and 35S-cyatine did not '”fbfexfﬂ'
exhibit a peak of radioactivity ih this elution p031tion.~ A broad peak

”f of absorbance (230 nm} was observed in both treatments, Bdt a peak ‘of

“F~:"‘“ B ,'H. stable Zn2+ 1n ‘the same elution position; La;.only observed in the Zn

_ inJected fish (Flg. 36) 'l ( . N ‘ N :
.* . ',{Q S It was not possible to purify the Zn2+ﬂbinding protein from the 355—n\
L o cystine injected flounder Ci e. not enough material) but the protein wag
isolated from a pooled sample obtained from fish_injected with anf'or =
saline according to the same protocol The szn elution profiles
(Sephadex G 75 DEAE—cellulose and Biogel P—SO) of the pooled muoosal
.:i cytoaols from the saline— and Zn ingected flounder are shown in Fig. 37

A and B In the Zn2+;injected fish.most of the 65Zn added to the mucosal

cytosol eluted in the position of tha L M. W. proteins . e. same- position<-

Vo B . ' .- . s
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peak of radioactivity corresponding to the major peak in the Zn

As observed.fonother mucosal preparations from Zn2+—injected f10under,»{:€'
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graphy, this fraction was furrher examined using high pressure 1iquid “7

chromatography. The Zn2+ binhing fraction eluted in7a” single peak (i e.:f;;J

99 99997 of the materiaL eluting with absorbance at 230 nm) with an l<f;' o

<

apparent molec{ilar weight of 14—14 600 (Fig. 38) 4

Most of the 65Zn added ko the mncpsal cytosol of thg:saline—injected

flounder also eluted from the Sephadex G-75 column in the position~ szlf: :

~

corresponding to low molecular weight proteins (Fig. 7 B) The peak

"t

tended to be broader than that observed foern injected fish (Figﬁ§37_A)

When this peak was applied to ‘an: ion—exchange column (DEAE—cellulose), o

.a

.\'\ - . A

However, those fractions‘which eluted

Iy

Nt the "expected"*position were pdoled and applied to a Biogel P—30";'

injected fish was not observed..

: v K., . "..

The amino acid composition of a sample of the L M. W..Zn2+rbinding

protein isolated from the mucosal cytosols of both the Zn

3 . ;tb e

injected flounder was determined ' The results are presented in Table ZO.u.,:Ttl”ﬁ:

. .

N

cysteine is the predominant residue in\the L M W. protein isolatedlfrom R

.\ .

the Zn2+-inj ected f.ish.

(2 3 vs. 282) in the protein similarly isolated from s line-injeeted

However, cysteine is only present in low amounts

RN T A
..n o ‘o .,l' T ""‘ o ¢ -
v . . 4 - N
flounder.~ L - o L Y L
.. 0 T ? ’ - - .
. X . . . M - i, . L ®
C At e TR : Co B
N DIV Lot W o Lo » -
L EERERTE RS : ST
A y Lo
: ' ' ) v . . . N
. * ’ e 2 S e, . . . X
[N \‘\:. ) o R T\ "‘ . el
;‘ ‘r' ‘ “‘.“ ! o N A -
~ N e ., T e—
. .L s w
‘ ; e ‘x -
. " N . : . ’
P Y - . ,.
O ) ot
: . a »
o R . v
cist el . .
» . o, s i
. t. PR IR ,
. . R
A r . A -. s .
LI N !
s . L v
o, Lo ) i
A e BUN
0 ot b

Following D E-cellulose and Biogel P-30 chromatonl"77"ﬂ*”"'

and saline 'n?" )

ST






AZ_Z

) ANIL+NOILNAT

vYado

N

B

_W N.Og€2

s




i ' ‘\,_",'Table 20.‘ Compariaon of the amino acid composition of L M We - .-";’:
o ,‘an"'-binding protein 1solated from the mucosﬁ cytosoIs of - ,”‘. !

N " flounder injected with a Zn2+ 1oad (257 of estimated body B o

i'. ’ .load) or »an equivalent volume of saline. - . l. ) L { :

T e % total resijues. .-

- “ . M ".. R . . : s i : ) : “"':‘ :.
e - Aminomdld s ZLjﬁtiEiEEEEﬂ B Saline—injected s
o A SN - . . \\ s . .

PR .,. o b, GRS e

ASPartic acid . 90 S

' oo Threonine
Se_r:ine‘ ..
?;r . Proline ‘ ~-5.’ 9 R

. - Glutamic acid - @l
Ik A
- Glycine‘

- ',‘,Alanine_ ' .

-v-'"' 7 'Cysteine®-
y - ""-"‘t'l .. ::

: e .~ +h S , ' B R ST -' o ‘ LT M . : -
. Methionine T A i 205 .
T Isoleucine L — 28 s ) T
R ‘-‘-1 “ :,‘u-l.'v :-.‘ ‘ ST e LY
Leucine e LT 206 T e e
' Tyrosine 0 : : " ' .3
. Phenylalanine i“': S 0 . P o : {.3:.0-'_- .
. ) qr' A - . :’ . ,‘, e oY . FEVIAN )‘ § . -
R : Lysine S o 9.1 o 34300

ORI Histidiueé&- C
st .

A‘rginine
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~"of GSZn and stable Zn2+ reluted in the position corresp :

' L"position) ‘in other experiments.

LM, W

. :observed for the Zn2+—injected fish

' Section' E.

202

- o R - P

. Section ‘D... The ‘relationship: be’tw'een'l'ow.mbl\ecula‘r'weightAL’.M W.) Zn?*- .

binding proteins im-the mucosol CYtoscls of winter flounder and n 8‘[.1:?4
o uptake of Zn2+ from the up_per intestiL ST R -

1 1.
WL S

.

While there were no significant differences in the uptake of Zn2+

' and 652:n from the ligated upper intestine of Zn2+- or saline—inj ected

flounder/(see Chaptgr I, Section A, p 49), there were differences in thev

,chromatographic—--eluti_c!n prq%les of the Zn2+—binding proteins isolated

T from these fish.‘ L .

In the mucosal cytosol of Zn2+-injected flounder,—the maj or portion
. & ~

e -

v-',molecular weight proteins on Sephadex G—75. When thi< Zn2+

fraction was applied to an 1on-exchange column (DEAE-icellulose), the ‘

”.maJor portion of the 65Zn and an": eluted in a: position corresponding

to that of proteihs identified as m\e\tallothionein (by amino acid com—'

.

T

In the mucosal cytosol of saline—injected flounder while a portion

of the 65211 eluted with low molecular weight protelns, a large part was

4

-'aasociated with pro eins excluded by the Sephadex G 75 gel Whenvthe '

n' was applied to an ion—exchange column (DEAE-cellulose),
a Zn binding fraction did not elute in a position equivalent to that

.

.1-__ L

4 - - ) )

liver cytosols of normal and an"'-injected winter flounder. o

/ Fig. 39 A. demonstrates the el-ution grofile obtained by chromato-

Gﬁ“ omatographic separation of Zn2+—binding proteins in the T

-graphing liver cytosol from normal winter flounder on Sephadex G—-lOO.:- The,h_

,‘f o
'GSZn eluted with. protein fractions having molecular weights of >150 000

:'40-45 OOG‘ and 10—15 000.- Most of the protein (A 280 nm) eluted with the

v _Q,-u.

) larger molecular weight fraction, very little absorbance at 280 nm was

r
“

LRI

\
v
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"

: binding protein fractlons were observed in normal fish examined at other

" ‘times of the year_. The L.M. W. Zn2+—-b1nding fraction was pre.sent ,in the

‘4 chromatographed on Sephadex G-]_OO (Flg 39 B) ;

-also observed when 11ver cytoso-}.s of Zn2+—injected flounder were - "L,

'fraction elutlng :Erom a Sephadex G—IOO column had a variable cyste:.n,el

205,

N -- ' ’ l. .4('\ - ’\
i

associated with the low molecular weight (L. M.H. ) fraction. "l‘he elut‘ion. v

,profile depigted is ﬁfom a flounder examined 1n April but similar Zn2+- -

liver cytosol'of_ Fish exan;_ined.frem- Febr,uary: to llf{‘ay; the,L._M.w.‘ Zn2+-—ﬁ .

binding fraction'iaae not de,teete‘d in the intestinal cytosol of these o

.

Zn2+—b1nding fractlons, S:Lmilar to- those found in norrnal fish were

L4

o

As determined by amino ac:l.d analysm, the L.M W. Zn2+—b1nd1ng

.

."content (from 5 to 12% of .total residues) T Q_}.‘ .

o
'

:Se'.ct'ion F. Isolatién and purificetioh of low molecular weight '(LM.W.).

Zn2+- (and Cd"")—blndin&_proteins in the liver cytosol of winter

flounder.’

- .in the liver cytosol of Cd2+—in;|ected winter flounder. e

¢

typical elution profile obLained by chromaLographing liver cytosol

4 .obtained from Cd2+-injected fish on. Sephadex G—75 is illustrated i.n Fig.-,;-
‘_40 A 1Q'E‘Cd eluted in two maJ or. peaks. with large ,molecular welght :

'proteine excluded by the gel (1 e, 70, 000) and w1th low molecular weight

. purlfled By heat treatment and ammonium sulfate fractlonatlon before

‘applicatlon to the Sephadex G-75 column, the major portion of the l‘J‘E'Cd

' was- assoc:Lated w:l.th the L.M W proteins (Fig. 40 A)

Regardless of whieh proeedure was’ used to obtain the liver sample,
" -5 :

- H'when the ‘L. M W protelns from t‘le Sephadex G-75 column were applied to

c 'DEAE—cellulose and }liogel P—SO columns, the majority of the 10‘-’Cd eluted

o ¥
N e e
-

. g e LT 3 ‘SP . ST o o =
s TR ‘ B . .

i (L M. W ) proteins (12 14 000 MW)_ When the 11ver cytosol was partially '

.



- e - - ‘ : Cor
; 206" - {
. o 4
;‘X . h i K
T ' R
' Fig.' 40. Separation of - metal—binding proteins in the liver eytoaol of"“" - -
Cd2 injected flounder. _ i
b A‘. Separation of Cd2+-binding proteins on Sephadex G-—75 g
‘ "(2 5 X 90 cm) before ( - ) and after ("" — ) heat treat—'
f': LN - ;'ment and ammonium sulfate fract:Lonation of the 1iver cytoaol .
2 P Fraction size collected 4 0 mL.
i P F Further'?'sebﬁatiah of the L. M‘.ﬁ; cdz+ bind:lng fraction
5 A -‘-‘(eluting from the Sephade.x G—75 column) on DEAE-—cellulose (1 X o
f ] cm) ‘using'a o 05 t0'0.3 M. Tris HCl gradient, bl 8. 6. 'l'otal
R ‘vol. 200 mL. : Fraction size collected - 3, 0 mi., - |
i‘ ( . ) . « 4. L ‘ v i . - -
“ S - C. ’ Separation of the major Co:l2 binding fraction, eluting
v o from r.he DEAE-cellulose column, on Biogel P=30 (2 X 80 cm)
IR B Fraction size collected =" 3 8 mL. . '_-. . 1.‘ L -": - D P
EETACE R -8 o
s :
I - - e . - — - - - - -
Ai -
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in a single peak (Fig. 100 B and C) This peak was characterized by a’
o high absorbance at 250 nm’ and zero absorbance at 280 nm, stable Cd2+ and

"'an"' eluted in the same position.

I ‘w1th ammonium sulfate) from Zn2+-1nJ ected w:Lnter floupder wais

5 -graphed On Sephadex G—75, the major portion of the Eﬁd

' (Fig. 41 A) When this fraction was applied to ion—exchange \chtomato-—
‘_'._graphy, the maJOI‘ portion of 65Zn and stable Zn2+ eluted with a protein R
ufraction having a high aBsorbance at. 230 nm and zero abs‘brbance at 280 .nm

: fv F:L . 41 B) There was also a minor 65Zn—b:f.nding fraction which eluted S
_ 8 .

PR SO v el e s ere e ——— . . [ T

P . - N K

.', The amino acid composition of the L 4. W. d2+-binding proteins

isolated from the two batches of liver were similar (‘Iable 21) Cysteine

.

was the most prevalent amino acid (34 0. and 31, 27 of ‘the total residues)

K ii) . .in the liver cytosol of an"'-injected winter flou.nder. :

When liver cytosol (which had been heat treated and fractionated
.

'chr'oiﬂatOf -
Zn‘ eluted in o

qthe position of low molecular weight (L.M W ) proteins A12 l@ 000 MW)

ay-

-at a lower ionic strength than the maj or: peak Following elution on Bio-

- ‘gel P—30 (Fig.. 41 C), the amino acid composition of the maj or and minor

DEAE-cellulose peaks was determined ('l‘sble 22) Cysteine was the most :

'prevalent amino acid :Ln the major peak (29 3‘2 of total residues) but

L accounted for a, much lower Z of the total residues in the minor peak (%)

Wh.en the major L M W. Zn2+-binding protein (i e. obtained following

’ .,‘.,separation on DEAE—cellulose and Biogel P—3O columns) was examined using
~h].gh pressure liquid chromatography, 99 99997 of the material (A 230 nm)

- eluted :Ln a single peak with an apparent molecular weight of 14 500—14 600

(Fig. 42) . The retention time on- the HPiC column was similar to that R
observed for th.e L M, W Zn h:.nding protein isolated from the integtinal =
. ‘.cytosols of Zn2+—injected flounder (F:I.g. 38). e ’ B
PRI l.'
.-z; , .
- ":“ . . o : T.lt;;;—;u.~‘:_, ;»‘:"‘“'1"“:'7"".“:".';'-’1"-»3':: t.::_- _— .o : v_. "'_"""""-‘;j“""r.' ety .-I:
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When the major L M W. Zn 2 A-inding protein was examined using sla,b

| ‘ \gel electrophoresia (102 acrylamide, with and without urea) only one band

. - U Lot . ST T . S Teg
l' Lt - . L . . AR . L e - - . a
\

‘ was apparent. g T A O o \"’“\ .‘

tagd”

. a . iii) . ..in the liver cytosol of no:rmal winfer flounder. : o

The typical Sephadex G-?S ion—exchan-ge (DEAE—cellulose}, and Biogel
P 30 elution profiles of 1iver cytosol (heat treated and fractionated

w1th ammonium sulfate) obtained Nfrom normal flounder are depicted in Fig..

K

43 A B and C. The elution characteristiee are simllar to those observed

’
4. o

for 1iver cytosols of Zn inJ ected fish (compare Fig; 42 and 43) . -‘4:'.' . )

Cota .‘.41 ‘ 4‘“

When the maj or' 552n—binding fraction from the Sephadex G—75 column ° SN ‘,

was applied to a. DEAE—cellulose column, two 65Zn~-peaka were apparent.

1

R }' Following further separat;[on of the major peak on’ Biogel P—30, amino acid‘

S -»' . .1

analysis revealed that while cysteine waa one of the most prevalent R

P residues (i e, 13/ of the total reaidues see Table 23) it did not :
, / account for a8 high a Z of the total as’ observed for the protein isolated T

from Cdz"‘—' ot Zn2+-—inj ected flounder (compare Table 23 with 21 and 22) - ‘ "-.' o

Cysteine accounted for a erv low 7' of the total residues of the minor N _'

e “ - RSN

DEAE peak (2 12 of the tota‘l) (Table 23) . - . - - R ':"

. PR . . o L. R T

RN P . : e -
) e [,

' .Section G. The incorporation,o-fi_s_ —cyatine into the"kqw molecular
weight (LM, W) Zn2+—binding proteins in the liver cytosol of winter- n
flounder., el S Lt

LI

35S~cystine waa incorpora.ted intcol the L. M W‘ Zn2+-bind:!.ng frac:t 2

l:lver cytosol from sald.ne—inj ected flounder was chromatographed. How-‘ “ e

";' ever, the 1eve1 of radioactivity 1ncorporated into the L M W..fractiOn

v was much lower than that obaerved in the Zn2+ injected fish ,(Fig. 44) i.""ﬁ;;‘

PR
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,'i_Séction H.o' Comparison of the ehromatographie elution profiles of Zn2t
“.binding proteins in kidney, "livef, gill.and intestine of normal and |
'zn2+-iq3ected winter flounder. Loes R v ,

v
-

The elution profiles (from Sephadex G—75) of liver, kidney, gill and

:mucosal cytosols from .a Zn2+~inJected flounder (examined 12 days following |
‘:LnJection (i p ) of l .mg Zn2+/100 g body weight) are shown in Fig. 45

In the mucosal and 1iver cytosols., 65Zn eluted with a protein fraction R

having an estimated molecular weight of. 10—12 OOD A similar peak was

:present in the kidney cytosol but the peak was skewed indicating the

"‘presence, as well, of lower molecular weight proteins. The low molecular
':Welght fraction was not’ detected in the gill cytosol This fish Jwas :::. o

: _'examined. in March but had been maintained in heated seawater (8 C) and‘ L
'.:»'fed chopped capelin during what normally is a; non—feeding period - The

- elution profiles obtained from a’ fish brought in from the field in. April

-2

i< ,(had food in gut) are summarized in .Fig. 46, A low molecular weight 7n2+

binding fraction was, detected in the 1iver but not in the gill or muccsal

':.-‘" .

cytosols. A broad peak of radioactivity was present: in a similar

. position in the kidney cytosol. However, the estimated molecular weigj
- of the fraction eontaining the maximum cpm 65Zn was lower in kidney th

foe -in the liver, i.e. 9 000 Vs, 10—12 ooo

N
e






T !M.- AT li.- i i e et e e e s et poen e /
223 PO
i ‘ ' N . -
. Tulv :z 082 moz<mm0mm<. .
g .mw.,m.m ‘g 9.2 45 3928 o
k& . L4 v v ] ,i. L L LA v L] L) w.i
1 ! ! . o '
! > T - "
. N | (=] ) > [ —— O .
) . k3 - 1.5 Tz . @ O -
. o < ! : . -
. L4 : . 1 ‘ ; o .
L ’ ' ' : o
» - - T . el . O .
Ll ~ ) ~2Z
~” - ﬁ A \f...“ , ﬁ . . -m n_.|v
" e ) _ 5 L <
.H.... K ...‘4r ) I.t. v.A- - { m.I—\w.A
e | A B e I le
. g e . -
, N-1} e T - - J .
) F i 112 Y ) -.., 3 ' 2l -/I : Z. ..v.. MY ,..- ) \. 4 .02,
Y - ) O @ ¥ ¥. N Q. m ¥ W "
b X e, O X MINZ g =01 XY szNg (— ...o_ x.zest _
o A----V HN . 082 moz<mmowm< 3
wmu.m.m.?_wmmmm_,. ..m.mom 3
4 S 3 “ y - .
| | i ¥ : 5
: RO A - 2 .t W @
g R o) & £ ”
L o -4 N h — .
AT . s w R .
i _ 2 : -t ' i 6 O.-
S HE & ¥ z @z
' ) o ) ] . -
\ T )23 N} . VN
ko S g .“ RO
A B o L : S —_
* oL, ... : - -
: ﬁ SRR ) hAu
2 Y . B H ) Ru
“ e - ! T
: - s 1 o .
Y o v o -
o b v
g el |
. o ~ 2.l .
. <l Zo-TTT L il 19
o TN 2 = »
N ' S e d NI - m‘«
I W oe MmN -, D W e N xr.m
.- Tlno_ xzanszo Aan_x.:_Sszwnl O_xxnezN ﬂl. O_xx._szN
- ._; et e et L _ R - ...m e . et et 3
. ) L - - “ 4 +



L :r“'”Dtscussxou IR

e
.‘j .

Gel filtration (Sephadex G—IOO) of the mucosa ,chtosola of winter ‘
ey Y S
Lo flounder indicated that 65Zn (Zn2+) wae associatedmwith proteins having '
I R

.estimated molecular weights of >150,4000 (FractionmI), 80—150 000

|‘

. § ' (Fraction II), 30-40; 000 (Fraction III) and lO-lS 000 (Fraction IV)

ey

) These‘ 552n—b nding fractions were present in bOth normal flounder and in :

CoT 4 ~ : i
flounder whi h had been injected with a Zn?-"' load. When intEstinal LU /(

e bon e e b e

e e dman s

D IR R 4 bindi g pro eins wit elution characteristics similar to. the L. M W.f. L

BN I .. ) ." PR S E PR
ident fied\as metallothioneins in the tissues of.a T
'MA ceo L -

wide ran'e of organ sms (see Kagi and Nordberg 1979) Richards and

"_fraction a\ie ,.'b'ee

td | '.

- . e Cousins (1977) isolated metallothi\onein from the intestinal cytosol of N

rats which had been 'njected intraperitoneally with -a Zn2+ load. ) They CLm

we L

. "/",' _.found that the L /W. ~Zn binding fraction which eluted from a- Sephadex

G—-75 column resolved into one minor and two major Zn2+-binding fractions

R JRC T W
1

‘when applied ‘to a. DEAE ion exchange column. The two major componente had

I ‘ e \.-cysteine contents (30 5 and 28 474) comparable to the metallothioneins

oo N . . '1 ty .

isolated from liver and kidney and were deaignated metallothionein A and .
h

SR ‘- 7 B In contrast, only one major L. M W. Zn ‘binding fraction waB ieolated A
from the intestinal cytosol of Zn injected winter flounder ueing DEAE— )
'ion exchange chromato aphy. 15!1e amino acid composition of this Zn

i

’?'binding fraction, fo 1owing further purification on Biogel P-30 was quite

:k,'similar to that of he metallothioneinsfisolated from the intestinal

cytosols ?f the/ on injected rate (see Table 24) . The high met.al content

/ l’f,heat stability, 1ack of absorbance at 280 nm, high absorbance at 230 nm, -
:‘ :l - . .l . .' . . . . . . .” ‘. "‘ AN | " " Yo )
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e e T T g s D T T

8

I

low molecular weight (10 15 000 based on gel filtration) and high cysteine .
4\2 T :lb ,‘content tend to confirm that the L.M. W Zn? binding fraction present n
. the intestinal cytosols of Zn2+ injected winter flounder is metallothionein‘
(see Kagi.gnd Nordberg 1979) . . -

’ oo . . ) T . .. .
. . - .
H

I Attempts to determine whether the’ L M. W. Zn binding fraction iso—

lated from the intestinal cytosols of normal winter flounder fits the "I"

R - N
criteria of metallothionein were less successful. The L. M w. Zn2+-binding

U

. fraction eluted from a Sephadex G-75 column had a relatively high cysteine
; coutent (28% °f the total residues) but the protein could not: be s

? 1;'r- ',' ‘:_i'*.' satisfactorily resolved on a DEAE—ion exchange column When proteins .i'

(not a distinct peék) which eluted at an ionic strength similar to that

'observed for metallothionein in Zn inJected flounder were subsequently

.

P : o f.chrométogr&phed oa a Biogel P—3D column, a Zn2+¥binding fraction'eluted in i

the same position ‘a8 metallothionein. However, the cysteine content df

Jo— A

'this protein ‘was* 1ow (2 37 of the total residues) The discrepancies {ﬂh
between the Zn binding proteins isolated from the Zn —inJected and
‘ymnormal winter.flounder are difficult to explain It may be related to the f‘
small amount‘of metallothionein present in normal fish. The amount of.i
o "f ’;-,' Zn2+ associated with the L. M W. fractidhs (see Fig. 34 and 35) suggests:

’ R that metallothionein is. present in much greater concentrations in the f: ‘1.”,.:';
intestinal cytosols of Zn injected, compared with control flounder.l This,
is substantiated by the differences bet en the" 358 cystine incorporation

“:f;s into metallothionein in saline— and Zn -injected flounder._ The incor— f".
poration of " labelled cystine has been used as sﬁmeasure of metallothionein
synthesis ino” rats (Richards and Cousins 1975b) Using this criterion,.,he_'* -
synthesis of metallothionein was induced in the intestines of flounder~-11:
injected with Zn2+ but not in saline—injected fish.; This agrees}withﬁ . ';;, E \t;:,_\

observations made by Richards and Cousins (1975b)in rsts.\ Thb;xcqncluded'”ﬂaﬁ'

’ =

: e . S s S i
hiadiahne Rt ’ . : . f o B . '




S tdevame

<;\|‘: ) ) . ‘.‘ ) Lo ‘-'-',
. . DS . ‘ ’

that metallothionein was - only present in Very small amounts in the_n

4

. intestinee of normal rats and, presumably due to the small amounts, did

"ﬂ not report any attempt to purify it from the normal animals. However,'a'

Cuzﬁ- and an binding protein, which had a high cysteine content and met?

/f\other criteria for classification as -a metallothionein, has been.isolated .

and purified from- the small intestine of S—day old rats whose only source

1. : S ETE

of metal was maternal milk (Johnson and Evans 1980) -*'f‘ ’,*.,n

Moet speculation on’ the physiological function of metallothionein in}-

“IP

the intestinal cells of mammals has been based on differences in the ;,ﬁf‘=-ﬂ

//;om normal animals and animals in which the Zn status has been altered-:h

-

by feeding excess Zn in the diets or by injection of Zn loads Forin” o

’ .{.example, Richards and Cousins (197Sa 1976) observed that 65Zn injected

into the intestinal lumen of control rats was primarily associated with a- f
large molecular weight protein fraction (MW >75 000) and a low molecular
weight zinc-binding complex (MW <2000), later determined to be a de~ )

gradation product (Cousins et al 1978) In rats An which the Zn ; status;'

' was elevated the 65Zn content of the cytosol was increaSed and this

R

, increase was associated wijjlghe metallothionein fraction.u The amount of

LA

65Zn transferred into the body wag, inversely related to the amount of 65Zn' .

bound to the metallothionein fraction.‘ Cousins (1979) hypothesized that L

[

. metallothionein serves as an.inducible ligand in the mammalian intestine.;' .

‘.‘ which competes for available Zn2+ with the normal ligand involved in an+ ’

. absorption, resulting in a reduction of the amount of Zn2+ transferred

into the body when the Zn2+ status of the animal is elevated However,

. ;! metallothionein does not appear to serve this function in the intestines ,'."

) of the flounder.’ Based on the chromatographic elution profiles,

metallothionein was. preaent in the mncosal cytosols of Zn2+-injected

LAY




';pool in the intestinal tissue such that the amount of s,table Zn , trans-

~:1 or, with the feeding period of the flounder (see Fig. 47) 5 The fraction

L s et

228"
. flounder -but Zn2+ absorption from the in s'Ltu ligated intestine wa.s not
significantly different in fish injected'with a Zn2+ 1oad or an equivalent
volume of saline (see Chapter I) } B o
-

» In contrast to the theory advanced by Cousins (1979), Starcher et al

N 4(1980) —o‘ﬁgs-e:i/tlhat an+ absorption was directly proportional t the o
BT E‘

) ' intestinal metallothionein level._ They also observed a decrease in the K '

fabsorption of an oral dose oft 65Zn concommitant with an increase in the
. M . - . .
C:intestinal metallothionein content in mice 1njected with a an+ load

: However they estimated that the injection of Zn2+ had,diluted the 552n

::ﬁ;ferred into the body -was; actually greater than=indicated by t 7 of 65Zn w“ =’

W

:In support of their theory when the dosage of Zn2+ used for induction of

1S' metallothionein was low, they reported ‘a 200~300/ increase in FSZn absorp»‘-lq;

‘ AA "‘ ' - ’“_I_
tion above the control level. However, it seems unlikely that metallo—-~" -

..f/‘ e v

L thionein is playing a’ direet role An Zn absorption in flounder When

examined on a- seasonal basis the presence of the L M. W. Zn2+—binding

€

fraction (eluting in the same position ‘as metallothionein) in the mucosal

: oytosols of flounder was not in phase with the in attu absorption of Zn

h

was still detected in flounder after the Zn absorption had started to.

-..,,“ - Cor Lol

' decline and the fish had stoppq% feeding
e

H‘It has also been suggested that metallothioﬂein could be playing a ::'-v'
role in Zn? exeretion.‘ Smith et al. (1978 a) observed that 552n presented .
to the perfused intestines of rats via the vascular perfusate rather than
the luminal perfusate also accumulated in the mucosal cells.i When the

3

mucosal cytosols were chromatographed more 65Zn was associated with

Lo

metallothionein in Zn2 injected rats than in normal animals Whether the

- S

PR,

. Lo o . . - R o .-
e b g i et - .

Lo




difficult question to resolve. ‘I‘he 65Zn cduld have been redistributed o

during the. homogenization a.nd centrifugation steps required to obtain the LT

e .

’f; mucosal cytosol. One of the routes of ant elimination from the winter nin.,

flounder does appear to be the gastrointestinal tract (see Chapter II) but

- \ '1._"~.

the involvement of metallothionein ik not aSSessed

‘ It is possible that metallothionein in the intestines of the flounder E
is not: involved in either absorption or excretion per sa but is synthesized
in re5ponse to a chan.ge in distribution of Zn2+ in the body and serves a |
o tﬁmporary storage function.. SeVeral factors other than Zn injections oT
/ high Zn2+ diets have’been found to result an an elevation of the hepat’ic

metallothionein 1evel in mammals,‘ i e. restriction of food intake (Bremner

; and Davies 1975) and other stresses such as cold environment and strenuous e
,»:»‘.mu .‘-"' L ‘;'_:,.A B

excereise (on &t ali 1978) Oh ‘et a1 (1973) propoaea that jone possible N

,‘ explanation for the observed increase in metallothioneinv levels could be ;

2 A v =
!

that catabolism of proteins (including ones . with an"' bound to them) occurs

'

during these stress conditions, resulting in the release of Zn2+, which

:I.n turn, stimulates metallothionein synthesis. The winter floun.der under—

goes seasonal c:hanges in body weight (see Fig. h?) during the fish'
non-feeding period muscle tissue is metabolized and used as a.n energy

Zn?-"'. released from muscle proteins during :I,ts metabolism is " _ T

reserve.
redistributed within the body (see Chapter II) and possibly results in the -

synthesis of a low 1evel of metallothionein in the intestinal tissue..'

When the liver eytosols of the flounder were chromatographed (Sephadex - _. y
G—lOO), ‘GSZn Gmd stable Zn2+) was associated with proteins having ."T,' R

estimated molecular weights of >150 000 (Fraction I) 40 50 000 (Fractiqn

II) and 10-—15 000 (Fraction III) . These fractions were present in both

Zn2+ inJec.ted and norma.l flounder. . 109Cc1 added to the 1ive1: cytosols was ;

associated primarily with proteins eluting in the void volume of the ‘
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Fig. 47 Seasonal changes :Ln gut content weight (see F:i_g 10, p

1

body weight (gonadectomized body weight: of 4 35 cm female flounder, e

Flet:cher and King, personal communication), amount of Zn transferred

. -

o o

:I,nto the body from the upper inteetine _(see Fig. 10, p. 44 ) and thg

"x'

appearance of the L M.W. .Z 2+ b:.nding fraction (designated by . N e

:Ln the mucosal cytosol. .' . R . 3’_
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S _-filtration estimates of the molecular weight of memmalian metallothionein
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_,column (i e. >75 000 on a Sephadex G—?S) and with a low molecular’weight,iﬁr o ‘j*'l,

fraction (12- 14 000) : The GSZn-binding profile was’ similar to that

4

reported ‘for rat 1iver cytoaols (Bremner and Davis 1975) In rats, the 3 ;}

W

e Zn2+Lbinding fraction with a molecular weight similar to Fraction II was"

.found to have both superoxide dismutase and carbonic anhydrase activity. }‘:5 .'TQ ",:
. Fraction III from the flounder had elution characteristics similar to rat. . .

";liver metallothionein (i e. bound 65Zn ‘and - 109Cd 1ow absorbance at 280 e é":'

'.nm, low molecular weight) Following ion exchange chromatography (DEAE- .*'

]

. cel!‘lose) and gel filtration on a, Biogel P—30 column, the L.M W. metal-<

7.binding protein isolated from the liver cytosols of Zn2+; and Cd2+ i h"'; ‘ f" AR

:‘:,injected winter flounder had an: amino acid composition similar to that ofiz'
?Cmetallothionein isolated.from the intestinal cytosol The composition' .

. was also similar—to that of metallothionein isolated from the 1iVers of .

e dzﬂeexposed eels (AngutZZa angumlla) (Noel Lambot et. al 1978) ca2+
“]<inJected plaice (PZeuronectea pZatesaa) (Overnell and Coombs 1979),

7 Cu2 —exposed coho salmon (Oneorhynckus kzautch) (McCarter et al. 1982),

.'.'cd2 injected carp (Cyprtnus carpto) (Kito et al 1982 c) and from
':mammalian liver (Kagi and Nordberg 1979) (see Table 25 for comparieon)

“.{The molecqlar weight, as- estimated -on a calibrated HPLC' column, was 14 500— ':~ ~;:“\f“
.14 600 the same order as that eetimated for the flounder intestinal - R . ?

l ':metallothionein (i.e. 14—14 600) This is somewhat larger than gel 'ff;j'n\l;‘

“v(i.e. 10—13 000) but similar to the gel filtration estimate of plaice liver

. metallothionein (l3 15 000) (Overnell and Coombs 1979) ' Estimates of the

o~

-molecular weight of metallothionein, based _oni gel filtration, are con= .

siderably larger ihan those determined from the amino acid composition and

lamino acid sequence data (i e. MW 6 7000), the discrepancy has been

» ”?j attributed to the non—globular shape of the protein (Kagi and Nordberg 1979)
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metallothionein isolated from the livers'- of Zn2+—injected flounder was .

. 'As discussed for the intestinal

Consistent with the findings of Overnell and Coombs (1979) on livers

of Cd2+ -inj ected plaice, only one form of metallothionein was isolated

) 'l(following DEAE-ion exchange chromatography) in the liver cytosol of

| Cdz'*' injected flounder.' 'l\ao Zn binding fractions, a major and a

B tIminor one, were. i!mlated from livers of Zn2+-inj ected flounder but only
3 J-the major. fraction had an.amino acid- composition consistent with that of |

'l» ,metallothionein. .This contrasts with mammalian tissues where, based on,

» ;
. . "
i

charge properties, at 1ea3t two forms of metallothionein, ‘having quite

'_aimilar amino acid compositions, have been isolated (Kagi and Nordberg

1979) In addition at. least two forms of metallothionein appear to be

present: in t:he livers of Cd2+—exposed eels (Noel Lambot et al. 1978),'

e

B .Zn2+ injected rainbow trout (Pierson 1980), Cu exposed corf‘a salmon -

(McCarter et al 1982) and. Cd2+-inj ected carp (Kito et al 1982 a)

‘

Different amounts of the metallothionein variants have been detected in -
different species of mammals and in different tissues (Whanger et al

1981 b) It is possible that a second variant of metallothionein is

- -

) 4: present in the liver and intestinal cytosola of the winter flounder but

occurs in such low amounts that it was not resolved by the methodology

A

A Zn2+—binding frsction, with elution characteristic.s similar to- the

detect.ed in the liver of normal fish. Howevar, the cysteine content of

- . >

':the fraction was much lower than that of the metallothionein isolated

from the Zn2+-injected flounder (1= e. 13 Versus 30% of the total residues)

—

'isolating metallothiqnein from th 1ivers of non—Zn2+ (Cd2+) injected

,ssue, the difficulty. encountered in i .

Na
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: study, also. contained appreciable amounts of Zn2+
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flounder may be related to the small amount of metallothionein present in

o the n'ormal'- animals.. Based on the incorporation of radiolabelled cystine,
:the rate ‘of hepatic metallothionein synthesis is normally very low in the
!flounder. In agreement with this, Overnell and Coombs (1979) observed a_ |
'peak of 35S-cystine incorporation, coinciding With metallothionein, in the

livers of Cd2+ in:] ected plaice but did not detect any incorporation into _b

‘ this fraction in control fish.. Similarily, appreciable rates of hepatic Cee

metallothionein synthesis (based on the incorporation of radiolabelled

p 'cystine) were only apparent 1o adult rats when the Zn status was

2+-in;;ec:tions (Richards and Cousins 1975 b) or altered by

elevated by Zn
various stresses (Oh et. al 1978)

A heavy metal detoxification function has often been suggested as the

primary role of hepatic metallothionein (Webb 1979) However the presence E
) of Zn2+ in the metallnthionein induced by Cd2+—in;| ections has also 1ed to
the proposal that the abil:l.ty of thioneins to "detoxify" heavy metals may‘

"only be a fortuitous consequence of the physiochemical similarity of these B

ions and zinc (Winge et al 1978) In keeping 'with this metallothionein _

. :isolated from livers of Cd:2 injected winter flounder in the present

N

. Unlike the intestinal tissue of the 5lounder, ‘an'*' in the 1iver wag -

' associated with a L M W. protein fraction, eluting in the same position as. '\
metallothionein, in fish examined throughout the year. If metallothionein‘ |
has 4 function in the normal metabolism of Zn in the flounder 1iver it
2 might be expected that the protein would be present all year round since

- the turnover of Zn in the liver (based on the changes in' the concentration _

1

o f 652n in the 1iver following a single i.m. in:]ection, see Chapter II) was "

similar in the feeding and non-feeding periods While it is generally .

P



- ¥y

,-‘protein (Whanger et al 1981 a)

236 -

accepted that hepatic metallothionein is involved in the homeostasis of

~

.2112'*' in mammals, no single physiological function has yet been assigned to'
'the protein (Brady 1982 Wehb and Cain 1982) Richarda -and Cousins '
- (1975 a, b) proposed that metallothionein could function in the aptake of
. Zn2+ into the’ liver cells. They observed that when synthesis of metallo— . :
thionein in the livers of lnz"' injected rats was blocked by administration“

" of actinomycin D, the serum levels of Zn2+ remainéd high and Zn2+

- -\_ . . ~

. -not taken up into the liver until the effect of the protein synthesis

Y
'

. inhibitor had worn off In addition, in certain species of mamu;als it has

been suggested that metallothionein could be serving as a Zn , \storage L

Prelimina‘ry investigations based only on the elution of 65Zn(Zn)—v-‘

" binding proteins from Sephadex columns, indicated that metallothionein is *

also present in the kidney cytosols of normal and Zn injec:ted winter '
flounder. However, a metallothionein—like fraction was not apparent in the

cytosols of gill tisaue from these same flounder‘ Based -on the information .
" .

reported for other fish it appears that the 1eve1 of metallothionein in

‘ different tissues varies with the species of fish and the metal to which

.

1t ‘ds, exposed“' ‘ Pierson (1980) reported that injeetions of an"' stimulated

:-.metallothionein synthesis in the liver but not in ‘the gill or kidney of

rainbow trout (Salmo ga'brdnem) Injections of Zn i resulted in the -

appearance of a metallothionein—like fraction in both the k.idney and 1iver

of goldfish (Car*asaws auratue) . However much less 65Zn was aaaociated

v""with this fraction in the kidney than in the 1iver (i e: 1. 9,4 of total‘-
i . 65Zn in the kidney versus 39, 57 in the liver) (Harafante 1976)
Bouquegneau et al (1975) reported that exposure of eels (AnguzZZa

: _'anguolla) to inorganic mercury resulted in the appeatance of a protein o

B e I A T R Py «r\l.un....\.u...s.._-nlﬁl.).i.»n-. TP IR, P PR R SRV SRR .
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fraction with elution characteristics sihiilar 'to‘meta'llothionei'n in the'
liver gills and kidney.: Mercury vas “also associated with a metallo~ .
- thionein—like protein in the gille snd kidney of rainbow trout exposed to.

methyl mercury, but the amounts were much lower than detected in the

‘}--.

":1iver (Olson et al 1978) Noel Lambot et al (1978) found that Cd2+

_accumulated with a metallothionein fraction in both gill and liver of

The fraction was. also present in

' eels after chronic exposure to d2+

the 1iver of non—expoeed eels but could not be detected in the gills The’

." . 4
\ .

-_leve.l of metallothionein in mammalian tissues also varies with the metal

S . administered In rats fed high—Zn2+ or high-— d’-"' diets, d2+ accumulated

R

-'to a greater extent in kidney than in 1iver metallothionein, the opposite L

',was observed for Zn2+ (Oh et sl 1978) Similarily, Kagi et al. (1974)

. ¢ .
o found that metallothioneins isolated from non—exposed equine and-human-

. liver contained predoninantly Zn2+ whereas the metallothionein isolated

='from kidney eontained more Cd2+.' Durnam and Palmiter (1981) observed that

2

the rate Jof transcription\ of metallothionein and the metallothionein mRNA

»

levels vere 1ncreased in both kidney and liver of mice injected with Cd2+

Zn2+, Cuz'*' or’ ng"' _ However, Cd2+ and Zn2'|~ resulted in the greatest amount "- B

40f induction in the li‘ver, Cd2+ and HgZ+ were the best inducers of

- metall{thionein in the kidney d2+ induced metallothionein synthesis in

%

"7 of the 8 tissues which were examined (i e. 1n liver, kidney, intestine,

' heart muscle brain and spleen) However, the tissues did not respond

'

' ~.Aidentically to the Cd?-"' which they absorbed ' It took ten, times more CdB2+ RS

' .in the. intestine than in the muscle to induce equivalent emounts of
' fmetallothionein mRNA. Therefore, the apparent differences in the metsllo—
. thionein 1evels in thie tissues of the winter flounder and other species of ;

fish examined is possibly related to the amount of metal to which the fish

. t“.'l
LI ‘
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A SENE N
] " Wss exposed. If a more sensitive asssy procedure vas used it may be found
K as obserVed in mammals, that metallothionein is present or can : be induced “

' ."in most tissues of the body.

'
¢

In conclusion, in agreement with obserVations made in mau:nnals, both

. A ‘
. the intestine and the liver of the flounder respond to injections of a

y .
| i . ’load of stable Zn2+ by synthesizing metallothionein. The question which
0 arises is what roIe, if any, does metallothionein play in the nox‘mal
| . metabolism of Zn :ln the flounder.. That it could play a role in the’
-Tf . I, homeostasis of Zn2+ in fish a8 hypothesized for mammals, is suggested by\ 4 ;
'.-"the presence (albeit in low amounts) of a L M W. Zn2+—binding protein .
l .' fraction, with elution characteristics similar to’ metallothionein, in theu
f ; tissues of non—Zn (Cd2+) injected flounder.. H.owever,‘ the- difficulties '
! ':_ "enco‘untered :Ln charicterizing the metellothionein—like fractic;n. from the
-; | ..:': 'liver and intestinali tissue of " normal" flounder point -to the' need for a IR
‘ . - specific assay (such as the radioimmune assay deVeloped for. mammals by :. ‘
:l . | ;Vander Mailie and Garviehl978 1979) to quantitate the levels of metallo- . -
; ‘. { ‘ thionein in the tissues._.- Develbpment of such an assay would seen neeessar‘y
BEN . - hefore any possible reletionship between the 1evel of metallothionein in
E the tissues and the normal metabolism of 2n? n:;an_-be‘delineated. ‘
R X J ) ‘ g 1,
s
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- SUMMARY AND CONCLUSIONS .
<" Chapter T~ o o \' R o L IR '.«.
' '1.'.. 'Res‘ults .from'- iﬁ situl studies on Zn2+ lluptake .indicat'ezthat' the,
'entire digestive tract of the winter flounder is capable of absorbing .
. Zn2+, with. “the- uppermost portion of the. intestine having the highest -
»and the stomach the 1owest capacity. : . ) , |
- 2, Feeding studies with the non—abso:rbed marker ll“IGe, suggest little L
5 -_'Zn2+ absorption in the stomach a‘net seeretion of Zn2+ intq the ;
uppermost portion of the intestine and net absorption of Zn along'. the" .
/ - “;_'-re.st of the tract. However, the apparent secretion of Zn2+ intQ the '
.. | _i_upper intestine may be an artlfact of the method. : .
' _.3; Based on the in sztu findings, Zn2+ absorption appears to involve o
at 1east two steps the first a rapid accumulation of Zn2+ by the intestinal

:'tissue and the second a’ slower transfer of Zn2+ into the bddy.,.

‘ 4 When different loads of an'ff were :I.nstilled in the 1umen, the

»proportion of an"" accumulated in the :mtestinal tissue was greater

e .-‘

from lower than from higher doses, implying that the first step in L
' van"" absorption inVOlves binding to specific sites on or within the '
; \.intestinal cells.

. . " T . . -
5. The amount of Zn2+ transferred into the body appeared to be

Do

directly proportional to the amount of Zn accumulated in the

- . e L ) intestinal tissue, euggesting that - the transfer step from the mucosal
‘ : ' o 'tissue into the blood could be a pass:l.ve process.

LT When an equilibrium dialysis technique was used to examine the

. affinity of the mucosal cytosol proteins for Zn2+, more than one

binding system,w_as apparent. The highest affinity binding system N
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(K‘—"2'.42 X l075 appeared'to".be undersaturated with Zn?*: ~ The a:_ffini.ty .

‘.; "of this system for Zn2+ was"loner' than that‘ reported fof -the 'high‘ oo

affinity Zn2 binding syetem in the plasma, which (if the system 18

involved in Zn2+ absorption) would facilitate the transfer of Zn2+ from

‘ the ‘mucosal cells to the blood ' _ ' : ‘

7. Several :Lntraluminal factors appear to influence Zn2+ absorption.

i) The level of Zn2+ in the lumen appears to be an important

determinant in the extent of Zn2+ absorption. Although the proportion . o

b

of Zn2+ absorbed in, subu declined as, the intraluminsl Zn2+ load .

increased the amount of Zn2+ absorbed actually increased with

increasing Zn'a"' loads

ii) Several metals (i e. Cu2+ Cd2+ Coz"' Cr2+ N12+ Fe3+ Mn2+'

‘ and Hg2+) exert an inhibitory effect on Zn2+ uptake when examined m
A.S'Ltu In equllibrium dialysis experiments only Cu2+ interferred with

__binding of Zn2+ to mucosal cytosol proteins. In view of th:ls, the

inhibitory effect of the other metals observed tn e‘btu could be

'..\ - .7

iii) Feeding studies using the non-absorbed marker, ?“ICe, suggest

that the Zn2+_ content and/or the’ digestibility of the diet could in—- .

e £ 1uence the extent of absorption,

iv) In s'Ltu studies indicate that dietary constituents which

a

chelate Zn2+ (i.e. histidine) may, at certain ratios reduce Zn

: accumulation and tranefer. A

a:H A seasonal study (using the 'm sm’;u technique) revealed that the

" summer feeding period,. There was, a seasonal fluctuation in the stable

[ S bt ot e oty ok comsmpre bt et vty n )" e e

' :'mediated at the surface of the cells *whereas Cu2+ could also interfere-'

- with the transfer step. SRR ) e e R \'

' capacity of the digestive tract to - abaorb Z Was greateet during the o
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. )‘10 Feeding the f10under a. high-...nz“" diet for 5 weeks did not: result .

: and the amount of Zn accumulated from the lumen. . Nor was any »

: i 9 Artificially elevat ‘

. to absorb Zn2+ detectably altered

'a net. secretion of | Zn2+ in the an"'—injected flounder. o

Zn3+ concentration of the intestinal tissue but there was ne apparent

.,

-‘..relatinnship between the endogenous stahle Zn content of the tissue

relationship apparent when the concentration of Zn2+ in- the intestinal Lot -

‘.tissue was - elevated by inje'tiory} of stable w2+, S L :

g the an\'l' status of the flounder by

- _.parenteral injections of Zn2+ had no s’ignificant effect on ‘Ln sztu up- -

RN U
take of 65Zn or stable Zn2+ e T

in any significant elevation of the an"' concentrations in the tissues-

*

xamined. Nor wa.s the capacity of the digestive tract:s of these fish '. .

- .»11.2‘ Prior inJection of flounder with 2 Zn2+ load did. result in a

.~,reduction of net: absorption of 65Zn from radiolabelled capelin. Based )

¥

on the ratio of stable Zn2+ to 11’1Ce An the rectum contents, thEre was

":J..Z_.' Based .on-~ the findings of the a.bove studies it is suggested tha.t in -

a: marine fish such as the winter floimder, which has only a portion of
.-the year to obtain its annual Zn requirement uptake of Zn may. not

‘be limited by the Zn2+ status of the animal. In the event of exposure

.

‘.:'to elevated dietary 1evels of Zn > elimination mecha.nisms nsy play a: o

‘great:er role in Zn homeostasis than 1imitatinn of gastrointeetinal

uptake. ,

T 'cngtef i

L, Different tissues in the winter flounder exhibit different rates of S

E accumulation and release of 65Zn following a single, intramuscular

»
v '
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'muscle and bone. In addition, during the period when the concentration

cer

e . L

’ 1 major portion of the activity (72%) The latter component is probably

"L exponential rate fuuctione. The first component of the retention plot,_ N I

i‘~-.such as the kidney, liver, gill and gastrointestinal tract than in :

o the area of the peritoneal cavity), injected in late August or o

Y I

. injé"ction., For a su’ostantiol time period following the inj ection, the

' concentrations of 65Zn were an order of magpitude higher in tissues :.

2_.; The concentration of sta‘ble Zn2+ in most somatic tiesuea of the_,j.,'. : PR i
flounder remain relatively constant throughout the year. Howeve‘r '— K

changecin the turnover of Zn-"-"' in several of the tissues. = "‘ ‘:I,W

4 The whole-body retention. of 65Zn_ in live flounder (monitored :Ln

. 5._. In agreement with the changes in 55Zn retention observed in .

appears to change seasonally. When flounder were monitored from June to

of 65Zn in these tissues was declining rapidly, the concentrstion of

65Zn in the muscle and bcme remained conatsnt or increaaed. v

based on the distribution of 65Zn there does appear to be a seasonal'_l -

T a

3. . During the non—-feeding period several tissues decline in weightf SR
and Zn lost from t,hese tissues sppeara to, be redistributed)within

the body. In particular, the female flounder continuea to 1 corporate - T ',"_'-‘ .

. H N . R - - -

Zn2+ into the gonads during the non-feeding period.

e
Té '. '

Decemher and monitored through to. June,' could be resolved into two

accounting for 28/ of the initial activity. had a very short half-time A ~',

A
(TBI /2 = 2 days) The second component of the retention plot had by

[

far the longer half—time (TBy /2 = 1510 days) and accounted for the

more representative of the exchange o:E Zn2+ in the flounder with Zn2+ l

\L

in its environment during\the winter, non—feeding period. =

several of the tissues, the loss of 6SZn from the whole flounder also

- et gt
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- retention of 65Zn (i e.~ approx 200 days)

J""'.. 7

' "552n loss in flounder injected with stable Zn2+ plus 55Zn tends not to i

- support thia hypotheais. The whole hody 65Zn retention patterns Were .; ",‘.’, A

.",

to be possible routee of excretion, i e. kidney, gill and gastro-

observed in these tissues over the duration of the 1ong-term study. : ) . Y

Auguat, the, rate of 65211 loas increased over thet seen in the winter.
]] o ! .

‘6", The theoretical half—time for exchange of the total body burden of

Zn2+ in a, 35 cm male flounder, cdnsumi,ng a«diet of capelin (retention ’.

37% based on &he non—absorhed marker technique) ,uas estimated to be 259 ' . ..

x

days._ This is comperable to the half-time observed using whole body

v ",-" . »; e

w. SR ,
In view of the slow rate of 65Zn loss obserVed in flounder during

[ TVl gy

the non—feeding period compared to the increased rate of 552n 1oss

+ ‘. .

during the feeding period one could speculate tha't the rate of Zn2+ in- R

take influences the rate of an'*' elimination. However, examination of

K .
o ' - . -...,w [

EOR Y

similar in flounder in_]ected with saline or a 1oa,d Qf stable Zx}: +, i e.

o

the rate of ri-:’Zn loss dees not appear to be affected by an excees of "

stable Zn . , 2l ) o .
Flounder examined in Eszn' ret;ention and tissue distribution studies ‘
S Were maintained under ambient’ conditions, as such they were subject to SRR s \

o -.A‘ .. ‘-.. -

“ oo

changes in water temperature as well as. feeding Therefore, an alternative "

-7 -J..‘\ r
. Lot

explanation for the observed seasonal changes in 552n retention is that Lo

it is related to differeneee in the metabolism of the fish aseocia.ted ;

T aoLre
n

: with these changes.

'”9" Following injection of GSZn into the winter flounder, ,the concen- .‘ o o

N

tration of 55Zn was: relatively -high in all three of the tissuea’ thought

In addition, a similar EsZn retention pattern was L L

Lot .-
N ) . N

intestinal tr aet

N . i

. . R R
. e

i

i

However, without direct evidence it is not possible to say whether E'5Zn r

decline i.n these tissues represented 55211‘1059 from the body at thESe
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.sites. GSZn loss may also occur via‘the body surface. The .con- _‘ DR - ‘
centration of 65Zn in the skin was high' relatively more 65Zn than — '
. stable- an"' was found in the skin up to 528 days post—injection. o - _" ‘
. 10. Experiments conducted to determine the possible aite(s) of Zn2+ o
i

- ‘excretion into the digestive tract following i v. injections of GSZn

.

. indicated that while the greatest amount of radioact:wity was detected RN |

<

' '_in the lumen contents of the upper intestine, 65Zn was - secreted" .i__‘nto
" the lumen contents\a—ll along the; digestive tract. L -
- 11, 'l'he 1evel of 65Zn in the . lumen contents was similar in flounder .

. inJected with 65Zn plus a. Zn2+ 1oad or 65Zn plus an equivalent volume

of saline. However, due to. differences in the specific activity, the

— 65Zn in the 1umen contents of the Zn2+—in_]ected flounder presumably I

represents a greater amount of stable Zn2+ than in the saline—injected

fish. In other words, while the rate of 65Zn loss’ appears not to’ 'be

7 altered hy excess Zn2+ in the body, the absolute quantities of - Zn2'+

eliminated are probably greater.

””ChaEterjIII L e e

1. Gel filtration (Sephadex G—-lOO) of mucoeal)cytosols lof the winter oL
flounder indicated that 552n (Zn2+) was associated with proteins having
estimated molecular weights of >150 000 (Fraction I), 80—-150 OOb - I
(Fraction II), 30-40 000 (Fraction III) and 10—15 000 (Fraction Iv) > .

These Zn binding fractions were present :Ln both normal and Zn

injected flounder.‘ B CEL L ’

. .2, The low molecu.ler weight (L:M W ) Zn“’—“binding fraction (further B

separated using DEAE- on exchange and Biogel P-—30 chromatography)

isolated from trhe mucosal cytosol of Zn2+-injected flounder had
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properties characterizing it as metallothionein (i e high metal

.content, heat stability, lack of absorbance at 280 nm, high absorbance

,at 230 nm .and; high cysteine content) o ' | _ﬂ. : ‘eA:~(::f

.3} Attempts to determine whether the LiM. W. Zn binding fraction
~5--present in the mucosal cytosol of normal flounder fit the criteria of

metallothionein were 1ess successful o | -

'_4.’ MEtallothionein present in the mueosal cytosol of the Zn2+

[ u‘

' injected flounder did not appear to be serving the same physiological

AT
- functions as commonly hypothesized for intestinal metallothionein in SRR

. mammals.w_ CLE ;'4 ' 3.“. s .-_qpp

'3' C '_ i) In mammals it has been proposed that mstallothionein serves as f;x

‘i»an induCible ligand in the intestine which competes for available Zn

.with the normal ligand involved 1n Zn absorption, resulting in a

:reduction in the amount of Zn2+ transferred into the body when the Zn

status of the animal is elevated. Based on the chromatographic elution

;

profiles,metallothionein was ‘present in the mucosal cytosols of - Zn2*

injected flounder but. Zn absorption from the Ln sttu ligated

intestine was mot significantly different in fish inJected with a Zn2+

’ 1oad or an. equivalent volume of’ saline.‘.

L ?:.v_; ii) An alternative theory holds that Zn2+ absorption is directly
e M
o proportional to, the metallothionein 1evel. 0Howaver, it_seemafunlikely ’

that metallothionein is playing a direct role in Zn absorptionhih”

the flounder. When examined on a seasonal basis, the presence of-the
L. M. W Zn ; binding protein (eluting in the same position as metallo—? |
‘thionein),in the mucosal cytosol of. the flounder was not in phase with
the zn sttu absorption of Zn2+'or with the feeding period of the v

flounder.st

2+.-, '

Do v e
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”:gfji iflk B :5. It is possible that metallothionein in the intestinal tissue ofr} P R
,_ ’ § ' the winter flounder is synthesized in_response toA a change in the 1S - : . ) :._.‘
,?ai" ;'hf f;. distribution of Zn2+ 1n the body ‘and serves a temporary storage s SR ,;‘
..f .“{Ar " function. '”-. A | o
,% o "':. 6. . Metallothionein was also isolated from the liver’cytosolsvof
E'_ - 1.‘ - Zn2+ (and Cd2+) inJected floundsr.'- | —
N é ' ‘Qh"'l ' QZ. A ZanFbinding fraction, with elution characteristics similar “to i’“~i_i‘ :f‘??ﬁffbi
‘.‘-_ . *l\v‘ metallothionein (i.e.. sim:l_lar profiles on Sephadex G—75 DEAE—ion .' ‘ o . .
L; E :fli ,74- ‘ exchange and Biogel P—30 columns), -was’ also present in the 1iver cytosol fﬂ
5:: 2 ‘I‘_;:-'L..\ :.of “normal flounder. However, the cysteine contént of this fraction was ;3‘5 ”-i ooy P
%"‘?";'}2 . ' 1ower than that of metallothionein isolated from Zn 1njected‘£§§pnder :“{}kf'l::ff “;itﬁ
gil‘%liiiiid o (i e. 13 versus 30/ of the total residues) . Lo : o .¥: ' . ‘f'i jfl'd ,‘.'
i :xiiihwfiuf’n "“i.fxéf" Unlike the intestinal tissue Zn2+ in the 1iver was associated -
; . 4"}”\ with a L M W. :Eraction, Eluting :Ln the same- poaition as metallothionein,-j-. )
i ’EJ . in fish examined throughout the year.'.\j . ‘ ‘ .v ' - ' |
L?ng jig'.k Preliminary investigation, based only on elution of 65Zn (Zn2+) ) .
EA i: binding nroteins from Sephadex columns, indicated that metallothionein e ”"i
| :»- may also be present in the kidney_cytosol of normal anﬂ Zn2+—injected .
E Y flounder. Its presen;e was not apparent in gill cytosol '\ A 7
i ':I‘; th In conclusion, in agreement with observations dn mammals, both'the R -
i‘ R . intestine and liver -of the flounder respond to. injections of a 1oad of | l :

Zn2+ by aynthesizing metallothionein.‘ However, it remains to be' R ~-.~_3f‘f ﬂﬁ;i

resolved what role, if any, metallothione plays in the normal
N ‘ ST T BN
metabolism of Zn2+ in the flounder. The difficulties encountered in BV
L TN e
characterizing the metallothionein—like fraction from the tissues of

I f normal flounder potnt to, the need for a specific assay to quantitate .'”‘gf_"

ﬁg EEREERE the level of metallothionei in the tissues._ Such an assay would seem- " .

. ‘:: . N - L . . vl . * i ' - L .

% } : , L ‘ . ’ Y . . :
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. R APPENDIX A. EQUATIONS USED T0 ESTIMATE %!EIGHTS OF TISSUES OF THE
o L WINTER FLOUNDER N } oo

7.

<

s

of a given tissue" ’ . ' | ' B N
R xb+a C 3 \ (Fletcher and S
T2 T ol Y= e : R " ' King, personal communication)

where, X = LN Body length (cm)

| ' y = dry weight of tissue (g)
"a and b (tabulated on t‘ne following’page) were obtained from

- individual scattergrsms for each tissue where n = number of fish
ER examined' w:lnter‘ refers to fish dissected in April i e.. at the
.end of the winter before summer feeding resumes, summer refers to

" ;\ AT v »fish dissected in October, i. e. at the end of. the summer feeding

period , " . T __”_‘

L. = refers to tissue sampled from the "light" Aside (bottom) of the .
' R ‘flounder.

.The dry weights of the skin, muscle (whitE) and gills can be

The following equation was user! to estimate the total dry weight s

D - refers to tissue sampled from the "dsirk" side (top) of. the flounder..

R

converted to- wet weights using the average} water in the tissues, i Y- T
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- APPENDIX B.

i

ESTDIATED ZINC CONTENT OF TISSUES OF 35 CM MALE AND. FEMALE
WINTER FLOUNDER.
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