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ABSTRACT

The role of the gills in calcium homeostasis was

examined in the American eel, Anguilla rostrata (LeSueur).

*

The‘present data‘suggest a cause-effect kélation—

ship exists between the surgical removal of the corpuscles .

. of Stannius and an increase in branchial calcium influx.

Stanniectomy was consistently followed by an increase in

'Plasma total calcium and an increase in the branchlal cal-

cium lnflux as measured by the' isolated perfused gill- pre-
paration. Both parameters could be corrected by in vivo

treatment with Stannius corpuscle extract. Addltlonally,

‘ the Stannius corpuscle extract 1nhlbltéd l+5calc:.um 1nflux

in 35259. Calc1tonin produced an anti-hypercalcemic role,
possibly by-increasing branchial calcium efflux, but did
not lower blood,calcium levels. The 'post-stanniectomy
hypercalcemia did not appear to affect the rate of bran-

c¢hial calcium influx whereas a high concentration of cal-
cium ions or ‘magnesium ions in the external énvironment
prevented the branchial ¢alcium influx rate from rising

to its predicted levels..
I 4

o

The present study on the eel indicates that, the
gills are involved in calcium homeostasis and that they
are a target organ for the Stannius corpuscle hypocalcemic

-y - . ~
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L . RESUME

4

i ]
ILe r8le des branchies dans 1'homdostasie du

: ‘ i
calcium fut €tudié chez.l'anguille américaine, Anguilla

rostrata (LeSueur).

i

+

Les données suggerent qu'il existe une relation

.

de cause & effet entre 1'ablation chirurgicale des corpus-

L] - -
cules de Stannius etrun accroissement du flux dtentree au

niveau des branchies. L'ablation des corpuscules de .

-

Stannius etait toujours suivie par un accroissement du

calcium total dans le plasma et d'un accroissement du flux
L " 3 .

' - . . ¥ - . =
- d'entre®rdu-calcium au niveau des branchies, mesure a

1 4
l'aide d'une préparation de ‘branchies isolées et perfusées.

Ces deux parametres pouvaient etre corrigés par un traite-

ment in vivo d'un extrait de corpuscules de Stannius. En

-

outre, l'extrai; de corpuscules de Stannius inhibe le flux
’dieptrée de calcium in vitro. La‘caicitonine-joua un role
anti—hipercéicémiqne, en accroissant possiblement le flux
de sortie du calcium des braﬂchies, mais ne diminua pas
les niveau de calciqm sanguin. LLhypercalcéﬁie pdstj“

opératoirelne sembla pas affecter le taux du flux d'entrée

du calcium au niveau des branchies tandis qu'une concen-

tration élevée d'ions de calcium et de magnesium dans

1'environnement externe empecha l'accroissement jusqu'au

Pl
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k]

niveau prévu du taux du flux d'entrée du calcium.

]

“

Cette étude‘sur l'anguille indique que les

branchles sont liees a 1' homeostasie du calcium et qu‘elles

L d x‘

sont un organe cible pour les hormones hypocalcémlques des

A

corpuscules de Stannius.

-
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* _ : ¢+ INTRODUCTION - - s

The divalent cation calcium is a key regulator of,

-

many blologlcal processes ranging from the maintenance of
f

structural 1ntegr1ty of membranes to, inter alia, coenzymlc

functlons, ex01tat10n secretion coupling at nerve terminals, °
couplln? of excitation to contraction, secretory processes
and the coagulation of blood. It can play such a role be-

cause cells have devices that maintain a low concentraglon
of calcium ions in the cytosol (Racker, 1980). This mﬁln—
tenance of 1ow and relattvely constant cytosollc calc1um

ions is con51derably facilitated in the vertebrates by
effective htmeostatlc mechanisms which hold the level of
extracellular calgium ions within acceptable levels (By-
grave, 1978a). .Adéitionally, calcium is a major structural
component ofltissues such as SBhe, teeth and scales wherein
it acts as a tissue 'Hardener' and substantially contri-
butes to the biomechanical role of these‘tissues. In other
words, there are two main lines of evolutionary pressures
operating upon calcium homeostasis in animals. Firstly,
there is the role of calcium ions in the various dynamic
physiological and biochemical processes. Secondly, there

is the role of calcium in the development and maintenance

l-'-l—



‘of migeralized skeletons.
In tetrapods, these two functions of calcium are
closely linkgd by the fact that the bone is also used ex-
Eﬁensively as a repository fdf célcium during hiéh intake
.and as a'reserv&ir wheg calcium inﬁake is low. The neces-
sity for the use of bone in this fashion seems to res&lt
from the féct ;hat most tetrapods are essentially lénd;
based and have but intermittent acceés to environmental
calcium by way of their food and drinking water. 1In thése
animals ‘the exchange of calcium between the bone and the
body fluids, and vice versa, is facilitated by the présence
of bone cells. (osteocytes and osteoclasts), which under the
" stimulus of various hormonal factor; can direct the move-
ment of calcium ions from the body-fiuids to bone or from

the)bone to the body fluids.
/

] The situation in fish, however, appears to be

(qpite different. Unlike their tetrapod descendants, the
fish do not have only intermittent access to environmeﬁtal
calcium. Instead, they have continuous access to the vir-'
tually limitless supply of calcium dissolved in their
aqueous habitat so it is possible for the fish to divorce
the calcium involved in the regulation of body fluid cal-
cium from that involved in the mineralization of their os-
seous tissue. This difference 'is evidenced by the follow-
ing observations. The majority of bony fish have no
enclosed osteocytes and as such are said to have acellular

bone (Moss, 1963, 1966). Fish, especially those which



. 3
possess celluldr bone, show an extremely low rate of bone

calcium turnover (Moss, 1965; Fleming, 1974). Fish even in
freshwater live in a éedium with ample supplies of calcium;
they have large surface areas used for exchange, especially
the gills, through which exchange of calcium might take
plabe, and fish have been shown to have a marked capacity
to withdraw calcium from the environment (Phillips et al.,
1960; Moss, 1963; Fleming et al., 1964; Podoliak and
Holden, 1965a, 1965b, 1966). Finally, neither the presence
of ceilular nor}:;ellular bone, nor differences in external
environmental concent;ation of calcium seem to be correlat-
ed wéth the attainment and maintgnagcégof plasma calcium
homeostasis in fish (Moss, 1965). The;efore} whereas it
appears that the calcium involved in body fluid calciﬁm
homeostasis in tetrapods exist in a bone - body fluid con-
tinuum, in f£ish the calcium exists in a body fluid -
environment continuum.  In other words, the calcium reser-
voir for calcium homeostasis in fish is different from that
employed by the tetrapods. Regardless of this difference,
however, and‘for the reasons cited earlier, fish must main-
R A
tain calcium homeostasis and in order to do this must have
some means of controlling,the exchange of calcium between
the quy fluids and their agqueous surroundings. Unfortuna-
tely,f§ery little is known concerning this regulation in
fish and it will be the purpose of this thesis to shed some

light on the endocrine factors involved in calcium homeo-

stasis in the American eel, Anguilla rostrata (LeSueur).
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\
"Fish can and do r gulate plasma calcium levels W
\

(Table I) even when faced.w th the considerable difference
in calcium concentratioq which e;ists between . freshwater
and seawater. For exaﬁple, the euryhaline Ameriéaﬁ‘eel can
maintain a relatively constant plasma calcium level (around

‘q2.3 mM) regardless of the variation of external calcium
concentration they face, ranging froﬁ lb mM in éeawater to
0.45> mM in freshwater.

. Beding co—existent.witH the external environment,
fish that live in high calcium environments face potential
excess calcium uptake and therefore must possess some means
of preventing hypercalcemia. Fish in low calcium environ-

" ments must have somt means of gaining access to the calcium
to prevent hypocalcemia. In both instancés fish must have
some methods of regula;ing their exchange. The most réq—
sonable method for this regulation would be by way of the"

endocrine system, since this system is known to éxert im-

portant regulatory influence on the exchange of monovalent
ions. Unfortunately, the endocrine involvement in caléium
homepstasis in fish is not so well understood as in mam-
malsl

In mammals the primary hormonal control of cal-
cium homeostasis involves a close lntegratlon between the
actlvitles of three hormones, namely, parathormone (PTH)
from the parathyroid glands, calcitonin (CT) from the ulti-

mobranchial or 'C' cells and the active metabolite(s) of

cholecalciferol (vitamin D3) especially the 1,25-dihydroxy
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 Table I | | i

“Calcium Levels in Environment and
Plasma.of Different Animals o .

,
.«

mM calcium

Environment
Standard seawater _ 10.48
Brackish water " . 2,00 - 5,00
Freshwater (hard) . : 3.98
Freshwater (soft) 0.07
Lake Huron o 0.90
Ottawa River - ¢.45
Invertebrate
Marine coelenterate, Aurelia '9.70
Lobster, Homarus - . - 15.82
Crab, Maia : 13.61
Vertebrate
. /// Fish i
’ Cyclostome (seawater) Myxine ' 6.25
(freshwater Lampetra 1.96
Chimaerid 4.30
Elasmobranch Raja ‘ 6.00 .
Marine shark,C. Leucas " 4,50
Freshwater shark,
C. Leucas nicaraguensis 3.00
Teleost Eel A. anguilla 2.86
A. japonica 3.50
A, rostrata 2.22 - 2,48
Rainbow trout, S. gairdneri 2.48
Killifish, H. fundulus 2.28 - 2.68
Stickleback, G. aculeatus 2.15
Amphibian
Green frog, R. pipiens 1.70
Reptile
Snake, R. tigrinus tigrinus 3.30
Bird
Chicken, G. domesticus 2.53
Mamma 1
Rat . 3.10
Human, H. sapiens . 2.35

Adapted from Prosser and Broﬁn, 1961; Fontaine, 1964;
Chan, 1972; Wilson, 1972; Pang, 1973; Fenwick, 1974; Copp
and Ma, 1978; Wendelaar Bonga, 1978; Dacke, 1979,
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derivative produced-in the kidney.'_Fish, however, lack a
parathyroid gland so that presumably no PTH.és such exists
in them (Fleischman, 1947; Hoar, 1951; Pickford, 1953). But
prolactin-may pgrforﬁ é Similar hYpercalcemic role (Pang,
1973; Pang et al., 1978; Wendelaar Bonga, 1978; Wendelaar

Bonga and Greven, 1978) Further, 1n fish, the role of

vitamin D3 metabolites in éalcium mé%abolism is very poorly
understood. Caléitonin, a' potential hypogalcemic agent in
mammals under certain circumstances, has produced very in-
consistent effects in fish (Pang and Pickford! 1967; Louw
et al., 1967, 1969; Chan et al., 1948; Bradshaw and Shut-
ton, 1970; Copp et al., 1970, 1972a, 1972b; Lopez et al.,
1971; Pang, 197la; Hayslett et al., 1971, 1972; Dacke,'
1972; Watt, 1973; Hirano ét al., 1981). This leaves the
corpuscle Ef Stannius as the only well established fish
endocrine gland which is involved in calcium homeostasis.

The corpuscles of Stannius are glands un;i:e to
the ray—finned fish (Ogawa, 1969). They are oval, ductles
glands found on or in the mesonephric kidney of holostean
and teleostean fish (Ogawa, 1969; Krishnamurthy,,1976).

Their number varies from one pair in many teleosts up to 25

pairs in the holgstean, Amia calvia. Bauchot (1953), De

Smet (1962) and Krishnamurthy and Bern (1969) have suggest-
ed that the large number of corpuscles in holosteans and
their apparent decline in teleosts reflect an evolutlongry

trend for the corpuscles of Stannius in fish; that 15, they ¢~
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‘have less functional importance in the higher teleosts.

> : o

Embryenically the corpuscles of Stannius may de-
velop as outérowths of the pronephric uriniferous tubules_
and this éifferentiates them from the adrenocortical tissue
(Huot;‘Giacomini, cited in Ogawa, 1969; De Smet,11962). In

some fish (Colisa lilia), they may originate from the meso-

nephric tubules LKrishnamurthy[“l%g?).. Anatomically the

rcorpusdles have a rich vascular network supplied with blood

-

from the renal portal system (Chester Jones et al., 1969;
Wendelaar Bonga et al., 1977)-. - Thus substances released
from the gland will pass through the kidney before entering

the systemic circulation. In addition, as recently report--

ed in the stickleback, Gasterosteus aculeatus, the corpus-—

cles are penetrated by sympathetic nerves coming from a

small subvertebral ganglion (Unsicker, 1977; Wendelaar

Bonga et al., 1977).

Several functlonal roles have heen attributed to

the corpuscles of Stannlus (Fontalne, 1964- Leloup and

¥

Leloup-Hatey, 1964; Leloup-Hetay, 1964; Chester Jones eE

al., 1966; Fontaine, 1967; QQQEQI‘IQGQ 1977; Kenyon et al.;i

- 1980) Qg most con51stently observed effect follow1ng the

surgical removal of the Stannlus corpuscles (stannlectomy)

has been the appearance of a marked but %ransient hypercal-

cemia. Characteristically the plasma calcium level begins
to increase within a few days after the glands are removed,
peaks after two or three weeks and returns towards normal

values after six weeks (Fontaine, 1967; Chan, 1972; Fenwick

14



and forster, 972). This ?ost—stanniectomy hypercalcemia
can be prevented by administration of Stannius corpuscle
extract (Rankin et él.,'l967; Chan et al., 1969; Pang,
1971hb; Pang ‘et al., 1973) or by aute- or homo-transplanta-
'--tion of Stannius corpuscies.(Chester Jones et al., 1967;
Fenwick and Forster, 1972). Acco:dingly; it is ncw:
geﬂerally accepted that tne corpuscles of Stannius produce
.and release an active hormone which plays a hypocalcemic
role %n teleqﬁgg.
'g | Attempts have been made to isolate this putative

hormone and to identify its chemical nature. ‘From the

various reports in the literatdre it;is'cle r that two mai
3 | Nt
lines of ”thought have evolved. -One suggests a homolog§
between the cells of Stannius-corpuscles and those of mam-
- malian ad;enal cortex, and implies that the secretory pro-.
duct 1s[sterd1dal in nature (Krishnamurthy, 1968 1976{h
Subhadar\and Rao, 1974). The other suggests that tne se-
cretory product is prq;einaceous. In the last two decades,
however, various embryologlcal blochemlcal and histochemi=-
cal studies have prpvided strong reasons for favourlng the
latter g&pothesis (Chieffi and Botte, i963; Hanke and -
//éhester Jones, 1966; Idler and Ffeeman,*1966; Oguri, 1966;
// Fujita and Fonma, 1967; Ogawa, 196% Bana, 1968;: Tomasulo'ﬁ
‘ et\al., 1970 &bhen et al., 1972, 1975; Carpenter and Hevyl,
1974). Recently, Pang et al. (1974), based on the bloassay

of crude ‘Stannius corpuscle extract on kllllflsh Fundulus

heteroclitus have named a heat ladile proteinaceous mater-



ial obtainable from the corpuscles of Stannius 'Hypercalcin'
5. in reference to itshhypocalcemic role in calcium metabolism
in fish. This materi¥al has now been equated with a renin-

. like or angiotensin-likeﬁsubstance (Nishimura, 1978; Oga&e
et al., 1978). Very recently, a second active principle
has been isolated from the Stannius corpuscles of salmon.
This material has been identified-as a glycoprotein with a
melecular weight of about 3,000 daltons and an isoelectric

po%ﬁﬂ of.appfoximately 5.0 (Ma and Copp, 1978). Prelimina-
ry amino acid analysis indicetes that the glycopeptide con-
tains e5partic acid, -threonine, serine, glutamic acid, gly-
ciné; alanine and valine. No known -basic or aromatic amino
acid was found. The authors (Ma éﬁh Copp) have suggested
the name 'Teleocalcin' for this ective principle in order
to differentiate it from Penéts 'Hypocalcin'. .
In spite of these advances made towards elucida-
';tlng the chemical nature of the Stannlus corpuscle hor-
mone(s), there remains a paucity of 1nformatlon(goncern1ng
its target organ and mechanism of action. For example,

neither how post-stanniectomy hypercalceTla occurs nor the

source of the ca101um that is involved in its development

. ! ; _
is known. Several hypothesis h?yéT_Rﬁyever, been postu-

lated.

L]

«

a_¢$\\‘ \ Thg'kidney is an.important calcium regulatory .
organ in mammals and it has been suggested that'changes in
" the renal handlihg of calcium following sfanniectomy result

in the observed hypergalcehia. Indeed post—stanniectdmy
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hy?ercalcemia in Quropean eel Anguilla ahguilia and Japa-

L}

nese eel Anguilla japonica has been reported to result from

a decrease in renal calcium excretion (Chester Jones et al.,
1967, 1969; Rankin et al., 1967; Chan et al., 1969; Chan,
1972). This 1is supported by the observation that extracts
of corpuscles of Stahﬁfﬁg promoted calciuresis kRankin et
al., 1967; Chan et al., 1969). Conversely, however, Butler
(1969) and Fenwick (19745, 1978)'shoﬁed that in the Ameri-

can eel, Anguilla rostrata, urinary calcium excretion did

not decrease following stanniectomy. Rather, two weeks
after ;;;\OPeration urinary calcium excretion was markedly
elevated due to a combination of increased tubular 1load
and incféased relative calcium clearance (CCa/Cin). Fur-
ther, Pang (1971b) hés reported the presence of calculi in
the kidney ducts of hypercalcemic stanniectomized killifish
and this is more consistant with increased renal calcium

' excretion tﬁan with;;ncreaséd tubular calcium absorbtion:

Butler's observation (1969) led him to suggest

‘that the hypercalcemia resulted from a reduction in the net
'rate of calciﬁp deposition fﬁ bone, but this suggestion has
not been corroborated by subsequent stuéies. For example
it was shown that stanniectomy was followed by a highly

significant increase in the deposition of "Scalcium in the

bone of yellow eel, Anguilla anguilla (Fontaine et al.,

1970 cited in Krishmnamurthy, 1976). Further, Lopez (1970)

reported thdt the rate of osteoclastic resorption was de-

v

creased at the peak of hypercalcémia and this coincided

N
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with a decrease in the number of osfeoclastswand an in-
crease in the degree of bone mineraiization.‘ However, whe-
ther the decrease of osteoclastic resorption occurred be-
fore or after the peaking of hypercalcemia remains obscure.
Recent indirect evidence also indicates that post-stanniec-
tomy hypercélcemia is not causeﬁ by an increasedlrafe'of
bone resorétion (Lwéwski, 13978}. Finally, in vitro studies
on the incubation of dried defatted eel bone in eel plasma
indicated that unfer these conditions éel bone alone could
not support the charactérigtic level of plasma calcium seen
in hypercalcemia (Fenwick,-1974b). This latter study wa;,
however, done with dead bone so that’ the results must be
viewed with some skepticisﬁ.

The scales are another possible source of calcium
from within ﬁhe fish. This tissue, in some if not many te-
leosts, is known to be an important repository for calcium
(White et al., 1964; Podoliak and Holden, 1965a) and this
calcium is avaiiable forlresorption (Simmons, 1971). But

in the eel the scales are acellular and rudimentary when
compared with éther species-of>fish (Tesch,'l977) and this
must réduce their calcium storage potential.

Muscle also may be an important source of ex-
changeable calcium and in fish;is able to accumulate five
times as much calcium as tetrapod muscles (Chan, 1972). How-
ever, in tﬁe Japanese eel, the cellular calcium content in

muscle rises markedly (120%) after stannieétomy (Chan,1972)

and this may preciude the possibility of muscle being the

i



12
source of -the calcium responsible for the hypefcalcemia.
All these conclusions point to the suggestion that the cal-
cium responsible for post—sfénniectomy hypercalcemia is‘no£
'.mobilized from internal stoEes. Insﬁead, and in view of
" the apparent continuum which exists between the calcium in

3

fish plasma and the éalciumlinkthe environment, the most
likely sour;e of the extra plaéma éalcium is external.cal—
cium. This is supported by the observation that fish have
the ability‘to absorb calcium from their environment (Ma-
shiko and Jozuka, 1961, 1962, 1964; Moss, 1963; Rosenthal,
1363; Fleming et al., 1964, 1967), that the appearance of
post-stanniectomy hypercalcemia is dependent upon the
aﬁailability of exogenous calcium (Fontaine, 1967; Fenwick
and Forster, 1972; Pang et al., 1973; Fenéick, 1974) and by
the net increase of "’calcium influx into stanniectomized
eels (Fontaine et al., 1972). N

In fish, Ehé gut, skin and gills are the sites of
most intimatelcontact between intérnal and external envirén—
ment and represent the most likely sites of ionic change.
Food“cén be a source of calcium but dietary calcium in the
intestine cannot alone induce hypercalcemia in fed killifish
(Pang et al., 1973). Further, pqst—stanniectomy-h§percél-.
cemia has been reported in unfed freshwater eels iFontaine,
1964; Chester Jones gnd Henderson, 1965; Chan et al., 1967;
Fenwick and Forster, 1972; Fenwick, 1974a) and fish in

freshwater drink very llttle (Maetz and Skadhauge, 1968).

In other woxrds, the part1c1pat10n of the gut is not obllga-

- i
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tory in the develoément of post-stanniectomy hypercalcemia.
In fish such as the carp’of’siiver eel, the integument is
poorly vascularized and has a thick epidermis and consi-
derable mucous, all of which contribute to £he relative im-
permeability of the skin to water and eléétrol tes (Mashiko
and Jozuka, 196%3 Fromm, 1968; Kirsch, 1972; Tesch, 1977).
However yellow eéls have relatively tpin skin so that minor
exchange may occur (Cheéter Jones-et al., 1962).

;Simmons (1971, Péglaine et al. (1912) and

Fe/nwick (1974a) have all implied that? the gills, at least
in unfed freshwater fish, are thé most important sites for‘ 
“calcium upfake from the gﬁvironment. This is, reasonable
when one_cbnsiders that the gill filaments have a'total suxr-
féce area up to 50 times the body surface (Gray, 1954) and
are the site where blood comes into the most intimate doh—
£act with the external environment. Indeed, within the

gill filaments the blood is separated from the external en-
vironment by a very thin layer of cells only‘one to 3 micro-
meters in thickness (Hughes and_Morgan,-l§73). Moreover, the
relatively high cardiac output allows fréquent‘circulation
of the total blood volume through the gill lamellae in a
short period of time (Satchel, i97l). Ceréainly the gill

is a multipurposé organ and is speciaiized for the clear-
ance of waste'prodﬁcts of nitrogenous metabolism, main—l
tenance of acid-base balangf and reSpirétory gas exchanges
(Maetz, 1971). More importantly to this thesis, it is well

documented that active transport of sodium .and potassium

[
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ions ch&rs across the gills, or more specificaliy across
the chloride céllS'which are situated at the"base of the

. secondary lamellae of the gill filaments (Maetz and

Bornancin, 1975). With all these ﬁhings considered, it did

not seeﬁ unreasonable to look to the gills as a possible
target organ for .the Staﬁnius corpuscle hormone and to pos-
tulate that the ;;EE;dm inﬁolved in post-stanniectomy hy-
percalcemia was entering through the gills. Consequently
ZEEE main thrust of this thesis was orienﬁed towards eluci;

‘dating the relationship, if any, between the Stannius cor-

puscles and the gills at least so far as calcium homeosta-

sis is concerned.

v Earlier studiéé on calcium exchangé Between fish
and their environment were conducted in vivo. The common
experimental approach was to study calcium influx by
placing the whole intact fish in “Scalcium prelabelled me-
dium for certain periods of time and then measuring the
appearance and distribution of the isotope within the
animal (Asano et al., 1956; Borough et al., 1957; Rosanthal, |
1956, 1960; Mashiko and Jozuka, 1962; Fléming et al., 1973) '
or by monitoring the disappearance of “Scalcium fiom the
medium (Fontaine et al., 1972). Calcium efflux was mea-
surea by loading the fish with “S5calcium by int;aperitoneal
injection and then observing the'appearance of the isotoﬁé
in the external medium (Fontaine et al., 1972; Dacke, 1?75).
While these techniques do provide some data on overall éal—

i
A
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cium exchange rates they do not separate the function of

. 1
the gills from other possible exchange sites. An improve-

ment in this regard has beeﬁ achieved by eﬂclosing the. pos-
terior half of the fish body with a rubber géc (Mashiko and
Jozuka, 1961, 1964) and evaluating the *Scalcium fluxés
across the anterior or posterior regions. However thesg in
vivo preparations tend to suffer from handling and cannula-
tion effects (Wood and Randall, 1971), lack of flexibility
 in carrying out the experiments, possible intervention of
various feedback mechanisms, the effects of stress and the
presence of uncontrolled endogenous hormonal levels. This
can be obse;ved from the post-anaesthetized alteration of
various hormonal levels and levels of different electro-
lytes, particulariy calcium ions in the trout (Houston et
al., 1969, 1971a, 1971b; Fromm, 1971). Furthermore, ex—
perimenta% observations by the above methods still are
unable to.SPecify.the role of thelbranchial epithelium.
Indeed even the perfusion of whole isolated head (Schiffman,
1961) suffers from the possibility that. some .exchange fs oc—
curring across the skin and/or the epithelium of the
buccal and branchial cavities.

For these reasons I decided to adopt a recently
developed technique which involves the perfusion of iso-
lated, indiyidual hemibranchs. This preparation, which was
originally désigned to study the vascular action of neuro-
hypophyseal hormones (Rankin and Maetz, 1971), has in the

hands of Shuttleworth (1972) proven to be very useful in
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the study of ionic regulation. Indeed, Shuttleworth (1972)
;btained results with this preparation which were in accord
with the accepted role of_the gill a; established by experi-
ments on intact fish. Therefore, this teéhnique was
@eeﬁea to be the most appropriate method for studyiné
branchial calcium regulation. By this method, the gill per

se can be studied free from endogenous neural and hormonal

influence.

The general approach of ihese.experiments was
R .

first to measure:the effect on stanniectomy on *°calcium
influx across isolated perfused gilis and to relate the
observed éffects to the state of calcium homeostasis in
whdle eels. The second series of experiments involved the
investigation of the action of two hypocalcemic principles,
namely calcitonin and the facfor(s) from the extract of
Stannius'corpuscles, on the control of calcium-movement
across the isolated perfused gill. Finally studies were
carfied out to t%st the influence of calcium ions and mag-
nesium ions on the calcium influx.

)

A

el
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MATERIALS AND METHODS

1. Experimental Animals

The eels used throughout this study were immature

vellow female American eels,'Anguilla rostrata (LeSueur),
procured from a commercial fish dealer in Quebec City,

/ﬁ‘\auebec, Canada. The eels, 500 grams to one kilogram in

weight, were caught in the St. Lawrence River. near Quebec *
City. After being brought to Ottawa, they were held at

10 =1 % in a recircylating;living sﬁre;ﬁmI filled with de- -
chlorinéted Ottawa tép water (0.45 mM Ca2+). They were not
fed. The photoperiod was not stricély controlled but ap-
proximated 12 hours of light alternatiné with 12 hours of
darkness. Occasionally a few drops of a 1% agueous solu-
tion of malachitelgreen were .added to the water to inhibit
fungal growth. The circulated dechlorinéted water was
changed partially every week to reduce the incidence_of
bacterial and fungal infections, to remove the mucous sé;
creted by the fish and to maintain‘constant calcium leveis
in water. The calcium level in the water was also checked

periodically-and did not vary.

1Frigid Units Inc., Toledo, Ohio.

- 17 -
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‘2. Surgical Techniques

A, Angesthetlzatlon Ny

Fish were anaesthetized in an aqueous solution of
Tricaine methane sulfonate? at a concentration of .2 grams pér
liter until the eels were observed to have lost their right-
ing  response. The induction of a suitable state of anaes-
ghetizatién was checked by pinching.the ventral fin with
tissue forceps. If the fish did not respond it was judged to
.be ready for surgery. | %

B. Tagging. .

All éxperimental animals were taéged by the éplit-
ring and plate method -0f Vladykov (1970). Tﬁe tag consisted
of a numbered plastic tag onra metél\ring which was split
diagonally. -The mouth. of the eel was opened and ﬁheropen
ring was pushed through_ﬁhe'skin of the lowerljaw so that it
encircled the jaw bone. The tagged fish had no difficulty
in irrigating their gills and the tags remained firmly
attaché&'for\the whole experimental period.

The disadvantage of this method was that- the wpuﬂd
'gaused by the ring did not always heal. In several cases,
marked necrosis and/or ‘minor bleéding of the surrounding

tissue were noted at the site of the ring, Nevertheless,

2formerly MS-222, Sandoz or Ethyl-m—Aminobenzoate méthane
sulfonic acid salt, Sigma.

v
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this method of tagging proved éatisfactory for the present

study.

C. Stanniectomy (Surgicaﬁ removal of
, X

corpuscles of Stannids)

The tecﬁﬁique used for stanniectomy and sham-
operation was similar to that described by Butler Ci969),
Fenwick and Forsterc(1972).and Fenwick (1974).

After anaesthetization, the eels were blaced véh—
tral side up on a one—meterlfibergléss tray linéd with a dry
paper towel. One centimeter laﬁeral to the vent, a 4 to 5
cm lonq incision was made through the body wall parallel to
the left léteral ling. Bleeding from the capillaries o: the
body wall was stopped by hot-wire cautery._‘The e@ges of the

body wall were retracted‘and the urinary bladder was de-

flected laterally to expose the paired corpuscles situated

~on the midventral surface of the posterior kidney (Figure l);

Sbmetimés the corpﬁscleg of Stannius were found embédded-in
the kidney near the subcardinal (posﬁcardinal) veip. The
.corpuscleé wefe removed with a pair of fine forcéps. fg

u facilitate‘hemoéﬁasis‘a small square of absorbable gelatin
;sponée -ﬁas éiaced at the removal site of the corpuscles.
:The urlnary bladder and the surrounding tissue were restored

to their original position and the incision was sutured with

No. 10 cotton thread. Sham-operations were performed in a

‘Gelfoam: The Upjohn Co., Michigan.

-

PP PRI PSP

/"N



I
[y

Figure 1 ' - o £ o

Position of the corpuscles of Stannius.

The paired corpuscle ius (arrows) were
situated on the ventral aspect of the poskerioxr kidney in

the American eel Anguilla rostrata (LeSueu (a, the

anterior end of the fish; p, the posterior end of the fish.)




™

—




2)
similar way withoututhe removal of corpuscles of Stannius.
At the end of the experimental period autop51es
. were - performed to assure that the compz\fe.iemoval of the
Stannius corpuscles had been achieved.

W+

D. Blood Sampling.

Caudal Vessels Approach -

. ThlS metnod was employed in various experlmental
time periods before the sacrlflce of the fish, Blood sam- *
ples of about 0.5 ﬁl were taken from the caudal vessels of
MS-222 anaesthetized or unanaesthetized fish into heparini-
zed 1-ml disposable syringes fitted with one inch long 23
gauge hypodermic needles. The Sampling of blood was achiev-
ed by inserti;g the needle‘at an angle of,GOo‘(§OSterior to
anterior) mid vensrally through the surface of the fish body
at a site about 10 em posterior to’she vent;

v

b.. Ventral Adrta Approach

ThlS method was usually employed at ‘the end of
) varlous experlmental tlme perlods when the flsh were kllled

for'glll 1solatlon and‘cannulatlon.' The eels were killed by

-
o

decapltatlon at the level of ventral aorta, immediately

cranial to the pectoral flnSe; The blood samples were col-

-

lected'diﬁectlyffgoﬁ therheart into heparinized 100-ml

“  beakers.’

Bl
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C. Preparatlon of - Plasma

Fresh blood was lmmedlately centrlfuged at 500 x-g
for 10 m;nutes, the plasma was decanted 1nto a 2fml dlsposa—
‘ble plastic beaker or clean polyethylene. centrifuge tube. and

was stbred frozen at -40 OC until calcium analysis., The

'blood cells were discarded,

E. Gill Cannulation and Perfusion Technique
" The cannulation of individual isolated hemibranchs
and the constant-flow branchial perfu51on technique followed

closely the techniques descrlbed by Shuttleworth (1972).

a. Cannulation Technigue

i. Cannula

The afferent arterial cannula to connect the af-
ferent artery of the isolated hemibranch to the perfusion
pump cgpsiéted a 40-cm long piece of polyethylene tubiﬁg“
conne;éed to a 23 gauge hypodermic'needle. The tip of the
needle was protected by a short length (0:4 cm) of polyethy-
leﬁe tubing (FPigure’ 2). This'piece of tubing also acted as
anl'anchor' once inserted into the vessel. The  efferent
arterial canﬁula for connecting the efferent arterf té the
cbllection pipette was of the saﬁe design as the afferént

arterial cannula except that the cannula was only 15 cm

“PE 50: Clay Adam; o.d.:0.1 cm, i.d.:0.06 cm.
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Figure 2

Diagram showing the type of cannula used for

cannulating

n

.pe

v

the gfferent and efferent arteries.

Il

shaft of a hypodermic needle, No. 23 gauge.

polyethylene tubing (PE 50).

polyethylene tubing acting as an {anchor'

and protecting the pointed tip of the
needle.

e
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long."’

ii. Gill Cannulation B oy

At the end of the experimental period, eels were
killed and plasma'collécted as described- earlier, The head

-

was pithed with a piece of wire to reduce the movement of

-

the eel wpich othérwise occurred at the time of gill cannula-

. . L .
tion. For better artery isolation two balls of -cotton about

2.5 cm in diameter were pushed into the ;;;cal éavity.fd
raise the ventral aortad and:afferent branchial.arteriés. The
head.was placed ve;tral side up on a piece of moulded styro-
fﬁam aﬁd_the‘firSt pair of giiis, the gffereﬁt arteries'and
the ventral aorfa Qere exposed by cutting open the operculér
cavity along a line running from'the opercular opening to
the tip of the lower, jaw. The primary filaments of the ad-
jacent more posterior second arch were t;immed off in order
to expose the first afferent artery (Figure 3a). Tﬂe artery
was opened by making a small V-shaped nick and the afferent
arterial cannula, with flowing heparinized perfusion fluid
(Table II), was inserted through the pick and secured with
double ligatures. The hemibranch was flgshed continuously
with perfusion f£luid at a rate of 3 ml hr_l. The cannulaged
end of the gill arch was then freed from the branchial ap-
pargtus and a‘second‘ligature_was-tied‘around the arch and
the cannula holding them together. The cannuly was then’

withdrawn until the ‘'anchor' caugnt on the ligature. The

first efferent artery on the upper pharyﬁk (Figuge 3b) was
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Figure 3
Position of the afferent and efferent arteries.
Head of the eel dissected to show the positioh_of‘firét

right afferent artery (a, arrow) and first right efferent

artery (b, arrow).






Table IT

QBmposition of the Perfusion Fluid

and Bathing Medium in mM

S . A P
NaCl KC1 CaCl,. NaHCO. NaH.PO
3 2¥05
2H.0
2
Perfusion* ' 4,4 ¢g 2.68 1.63 15.00 - 3.66
Fluid A
Bathing . N - '
ashg 1.19 0,027,  0.45 0.15 0.037

3

*0.1% w/v of glucose was added to the perfusion fluid and
it was ‘then filtered through a 0.45 y Millipore disposa-
ble filter, 100 I.U. ml™l of ammonium heparin was added
just prior to use, v ' .

N
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traced and exposed. .It was cut at the point where it joined
the artery to the ahteriof head region and:was cannulated in
the same manner aé th affeFent artery; At @his time the

perfus;on fluid could be seen flowing out.from thé opén end”
of thé efferent cannula.’ The Qhole perfused hemibranch was
then diséected free and was placed in a 100-ml béaker filled
with 10 ¢ bathing medium (Table II). It was flushed con-
tinuously at 3 ml hr_'l with perfusion fluid for 10 to 15 |
more minutes or until the gill; were'cleared of blecod as

indicated by a marked blanching.

. b. Perfusion Technique

The tonstant-flow‘of perfusion fluid through thé
isolated hemibranch was achieved by using a variable speéa
motor-driven syringe‘pumps'fitted_with a 20-ml BD disposable
syringe filled with appropriate perfusion fluid (Figuge 4) .,
Immediately prior to use, 100 I.U. of ammonium heparin were
added té each ml of perfusion fluid. The bathing medium was
ﬁaintéined at 10 = 0.5. °c by a Lauda rgfrigerated circula-
tor® and was vigorously mixed by bubbling oxygen through it.
The §ill was then equilibrated for 15 minutes at a perfusion
rate cf 0.8 ml hr-l. Thé perfusion fluid‘was collected from
the efferent afterial cannula by allowing it to flow into a
0.1 ml pipette graduated in 0.01 ml divisioné. - Perfusion

\

Ssage Model 352, Orion Research Inc.

SModel K-2/R: Messgerate-Werk Lauda, Germany.
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Fiqure 4

Schematic Diagram of Gill Perfusion Preparation.

B,

H W

constant temperature water bath; )
temperatufe control circulator;
isolated hemibranch;

oxygen line;

Perfusion pump;

syringe £ill with perfusion fluid;

‘thermometer;

‘afferent arterial cannula;

efferent arterial cannuia;
bathing'mediﬁm;
graduated pipette,
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and collection.rates were recorded as a check for leaks.
Preparations with:effluent flo@ rates less than 90% of the
pumping rate‘Were discarded. -After'equilibration a 0.1 ml
sample of perfusion fluid was taken as blanﬁ ‘Fcr influx |
studles the gill preparatlon was then transfered to a jar
fllled with 50 ml of fresh bathing medium ‘prelabelled w1th
two microcuries of “Scalcium’. This gave a.specific activi-
ty of 2.2 microcuries per mg of calcium in the bathing me-
dium or apout 5,000 CPM per 0.1 ml of bathing medlum (appro—
Ximately 60% efficiency). The jar was covered with parafilm
in  order to preveﬁt splashlng and to hold the cannula in
place. The effluent perfu51on‘flu1d was collected by remov-
ing and. replacing the collection plpettes every 15 minutes
for the periods indicated in the Results sectiot. The ef-
fluent perfusion rate dqfiné'every lS—micute interval was
monitored also to.determine CPM uptake (see Table III). A
0.1 ml aliquot was withdrawn from each lS-mlnute perfusion
flUld sample for counting; the excess effluent perfusion
fluid was discarded. Sampling was done wmth an adjustable:
Gilson pipette calibrated for 100 ul.l Samples of the bha-
thing medium were collected also at the endhof every alter-
nate ‘15~minute interval. Each sample was placed in an
individual scintillation vial along with 6 ml of scintil-

s

a8

7aqueous *$calcium chlorlde with a specifity of 22,73 mi-

.Crocuries per microgram. of calcium, Amersham—Searle Co.
Oakv111e, Ontarlo -



lant® and was counted to constant erroriin a Beckman LS-233
Liguid Scintillation Counter or a Wallac LKB 1215 Rackbeta -
Liquid Scinti;lation Counter. 'For efflux studies 5 micro-
curies of “Scalcium were added .to each'ml of i@e perfusion

" fluid. This gave an_éctivity of about }07 CPM per.ml of
perfusion fluid. A 0,1 ml sémple of béthing medium was
taken every 15 minutes fof the periods indicated in the re—.

sults section.

2. Analytical Techniques

A. Plasma Total Calcium Measurement

Plaéma togﬁl calqium washroutinelf measured by an
atbmic absorption flame photometgr . A 0,1 ml aliquot of
plasma sample (unknown) and calcium standard solution
(ranging'ﬁrom 0.5 mM to 10 mM) were diluted with 1 ml of an
aqueoué solution of lanthanum chloride (1.13 x 1072 mM) .
The lanthanum served to suppress ionization interference b?_
prqyiding an excess of fre% electrons, thereby preventing‘
the ionization of calcium. One ml of lanthanum chloride
solution was used as the blank and the unknown v;lues were

read from the standard curve.

Plasma total calcium levels in small samples were

®Aquasol~2, New England Nuclear.

*Atomsob-Model -82-720, Jarrel-Ash Waltham, Mass.
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measured fluorometrically1° : A 20 ul sample of u known
rplasma or calc1um standard solutlon was dlluted w1th 5 ml
of worklng reagent whlch was prepared by dllutlng 7 ml of
calceln stock11 to one Liter with 0.8 N KOH. The calc1um
“fconcentratlon of plasma‘Was evaluated from the standard

CU.I'VE

B. l‘5Calc3.um Measurement

Inltlally 45 calc1um samples were counted u51ng a

Beckman LS-233 quuld SClntlllathn Counter. Later,:al

Wallac LKB 12l5 Rackbeta quuld Sclntlllatlon Counter was_"h’;

obtainéd and used. In. the Beckman LS-233 the samples were: B

L1

counted, for‘z minutes in channel A - w1th a. w1ndow7'
w1dtn of zero to-650 (the full w1ndOfoor "3 calclum spec;
trum) Channel B, f}lled with a trltlum (3 H) . spectrum 1so—ih
set module Mas used for the purpose of enumeratlng the
channel ratloshrequlred for adjustlng the quenched rate.
When the Wallac LKB 1215 Rackbeta quUld Sc1ntll—'
latlon Counter was used the samples were counted tw1ce for f

5 minutes u51ng its external standard for evaluatlng thelr

eff1c1ency. THe calc;um spectrum‘}n,Channel 1 was set .
from 50 to 1757 . [ 7 R

- -

"Mode 1 lll Turner Fluorometer, G K. Turner Assoc1atesf

Ycalecein: 27, 7'—{[bls(Carboxymethyl) Amlno] Methyl}-
; Fluoresceln or Fluorescein-meéthylene-iminodi-
acetic acid; Sigma. The stack-was prepared in

a concentratlon of 1 mg calceln per ml of 0.8 N
KOH., o



‘ﬁ‘of the dlfferent unknown samples

. ing theSe standards.- The flrst sample ‘in the quenched

32

- Q ‘Quenching Corfections <
Quenc

lng ‘is any reductlon of éfflcaency in the

i

1'energy transfer process ln the sc1ntlllatlon solutlon (Wang'

Y o=

_and Wlllls, 1965).» It reduces the detectrcn eff1c1ency of
J}the samples and lowers the count obtalned on the sc;ntllla—’

«tion counter durln sample count The extent of guench-
; &

lng varles con51 rably Wlth dlfferent sample materlals ‘and

'as dlfferent t pes of samples were studled a quenchlng e

curve was establlshed to determlne the countlng eff1c1ency

-/

:Quenching Curve for Beckman

quUld Scrntrllatmon Counter

To’ accompllsh the-preparatlon of a quenching

 curve for each”possible type’/of sample{ a series'of-stan—

" dard samples'(lotto-ZO)'werexmade.r Allquots (0.1 ml) of-

L

“Scaleium chloride with*knonn' acthlty ) (around lO4 DPM)-

“and asrlittle guenching as- poss1ble were used when prepar-

_series waslunaltered» -Each addltional sample standard had’

a quenchlng agent added whlch was 51mllar to the quenchlng-
agent 1n the samples bez.ng measured 115 the experlments 'I'he

amount of the quenchlng agent was progressrvely increased

“for each sample.r The general quenchlng agents used were“

Sudan v’ (colour quencher), dlStllled water and ethanol
(dllutlon quencher) hydrochlorlo acid and sodlum hydroxldeK\Jk

{acid nd base quencher), and, chloroform (or acetone)
9 .
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(chemical quencher): (Wang and Willis, 1965). All these

samples were counted to constant error with the saﬁe window

"settin cribed earlier. From the known count, the

_efficiency for each standard sample was calculated by di-

viding the observed count (quenched value) by the‘calculat
ted count (theoretical #alue)'?. 'The quenching curve with
the counting efficiency versus the knowh channel ratio was

used to evaluate the actual rate of unknown'expérimental

Samples;

ii. Quenching Curve for Wallac LKB

- . r

Liquid Scintillation Counter

The quenching'calibration for the Wallac LKB 1215
Rackbeta Liquid Scintillation Counter was 51mpler than that -

for the Beckman Liquid Sc1ntlllatlon Counter. The first of

uthe three methods mentioned in itf manual was used for

scalci'um,quenching. Only one sa$ple of any activity (with

'~ the activity about J.O4 DPM) was used. After each measure-

ment, 0.1 ml of gquenching agent (carbon:tetrachloride) was

Al

12phe theoretical value was adjusted for decay by the fol-
lowing formula (Wang and Willis, 1965):

Loglong = Log; ¢Ny - 0.4343)xt

Qhere N = the number of atoms of a radioisotope present
at a given time,

N¢ = the number of radloactlve atoms present in the
sample at ‘the time zero,
A = the decay constant, and- 3
t = the time for disintegration of the isctope.
1
‘ < . ) N
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added progressively. The curve for efficiencies versus ex-
‘ternal standard ratios for the sample‘was automatically're-
corded and stored in the machine programme.f |

At the time when the experimental samples were
rmeesured, its guenched rate was automaticall} adjusted to

100% efficiency and the corrected count was given subse-

gquently on the print out.

C. Gill Dry Weight Measurement

At the end of the experiments the isolated per-
fused Eills were rinsed for 5 minutes in fresh unlabelled
bathing medium with perfusion fluld perfused contlnuously

-1 to flush out any 1sotope that was present in

_at 6 ml hr
blood capillaries of the gllls. They were then 1n]ected
carefully via the afrerent arterial cannula with e pulse of
malachite green to mark‘the perfused area of the gill fila-
ments. After they were removed and blotted lightly, the \\\\\\
filaments markedhwith,malachite green were trimmed‘off'from"
tne:gill'arches and were placed in separate preweighed
glass.scintillation vials. The dry weight of the gill fi-

o

' - . . 4 .
laments was - -determined after drying in an oven at 100 “C

for approximately twenty-four hours.

D. Preparation of Gill Tissue for

Liquid Ségg;;llation Counting

The residual “sca101um present in the glll £ila-

ments was evaluated after the gill -had been’ perfused in the
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calc1um-lebelled bathlng medlum. To measnre tne—radioac—
. thlty, tne tlssue had to be transformed 1nto lquId state.'

Tne method used for preparatlon was modlfled from that by
‘1;1ndsay and Kurnlck {1969). and Adams et al.. (1970).

- After the dary welght of the gill filaments were
obtained,‘tne dry samples were allowed to imbibe with a few
drops-of distilled water in a glass scintiilation vial; this
enhanced tissne drgestion.‘ One mi of NCS solubilizer!? was
then added. The mixture was swirled gently and digested '
overniéht at 50 oC until the sample  appeared homogencus
when shaken. To achieve a low background, high counting-
~efficiensy, iess guenching and improyed sample clarity, the
'completely dissolved sample was neutralized atrrqom tempera—
ture with glacial aceric acid before_adding 6 ml of scintil-
lant Aquasol-—-2. Usually the digested samples were clear
pale yellow in color so that decolorlzatlon was unnecessary
" The tissue sample was then counted with the same procedure

as used for the fluid samples described earlier.'’

E. Preparation:of Tissue Extracts for

Isclated Gill Perfusion Study

Extracts of Stannius corpuscles or other tissues
such as kidney and liver were prepared by homogenizing
20 mg of fresh tissue in one ml of ice cold perfusion fluid
. .

(Table I)by means of aPotter Elvehjem tissue grinder fitted
2

13amersham Searle Co.
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w1th a teflon pestle, Extracts to be used in glll perquLOn
studles and most of those to be 1n3ected into the animals
were_then‘ac1d1f1ed to pH 2 with 1 N HCl, centrifuged at

40,000 x g for 20 minutes at 0 °C, adjusted back to pH 7.4

‘'with 0.8 N KOH and re-centrifuged as above. The supernatant
was collected and store s stock solution at -40 Oc until
use. The residue was dis arded;z The acidifisation step was
_ necessitated by the presence of'aa acid labile pressor ma-
terial present in Stannius corﬁueclee (Chester Jones et al.
1966) which otherwise eaused a marked reduetion in efflueﬁt‘
perquion rate.

Prior to glll perquLOn, the stock extract solu;
' tion was diluted to a concentratlon of 2.5 mg (extract from
2. 5 mg o% tissue) per ml w1th heparlnlzed perfu51on fluld
and filtered through a 0.45 y Mllllpore disposable fllter.
The final concentration of extracts used forlgill ﬁerfusion'
was\equivalent to approximately one half {in weight) of a

4

c:brpu.scle‘1 per milliliter of perfusion fluid.

F. Terminology .

For the purpose of this thesis the -term '“’calcium
influx' refere to the measured amount of “®calcium which
crosses.from the bathing medium to the perfusion fltid and
stays there; while the term '"Scalcium efflux' refers to the

converse situation. The terms 'calcium influx' and 'calcium.

'"The average weight of one corpuscle of Stannius is 5 mg.
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efflux' refer to the movement of cold calcium as calculated

from ‘*°calcium influx and *Scalcium efflux values in concert

with the specific activities of “®caleium in the outside

bathing medium and perfusion fluid.respéctively.(see Table

IFI and IV). Net *’calcium influx and efflux and net Cﬁ}—'

ciuﬁ'influx and efflux were célculated_according to the

- following formulae:

Net

Net

Net

Net .

cium

:“scalcium influx

]

“*Scalcium influx - “*‘calcium efflux

¥Scalcium efflux = *Scalcium efflux - “Secalcium influx
calcium influx = calcium influx .~ calcium efflux
calcium efflux = calcium efflux - caleium influx

4, Experimental Protocol

A. Effect of Stanniectomy on Plasma Calcium

Level and Branchial *S5Calcium Flux

a. Effect of Stanniectomy on the “5Calcium

Influx across an Isolated Perfused Eel

Gill

This experiment was to measure the.rate of *®cal-

N

influx from the *®calcium labelled bathing medium into

\

indf¥idual perfused isolated gills in two week stanniec-

tomized, sham-operated .and control eels.

Three groups of 7 eels (control, sham-operated

e

37

’\a-
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and stanniectomized) were used. Two weeks afters the
various-surgical procedures the fish were decapitated and
the gills were perfused as described earlier. Blood sam-
ples were taken at the time of sutgery and theAend of the'
‘two weeks post-surglcal'pefiod in order to meaSute the
effect ot-barioﬁs manipulations on plasma calcium levels.
Samples of effluent perfusxon fluid were collected for flve
consecutive 15- m1nute lntervals for a total of 75 mlnutes.

. The dry welght-of'perfused gill fllaments were also deter-
w5

mined. 'Branchial calcium influx and total "calcium influx

were calculated using the equations in Table III.

b. Effect of Stannlectomy on the

Calc1um Efflux across an_

- : - Isolated Perfused Eel Gill

ThlS experlment was de51gned to study the effect
of stanniectomy on calc1um efflux across 1solated per-
fused eel gills.

The experiment was carried out by isolating.and )
cannulating the first bair of gills‘from the oéerated
animals. ' A modlfled system (Figure 5) was. used (Leung,
1979). Instead of driving the perfu51on fluid dlrectly out
of s&rlnges and into the gllls, two oxygen fllled 20 ml sy--
tinges were used to f0rcerthe'appropriate perfusion fluid
- out ‘of, closed vacutainer tubes and into the afferent can-
nulae. The vacutainer tube functioned as a bubble trap |

and attenuated the rate of.pressure changes. One of. the

~
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Table III

" Calculation for

Branchial "°Calcium Influx and

Total Calcium Influx
I. Branchial *3calcium influx corrected from various CPM
in bathing medium (5 x lO4 CPM ml—;): '

4
P.R X 5 x 10
W B

CPM g_l dry filament wt min'l

the activity of "Scalcium in_effluent
perfusion .fluid (CPM 0.1 mi™1)

5
¢
o)
il

B = the activitylof L""{";alc:i.urri':i.!.'l_}:J.alt:hd.'n}_:;_-medium
(CPM 0.1 ml1™™)

| R = the effluent perfusion rate (ml;min—l)
\ W = the dry weight of the perfused gill filament’

(g)

II. Total calcium influx from bathing medium. of 0.45 mM

ca’t or 0.45 pmol mi™t ca’t.

4 L _ R
PWR x 2 xBlO b 0'454 pmol Ca2+ g 1 dry filament
R 5 x 10 ..=1 -

wt min

°r %—% x 0.45 umol Ca2+ g—l dry filament wt min T

or %—% x 27 pmol ca®* g-l dry filament wt hr™

1
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Figure 5 : ' - : _ S
Alternate Set Up 'for Simultaneous Measurement

of Branchial vScaleium Influx and Efflux. -

L}

B, ¢onstant temperature water bath;”_" .‘l i : 1 . R
C, temperature control circulator; - - _ : - ' '
0, oxygen line;. “ o ' -
P, perfusion pump; o o “
S, syringe filled with oxygen; .
- T, thermometer; ' !

'AC, afferent arterial cannula;
EC,-efferént arterial cannula;
GP, graduated pipette; -

V,‘vacutainer'filled.with aﬁpropriate perfusion
fluid. o ’ '

A

[
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41‘:
isolated hemibranchs was used for studying *°calcium influx
raég while the othex hemibranch was useﬁ.;o.measure efflux.
LBraﬁchiél “Scaleium. efflux anﬂ toﬁé} calcium efflux were

r

calculated from the equation in Table IV.

c. Relationship between *3Calcium

B Tnflux across the Perfused Isolated

Eel Gill ‘and-the Development of

Post-stanniectomy Hypercalcemia
This exﬁeriﬁent was desinged to observe the
changes in and relationship between branchial “Scaléium
uptake'énd plasma calcium levels in eels at various time
'intervals following the surgical removal of coipuscleé of
Stannius. . ? : | o
Five groups of 7‘st§pniectomizéd £ish ?aéh were
used and the experimental procedqre was the_samé;as des-
cribed in Expériment a. The 7 fish in each group were de-
capitated at two aays} four days, one week, two wééﬁs,
three‘weeks“and four weeks fbllowing stanniectomy. _Biqod

samples were taken before stanniectomy and at the time of

sacrifice in order to measure plasma total calcium.
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Table IV ... - ' . ‘ N

Calculatlon for

; Branchlal'“SCalc1um Efflux and

" Total Ca1c1um hfflux

- : . o . N
: = o

"
v u [

B:anchlal l“"calc.u.lm efflux corrected from various CPM

Jln perquLOn fluid (lO CPM ml )‘ ER .o®
BLV= T L hrl':' R L=l
. T X 5 CPM g ,-dry filament wt min ™
v TW P, C S L
2 o v :
g where B = the act1v1ty of *fcalcmum in bathlng medlum
| .. icPM 0.TimlTY) < . . .
; P = the act;v;ty of pe;fu51on fluld (CPM 0 l ml l)
A V= Jolume bf.bathlng medium {1ml) - - ; -
i ?’= duratlon of perquLOn perlod -(min) ! '
W= tne dry we1ght of perfused glll fllament (g)

,l- "

II. Total Calc1um bfflux from perfu51on fluld ‘0f 1, 63 mM

. Ca

or

2+

-1

or 1. 63 Hmol ml -1 Ca 2+
8y _ 107 1.63 24 -1 ' | :
X == x = umol Ca” g = ‘dry filament wt' min
T W . P 107 ‘ _' ' B "
= x x”l'SB';uﬁol ca’t g—l dry fllament wt miﬁ %;\?\_
g‘x X g?éao,umol Cé%+'g_l dry filament wt hr_l"‘”
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B. Effect of Stannins Corpuscle Extract

. and Salmon Calcitonin on Branchial “5Cal-

“gium Influx and Plasma Calcium Levels

-

~a. In vivo and in vitro Effects of

Stannius Corpuscle Extract on the

Branchial “’Calcium Tnflux in

L

Stanniectomized Eels
.Twoiexperiments were performed. One experiment
was desigaed‘re rest and compare in'ﬁivo. the effect of pre-
‘v10usly acrdlfled and unacidified extracts of Stannius cor-
puscles On the plasma total calcium level in two week stan-~
‘nlectomlzed_eels. 'The same eels were used to measure'the
effects of these ertraqts on “fcal¢ium influx in the gills.
’Thie was also a trial.experimeht to confirm the activity of
previously aciéified extract. Three groups of six eels
each were stapniecremized.-On the morning of the eighth day-
‘following sranniectomy,;the groups were injected intraperi-
" toneally with either‘perfusion fluid, previously acidified

'corpuscular.extract or uhacidified extracte‘and the in-
1jecrion5»were repéated daily until the end of the two week
;peet—operative period. The srock'extract solution was di-
: iuted.with perfusion fluid so that'the final injection

fluld contalned the equivalence of lO mg of extracted tis-

© sue per ml; 0. 5 ml was injected per kg of fish. Intraperi-

toneal injectlons were made at the leve; of the liver to

‘Hminimize potentialfleakage through the incision used to

e R PV



remove the Stannlus corpuscles ’ Staftiné on the day*of'the

'operatlons, and contlnulng throughout the experlment blood
-samples for calcmumlmeasurement were taken eﬁkry 2 days
durlng the-afternoon. Two weeks after tne operatlons were
perforued;the‘final plasma samples. were-collected and the
_branchiai calClum uptake was' measured on an lsolated per—
fused: glll from each flSh

. The second experlment was de51gned to study the
in ELEEQ effect of Stannlus corpuscle extract on branchial

vcalClum uptakeﬁdurlhg glll perfusmon.d n thlslexperl—

‘ment, 2 syringe—bumpsfwere arranged so;that one drove a v -
20 ml syrlnge\full of normal perfus;on fluld and the other

drove a syrlnge filled w1th perfu510n fluld contalnlng pre—

viously ac1d1f1ed corpuscle extract (an equlvalence of

2.5 mg of homogenlzed corpuscle tlssue extract per ml of |

fluid). The two syrlnges were connected by a three-way .
stop—cock to the afferent perfu51on cannula (Flgure 6) (g'
. -
Three groups of 7 fish were used ‘ Groups 1 and 2 P

were stannlectomlzed and group 3 was sham—operated ~Two
‘weeks after the operatlon the fish were' k;lled by decaplta—l
tion and the gilf perfusion performed.p $he'gills'from
group -1 were perfused with‘perfusion'fluid only. The glllS:
‘from groups 2 and 3 were perfused wrth perfu51on fluid for

' the‘flrst 45 minutes and .then perfusion fluld'contalnl

previously acidified corpuscLe extract for‘tne\ﬁegt 60;
-minutesw. Asa cohtrol the effect pxgviously acidifiedlu .

ext®acts from eel liver dand kidney (an equivaienoe“df E("

Le_,f/”“;ki\ - o



© Petrfusion.

- Figure 6 - R o -~

Schematic Diagram,of Pfepa;ati6n fbf‘Extra¢ts'

] :;PErfu51gﬁ\pump w1th.syr1nge flllEd with
. | appropflate extract; «

\ \ T : " o _ |
& v, tne-three-way-stopﬁcock, S

(for details of'labelgglsee 1eg§pdffon Figure 4) i

qa.
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-2_S-mg of homogenized tissue per ml of fluid) was tested
using similar proceﬁu@es as described for grohpé 2 and 3.

b. In vivo and in vitro Effect

of Salmon Caicitonin on the

Branchial “’Calcium Flux in Eels
The purégse of these expetiments was to study the
in vivo and in.vitro effect of salmon calcitonin (SCT) on
\.plasma fotal calcium and branchial calcium influx—in eels.’

-

The-experimental design was the same as in

: . -
section"af with the'éxcebfion that sélﬁ;n calcitonin'® was.
subsfituted fof the Stannius‘corpuscle exfracts. The do-
sage of salmon calcitonin fo:‘intraperitoneal*'njection was
2 MRC units per kg éf fish per day. The SCT was dissolved
in perfusion fluid containing.0.1% albﬁmin to ;;éuc$ loss
of éCT due to binding to the_walls‘of the syringe (Smith gﬁ

. ' h .

al., 1978). The salmon calcitonin used for perfusion was
prepared at_a concenﬁration of 400 mMRC ﬁnits pef ml in
perfﬁsion fluid containing 0.l%-albumin.¥ It was then f£il-
tered ﬁnrough a 0.45 millipofe fil}er prio# to gill

perfusion.

-
"

{
15

Armoﬁr_Pharmaceutical Co., AL 0977.



47

! - C. Effect of External and Internal
" ' 2+

Concentration of'Ca2+ and Mg

on Branchial l""Calciuxg Transport

i

a. Effedf of High /Internal Calcium
- T .

\:\_‘:—-‘,

. '
Concentratioef on Branchial

*Scalcium Influx

" The purpose of this experiment ﬁas to_stﬁdy the
effect of high interna; calciﬁm, such as occurred during .
post-stanniectomized nypersalcemia} on calciqm uptake‘by..
the gills, 1In this eﬁperiment; three two week stanniec-
tomized freshwater eels were used. The first pair of gills.
was isolated and perfused simultaneouSly for lOS'minuées
using the same set up -as shown in FigureWS.' She of the
gills was éerfused with high caiciuﬁ perfuéion-fiuid (5 mM

2 ) whlle the other was perfuse&'w1th standard perfu51on

fFluid (1.63 mM calty. .

b. Effect of Seawater Bathlng Medlum ‘

. on Branchlal “SCalcig? Influx

This exparlment was’ designed to;observe‘the
effect of acute exp?fure to seawater on gill calcium
t;ansport. |

Four two week stanniectomized freshwater eels -
were used. After the first ﬁair f isolated gills had.
equilibrated, one of them was transferred to 50 ml of

“scqlcium labelled reconstituted 100% seawater; bathingr

-
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mediul (10.4 mM calciumf, while tne othé:; was placed in the
"3calcium labelled“standard freshwater bathing medium (Ta-
ble II). They were then perfused simultaneously férLIZO
minutes,

N

c. Effect of Seawater Concentrations '

of Ca2+ and Mg2+ in the Bathing

. ‘ . 45 : ) AN
Médlum on Branchial Calc;um \ME&\,/
Influx
These experiments were performed to study the
-effect of seawater concentrations of calcium»ang magﬁesium :
ions in tﬁe otherwisé freshwater bathing medium.
In the first éxperiment three fish were-used.
The first pair of gills was isolated and cannulaﬁed. After
equilibration, one of the gills was transfefred_tb fresh-
water batHiﬁ@\meéium with 10 mM SZicium thoride, while
the other was placed in the freshwater bathing.medium to
.whicn sufficient mannitol was added to compensate for the
osmofié éffect of ‘the adéed calcium chloride (38 mOsm) in
the first medium. B . _ : a} .
The second experiment was.similar to the pfevious
one with“the ekceptibn that the freshwater bathing medium
contained 52 mM magnesium chloride instead of 10 mM calcium
chloride. -The osﬁdtic cbncentration was again adjusted by

~ adding mannitol to the second medikm.
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5, Statistical Procedure

Statistical analysis of the results were carried

out ﬁsing Fhe'studentfs 't' test. Fér ﬁultiple'comparisons

among means one way- or two way-anova were carried out on

-tﬁe data.and signifiéance between pairs-of meansiwere made

using Tukey's w procedurxe., For the purpdse of this study,
g -

a probapility of P < 0.05 was taken as signifiéant and

P < 0.0l as highly significant,

7



RESULTS

- -

1. EQaluation'of Perfusio?/?gbhniqpe
‘The isoféted perfused gill preparation ;sed

proﬁed to bé a successful techn%que for the present study.
ieaks-wére,rela£i6§1y uncomﬁon and when the_effluent flow-
raté'was 1§ss thaﬁ 90% of thé'pumping rate thé.préparatian
‘was discardédqchs evi@ence& by dye marking, é large part of
tﬁe gilis wéé perfuéed and thé prepéfatiop appea;ed Eé re-
main fully functignal for at least_éﬁo hours.’

I ' The time required for the perfusion'fluid to péés
through the éills was?checked by perfusiﬂg bide féod dye
through-thqaiéoréted gili preparétioﬁ.' At a:ﬁeffusion réte'
'of 0.8 ml per hour, the perfusion fluid required an average
ofl8.5 miqutes to tfaﬁel‘frgm the ;ip oi the perfusion sy-
rinqerto the afferent branchial artery. ‘Another 5.5

minutes were requiréd before the dye appeared in the ef-

- : B’ ' R ' . .
ferent branchial artery. This, however, depended partially

"_ upon the.size‘of the gills, A further three minutes were
. LA

needed for the flﬁid to paés from the efferent artery to
thercoliedtion pipette. {In all, the;efofe, the fluid took
approximateiy 17 minutes to pass from the syripge to the
.cbllection'pipette. Usually the first part of the arch to.

- 50 =
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/:i:7 o o8l

‘be perfused was the longest gill filaments at the beﬁd of

\

the glll arch w1th;t%e other parts of the arch being per—
fused later.\ Areas of the gill arch which were tied off

during tﬁe.cannulation were not perfused. For dry gill

filament welght determinations only those parts of the glll

///fllaments whlch were successfully perfused were used.

. E

2. Effect of.Stanniectomy on the Plasma Total

Calcium Concentration, “%Calcium Influx and
d - :

Calcium Influx across Perfused Isolated Eel

Gills During the Summer

s

A. Plasma Total Calcium Level

The effect of stanniectomy on the plasma total‘
calcium level in tap water adapted eels is shown in Table
V. These data clearly indicate that the plasma totel'cal—
ciugh coneeetration was significantly (P.< O.éS?jhigher.in ‘
stanniectomized fish when compared to sham—opefatea or
control fish two weeks after the operatioﬁs’were perforﬁed.

a

B. “SCalcium Influx

The data ip Figure 7 indicate a clear effect of
stanniectomy on the rate of “®*calcium influx across the
isolated gills as compared to the influx rate seen in

gills from sham~operated and control eels. Stanniectomy

‘resulted in a SLgnlflcant 1ncrease (P < O 05} which was
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Table V - \\\\\-:j>
Plasma Total Calcium Levels in Stanniectomized,
~ Sham-operated and Control Tap Water Adapted Eels
at the time of the Operations and two weeks
. after the Operationsa

T

Tota;\?lasma Calcium (mM) F :

Before Operations | After Operations

Groups (0 day) . (14 days)

Stanniectomized] =~ 2.58 % 0.02 | 5.32 # 0.13

Sham-operated 2.62 £ 0.11 | 2.50 £ 0.10
. . | |

control . 2.49 % 0,04 | 2.54 0,04

a
"al]l values are means* S.E.M. (N = 7)

bSignificantly different (P < 0.05) from all other
tabulated values. '

s
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—~
Figure 7 ‘ '
> i

“Scalcium influx into individual perfused iso-
‘lated gills from control, sham-operated and two week post-

stanniectomized eels during the summer, mgasufed as CPM
g-l-dry filament wt minul.
Samples{of'perfusion fluid were collected at

every 15 minute interva} after immersion in bathing medium

_prelabelled with “Scalcium (5,000 CPM 0.1 ml™1).

Center of symbols is at the mean, vertical

)

" I'ines represent thé S.E.M. N =7 in all cases.. (S.E.M.'s

are not shown for sham-operated and control groups).
B '
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. eels showed,a.

. eels the effluent perfu51on fluid collected durlng the 60

. ca“’ dry fllament wt hr

54

) already evident during.the 0 to 15 minute interval' By the

45 to 60 minute 1nterval the gllls from stannlectomlzed

1,

*Scaleium influx rate which was-l? fold

A}

greater than that of elther the sham—operated or control

H

fish. The. calculated calc1um 1nflux rate for thlS group

durlng the 60 to 75 mlnute 1nterval was 2 572 umol Ca2+

g 1 dry gill fllameht wt hr -l

A plot of branchlal l""cal—

" cium influx ‘against time of.perfusmon from twouﬁeek stanﬁ

. . . . .

in three of the:seven preparatlons from stannlectomlzed

éfgkﬁEECtomized'ffsh‘describedia sigmoidtjraped curve. Further,

I3
B .

7

to 75 mlnute 1nterval had'a-levek of radloact1v1ty.wh1ch

- S

exceeded the radloact1v1ty of the bathlng medlum The .

act1v1ty of l‘Scalcn.um 1n the bathlng“medlum dld not change

SLgnlflcantly over these 75 mlnutes of perfusion. The

-t

branchlal “5calc1um influx 1nto the 1solated gllls of sham- T

operated and control flsh was very iow and d1d not exceed

=1

‘,SDO CPM g dry fllament wt mln -1 (equlvalent to 0. 270 umol

2t l) Values from sham—operated eels

“were not 51gn1flcantly dlfferent from control eel values
(p>.0.085). " 'j S A

A .

3. Effect o§§;tann1ectomy on qsCalclum Influx and

Calclum'

lux aACross Perfused Eel GlllS Durlng

the Wlnter'l S o f S .
H PR v ’ S N . '

As ln the prev1ous experlment (Flgure 7Y, the

calcmum lnflux rate across the perfused gllls from stan-
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fniedtoﬁized4eels was Significantlyu(ﬁr< 0.05) higher than

i

a that*in”éhan—oﬁerated animals (Figure 8)' Accordingly; the

calculated calczum 1nflux rate for the lnterval between the

.105th and 120th mlnhte of glll perfu51on for the stannlec-

.

:tomlzed-eels_(o.187-_ 0.0l8 umol Ca2 d_l dry filament wt

) was'significantly greater,(P < 0.05}‘than the calcium

influx rates in the sham-operated eels (0.014 .£ d.OQS pmol

2+ -1 s - -1

~ca“’ g~ dry filament wt hr 7). 'These values were both

- significantly (ﬁr<‘0.0lY lower than the maximal influx

rates calculated for the summer fishA(see‘Figure 7). This

indicates a seasonal effect on-branchial calcium influx.
. . : (. ’

4, Effect of Stanhiectomy on “Scalcium Efflux
1 . . . : :

“and Calcium Efflux across Perfused Isolated

"Eel‘Gills nﬁrng the Winter

~ The data shown -in Flgure 9 1nd1cate that at no
time durlng the two hours of perfu51on was there a signi-
ficant (P < 0 05). dlfference in'the rete of “Scalcium

efflux between the gllls fro?/éh;;-operated eals and the

-

'gills from stanniectomized eels. ‘Correspondingly, calcium

- efflux rates from the stanniectomized (0.002 % 0.0006 pmol

Ca2+ g-l dry gill filamentht'hr;l} and sham-operated eels

ll?.

1(0.003 £ 0.0004 pmol c:;\z+ g ary '.filament wt hr 1) were

not 51gn1f1cantly dlfferent (P > 0. 05) . These calcium
efflux values were, however, Slgnlflcantly less (P < 0. Ol)

than the calcmum 1nflux values shown in the preceedlng

e
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:
' o | B TR O
Figure 8" - - ‘ ;- . L ‘ ~$\L ‘
. .'Fscalcium influx into individual perirged'igo__
. . . ¢

lated gills from.sham—operated and two week pest—staﬁniecF'

tomized eelstduring‘the winter, measured as CPM gfl d;y.:
-1 ' '

filament ﬁt min

ps1

Samples of perfusion fluid were collected.et

every 15 mlnuia interval after’ 1mmer51on in bathlng medlum

' prelabelled with’ l’f‘cal,c:u:u'n (5‘000 CPM 0.1 ml l).

Center of symbols-%s at’ the mean, vertlcal

lin®s represent the S.E.M. N = 4'1n ald ‘cases. - (S;E.Mffs

are not shown for tﬁe sham-operated group). '
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Y
Figure 9
“SCalcium Efflux from individual perfused iso-

lated gills from sham-operated and two week post-stanniec-—

1

_tomized eels during the winter, measured as CPM g — dry

LY

filament wt min—l. ‘ 4

Samples of bathing medium were collected at 15

minute intervals after starting to perfuse the gills with

perfusion fluid prelabelled with "“’calcium (106 CPM 0.1

ml-l).

Center of the symbols is at the mean, vertical

lines represent the S.E.M. . N = 4 in all cases.

¢
N
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Section. In other words, the gill from the stanniectomiz-

ed and sham-operated groups both showad net calcium influx

2-|-.g“l dr} filament wt

hr™' and 0.012 # 0.003 mmol Ca2® ¢! dry gill filament wt

amounting to 0.185 * 0.018 umol Ca

Yoy

hr 1 respectively.
N \

€

5. Relationship between "5Calcium Influx across

+

the Perfused Isolated Eel Gill and the Deve-

lopment of Post-stanniectomy Hypercalcemia

A. Development of Post-stanniectomy

e T

ercalcemia ; - SN

he anges in piasma’total calcium levelss in
tap water,jéa t eels, during the first four weeks follow-
ing the surgicélremovai‘of the corpuscles of Stannius are
shoﬁn in Figuré 10. Thése data show that the total plasma
calcium level rose slightly during the first two days but
was not significantly (P > 0.05) eigvaﬁed until after 4
days had_passed. The vaiues started to peak after two
weeks and showed a slighé, though_nbn~significapt, decline
during the fourth week. Plasma calciuﬁ levels‘did not

change significantly (P > 0.05) i eitzif the sham- _

operated or control groups.
R :

N



‘Figure 10

/// The plasma total calcium levels in eels after
various post-stanniectomy time periods.

Center of the’ symbols is at the mean, vertical

lines represent S.E.M. and N = 7 in all .cases.
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B."SCalcium Influx across the Isolated

- "
Perfused é&l“GiII at'Different Post-

stanniectomy Periods'
B TN

Branchial “Scalcaium influx into the gills from
" -the stannlectomlzed eels after the different post operation
'perlods (Flgure 10)' is shown in Figure 11, During the
‘(jirSt lSIminutes of perfusion there were no. sigﬁificant
differences between l‘scalc:i.um 1nflu&Lrates lnto gllls taken
" from the various groups. After 15 mmnutes, the calc1um
Enflux rates from one/wéek ahd two-wees iraAnrectomlzed vel
gills were 51gn1flcantly higher than the control and sham-
"operated group. By the third and fourth weeks, the *° cal-
cium influx into the stanniectomized eel gill% had returned
to;eontrol leyels. .
In order to compare the ';SCaicium'influx rates
by the gills from control, sham—operated,apd stanniectomiz-
ed flsh at various post?operative‘periods, the influx rates
(expressed as"umdl.Caz+ g'—l dry gill filament wt hr Ly
'during the 15 minute interval between the 60th andl75th‘

minutes of perfusion were taken ahd are summarized in

Figure.12. Stabilized maximum influx rates occurred at this

-

interval. The data indicate that after the operation,the rate
of caleium influx increased slightly. after two days and on

the seventh post- operatlve day was significantly 1ncreased

’

to approx1mately 3,000 CPM g -1 dry gill filament wt min -1

or 1.62 um{l Ca2 g—l dry filament wt hr—l. Three weeks

-

after-stanniegtomy, the branchial calcium uptake had re-
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periods, measured as CPM g_l dry filament wt min~

61 ) ) ‘ %

Figure 11
*5Calcium influx into. individual perfused iso-

lated gills from eels after various post-stanniectomy time
1

Influx rates -were measured on the gills from

a)'éonﬁrol eels, b) sham—opefated eéfs, c) 2 day post-

N

stanniectomized eels, d) 4 day post-stanniectomized eels,
e) one week post—-stanniectomized eels, f)- 2 week post-
stanniectomized eels, g) 2 week post—stannigctomizéé eels,

and h) 4 week -post—stanniectomized eels.

” L RS R
g i

Séﬁ@lés of perfusion fluid: were collected for

e

eaeh i minute interval after immersion of the perfused R

gills in the bathing,méqiqm prelabelled with “Scalcium
(5,000 CPM 0.1 mi~1y.

Center of the symbols is at the mean, vertical

lines represent the S.E.M. N = 7 in all cases.

-

.,
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Figure'lZ_

3 Summary/zi the total calcium influx rates into

- -

individual perfused isolated gills from control and sham-
' ' ~

operated. eels and from eels killed at various time periods

after stanniectomy. e

The rates were expressed as - ymol Ca2+ gzl dry

filament wt hr-l and represent the rates at 60 to 75 minute

. -

interval of perfusion.

Horizontal lines are™at the mean, vertical lines

represent the S.E:M. N = 7 in all cases. I \

g4

A



]

.i ‘
Control Sham- 024 7

3.0}

5
2.0
5l
0
5

N yhowopy Kip 1.6 jolur)
 XNjju] WNo[pY [D4OL
~_5

\



the perfusion studies.

63
turned to a‘level similar to the rates in two day or fdur
day post-stanniectomized fish, and remained near the con-
trol level after ‘four weeks;

C. Residual “SCalcium in Gill Filaments’

The residual “Scalcium which remained in the gill
fi;aments‘after perfusion of the.gills from fish of various
pbst—stanniéctomized periods was measured (Table VI). This
table shows that there were no significant difference in
*Scalcium -activity in the perfused gills at different 'in-
tervals after stanniectomy. The fish which wére stanniec-
tomized for two weeks, however, appeared to have slightly -

gréater amounts of “®calcium in the gill filaments‘efter

k-

6. In Vivo Effects of Stannius_Corpuscle Extracts

N on Plasma Total Calcium, Branchial “SCalcium

Influx into Gillg from Stanniectomized Eels,

and Residual “°Calcium in Gill Filaments

following Perfusion %\

' A. Effect of Untreated and Previously

" Acidified Stannius Corpusc¢le Extract

t on Plasma Total Caleium

('w The changes in'plasma calcium levels in two week

post-stanniectomi%ed eels treated on the final six days

, L N e e e e e



fable VI

) Residual “Scalcium in in&ividual isolated perfused

- 64

gill filaments from eels kllled at varlous times follow—{k,

.- * ing stannlectomy (Flgure 12)

: N Residual Calcium b ,
GROUPS (x 10 cem g% dry filament wt)
2 day post-stanniectomy 19.11 = 2,26 (5)
' R

) 4 day post-stanniectomy 17.43 + 2.83 (6)
1 week post-stanniectomy 18.92 + 1.89 (7)

2 week post-stanniectomy 22.20 £.2.24 (7)

3 week post-stanniectomy ‘ 15.54 £ 2.08 (5)

4 week poSt;stgnniectomy . 14,82 + 1.23 (7)

—

AThe gills had\bég:/lmmersed in *Scalcium labelled bathing
medium (5,000 CPM 0.1 mi- 1) and perfused for 75 minutes.

1-:’Values are means * S.E.M. (Number of animals)

C S
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with' daily intraperitoneal injections of either perfusion
1] ' . . -
fluid. (Placebo), untreated corpuscular extract or previous-

N

v
ly acidified corpuscle extracts are *shown in Figuk¥e 13.

[ - R -

All these groups demonstrated post:stanniectomy hypercal-
cemia.six days afﬁgf the operation. "In control injecfed
fish the plasma calcium levels continued to increase and
had about doubled by the end of £ﬁe two week experimental
period (P < 0.05). In the two extract injected groups the
'plasma.calcium levels did not differ from their pre-
operétivé levels nor from each other (P > 0.;0) byAthe end
of the extract injection period. This calcium lowering
effect was seeﬁ”on the first day of injection (Figure 13)
~Jjust 3 to 5 hours after the first injection. It was also
noticed that three consecutive daily injeétioné qf apprgxi—
mately one corpﬁscle pér kg of fish per day were potent
enough to bring-the plasma calcium levels to their ori-

ginal normal values.

B. Branchial *“3Calcium Influx after Prolonged
3

Intraperitoneal Injection of Corpuscle

Extracts
The branchial *°calcium influx from the preceed-
ing groups of stanniectomized eels at the end of the ex-
periment (1.e. l4ldays post-operatively and after 6 daily

intraperitoneal injections) are shown in Figure 14, The

1

average "Scalcium influx. (413 * 71 CPM g — dry filament wt

min l;lequivalent to 0.223 £ 0,038 umol Ca2+ g_l dry fila-
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Figﬁre'lB
The effect of intraperitoneal injection of
Stanniuélcorpuscle extracts on the plasma galcium levels.
Six daily injections of préviousiy acidified
,Stannius corpuscle expréct ((:}—(:)), unacidified Stannius
corpuscle extract ( N—/\), and perfusion fluid alone
{ E]—*E]) were started respectiyely ip'the morning of the
8th day after stanniectomy and the first plasma sample
was takeﬁ'in the afternoon of.the 8th day. Extracts were
'given at the rate of 5 mg of extracted corpuscles kg-l of;
eel day"l contained in 0.5 ml of the perfusion fluid.
Ceﬁters of the symbols represent the means‘and

the vertical lines indicate the S.E.M. N = 6 in ali

experiments.

2]
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Eigﬁre 14 | .

| The effect of iqtraperitoneal injection of
Stannius corpuscle extracts on -the branchial *Scalcium
influx.
l The influx .rates (expressed as CPM g -1 dry
'fllament wt mln ) were measured in the individual perfused
1solated gllls from two week stannlectom;zed eels which had
recelved lntraperltoneal 1n]ectlons of elther .previoulsy"
ac1d1f1ed ((:}-{:)), or unacidified (zﬁr—ﬁ£§)'stannius
corpuscle extracts or perfusmon fluld alone ([}—{:]) on
the last 6 days

Samples of perfusion fluid were collected durlng

15 mlnute ‘intervals after immersion of the perfused gllls‘
in bathing medium prelabelled with 45 ‘calcium (5,000 CPM

Co0.1mlThy. -

. Centers of the symbols are at the means; the
vertical lines indicate the S.E.M. N = 6 in all experi-

ments.
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| | s
ment wt hr_l)kinto the isolated gilIs,of the placebo in-
‘Jected, sténniectoﬁiﬁed fish betweeh the 75th and 90th
minutes of pe:fuéion was 3 to 5 fold higher-(éiqnificaﬁt at

P-< 0.01) than that in either of the 'extract injected

1

stanniectomized groups (117 or 81 CPM g& dry filament wt -

-1

min 7 eduivalent t0o0.063 or 0.044 pmol Ca2+ g

1

dry gill
filament hr 1) ‘

C. Residual “SCalcium in Gill Filaments

The residual “’calcium in gill filaments from
two week post-stanniectomized éels which néd received éix
daily injection 6f‘either perfusion fiuid, untreate& or
previously acidified Stannius corpuscle extgacts is shown
in Table VII. N6 statiétically significant-dif?erences

r

were seen (P > 0.05). . ' ' . <

7. In Vitro Effect of. stannius Corpuscle

‘Extracts, Kidney Extract and Liver Extract

on Branchial "“3Calcium Influx

»

A. In Vitro studies of Previocusly Acidified '

gxtract of Stannius Corpuscles

The direct effect of previously acidified corpus-
cle extract on *®calcium influx into perfused Isolated .
gills from two week post-stanniectomized and sham-operated

eels ‘is shown in Figure 15. It is apparent from this

1Y ; \

\_-
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Table VII S

Residual®’Calcium in Isolated Perfused Gill
Filamentsa“from two week Pdst~stanniectomized
Eels which had received Daily Injection.of Either
Perfusion Fluid, Unacidified or Previoﬁsly Acidi~ -
fied Stannius Corpuscle Extracts on the Last Six
Days, measured as CPM g T dry gill filament wt.

'Reéidual_“SCalciﬁm
Groups (x 10* cpM g71 ary filament wt)

Perfusion .-Fluid

Injection y . 5.83.

Bt

1.21 (3)

Previously Acidified

Extract Injection 10.96

I+

4.59 (4)

Unacidified Extract

Injection 12,11 £ 1.95 (5)

8The gills had been immersed in “Scalcium labelled bathing

medium (5,000 CPM 0.1 m1~1) and perfused for 90 minutes,
&

bValues represent means * S.EM, (N).
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Figuxe 15

Effect of perfusion of préviously acidified

Stannius corpuscle extract on “Scalcium influx into indivi-

.dual perfused isolated gills from two week stanniectomized

and sham-operateg eels.

Samples of berfusion fluid were colleéted during
15 mlnute lntervals after immersion of the perfused gills
in a bathlng medium prelabelled with *Scalcium (5,000 CPM
%).- After 45 minutes of perfusion, the isolated
gills of sham-operated and one group of stanniectomized
eels werélperfused-with fluid containing previously acidi-, //

1

fied Stannius corpuscle extract (2.5 mg ml. ). Influx

values are expressed as CPM g—} dry filament wt minhl.‘hui;\}
1 : Centers~of the symbols represeht the means, "

vertical lines are the S.E.M. and N = 6 in all experiments.
S.E.M. are too small and therefo;é not shown for the sham-

operated gfoup.
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figure that the addition of coféuscle‘extractfto the per-
fusion system from the 45th minute of perfusion to the end
of perfusion period brought about a significant reducéion_
(P < 0.01) in “®calcium influx into the gills of stanniec-

© tomized eels (869 CPM g-l

to 0.469 umol ga2+ g~ ! ary filament wt hr %) when compared .

dry filament wt min_l, equivaleht

to-the gills perfused with perfusion fluid'alone (3,156 CPM
g—l dry“filament wt minhl, equivalent to 1.704 umol Ca2+
g_l dry filément wt hr_l). In other words, after perfusing'
the extract‘for 60 minutes, the Stannius corpuscle extract
reduced the influx rate £o 27.5% of that in control gills

- pexfused with perfusion fluid alone. The effect of extract
was appérent during the first 15 minutes aftéf its addi-
tion,

Stannius corpuscle extracts which had .not been
previously acidified could not be used in the perfusion
system as fhey consistently produced a precipi%ous drop in
the effluent perfusion rate. As the affluent perfusion
rate -remained constant this could only have resulted from
a drastic increase in-vascular leakage. Previously acidi-

fied extracts produced no significant change in effluent

perfusion rate.
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B, In Vitro Studies of Previously Acidified

" Kidney' and Liver Extracts on Branchial

“45caleium Influx

To test.for the specificity of the Stanniﬁs‘cor;
- puscle extract.the direct effect of previously acidified
kidney and liﬁér extracts on “Scalcium influx by gills.
from two week un%njected stanpiectomized eels is shown.in
Figures 16 and‘lj respectively. Extrégts were added tp'the
perfusion fluid é£ the 45th minute.l In both cases, no gig:
nificant difference was observed in 1*'S'C'a'lc:'mm influx be-
tween the control gills perfuéedtwith perfusion fluid ailone
and the control gills perfused with either kidney or liver
extracts. “The effluent.perfusion rate waé not altered

during the extract pexfusion.

1

8. Effects of Salmon Calcitonin administered

in vivo on the Total Plasma Calcium and

"S5oalcium Influx and Efflux across Perfused

Isolated Gills from Stanniectomized Eels

s+ A. Plasma Total Calcium

The effect of salmon calcitonin on the plasma
calcium level of two week post-stanniectomized eel is
shown in Téble VIII. Plasma calcium levels in two week

sham~operated and stanniectomized fish receiving control

injections are also included. Both groups of stanniec-
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Figure 16
- Effect ofhperfusion of previously acidiried
kidﬁey extract on “Scalcium influx into individual perfused
iseleted gills from two week stanniectomized eels. |
Samples of perfusion fluid were collected during
‘15 mlnute 1ntervals after lmmer51ng the perfused gllls in~

»

bathlng medium prelabelled with “Scalcium (5, 000 CPM 0. l
ml—l). After 45 mlnutes ef perfusron, the lsolated gllls
from one group of post stannlectomlzed eels were. perfused
with perfusion fluid containing prev1ously acidified
kldney extract (an equlvalence of 2.5 mg tissue ml )

-1

Influx values are expressed as CPM g l,dry filament wt min
Centers of the symbols represent the means, .
vertical lines are the S.E.M. N = 3 and 5 in ‘the control

and extract perfueed groups respectively.

.
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Figure 17 ; 
‘ -~
Effect of perfusion of previously acidified liver
b

extract on *Scalcium influx into individual perfused

isolated gills from two week stanniectomized eels.

Samples of perfusion fludi were collected du;;ng
15 mipute intefvals after immersing the perfused qi{ii in
bathing medium prelabelled with “3calcium (5,000 CPM 0.1
ml—l){ After 45.minutes of perfusion, the isolated gillé
-froﬁ one group of post-ﬁtanniectomized eels were perfused

with perfusion'fluid containing previously acidified liver

l). Influx

" values are expressed as CPM g—ldry filament wt min-l.

extract-(én eqguivalence of 2.5 mg tissue ml

Centers of the’symbols represent the means,

vertical lines afe the S.E.M. N = 3 in both groups.
. 4
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‘tomized fish demonstrated hypercalcemia on the 8th day

(P < 0.0i) and this trend towards hypercalcemia was not

affected by the placebo injections. On the other hand the
six daily injectiongcyfsa;mon calcitonin prevented any fur-
ther significant (P > 0.05) increase in‘plasma-calcium. The

.

calcitonin injections, howevér, did not return the plasma 7

total calcium levels to pre-operation or control levels.

BL’Branchial Calcium Influx énd Efflux

Branchial “Scalcium influx and efflux in two week
sham—operated placebo injected eels, control injected stan-
niectomized eels and salmon calcitonin injected stanniec-
tomized.eels were measured and the equivalent.calcium
influx and efflux into the gills between the 105th and
120th minute of perfusion were calcu;ated.l The values are
shown in Tdble IX.

Both groups of stanniectomized eels, control or
salmon calcitonin injected, showed signifidantly higher
calcium influx than ﬁhe sham—qperated fiéh (P < 0,05} but
the injection of salmon calcitonid did not significantly
(P > 6.05) affect the branchial-calcipm inflif‘ Further,
stannigctomy did not affect the branchial caLéium efflux.
However, the gills from stanniectomized fish which had re-
ceived salmon calcitonin showed a significantly highéf
(P < 0.05) efflux réte than either of the other two groups.

From table Iﬁ/:;\éan be seen that the sham-

operated fish had a very low >h§\2?101um efflux amounting
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Table IX

Branchial Calcium Influx and Efflux iﬁ'Control
1njected Sham-operated, Control injected Stannlectomlzed

and Salmon Calcitonin lnjected Stannlectomlzed Eels 2

]

-

] s 0

Calcium Fluxes during the 105th to 120tH
minute interval of perfusion, expressed

: 2+ 4-1 1-
GROUPS as umol Ca g dry filament wt hr-
INFLOX B . - EFFLUX b

Sham~operated )
with control 0.021 + 0.004 (8) 0.024 + 0.012 (8)
inject%on - .
Stanniectomized c 4
with control 0.184 + 0.035 (6) 0.027 + 0.021 ()99
injection '
I
Stanniectomized ce . of
with salmon cal- 0.172 £ 0,039 (7) 0.124 + 0.038 (7)

citonin injection

Fels received daily injection of perfusion’ fluld or per-
- fusion fluid contining salmon ca101ton1n (2 MRC units kg=l

day~l) for the last 6 days of the two week post-operative
period. . .

bValues are means * S.E.M. (Number of animals) .,
Csignificantly different from sham-operated eels (P < 0. 05)

dNot significantly different from sham- —operated eels
(P > 0.05).

SNot significantly different from placebo injected sténniecj
tomized eels(P > 0.05). : '

fSlgn{flcantly different from placebo injected stanniec-
tomized eels (P > 0. 05)

o

gSignificantly different from the equivalent influx group
(P < 0.05).
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-1

to 0.003 pmol Ca2+ g dry filament wt hr_l while the pla;

cebo injected stanniectomized eels had a net calecium influx

of 0.157 ymol Ca2+ g“l dry-filament wt hfﬁl. Due to the

. A
increased efflux rate subsequent to the injection of salmon

calcigonin, the net calcium influx rate of the calcitonin

injected stanniectomized fish was lower (0.048 pmol Ca2+

g_1 dry filament wt hr_l) than in the control injected

group.

C. Residual “ScCalcium in Gill Filaments

After two hours of perfuéion the gill filaments

used for influx and efflux studies from the above three
;

groups of fish were digested to evqluate the presence of
residual *Scalcium. These data are summgrizedhin Table X.

In both stanniectomized groups which had been
used for influx studies, the gill filaments contained more
residual *Scalcium than the sham—operateg fish (P < 9.05).
Calcitonin did not significantly (P > 0.05) affect the
amount of residual calcium. In the reverse experiment,
thét is when loading from the inside labelled perfusion
fluid during efflux studies, all groups had the same amount
of residual “Scalcium at the end of the perfusion period

(P > 0.05).

e
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Table X
Residual “Scalcium in perfused gill fj.lamentsa from

control injected sham-operated, control injected stan-

niectomized and salmon calcitonin injected stanniec-

mized eels.b
. Residual “SCalcium ©
GROUPS Gills from Igflux Gills from nglux
| Studies (x 10" CPM |Studies (x 10°CPM
...l _l

g ~ dry filament wt\‘g dry. filament wt}
0.70 (5)  |22.62 * 3.34 (5)

Sham-operated '
with control 3.51
injection

1+

Stannjectomized q
with control’ 10.71 £ 3.33 (5) 22.56
injection

4.73 (5)f

I+

Stanniectomized
with salmon cal- 11.60 * 0.62 (6)
citonin injection

de

I+

23.05 + 2.77 (6)F

;

The gills used for influx studies had been immersed ln

*calcium labelled bathing medium (5,000 CPM 0.1 ml~ ) and
perfused for two hours; while the gllls used for efflux
studies had been perfused with *’calcium labelled perfusion
fluid (106 cpM 0.1 ml~l) for two hours.

bEels received daily injection of perfusion fluid or perfu-
‘51onlflu1d containing salmon calcitonin (2 MRC unlts kg~ 1

day 7} for the last 6 days of the two week post—operatlve
period.

cValues are means * S.E.M. (Number of animals).

dSignificantly different from equivalent sham-operated
group (P < 0.05).

In51gn1flcantly different from the placebo injected stan-
nlectomlzed group (P > 0.05).

fInsignificantly different from equivalent sham-operated
group (P > 0.05)}.
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9. In Vitro Effect of Salmon Calcitonin on

" Branchial “SCalcium Tnflux and Residual

“Scalcium.in Gills from Stanniectomized

Eels =————~’”"\\\

A. Branchial "%Calcium Influx

The direct in vitro effect of salmon calcitonin
on the *°calcium influx into the isolated perfused gills
from two week post-stanniectomized eels is shown in Figure,

. 18.. The gill filaments that were perfused with salmon cal-
v ) - "i ) R -
citonin from the 45th minute of perfusion did not show any

“Scalcium influx rate (¢ > 0.65) when

significant changé -in
compared to the control gill filaments which were'peEfused
~with perfusion fluid alone. During the last perfusion

- period the contrel gills and calcitonin treated gills had

calcium influx rates of 0.171 * 0.029 umol ca?t gh; ary

filament wt hr T and 0.188 + 0.082 umol Ca®' g % dry fila- -

o

ment wt hr_l'respectively.

-

B. Residual “SCalcium in Gill Filaments

The isolated perfused gills from two week stan-
niectomized eels which were‘treated with either perfusion
fluid or perfusion fluid containing salmon calcitonin (400
mMRC units ml—l) possessed more or less similar amounts of
residual 1‘Scalc;'Lurn.. The calcitonin treated giils had

4 1

(6.56 + 1.22) x 10° CPM g ~ dry filament wt, a value which

was not significantly different (P > 0.05) from the activi-
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Figure 18

Effect of perfusion of salmon calcitonin on the

-

*Scalcium influx into individual perfdséd isolated gills

from two week stanniectomized eels.
) . .

t . . .
Samples of effluent perfusion fluid were col-

lected during 15 minute intervals  after immersing the per-

fused gillg in a bathing medium prelabelled with “Scalcium

1

+ _
(5,000 CPM 0.1 ml 7). After 45 minutes of perfusion, one.

group of gills was petrfused with perfusion fluid containing
{fl

éalmonlcalcipoﬁin of 400 mMRC units ml_l, while thé other
group contiﬁued to be.perfuseé with perfusion fluid only.
Influx values are expressed as CPM g'_l d;y filamgnt Qt
hr_l; . ’ K

Centers of the s§mbols represent the means,

vertical lines are the S.E.M. and N = 7 in both cases..
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ty in thg perfused with perfusion fluid alone ({6.22

+ 11.5} x 104 CPM.g_l dry filament wt).

gx

10. Effect of Calcium and Magnesium. Ions

on Branchial “°Calcium Influx and

Total Calcium Influx

L @
A, Effect of High Concentration of

~f

Calcium in the Perfusion Fluid

on Branchial “°Calcium Influx

The influx rates of "®calcium into gills from
two week stanniectomized eels perfused with perfusion
fluid containing either 5 mM calcium or 1.63 mM'Ca2+ are
shown in Figure"19.‘ Although no significant differences
(P > 0.05) weré observed during any of the ?ollection in-
tervals there was;é“ﬁrend'towardSa higher *’calcium influx

in the gills perfuéeq with the perfusion filuid of lower

calcium concentration.

B. Effect of Seawater Béthing-ﬁedium

on Branchial “Scalcium Influx

“Scalecium influx across

Figure 20 compares the
isolated perfused gills placed in reconstituted 100% sea--
water bathing medium and normal freshwater bathing medium
prelabelled with “*calcium, The uptake rate of “®calcium

in gills submerged in seawater bathing medium seemed to be
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Figure 19 ' : $

Effect of high calcium.concentration in the

perfusion uid on *Scalcium influx into isolated perfused

gills from two“week stanniectomized eels.

One growp of gill filaments was= perfused with
3
perfusion fluid containing 5 mM Ca2+ while the other group

+

was treated with perfusion fluid of 1.63 mM Ca2 for the

whole period of perfusion. Samples of effluent perfusion
fluid were collected during 15 minute intervals after im-

mersing perfused gills in different bathing media prelabel-
led with “®caleium (5,000 CPM ml—l). Influx values are

expressed as CPM g—l

dry filament wt min~ L.
Centers of the symbols represent the means,

vértical lines are the S.E.M. and N = 3 in both cases.

3
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Figure 20
Effect of seawater béﬁhing medium on “3calcium
influx into'isolated perfused gills from two week stan-

niectomized eels.

One group of gills was immersed in 100% reconsti-

tuted seawater bathihg medium while the other group was .

‘ |
placed in freshwater bathing medium during the whole period

- of perfusion. Samples of effluent perfusion fluid were

collected during 15 minute intervals after immersing per-

-fused gills in different bathing media prelébelled with

y

5calcfﬁm (5,000 CPM ml-l). Influx values are expressed as

CPM g_l dry filament wt min_l.
Centers of the symbols represent the means,

vertical lines are the S.E.M. and N = 4 in both cases.
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times lower than that in normal freshwater bathing medium,
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'lbw‘throughout the whole period of perfusion when compared

to the control. However the seawater bathing medium haq\J?/
high concentration of calcium ions (10.4 mM) resulting in
a lower specific activity of “Scalcium in this bathing

4

medium. Therefore by evaluating from the ““calcium influx

rate and its specific activity, during the period between the
105th and 120th minute of perfusion, the gills in seawater °
batﬁ&ng medium attained a higher (P < 0.0Sj influx rate

: > -1 ~
(0.619 + 0.048 umol Ca~ g ~ dry filament wﬁ;&ff{S'than the

gills sﬁpmerged in freshwater bathing medium (0.206 * 0.104°

-1 1

pmol Caz+ g dry filament wt hr ). The‘perfusibn rates

-

were not different in different media.

C. Effeét of Seawater Concentratioﬂ

of Ca2+ and Mg2+ in Bathing Medium

on Branchial "“®*Calcium Influx

"Scalcium influx rate over two hours of perfusion

.
into gills taken from stanniectomized eels and immersed in

labelled bathing mFdium with cdlcium concentrations of
{

either 10 mM or 0.45 mM are compared in Figure- 21.

SN “Scalcium influx appeared to be- low:in the gills

héld in 10 mM ca®

* bathing medium, and was below 69 % 19
s -1 . S .
CPM~g -° dry filament wt min at the end of the experiment
as compared to that in normal freshwater bathing medium

*

(329 + 51 CPM g © dry filament wt min ). As the specific

activity of “*®calcium in 10 mM Ca2+ bathing medium is 22.22

v

;. '

L]
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/"'

Figure 2} /
' ' Ly
)

’ Effect of 10 mM Ca®‘ in freshwater baﬁhing
medium on **calcium influx into isolated perfused gills
from two_ﬁeek stannieétomizéd eals.

One group of gills was immersed in freshwater
bath%ng medium contéining 10 mM. calcium chloride (36 mOsm)
while the othef group was pladed in freshwater gathing
medium (0.45 mM Ca2+) adjusted to the same osmolality
with mannitol. Samples of effluent perfusion fluid were
collected during 15 minute intervals-iftér the gills were
immersed in different bathing media prelabelled with

l). Influx values are ex-

pressed as CPM g-l dry filament wt min-l. -

“Scalcium (5,000 CPM 0.1 ml~

Centers of symbols represent the means, vertical

line$ are the S.E.M. and N = 3 in both cases. °
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the gills immersed in high Ca2+ bathing medium had a total
calcium influx of 0.832 * 0.230 umol caZ’ g~ ary filament
wt hr % whileit was 0.178 % 0.028 umol Ca?’ g 1 ary fila-

ment wt hr-; in the control medium. The perfusion rates

were not significantly different.
Different results were obtained with 52 mM-Mg2+

in the bathing medium (Figdre 22). The gills immersed in

bathing medium with high magnesium concentration (52 mM)

**calcium influx

{174 * 36 CPM g_l,dry filament wt min_l, or 0.094 * 0.019

umol Ca2+ g_l dry filament wt hrulr than the gills main-

had a significantly (P < 0.05) lower

tained in magnesium—free;bathing medium (604 * 237 CPM g_l

dry filament wt min—l or 0,326 ¥ 0,128 imol Ca2+ g-l dry
filament wt hr—l). The perfusion rates were not signifi-

cantly different.

D. Comparison of the Residual “*Calcium

present in Different Gill Filaments

from the apbove Experiments in

Different Bathing Media

The residual *°calcium present in the_éill fila-
ments taken from the above experiments was evaluated to
see if the external ions affected the residual *°calcium
content.z For this purpose, the ratios of the residual
“Scalcium in gill filaments immersed in the different
bathing media to that in the gill filaments. immersed in

-

the standard freshwater bathing medium were calculated and
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Figure 22

Effect of 52 ' mM Mgz+.in freshwater batﬁing‘medium
on "®calcium influx into isolated perfused giils from two |
week stanniectomized eels.

One group of gill filaments were immersed in
freshwater bathi9g medium containing 52 mM magnesium |
chloride (140 mOsm), while the other group was‘placed in
. freshwater bathing medium adjusted to the same osmolality
%ith mannitol. Samples of effluent perfusion f}uid were

'collected during 15 minuté intervals after the gillé were
immersed in different bathing media prelabelled with

“Scalecium (5,000 CPM 0.1 ml-l).. Influx values are

1 1

’ : — ' -
expressed as CPM g dry filament wt min .

Centers of symbol represent the means, vertical

lines are the S.E.M. and N = 5 in both cases.

-7

Iy
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’
are shown in Figure 23. All the gills which were perfused

in bathing media with 10 mM Ca2+ or 52 mM Mg2+ or both
(sé%water bathing medium) had a significantly lower resi-
dqual “*calcium ratio (P < 0.0l) than the control gills.

The presence of high calcium and magnesium ions in the

bathing medium decreased the ‘ratio to 25% of the control

value.



Figure 23-
Ratio of residual “Scalcium in gill filaments in

‘different bathing media to the residual “®calcium in gills

bathed in the standard freshwater bathing medium, -
The isolated gills from two week stanniectomized

eels had been immersed in prelabelled bathing media (5,000

1 24

CPM 0.1 ml ~) of either seawater (10.4 mM Ca

MgZ*y, 10 mu ca®t or 52 mM Mg2*.

+ 52" mM

Values in histogram represent means * S.E.M. and

N = 3 in all cases.
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DISCUSSION

The primary objective of this thesis was to study
the role of the gills in blood calcium homeostasis in the

American eel, Anguilla rostrata (LeSuhur)} with special

feference to the role played by the corpuscles of Stannius
in the control of calcium movement across the branchial
epithelium.

| The data obtained, andlreported in this thesis,
.confifméd earlier observations on the hypocalceﬁic action

of Stannius corpuscles (Fontaine, 1967; Chester Jones et

al., 1967; Chan, 1972; Fenwick & Forster, 1972; Pang et

]

al., 1973).‘ Further, and for the first time, the present
data describe and perhaps even establigh a cause-effect
relationship between the surgical removal of the Stannius
corpuscles and an increase in branchial caiciuﬁ influx.
Stanniectomy was consistently followed by an increase in
plasma total calcium and a concomitant increase in bran-
chial calciﬁm influx ihto isolated perfused gills and both
of these parémetefs could be normalized by replacement
therapy with extract of Stannius cgrpuscles.
-
The branchial apparatus of the fish, the tool

- 91 -
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utilized for the present studies, is anatomlcally composed
[
of two main structures: the supportlve glll archs and the

primary and secondary lamellae.which function as the sites

'for ionic and gaseocus exchange (Hugheéﬂizd Morgan, 1973).

The secondary lamellae are lined by a sihgle layer of flat-
tened respiratory epithelial eells, while the primary la-
mellae are covered by multilayered epithelial cells toge-

., s
ther with the mucous cells and.chloride cells. The

chloride cells are abundantly localized in the inter-

lamellar region, particularly at the base of the secoqdary
lamellae. These ceils cover and appeer to be functionally
connected to the central venous compartment (Girard and ‘
Payan, 1980). Chloride cells are ‘also located en both
edges of the primary laﬁelia'close:to the afferent and ef-
ferent primary arteries ('afferent and efferent filaﬁentalv
arteries') but the cells are more numerous on the afferent
side (Jozuka, 1966; Maeté, 1971). Physiologically, the
afferent ﬂlood is pumped from the heart and through the
ventral aorta toiflow bilatero-anteriorly into the afferent
branchial arteries serving the eight gill archs. After
passing through_the gili filaments, most of the blood
leaves the gills by the same number of efferent brapchial
arteries which unite to form the dorsal aorta. Part of the
efferept Blood, however, enters the branchial venous system
and passes through the branchial vein in the gill  arch into
the cardinal vein. These separate blood pathways have re-

cently been described (Laurent and Dunel, 1976; Vogel et
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é;., 1976; Gifard and Payan, 1980).5 The first is the
" arterio-arterial pathway wheré gaseous and passive ionic
: exchénge may take place (Kerétetter éE al., 1970; Wood and
Randéil, 1973a, 1973b). = The second pathway is an arterio-
venous pafhway arising from the efferent primary arteries
and in addition in the eel, ffom the afférent ﬁrimary ar-
teries {(Steen and Kruysse, ;964; Laurent and Dunel, 1976).
They are connected to tﬂe central venous sinuses of the
primary lamella by afterio—venous anastomoses thereby per;
mitting part of the blcod flowing from the primary arteries
to draip into the central venous sinus which thén runs into

-

the branchial vein t@;ough small veins. It was originally
believed that the cen;ral sinus route was respaﬁsible for
supplying nutrition to gill filaments, providinq additional -
‘stiffness to the Rriﬁary lamellae, diverting part of the
oxygenated blood directly to the heart and acting as a.
reservoir fo; dxygenated blood (Laurent and Dunel, 1976).
But becaise ofAéhe positibn of the chloride cells around
the filaméntai;sinﬁé with the#E bases bathing in the extra-
cellular space drained by the venous sinus, it has been
suggested_thatrthis system functions as an important second
pathway involved in active sodium and chloride transport \J//’ED
(Lau?ent and Dune%, 1978; Girard and Payan, 1980).

In the isolated gill perfusion technique employed
in thelpresent studies as weli as that performed earlier by

Rankin and Maetz (1971), Shuttleworth (1972) and later by

Ma (1976), the afferent and efferent branchial arteries

-~
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from the gill archs were cannulated for fluid perfusion.
‘According to the previously'ﬁentioned nature of the int;;Tl
branchial circulation in gill filaments, it appears that by
these techniques only the ionie transport through the se-
cOhdary lamellae, that is, into the agterio-arterial path-
‘way, -were measured. "In the preeent gill perfusion studiea
both ends of the gill arch wefe tied off completely and no
leakage ‘'was seen when checked by comparing the affluent and
_effluent perfu51on rates or when tested with dye perfusion.
Leakage did " not, therefore, occur thfough the arterio-
‘venous pathway. Indeed, it is possible that the arterio-
venous pathway was blocked by the cannulation technique.
hs it is not unreasonable to assume that the chloride cells
‘along the arterio~venous.pathway are also‘the sites for

cAlcium transport, the ligation of this pathway may have

endered‘the central venous sinus non-functional so far as
i>c lcium transport was concerned. If this was true, the
\\:z;h hial calcium influx rates reported in the present or
er studies may possibly be underestimated. On the other
hand, the valldity of the present gill perfusion technigue
can be supported indirectly by the following observations.
Influx studies on the relative permeability of
the primaf;\and secondary lamellae to *"Na and 8¢l have
shown that in freshwater trout, the ratio of the venous and
'arterlal radicactive concentration is equal to one for both
isotopes (Girard and Payan, 1980). This lmplles that after

-

passing‘through the setondary lamellae the fluid deces not
\

|
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reéeive_any additonal isotopes (eithef 2Na or 35Cl). In -
other wordg,‘ih freshwater fish, the arterio-venous pathway
may not be so important in-the trAQSporﬁ_of ions. If this
Jis, also. ffue for‘thé calcium ions, the activity of radio-
active calcium fﬁom the effluént perfusion observed in the
pr%sent perfusionustudies may not necessarily be affected
by the ligatidn of branchial veins and corresponds closely
£o the actual uptake rateé in freshwater eels.
‘Additionally, even if the presént perfusion
technique confined“ﬁhel?érﬁusion fluid to thé arterio-
arterial pathway in the seéondary lamella:Calcium transport

did occur, and in spite of the reborted passive ilonic ex-
lchange in the secondary lamellae (Kerstetterx :EE;Ei;r 1970;
Wood and Randéll, 1973a, 1973b} the influx appearéd to
involve something more than simple diffusion. Indeed} in
several of the fish studied the activity of l*'s‘c:alcium in
the effluené;perfusioh fluid was higher than'that of the
bathing medium so that calcium must.have moved up a#con—
centration gradient.

Of greater likelihood, however, is the possibili-
ty that the central flow remained patent. ‘In addition to
the connections between efferent-primaryfarteriés and the.
central venous sinus, the 2el gills also havé érterio—
venous anas#omoses joining the affereﬁt primary arteries
and tﬁe central venous‘sinus. Therefore in spite of the

fact that the ligation of the branchial veins may have

stopped the normal flow from the central venous sinus, the
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cohstant pressure from the perfusion pump may have'pushed

the perfusion fluid into the sinus £>bmgphe‘afferent pri-

mary arteries as well as out of ‘the sinus spacé into the

efferent primary arteries via the arterio-venous
moses. -~Therefore the calcium influx rates reported h
may.not be underéstimated\

- Lastly, it is also supported by some recént

-findings by Feﬁwick (persénal communication) who lised a

whole eel head perfusion system in which. arterial and -~

~venous effluents were collected separately. He showed that

- ) > ]
while 70% qf,“scalcium taken up from the water irrigating

theﬂoutside of the gills was indeed directed into the

venous compartment, the totgl‘upéake as measured by both
effluent rautes was cldﬁe to the predicted eight times_thatl
reéorted from the single hgﬁibranch obfbrved here. .

The actual cardiac output was ;écently measured

iﬁ"shortufinned eels (Anguilla,australis schmidtii, Phil-
lips) ‘which had aﬁ average weight‘of'OQGZO kg (Davie and
Forster, 1980). It was obserﬁetho be 7.0 i.1.2 mi min;l”l.
when the fish were ét rest. 'This means that the blood flow

in each arch of the eels used in this study'would possibly .

be 0.88 ml min . In this and other isolated gill perfu-

sion studies, the gill archs were perfused at a rate of

1 (0.0l to 0.02 ml min_l), a rate far below

0.6 to 1 Ml hr
the expected flow rate in intact fish. However, this may
not' be unreasonable if one takes into consideration tha

the gill in vitro was’remoyed from the no

y e
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-humoral'contxols and that Ehe'gill membrane’under such
conditioﬂs becomes-so deliéate that higher flow rates and
hence higher ﬁressure may damage the membrane, the capil-
laries, or both.  Indeed, it was observed early in.thigJ
étudy that the gill arch bécaﬁe oedematous when prewashed
"at a rate of 0.5 ml minf; as was suggested, by Shuttleworth
(1972). Besides, there was no reason to expect that the
lbwef pérfusion rates used in this stué? would affect the
calcium influx rate as long as an adequate degree of mixing
.ywas maihtained on the blood side of the branchial membrane.
\&n spite of the above mentioned-limitations}'this technique
was found.to.be satisfactory in évaluating calcium trané—
port across ‘the gills at least quélitatively.

In the present 'studies, by estimating the total

calcium influx and efflux from the Qééfured calcium in-

*

flux and efflux rates in the eel gilis, it was observed
that iﬂveiy small quantity of calcium iops was actually
transgorted into the gills of the intact ffeshwater
American eels. Further the rates varied with the season
and with batches of fish used. Such differences have bheen
observed previously by Fleming_gﬁ gl. (1973) who observed
a similar. pattern of.seasonal.variation in the rate of

calcium uptake by male killifish, Fundulus kansae and by

Pang (1973) who observed variation among batches of fish
used. The latter author and T both circumvented this

problem with the extensive use of control groups.
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Since my initial publication (Ref. %enwick.and
Sc, 1574), total branchial calcium }nflux and efflux rates
' haﬁe been iepo;ted in other labdratorips: Ma (1976)
+ working on the séme American eel and using the sameitech—

. . +
nique, obtained influx and efflux rates of 0.200 umol Ca2

_g_l dry filament‘wt hr_l and 0.005 umol‘Ca2+ g_l dry fila-
ment wt hr_l‘respectively. These values were close to
those reported in the present study. Milet et al. (1979),

however, reported that in the freshwater European eels,

Aﬁghilla anguilla, the branchial calcium influx rate was

0.009 pmol kg™t body'wt hr_llwhile the efflux rate was up
to 9,696 pmol kg-l body wt hr_l. In order to compare

these values with those reported for the present study,

it was assumed that a single dry gill in a one kildéram
fish weighed 0.125 g {as previously calcu aéed in this
laboratory}.. Therefore, the calculated influx énd efflux
rates in the control freshwater Eﬁropeanreels were Q.072
and‘77.568 pmol ca’t g_l dry gill filament hr_l\respective—
ly. Though the influx value is close ta those reported
here for the American eel, the efflux rate is much higher.
While thié difference in efflux rates may represent a
species or seasonal difference such an explanation seems
unreasonable for a difference of this magnitude. On the
other hand, Milet et al. (1979} claimed that their pre-
paration did not leak, they did not adequately describe

their method for 'testing for leaks. Further, as they
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perfused the gillLat a much higher rate (6 ml hr—l) and

- with a peristaltic pump, they undoubtedly subjected the

gills to pulses of high pressure during which they could
have been a significant ultrafiltration of calcium through

the branchial epithelium.

Because of the unfavourable concentration
gfadient aguatic orgaﬁisms have a tendency to lose calcium
in freshwa£er s0 that fish must.have some mechanisms to
reduce the loss of calcium ions and to extract calciﬁm
from the environment to make up for that which is lost.:
The fish gills, asioﬁserved in t;e present and other
studies, are not sites of important:ca}cium loss, but they

N

do seem to perform a role in extracting“this ion from the

envirdnment.

In the intact freshwater eel, however, the
importance of the overall branchial calcium uptake is in
some doubt. For example, Fenwick (1980) measured urinary
calcium loss in freshwater eels and found that the normal
loss rate was 1.24 + (0.10 pmol kg"l fish hr 1. In the
present study,'és estimated from the singie isolated
perfused hemibranch preparation, net branchial.calcium
uptake rate in intact freshwater acclimated eels was 0,012
£ 0.003 ymol ca’t kg_l fish hr ¥, a value which is only

. - . . .
about 1% that of urinary calcium losses. This discrepency
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probably indicates that the in vitro "*calcium uptake rates

by the perfused gills reported in this thesis are uﬁde;f

o

estimated of, what .occurs in the intact-animal.

- In, the preseﬁt inveséigation'on the freshwater ~
American eel,'theﬂﬁbtained” data confirmed earlier
obéervations that the removal of the édrﬁﬁ%cles'of Stannius.
resulted in a significant hypercalcemia in‘fish (Fontaine,
1967; Chan, 1972; Fenwick gﬁd Forster, 1972). ‘The plasma
calcium level in the present stanniectomized.eels increased
to a level about £wice the pre—operatibe or control levél
?Table V). Furthermére, this occurred even though the
eels were kept'in Ottawa tap water with a calcium concen-.
tration as low as 0.45 mM and although this ag:ées with
numerous reports of hypercalcemialin stanniectomized fish
held in freghwater (Chan, 1972; Fenwick, 1974a) it is at
variance with Pang's (1973) suggestion that the corpuscles

!
of Stannius play a minimal hypercalcemic role in low

calcium media.

More importantly, and for the first time, the 0
present data showed that in additioh to hypercalcemia, the

removal of corpuscles of Stannius resulted in marked

: 114
increase in “®calcium infldx across the gills (Figure 7).

Indeed the “®*calcium influx rate increased from 11 (Figure

&
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7) éo 13 (Figﬁre 8) fold rélative to the rates in intact
;nimals; This observation Suppotted th% earlier_oﬁserva—
tion by:Fdntaine-et al. (l9f2).on £hé increased net infiux
of environmental.calcium into theaEﬁropeaﬁ eel following.
.stann eétomy.. Furthermore, and more 5peéifically, this .
~result suggested that the gills did play some-roles in the

uptake of environmental calcium. However, stanniectomy//

did not affect branchial ﬁscalcfaa\efflux (Figure 9) and

. i . LY - ' . - B \
the branchial "®calcium efflux remained at véry low.rates

-1 L

.dry filament wt hr

(0.002 to 0.003 pmol Caz%‘g ).

‘Conseduently thésehdata impIy that even at ﬁormai fresh—l
water calcium concentration; the cérpﬁscles éf Stannius

do exert an important effect on branchial calcium uptaﬁe.
further,-these data suggest that a correlatiocn may exist
"between the plasma calcium leveé and the branchial calcium

influx rate. 7

Earlier studies have reported that the po§t—
.stanniectomy hypercalcemia is transient (Fontaine, 1967;
Chan, 1972; Fenwick and Forster, 1972). That is, follow-
ing the removal of the glands the plasma calcium level
begins @o rise within a few days, peaks after two or

three weeks and returns towards ‘wormal valués after four
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to six ;eeks; Since branchial “scglcium influx rateé

were shown to be related to post-stanniectomy hypercglqemia
it was postulated that the influx rates Qould'be reflected
in the development of hypercalcemia in the fish following
“stanniectomy.* Indeed, ﬁhig was observed in thé present
stugdy. That is, during. the first two weeks after stan-

. niectomy both the 'plasma calcium levels' (Figure 10) and the
-rate of “‘calcium influx (Figure 11 and 12) increaéed
simultaneously énd this observation suggesteé that the'
development of post-stanniectémy hypercalcemia was closely
.related to the increased uptake Pf exogenous calcium. |
Furthermore, after the second week the branchial “Scalcium
influx dropped precipitcusly back to contrél levels and

this coincided with a levelling off of plasma calcium

followed by a decline beginning at the fourth week.

»

The present data, as well as those reported by
Ma (1976), indicate that the calcium ions are transported .
agains£ a concentration gradient. In addition, the
movement may have been against an electrical gradient
since a number of authors have reported Fhat the p‘ fusion
fluid is positive relative to the ambient fluid when gillsg

are bathed in freshwater (Kerstetter et al., 1970; Maetz,
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1974-'ﬁa,'l9§6ﬁ. Therefore, it is llkely that the bran-
_chlal lnflux of calcium 1nvolves some energy consuming
process. )

Despite the fact that tﬂe mechanism involved in
the calcium uptake remains unélear, it has been suggested
that a calcium ac£ivated adenosine triphOSphatase in the
gills is involved (Ma et al., 1974). 1Indeed, the activity
. of thig'enzyme was higher in the.gills of stanniectomized
freshwater eels than in sham-opérated eels two weeks after
surgery (Fenwick, 1976) and this agrees with the altered .
~uptake rates obtained 1n the present study. Furﬁher,
Chartler et al (1975) prov1ded somie evidence for the par-
t1c1pat10n of a branchlal calcium binding protein which ma?
account for some of the observatlons seen in the present
study; 'Ihdeed, it may account for th; faqt that the cal-
cium uptake system was readily_saturﬂted at‘thé low calcium
concentration found in the freshﬁater bathing medium.
Further,déhe shape of the "“3calcium influx curve observed
. described essentially a’ sigmoid curve)(Figures 7, 8 and 11)
~and thg relatively slgw increase in the rate of appearance
of “®calcium in the perfusion fluid was consistent with the
assumption that during itsvpassage through the branchial
membrane, the‘“5calcium passed through some inte;nal,cal—
cium pool (Bygrave, 1978a). This could certainly account
for éhe apparent lag phase in “®calcium uptake seen during

the first 15 to 45 minutes of pérfusion. Indeed this must

be true if our assumption that the total calcium uptake
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(labelled plus unlabelled) by the perfused gills did not - ..

change during the course of perfusion with perfusion fluid
algne. Furﬁher the similar time chéraeteristics of thef
" ®calcium uptake curves in the different experimental
groups and similarity in the amount of the residual “’cal-
cium remaining in the perfused gill filaments under éllf
conditions (Table VI) suggest that the size of the internal
calcium pool ig the branchiél cgils is fairly constant.
This suggests then that the mechanism involved in calcium
uptake is not located Within the branchial calcium pool.

Oﬁly one othéf study has reported on the effect:
of stanniectomy on branehial calcium influx in eels (Milet ~;
et al., 1979). These authors reported that following stan-
niectomy of Européan eels the f£ish had an influx rate of
2+g-l

0.26 umol Ca dry filament wt hr_l,a value significantly

2+

-

higher than the original normal value of 0.072 pymol Ca

g_lldry filament wt hr_l. These results agree closely with

those reported here in merican eels. ’
Though it is t o-early to relate the branchidi
calcium uptake with the general calcium turnover in the
stanniectomized eels, an interesting point does emerge. .
From earlier measurements on the effect of stanniectomj on
renal calciﬁm excretion in the‘American eel, Fenwick (1974a) -
reported a net—iﬁcrease in the rate of urinary\calcium ex—.
cretion of'0.94 pmol dazf kg_l of fish hr_l two weeks after
the\fiéh were stanniectomized (shani-operated: 1.77 umol

‘Ca2+'kg-l hr-l; stanniectomized: 2.71 pmol Ca2+ kg_l hr_li.
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This increase was not apparent until after 10 days. 1In the

fpresent studies the net branqnial calcium uptake two weeks
'after stanniectomy was calcnlatednto be 1.24 nmol Caz4 g—l
dry filament wt hr-l. In other words, two weeks after
stanniectomy the branchial calcium uptake exceeded about
0;3 umol Ca2+ hr-l. Further, and in view of the fact that
-the increase in_branchial calcium influx became apparent
within a few days whileﬁthe increase dn renal calcium ex-
cretion did not occur until after 10 days, the net effect
would be one of ghe‘calcium locading which might\ be reflect-
ed in an increase in.the plasma-calciuh concen::;;Tbn N
Funther, the excess calc1um continuously enterlnq the flsh
‘would also be avallable for dlstrlbutlon lnto the other
body compartments. Indeed it was reported that stanniec-
téﬁy'increaseslthe calcium in benh the museles (Chan, 1972)
and the bone kLope?, 1970). Ry the second week after
stanniectomy, the Branchial uptake decrease précipitously_
‘and as the renal calcium excretion became more important
during and after tée second week of stanniectomy, thls may
explain the slight drop in plasma calcium observed during
the third and fourfh weeks (Figure 10). The increased ex-
cfetion of calcium from the kidney and the concomitant
increase in bone mineralization (Lopez, 1970) wouid even-—'
tuallf bring the plasma ca}cium levels back towards the
ofiginal control values and would explain the transient-

nature of post-stanniectomy hypercalcemia'reported earlier.

(Fontaine, 1967; Chan, 1972; Fenwick and Fofster, 1972).
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Thus it appears that a cause-effect relationehip
exists between the surgical removal of the corpuscles.of
Stennius and an increase in branchiel calcium\infiux.
Stanniecéomy is consistently followed by an increase in
branchial calcium influx end this leads to the increase in
-plésma calcium level. Cpﬁsequently, this suggest that the
corﬁuseles of Stennius have important influences over the
rate of calcium trensbort in the gills. Accordingif teeat—
ment of the fish with e¥tracte of Stannius corpuscles
should show some effeet on'bre;chial calcium movement.

Indeed the results obtained when the effect of
Stannius eorpuscle extrecﬁe were measunNgd by either in vivo
or in vitro studies on branchial “‘*calcium uptake in p@gf—
stannlectomlzed eels support thlS hypothesis. The injec-
‘tion of Stannius corpuscle extracts corrected the state of
fhypercalcemia which invariably followed the removal of the
‘Stannius corpuscles in the otherwise untreated teleosts
(Figure 13). This observation confirms those previously
reported studies (Fontaine, 1967{ Fenwick and Forster,
1972; Pang et al., 1973b, 1974). 1In fact, this respdnse is
so well established that it was used earlier by Pang et al.
(1974) for the bioassay of the Stannius corpuscle hypocal-
cemic principle. 1In the present study the Stannius corpus-—
cle extract was effectlve within 3 to 5 hours of the first
injection. More importantly, it was found that the same
injection also prevented the increase in calcium’ influx

normally observed in gills taken from uninjecteé two weeﬁ

&
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stanniectomized eels (figure-l4). This finding.was f&%ther
substantiated by-the_observation“that Stannius corpuscle
extract was also effeétivé in vitro. That is, the additidn
of Stannius cofpuscle.exﬁract tc the fluid used to perfuse
the isolated gill archs taken from the stanniectomized eels
significantly (P < 0.001) reduced branchial "“calcium
uptake within éhe first 10 minﬁté; (Figure 15). This sug-
éesté'that thé'Stannius corpuscle'éxtract can exert a
rather direct effect on the branchial: calcium trénsport.
This in vitro effect on the reduction of branchial “Scal-
c;Pm uptake was also rather specific to the Stannius cor-
puscle.extraét as neither‘treated'kidney (Figure 1l6) nor
liver extracts-(Fiéure 17) produced any significant effect

on the branchial *

*calcium uptake.‘ This further supports:
Pang's observation (Pang et al., 1974) that the hypocal-
cemic'response was.specific to the corpuscles of Stannius.
Since the initial publication on some of these
data (Fenwick and So, 1974}, only two other studies have
been reported on the effect of Stannius corpuscle extracts
on perfused gill calcium fluxes. In contrast to the pre-
seﬁt"resﬁlts, Milet et al. (1979) did not show any signifi-
cant effect of the Stannius corpuscle extract on the cal-
cium influx or efflux in perfused‘;ills from stanni;ctomiz—
ed Europééﬁ éeis. While it is impossible to explainlthese
discrepancies at the present time, it should be néted'that

they reported very high efflux rates so that the possibili-

ty of significant Ca2+ leaks cannot be ruled out. Ma and -
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Cop§ (1978) observ;d that partially purified Staqnius cor-
puscle extract did lower bfanchiél “*calcium influx in the
perfused gills'figm intact eels. Aithough‘their fihaing
ag;eed with the present results their data may-not be com-’
paraggé to those presented here. in Ma and Copp (1978)_Fhe -
isolated éills were.perfused £61 up to‘é40 minutes and no
proper controls were used £0 §heck the funétiongl state of
the gills. Such cheéks would be especially important
ddrihg the. last 120 minutes.

‘ - While it is too early to postulate a preciseé
mechaniém by which the Stannius corpuscle extract exerts
their inhibitory effeét, there is at leést some evidence to
sugéest that the Stannius corpuscie extract exhibits the
action on a branchial calcium activated adenosine triphos-
phatése {(Ma, 1976). This suggestion is supported by three

observations: the activity of branchial,Ca2+fATPase in

killifish Fundulus heteroclitus was inhibited by injecﬁing
gextract of Stannius corpuscles into the animal (Burdick gﬁ
al., 1976), Stannius corpusclé_extract direc;ly inhibited-
in vitro the activity of Ca2+—ATPase isolated from eel
gills (Ma, 1976), and the total activity of this enzyme
was significantly increased in the'éills of stanniectomiz-
ed eels (Fenwick, 1976). This ;s, however, only circﬁm—
staﬁtial evidence,.and although it indicates a correlation,
a correlation_ih no way proves a cause-effect relationship.
The present study employved previocusly acidified

corpuscle extracts to measure their in vitro effects on
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branchial “Scalcium fnflux{ Unacidified extracts‘hlways
produced, within a few minutes{ a marked drop in the ef-
fluent perfusion rate_presﬁmably.due to the pfesence of'the.
acidg- lablle pressor substance described by Chester Jones et
al. (1966) While such acmd treatment of the preparation
probably destroyed thefrenin—like actlvity found\in the

Stannius-corpuscles-(Pang et al., 1974; Nishimura, 1978;

'Ogawa et al., 1978) it would not destroy the activity of

teleocalcin described by Ma and Copp (1978). On the other

-hand, ‘angiotensinase has been found in the Stannius cCorpus-

cles 4Chestef Jones and Henderson, 1965) and because of the .

anatomlcaliarrangement of the Stannlus corpuscle vascular

.- system (Ogawa and Ogurl, 1978), it is p0551ble- that some

Stannius corpuscle,iﬁgloten51n—llke materlal remalned in :
the: corpusdles {Ogawa, personal communlcatlon) : ‘Such

angiotensin- llke compounds are stable fn ac1d medla and may-'
have an effect on the branchlal ca101um movements when

applled to the glll preparatlon. Whether it could direct-

ly effect the act1v1ty.of'branch1al Ca2+~ATPase has not

been reported. But one has to bear in-mwind that the crude

BN =N ! o B

- 4

‘extracts of Stannius corpnscles that Ma (1976) used during

her incubated Ca?’-Arpase studies were prepared in eel sa-~
R ] - “\
line without any:special treatment. Hence the p0551b111ty

of contamlnatlon by Stannius corpuscle ‘renin- llke ox anglo—'

tensin-like substances oannot be eliminated.

If some Stannius corpuscle angiotensin-like sub-

stance. remained in the‘extractS“usedfin the present study, .
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what‘might the effects be? 'The.catp Stannius cotpuscie an-
giotenSinrlike material and the gdosefish kidney angioten-
. . L . _

sin-like material show similar characteriatiequ S.E.f
pSephadex columns (Nakajima et 51., 1971) so.it is possible
that'any.eel Stannius corpuscleaangloten51n llke materlal_
; may have the saple pressor act1v1ty as the flsh renal angio-
_tensin. If , it can be speculated that the.appllcation
of vasoactive CS angiotensin-like substance to, the gill
'couid alter the direction of blood.flow within the pathway
in the giillfilaments:and thus reduce the flew/ef-per—
‘,fusion fluid‘perfusing the areaS‘where the most important
' uptake of calcium takes place Thls hypotheSLS seems not
-too unreasonable as the extract was observed to be very
effectlve in vitro within a few mlnutes (Figure 15) whlle
the re51dual “sca101um remained unchanged Accordingly, ‘and
based on the preV1ous dlSCUSSlon on the bloecd pathways in
the eel gill, the hypocalcemlc factor described here may
have dlverted tthe flew away from the arterio-venous path4
*may. Homever,nae discussed earlier, the rate of "Scalecium
influx into the perfused éill pteparationuwas similar to
the ‘rate found by Fenw1ck in whole pgpfused heads In
other words, even lf a vasoactlve substance could alter the
direction of flow ‘such alterations did not affect “5calc1um
uptake rates in thlS preparatlon.

| Whatever ‘the mechanism the‘lncrease in * ca101um\d\
1nflu6 and the hypercalcemla following- stannlectomy was

‘corrected by replacement therapy with Stannius corpuscIe
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extracts and this suggested that the corpuscles of Stannius

exert

pocalcemic role in fish mainly by. attenuating

the calcium=uptake across the gills. If this is true, what
then causes the reduqtion in branchiai “®*calcium influx
.seen‘in stanniectomized eels during the third and fourth
" weeks after the operatibnland what causes'the refurn to-
‘warﬁs_nofmocalcemia? |

Fish calcitonin has a well defined hypocalcemic
action in_pammals (Cgpp'gg al., 1970) but does not consis-
tently:show'a similar effect in fish (Pang, 1973; Pang et
3&,} 1574; Pang et al., 1980). While the failure to show
overt hypocalcemic $ction of calcitoniﬁ in fish iﬁdicates
.tﬂét calcitonin does nof\ﬁower plasﬁé calcium ievels,
-plasma-célcium concentratién mayinot be an appropriate

4

iparameter,f?r detecting‘a possible effect of calcitonin on
calcium turnover (Chan, 1972). 1Indeed there is evidence

to suggest that calcitonin does perform some regulatory
function in_caicium homeostasis. For example, it was shown
that endogenous calcitonin levels:increase Qhen fish en-
counter a high calcium challenge (Dacke et al., 1971;-Def-"
tos_ggigi.i 1972). Further, it exerts a célciuretic
action 6n the kidney (Fenwick, 1978) ahd increases calcium
efflux from the heéd region of eels‘(Leung, 1979). On the
other hand Dacke (1975) showed that salmon‘calcitonip de-

creased the total *°calcium efflux from intact freshwater
L 4 .

silveér European eels. All these observations suggest that
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"calcitonin cen effec£ calgium homeostasis. possibly by
acting on such target organs as the kidney and the gills.
For these reasons an in gixg study on the effect of salmon
calcitonin on calcium exchange across the gills from hyper-
calcemic stanniectomized eels was car;ied out. The results
of this indicated that 6 daily injections at a dose of 2
MRC units kg_l of fish déy_l‘during the second week after
_stanniectomy prevented eny further increase in'.plasma cal-
cium (Table VIII). On the other hand, the stanniectomized-
fish whlch received only placebo 1njectlons showed a con-
tinued increase in the plasma calcium levels during the
second week. These results indicate that whilst ca101tonln
did not exert a fraﬁk hypocalcemic action, it d;d have an
© anti-hypercalcemic effect. Further this anti-hypercalcemic
effect of salmon calcitonin was accompanied by a 360% in-
creaselin branchial calcium efflux from the perfused gills
" (Table IX). This latﬁer observation corroborates that of
ﬁeung (1979) who observed that éalmon calcitonin caused a
net incxeaee in calcium efflux from the head region of
intact calcium loaded eels. Converselyein the éresent
study, the branchial calecium influx was unaffected by
the 6 daily injections of salmon calcitonin. This inabili-
ty of calcitonin to red branchial “Scalcium influx was
confirmed in vitro (Fi‘ure 18) as salmon calcitonin.did
net significantly alter the "Scalcium influx rate of‘the -

perfused gill.

The in vitro effect of salmon calcitonin on
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branchial calcium influx has been studied by various

authors. In contrast to the preseht study, calcitonin was

'reported to decrease calcium influx in perfused isolated

pacific salmon gills (Milhaud et al., 1977). Peignoux- L

Deville et al. (1978) and Milet et al. (1979) also observed
that.calcitonin decreased branchial calcium influx acfoss

perfused isolated European eel gills by 26%. But they also
reported that calcitonin had an even more marked effect on

efflux as efflux rates increased by 80%. However the

ference rep?rted by these investigéfors when compared to
the present study may'be explainable on the basis that tﬁey
»used ultimobranchialectomized eels. That is,,ﬁhe ultimo-
branchialectomized eels may have had ﬁore active Stannius
corpuscles (Lopez et al., 1976) which may 'havé changed
the response of the gills to saimon calcitonin: Anothef
possibility is that gills deprived of their normal titer of
calcitonin may have become less sensitive to the hormone.
This réquires further study. In the present study the hy-
percalcemia subsequent to stanniectomy may ﬁave increased
endogenous calcitonin seéretion and this may have partial-
ly masked the effect of the exogenous calcitonin (Chan,
1972). ‘

It appears then that calcitonln did exert an
anti-hypercalcemjc action following stanniectomy and that
at least in pait this actidn is accomplished by enhancing

the calcium efflux across the gills.

N

-
L
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The alkaline earth- ions, especially.calcium ions,
e;ért‘major iﬂfluenges over membrane permeébility. | They.
glso affect the transﬁort of ions acrossta number Sf epi-
thelia (Cuthbert and Wong, 1971) and both calcium and mag-
nesium have significgn effects on ion transport'and water
»gfgmeability of the fi:} branchial epi%helium (Pott and
Fleming, l§70, 1971; Cuthbert énd Maetz, 1972; Bornancin et
al., 1972; Fleming et al., 1974; Maetz, 1974; Isaia and
Masoni, 1976). Since in the s£anniectomized eels  the
plasma calcium levels rose to 5.32 mM (fable V), it is pos-
sible that this high coﬁcentration of plasma ﬁalciuﬁ may
héve'itself affeéted the calcium influx .across the gills.
This led to the current iﬁlgiggg study on the effect of
ﬁigh calcium perfusion fluia on ﬁhe branchial'célcium'up-
take (Figure 19). When the calcium concéntration of the
perfusion fluid was raised to 5 mM, calcium uptake in the
perfused gills was not significantly aitered relativg to
that seen when the perfusion fluid contained the normal
amount of calcium (1.63 mM). This observation is at "
variance with that of Ma (1976) who repofted a gradual in-
“créase of_calcium influx across the gill membrane of the
intact eel.when the calcium concentration of the perfusion
fluid was raised from 0.75 mM to 2.25 mM. While there is
no obvious explanation for this discrepahcy, it is impor-
tant to note t%at in the present studx‘an increase in the

concentration of calcium in the perfusion fluid did not

increase “®calcium influx. This is important as this
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observation tends to rule out the possibility that “Scal-

cium uptake was occuring simply by exchange‘diffhsion. _If

Y

this was the case, the higher concentration of calcium in

"the perfu51on fluid should have elevated "‘calcium 1n&lux.

Further, it provides evidence that the concentration of
calcium in the perfusion fluid does not have to be changed

for specific experimental animals subject to various de-

grees. of hypercalcemia.

It has been reported that when euryhaline fish
move from freshwater to seawater, the magnitude and direc-

tion of monovalent ion movement 1in gills are altered

(Maetz, 1976) because of changég in membrane characteris-

* tics. As the gills appeared to be impbrtant sites for cal-

‘cium-exchange it did not seem unreasonable to assume that

changes in ionic concentrations iﬁ the environment would
affect the exchange'oé‘ba;cium ions as,yeil; Subsequeﬁtly
it was observed (Figure 20) that the isolated perfused |
gills of stannlectomlzed eels in reconstituted seawater‘
bathing medlum had calcium influx rates which were 51gn1—
flcantly higher (greater than 200%) than gills in the
freshwater bathing medium as far as the total calcium up-

take was concerned. The increase was almost immediate and

4
el

this';aised the question of which ions in the marine'en—
vironment contributed to this change. External calcium
ions have been.shown to have 1mportant 1nfluences on the

change in the branchial permeablllty 'and also the active

"3
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t;anspoft of monovalent iéns (Potts and Fléming, 1970,‘
1971; Bofnancin et il" 1972; Cuthbert and Maetz, 1972;
fleming et Ei;' 1974; Eddy, 1975), and magnesium ions can
replace the calcigm ions in some of their effects upon
“lonic fransport across the gills (Pic and.Maefé, 19f5).

As seawater -contains considerable duantities of both cal-
cium (10.4 mM) and magnesium (52 mM) it is possible that
the increased branchial.calcium influk in seawater 'resulted
from tﬁe effect of one or both of these iaons. For this |
‘reason éhé effeéE of tﬁese ions was tested separately.

When the calcium concentration of the freshwater bathing.
medium was Iaiséd‘to that of éeawater (a 22 fold increaée)
the calcium influx increased by 4.67 fold (see calculated
Tesults on p. 87). ' On the other hand, when the magnesiﬁm '
concentration of thé freshwater bathing megium was'raised_)\
to that of seawater, the calcium influx decreased by 72%
fFigure'22). ‘These changeérweré not simply due to cha&ges
in the oémolalify of the'bathihg media as equivalent in-
creases in the osmolality of the bathing meaiﬁm ﬁith manni-
tﬁl did not afféet “Scalcium uptake rates. These observa-
tions indicated several'possibilities. Firstly, as the
calcium uptake rate'did not increase in proportion to the
increase in the délcium cgncéﬁtration gradient, this sﬁg-
gested that the mechanism by which calcium moved across

thé membrane was saturated or that the high calciqp con-
cenﬁrations reduced the overall bermeabilityvof éhe bran-

chial membrane tdﬁggibium. . Secondly, the. reduced calcium
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uptake rate iﬁ the presepce of seawater concentration of
magnesiﬁm ions suggesfed that magﬁeqium igns competed fox
the transport mechanism or that the magnesium ions reduced
the overall‘permeébility of the branchial-membrané to cal-
cium ions. But by wh;tever mechanism, seawater concentra-
tions of calcium ions and magﬁé§ium Lon; on the mucosal
side of the branchial epithelium reduced the rate of cal-
cium influx as predicted by the concentration gradient.

It is interesting to note that Fenwick (1979),
élsd Gorking on American eels, observed that the gills of
seawater acclimated fish“had lower Ca2+—ATPase activity
than the gills of freshwater-accliméted eéls. Siﬁdé the
activity of this enzyme seems to be related to the trans-
port of calcium ions (Cha et al., 1971; Ma et al., 1974),
it suggests that less calcium is actively transported
across the gills after adaptation to seawater. Further,
the enzyme activity was inhibited in vitro by the presence
pf seawater concentration of magnesiuﬁ-ions and qalciﬁm
ions (Fenwici{, 1979). These observations concur with the -
present suggestion that calcium ions and magnesium.ions
can affect the branchial calcium Amoveme_nrts. '

Thus it appears that when fish are challenged
with a high external concentration of calciﬁm ions and
magnesium ions; as occurs when they enter'éeawater, the ~
calcium ions'and magnesium ions-inrthe externél eﬁviron—

. . °
ment can directly decrease the branchial permeability to

L]

the calcium ions, as well as'possibly reducing the acti-
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vity of branchial Ca2+—ATPase. It is also possible that

the corpuscles of Stannius become activated during the h;gh=
calcium challenge and release some hypocaléemic.factof(s)

which ‘faciIitates this reduction in branchial calcium up- \ :
take. o : ' \\\ea_

o
i

To recapitulate, the present investigation pro-
vides some information on the relationship between the
corpuscles'of'Stannius and the calcium handling by the fisn
gil;sl The data obtained confirmed tne earlier opservation1
.on-tne'hYpocaleemic action of the corpuscles‘of Stannius . ;'”
even when the fish are in freshwater. These data suggest
also a cause- effect relatlonshlp between the surglcal re-
moval of the corpuscles of Stannlus and .an increase in the.
branchial calc1um influx. Stannlectomy was‘con51stent1y
followed by an increase in’ the plaema total calcium and an
increaseuin calcium_influX;, Calcium eftldx.rates were not
affected. Botn elevated plasma‘calcium and the increased °
 branchial calcium influx could be corrected‘by tréatment
with extracts of‘Stannius corpuscles. The in vitro effeet
on the calCLum 1nflux in the gllls was spec1f1c to the- .
extract of Stannlus corpuscles -and kidney and llver ex~—
tracts did notrprodUCe a significant effect.. The corpus-
cles of Stannius anpeaked to contain an active, acid-

"

stable hypocalcemic factor(s) which could effect the

giils. The post-stanniectomy hypercalcemia did not - appear
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\\\ o affeét'the féte of caldium_influx‘in the gills whereas.
high”bonceﬁtrations éf calcium or magnesium ions ih'fhe
external environment prevented the branchial cal;ium infiux

‘rates from rising to its predicted level. Calcitonin
appears to play primarily an anti-hypercalcemic recle in

fish possibly by‘éncréasing-branchial calcium efflux.

The results shown in this thgsis clearly indicate - -
thét the gills are involved in calcium exchange between the’
fish and its environment. Méreovér{'gothrphe rate and di-
rection of-this.exchangé are éugjgct to eﬁvironmental and

" hormonal influences. This léads me to the conclusion that
4? thé gills are inﬁolvg%‘in éalcium homeostagis-aﬁd that they

are a target organ for the hypocalcemic hdrmone(s) of Stan-

nius corpuédle origin. 'On the other hand, the amount™of
calcium ions moving across the Qills ié only a small por;‘
tion of the total movement of .calcium between th; animal
and.fts environment. This suggests then‘that while the
gills may perform a significant role in the fine control
of plasma calcium concent?ation,‘they probably do not play
more . than a suppor£ive role iﬁ the regulation-of total

body calcium.
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SUMMARY

1. Stanniectomy of freshwater adapted American eels,

Anguilla rostrata (LeSueur), resulted in a simultaneous:

increasé in plasma calcium level and calcium influx into

the isolated perfused Qills'during the first two weeks.

2. ‘No significant change in the branchial calcium
efflux was observed after the removal of corpuscles of

Stannius.

3. Both the elevated plasma calc%gm level and the
branchial calcium influx were corrected by the injection ofg\\_
either untreated or previdusly acidified ex#ract of cor-

-

puscles of Stannius.

—

- ’ .
4., Perfusion of previouély acidified Stannius cor-

puscle extract into the gill of stanniectomized eels re-
sulted in a decrease in calcium influx. This effect was

specific to the Stannius corpuscle extract.

5. Calcitonin exerted an anti-hypercalcemic effect
in two week stanniectomized eels but did not lower plasma

calcium.

6: Exogenous calcitonin treatment of stanniectomiz-

ed eel increased calcium efflux from the gills; influx

4
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‘'rate was not affected.

7. Perfusion of calcitonin into gills from stanniec-
. tomized eels did not-affect branchial calcium influx.

b

B. . Perfusion of the gills from stanniectomized eels
with perfusion.fluid containing 5. mM ca®’ 4id not affect

the branchial calcium influx..

9. Brénqhial»céléiﬁm'iﬁflux rate increased. when tﬂe.
- gills from Ehe‘stanniécﬁomized eels ﬁeretplaced in the:lOO%”
recoﬁstituted seéwaﬁef;; In freshwater bathing medium ﬁith'
high (10 mM Ca2+) caléium-COncéntration, bfanbhiél caléiqm

influx incréased while high concentration of magnesiﬁﬁ ions
(52 mM) préseﬁt.in the freshwatgr bathiné mediﬁmipreﬁenfedx

the increase of calcium influx into the gills.



i

| Al

BIBLIOGRAPHY

'

Adams, L.D., L.L. Curry and M.J. Bartek. 1970. Rapid
-+, method for homogenising tissue samples for liquid scin-
- tillation counting. Clin. Chem. 16:60.
’gsanOf-M., M. Ito and T. Kumagai. 1956. Comparative bio-
e chemical studies on aquatic animals. T. Calcium turn-
over of the freshwater fish and shellfish. Tohoku J.
Agric. Res. 6: 341-360. ' '

Bara, G. 1968. Histochemical study of 38-, 30—, 118- and
17 8~hydroxysteroid dehydrogenases in the adrenocortical
-tissue and the' corpuscles of Stannius of Fundulus
heteroclitus. Gen. Comp. Endocrinol. 10:126-137.

Baﬁchot,.R.' 1953. ' Anatomie comparde des corpuscules de
Stannius chez les téléostéens. Arch. Zool. Exptl. Gen.
89:147-168. ’ ’

Bornancin, M., A.W. Cuthbert and J. Maetz. 1872, The
. effects of calcium on branchial sodium fluxes in the

seawater adapted eel, Anguilla anguilla L. J. Physiol.
222: 487-496,

-Boroughs, H., S.J. Townsley and R.W. Hiatt. 1957. ‘fThe
metabolism of radionucleides by marine organisms. TIII.
The uptake of calcium“® in solution by marine fish.
Limnol. Oceanog. 2:28-32. :

- Bradshaw, W.N. and W.W. Sutton. 1970. The influence of
the environment, reproductive activity and calcitonin
on -serum calcium and phosphate in the brown bullhead

~ (Ictaluridae). Proc. W, Virg. Acad. Sci. 42:119-120.

Burdick, C.J., S. Mendlinger, R.K. Pang and P.K.T. Pang.
1976. " Effects of environmental calcium and corpuscle
- extracts on Ca-ATPase in killifish, Fundulus heterocli-
tus.- Amer. Zool. 16:224 (abstract).

Butler, D.G. 1969. Corpuscles of Stannius and renal '
siology in the eel (Anguilla rostrata). J. Fish. Res.
Bd. Canada - 26:639-654,, :

- 122 - /




123

Bygrave}-F.L.' 1978a. Mitochondria and the. ¢ontrol of
intracellula; caldium}. Biol. Rev. 53:4gr79.

‘Bygrave, F.L. 1978b. Calcium movements in cells. Trends
Biochem. Sci.- 3:175—178.‘ o :

Carpenter, S5.J. and H.L. Heyl. 1974, Fine structure of
" "the corpuscles of Stannius of Atlantic salmon during ‘the |
freshwater spawning Journey. Gen. Comp. Endocrincl.
23:212-223. : ‘
Cha, Y.N., B.C. Shin and S.L. Kwang. 1971. Actlve uptake
of Ca2 and ca2t —~activated Mg —ATPase in red -cell mem-
brane fragments. J. Gen. Physiol. 57:202-215.

Chan, D.K.OQ. 1972. Hormonal regqulation.of calcium balance
in teleost fish, Gen. Comp. Endocrinol., Supp. 3:411-
420. ' : ‘ - . : i

- Chan, D.K.0.,.I., Chester Jonee and ﬁ N. Smith.  .1968. ‘The :
: effect of mammalian calcitonin on the plasma levels of

A calcium and inorganic phosphate in. the European eel .
' : (Anguilla anguilla L. ) .. Gen. . Comp. Endocrlnol 11243~
245, ‘ .

Chan, D.K.O., I. Chester Jones, I.W. Hendersen and J.C.
Rankin. 1967. Studies . on the experimental alteration
of water and electrolyte composition of :the: eel
(Anguilla anguilla L.), ' J.‘Endocrinol. 37:297-317.

Chan, D.K.O., J.C. Rankin and I. Chester Jones. ' 1969. In-(\J
fluences of the adrenal cortex and the corpuscles of’ ‘
Stannius on csmoregulation in the European eel (Anguilla
anguilla L.) adpated to freshwater. Gen. Comp. Endo-
crinol., Supp. 2:342-353.

Chartier, M.M., C. Milet, E. Lopez, TF. L&1llier, E. Martelly
and S. Warrpt. 1977. Modifications morphologiques,
cytologiques et biochimiques®de la branchie d'Angquilla
‘anguilla L. aprés ablation des corpuscules de Stannlus.
J. PhYSlOl Parls. 73:23-26.

' Chester’ Jones, I., I.W. Henderson 19%65. "Electrolyﬁe
changes in the European eel - (Angullla angullla L.
Endocrinol. 32 11l—1v .

J:

Chester Jones, I. J.G. Phllllps and D. Bellamy. 71962;_
Studies on water and electrolytes in cyclostomes:and
teleost with special reference to Myxine ‘glutinosa L.

#(the Hagfish) and Anguilla 'anguilla (Atlantlc eeIT -
-Gen. Comp.. Endocrinol., Suppl. 1l:36- 47 : ’

k,,/\ N l‘.ﬂ_‘

I

o



3T

e © 124
Chester Jones, I., D.K.O. Chan,'I;W.:Hendersqn and J.N.

.Ball. 1969, The adrenocortical steroids, adrenocorti-
cotropiniand the corpuscles of Stannius.’ In: _Fish

Physiolegy. pp..322-3%6. : W.S Hoar and D.J. Randall
.. (eds. ) Acsgemic.?rgss, Yoo '

Chester Jones,\I., A\W. Henflerson, B.K.0. Cha and- J.C.

© Rankin. 1963;' Steroids and'pressor substdnces in" bony
fish with reference~to/adrenal cortex and the corpus-
cles of Stanﬂ%us}q%ﬁfﬁe eel (Anguilla anguilla L.) In:.

‘- Proc. Int. Congr. Steroid Horm.,, Milan, 1966. pp. 1l36-

- I35, \ T -

J V . ‘.\. - . " * : .o -
: \ . .

‘Chester Jones, I. T\W. Henderson, D.K.O. Chan, J.C. Rankin,
W. Mosley, J.J. Brown, A.F. Lever, J.I.S. Robertson, M.
Tree. 1966, PreésOx actﬁvity-of-extract of the corpus-

- cles of Stannius ffom.the‘European eel- (Anguil

‘.anguilla L.). J. Endocrinol. 34:570-5727

Chieffi, G. and V. Botté}z1 1964. Histochemical réaction
for steroid -3 -ol-dehydrogenase in the interrenal and
the corpuscles of Stannius of Anguilla anguilla and
Conger conger. Nature '\200:793-794.

ture of the corpuscles of Stannius of the killifish,
Fundulus heteroclitus and its relation to c¢alcium meta-
bolism. Amer. Zool. 12:676-677 (abstract) '

Cokgn, R.S., N.B. C%g;k and P.K.T. Pang. 1972 Ultrastruc-

. LI . .
Cohen, R.S., P.K.T. Pang and N.B. Clark. 1975. Ultra-
structure of the Stannius corpuscles of the killifish,
Fundulus heteroclitus and its gyelation to calcium regu-
lation. Gen..Comp._Endocrinol.\?7;4l3;423. '

Copp, D.Hg,. C.E. Brooks, B.S. Low, 'F. Newsome, R.K. O'Dor, <
C.0. Parkes, V. Walker and E(G. Watts. 1970. Calcito-~ '
nin and ultimobranchial function in lower vertebrates.

In: Calcitonin 1969. Proc. II. Inter. Symp. pp. 281~
294. S.F. Taylor(ed.). Heinemann, London.

. b ’
Copp, D.H., L.F. Belanger, M. Dimond, F. RNewsome’, D. Ng, -, -
and R.K. O'Dor. 1972a. Ultimobranchial Function  in Nen- -
¢ mammals. TIn: Endocrinology 1971. Proe. ITT Inter. Symp.
pp. 19-22. S.F. Taylor (ed.).. Heinemann, London.

‘Copp, D.H., P.G.H. Byfield, C.R. Kerr, F. Newsome, V. Walker
- and E.G. Watts. 1972b. Calcitonin and. ultimobranchial
function in fishes.and birds. . In: Calcium,.Parathyroid
Hormone and the Calcitonins. Proc. IV Parathy. Conf.
pp. 12-20. " R.V. Talmage and P.I. Munson (eds.). Excerp-
ta Medica, Amsterdam. - = :; > -




. L o . 125

‘Cuthbert, A.W. and J. Maetz. 1972. The effects of calcium
and magnesium on sodjum flux through gills of Carassius
auratus L. J. Physiol, 221:633-643, : e

buthbert,,A.W. and P.Y.D. Wong. . 1971. The effect of metal - \§l'
tons and antidiuretic hormone on oxXygen consumption in - "4 T
toad bladder. J. Physiol. 219:39-56. S .
Dacke, C.G. 1972, Role of calcitonin in lower vertebrates.
Proc. Trans. Missouri. Acad. Sci. 6:177 (abstract).
o ’ . i\ . : .
o Dacke, C.G. 1975. Effect ofigalmon calcitonin on calcium
"~ and sodium efflux in the Eunmopean eel (Anguilla anguilla
L. ). J. Physiol. .Lond. 246:75P-76P.

Dacke, C.G. 1979. cCalcium regulation in sub-mammalian ]
vertebrates. Academic Press, London, New York. 222p.

~Dacke, C.G:, W.R. Fleming and A.D. Kenny. 1971, Plasma
calcitonin levels in fish. The.Physiologiﬁtjl4:127. ’

Davie, P.S. and M.E. Forster. 1980.- Cardiovascular res-
' ponses to swimming in eels, Comp. Biochem. Physiol.
67A:367-373. \ . B -

Deftos, L.J., A.E. Bury, G.P. Mayer, J.F. Habener, F.R.

. Singer, D. Powell, L. Krook, E.G. Watts and J.T. Potts,
Jr. 1972, Radioimmunoassays for calcitonin: c¢linical
and experimental studies. In: Endocrinology 1971.-
Proc. III Inter. Symp. pp. 89-97. S.F. Taylor (Ed.)
Heinemann,. London. ' :

'De Smet, D. 1962. Considerations on’'the Stannius corpus-
cles and interrenal tissue of bony fishes, especially
based on.researches into Amia calvia. Acta. Zool.
Stockh. -219. ' '

Eddy, F.B. 1975.] The effect of calcium on gill potentials
-and on sodium (and chloride fluxes in the goldfish,
Carassius auraltus. J. Comp. Physiol. 96:131-142,

i ] :
., Fenwick, J.C. 1%74a. The corpuscles of Stannius and
" calcium regulation in the north American eel (Anguillia
' Yostrata L.). Gen. Comp. Endocrinol. 23:127~135.

Fenwick, J.C. 1974b. The comparative in vitro release of
calcium from dried and defatted eel and rat bone frag-
ments, and its possible significance to calcium homeo-
stasis in teleosts. Can. J. Zool. 52:755-764.



S
126

Fenwick, J.C. 1976. Effect.of stanniectomy on calcium
activated adenosinetriphosphatase. activity in the gills
of fxeshwater adapted -north American eels, Anguilla
rostrata LeSueur. Gen. Comp. Endocrinol. 29:383-387.

Fenwick, J.C. 1978. Role of the ultimobranchial body and
the corpuscles of Stannius in the requlation. of calcium
in the eel.- In: Comparative Endocrinology. Proc. VIII
- Inter. Symp. pp. 255-258., P.J. Galllard and H.H. Boer
(eds.). Elsevier/North-Holland Biomedical Press.,
Amsterdam.

b T

Fenwick, J.C. 1979. Ca2+—activated adenosinetriphosphatase
activity in the gills of freshwater and seawater adapted
eels (Anguilla rostrata). Comp. Biochem.dfﬁz§iol. 62B;
67-70. : '
N

Fenwick, J.C. 1981. The renal handllng of calcium,and

. renal Ca<t or Mg2 activated adenosinetriphosphatase
activity in freshwater - and seawater - acclimated North
American eels (Anguilla rostrata LeSueur}. Can. J.
Zool. (in press).

-

Fenwick, J.C.¥%nd M.E. Forster. 1972.. Bffect of stanniec-
tomy and hypophysectomy on total plasma cortisol levels
'in the eel (Anguilla anguilla L. ) Gen )\ Comp. Endocrino-
logy 19:184- 191 = : .

. . y
Fenwick, J.C. and Y.P. So. 1974. A perfu51on study of the
effect of stanniectomy on the net,influx of calcium-45

across an isolated eel gill. J. Exp Zool. 188:125-131.

'Fleischman, W. .1947. Comparative physiology of the thyroid
gland. Quart. Rev. Biol. 22:119-140.

Fleming, W.R. 1974, Electrolyte metabolism of teleosts —-
' including calcified tissuwe. Chem. Zool. VIII: 471-508.
M. Florkin and B.T. Scheer (eds.). Academic Press.
Fleming, W.R. 1967. . Caldium metabblism of teleosts. Am.
- Zool. 7:835-844.

Fleming, W.R., J. Brehe and R. Hanson. 1973, Some ~compli-
: cating factors in the study of the calcium metabolism of
teleosts. Am. Zood. 13:793-798.

Fleming, W.R., J. Nichols, W.T.W. Potts.. 1974. The effect
of low calcium seawater and actinomycin D on the sodium

metabolism of Fundulus kansae. J. Exp. Biol. 60:267-
273. { .




~

127
Fleming,,W.R, J.G. Stanley and A.H. Meier. 1964. Seasonal
' effects of external.calcium, estradiocl, and ACTH on the

‘serum calcium and sodium levels ofJfFundulus kansae.  Gen.
Comp. Endocrinol. 4:6%;§8,

S

Fontaine, M. 1964, Con%uscules Stannius et regulatlgn*
ionique (Ca, K, Na) du mllleu /nterleur de 1l'Anguille
(Anguilla angullla L.Y. . Comﬂ Rend. Hebd. Seances
Acad. Sci. 259:875-878. ' —

" Fontaine, M. ‘1967, ‘Intervention des corpuscles de Stannius

dans 1l'équilibre phosphocalcique du milieu intérieur .
d'un poisson téldostéen l'Anguilla. Compt. Rend. Hebd.
Seances Acad. Sci. Ser. D. (Paris) 264:736- -737."

Fontaine, M., N. Delerus, E. Martelly, J. Marchelidon and
C. Milet. 1972.. R3le des corpuscules de Stannius dans
les échanges de calc1um d'un poisson teleosteen,
l'Anguille avec le milieu ambiant. Comp. Rend. Hebd.
Seances Acad. Sci. Ser. D. (Paris) 275:1523- 1528.

Fromm, P.0. 1968. Some quantitative aspects of ion regu-
lation in teleosts._ Comp. Biochem. Physiz}.‘Z?}SGS—
869. . : .

Fromm, P.0Q., B.D. Richards and R.C. 'Hunter. 1871. -Effects
of some insectides and MS-222 on isolated perfused gills
of trout. The Prog. Fish Cultyrist. 33:138-140.

Fujita, H. and-‘Y. Honma. 1367. On the fine structnfe of
corpuscles of Stannius of the eel, Angullla japonica.
Zellfoxrsch. 77:175-187.

. s )
Girard J.P. and P. Pavan. 1980. Ion exchanges through

respiratory and chloride cells in freshwater- and sea-'

water-adapted teleosteans. Am. J. Physiol. 238:R260-
R268. _ : R N .

Grayf_I.E. 1954. Comparative'study of the gill area of
marine fishes. Biol. Bull. 107:219-225. '

Hanke, W. and I. Chester Jones. 1966. Histological and
histochemical studies on the adrenal cortex and the

corpuscles of Stannius of the Epropean eel, Anguilla
anguilla. Gen. Comp. Endocrln;E 7:166- 178

Hayslett, J.P., M. Epstein, D. spedtor,"
Murdaugh. 1972. Lack of effe
function in the elasmobranch
Biochem. Physiol. 43A:223-226.

ers and-V.H.
of i

.

-




| 128
Hayslett, J.P., M. EpStEln, D Spectox, J.D. Myers, H.V.
Murdaugh and F.H. Epsteln 1971. Effect of calcijonin
on sodium metabolism in Squalus acanthias and Anguilla
rostrata. Bull. Mt. Desert Is. Biol. ©Lan b. 11:33-35.

Hirano,fT., S. Hasegawa, H. Yamauchi and H. Orimo. 1981.
Further studies on the absence of hypocalcemic effects
of eel calcitonin in the eel, Anguilla.japohica. Gen.
Comp. Endocrino®. (in press).

Hoar, W.S. 1951, Hormones in fish. 1In: Some aspects of
the physiology of fish. pp. 1*51. W.S. Hoar, V.S. Black

and E.C. Black ({(eds.). Univ. of Toronto Biol. Sex. No.
59. :

Al

Houston, A.H., M.A. Devilde and J.A. Madden. 1968. Some
physiological consequences of aortic catheterization in
the brook trout (Salvelinus fontinalis}). J. Fish. Res.
Bd. Canada 26:1847-1856. v

Houston, A.H., J.A. Madden, R.J. Woods and H.M. Miles.
1971la. Some physiological effects of handling and
Tricaine methanesulphonate anaesthetization upon the
‘brook trout, Salvelinus fontinalis. J. Fish. Res. Bd.
Canada 28:625-633.

©

Houston, A.H., J.A. Madden, P.J. Woods and H.M. Miles.
1971b._Variations in the blood and tissue chemistry of
brook' trout (Salvelinus fontinalis) subsequent to hand-
ling, anaesthesia, an§ surgery. J. Fish. Res. Bd.

. Canada 28:635-642. - ’

Hughes, G.M. and M. Morgan. 1973. The structure of fish
gills in relation to their respiratory function. Biol.
Rev. 48:419-475. )

: v

Idler, D.R. and H.C. Freeman. 1966. Steroid transforma-

tions by corpuscles of Stannius of the Atlantic cod

(Gadus morhua L.). J. . Fish. Res. Bd. Canada 23:1249-
1255, .

Isaia, J. and A. Masoni. 1976. The effects of calcim and
magnesium on water and ionic permeabilities in the sea
water adapted eel, Anguilla angullla 1. J. Comp.
Physiol, 109:221- 233 .

Kehyon, C.J., I Chester Jones aﬁ%‘R N.B. Dixon. 1980.
Acute responses of the freshwater eel (Anguilla anguilla)
to extracts of the corpuscles of Stannius opposing the
effect of stannlOSOMatlectomy. Gen. Comp. Endocrinol.’
41:531-538,

bY




. - A o
: 129
" - }\ . .. ] . . . . ]
Kerstetter, T.H., L.B. Kirschner, D.D. Rafuse. 1970. On-
the mechanisms of sodium ion transport. bySthe/irrigated-

gills of rainbow trout (Salmo gairdneri). .J.~Gen.
Physiol. 56:342-357. =

Kirsch, R. 1972. The kinetics of périphqral exchanges of
water and electrolytes in the silver eel (Anguilla an-

guilla L.) in freshwater and seawater. J. Exp. Biol.
57:489-512. . |

* 1 . ‘
Krishnamurthy, V.G. 1967. Development of the corpuscles
of Stannius in the anabantid teleost, Colisa lalia.

J. Morpho. 123:109-120.

! . :
Krishnamurthy, V.G. '1968. Histochemical and biochemical
studies of the corpuscles of Stannius of the 'teleost
fish Colisa lilia. Gen. Comp. Endocrinol. 11:92-103.

Krishnamurthy, V.G. 1976. Cytophysiology of corpuscles of

' Stannius, Int. Rev. Cytol. 46:177-249. .

K¥ishnamurthy, V.G. and H.A. Bern. 1969. Correlative
histologic study of the corpuscles of Stannius and the
juxtaglomerular cells of teleost fishes. Gen. Comp.
'Endocrinol. 13:313-335.

. Laurent, P. and S. Dunel. 1976. Functional organizéticn
of the teleost gill. I. Blood pathways. Acta Zool.
Stockh. 57:189-209.

Laurent, P. and S. Dunel. 1978. Relations anatomiques
des ionocytes (cellules a chlorure) avec . le comparti-
ment veiheux branchial: définition de deux types
d'épithélium de la branchie des Poissons. Compt. Rend.
Seances Acad. Sci. Ser. D. (Paris) 286:1447-1450.

Leloup, J. et J. Leloup-Hatey. 1964. Influence de
1'ablation des corpuscules de Stannius sur le fonction-

nement thyroidien de 1' ille normale et hygophysec-
tomisee. Compt. Rend. anc Acad. Sci. 158:1273-

1276. 5

Leloup-Hatey, J. 1964. Modifications de l'eguilibre
mineral de 1l'Anguille (Anguilla anguilla L.) consecutif
a 1l'ablation des corpuscules de Stannius. Compt. Rend.
Seances Acad. Sci. 158:711-715.

Leung, E.K.S. 1979. The effect of calcitonin on the
efflux of calcium Zrom the North American eel, Anguilla
rostrata, with emphasis on the gill. M.Sc. Thesis.
Univ. of Ottawa, Ottawa, Canada. ‘



130
. Lindsay, P.A. and N.B. Kurnick.‘ 1965. 'Preparatién of

tissues for ligquid scintillation radioactivity counting.
Int. J. Appl. Rad. Isot. 20:97-102.

Lopez, E. 1970. L'os cellulaire  d'un poisson téléostéen
(Anguilla apguilla L.) II. Action de 1'ablation des
‘corpusculés de Stannius. Z. Zellforsch. 109:566-572,

. . - ——

Lopez, E., M.M, Chartier- ~Baraduc and J. Deville. 1971.
Mise en evidence de 1°' actl?pfae la calcitonine porcine
traitement demineralisant Compt. Rend. Hebd Seances
Acad. Scl (Paris). 272:2600-2603.

Lopez, E., J. Pelgnoud Deville, F. Lallier, E. Martelly
and C. Milet. 1976. Effects of calcitonin and ultimo-
branchialectomy (UBX) on calcium and bone metabolism
in the eel, Anguilla anguilla L. Cal: Tiss. Res. 20:
173~18s6.

Louw, G.N., P.D. Stahl and A.D. Kenny. 1969. Thyrocalci-
tonin studies in elasmobranch fish. 2o00l. Africana
4:95-98.

Jf

Louw, G.N., W.W. Sutton and A.D. Kenny. 1967. Action of
thyrocalc1ton1n in the teleost flsh Ictdlurus melas. . g_
Nature 215:888.

Lwowski, E.S. 1978. The corpuscles Of Stannius and calci-
fied tissues in the eel, Anguilla rostrata L. Comp.
Biochem. Physiol. 59A:183-187. :

Ma, S.W.Y. 1976. Studies on the mechanisms of branchial
calcium transport in teleostﬁflsh with sp901al
. reference to & calcium stimulated ATPase in the gill
plasma membranes. Ph. D. Thesis.«.Univ. of British Co-
lumbia, Vancouver, Canada.

Ma, S.W.Y. and D.H. Copp. 19878. Purification, properties
and action of a glycopeptide from the corpuscles of
Stannius which affect calcium metbaolism in the teleost.
In: Comparative Endocrinology. Proc. VIII Inter. Symp.
pPp. 283-286. P.J. Gailllard and H.H. Boer (eds).
Elsevier/North-Holland Biomedical Press., Amsterdam.

Ma, S.W.Y., Y. Shami+ H.H. Messer and D.H. Copp. 1974,
Properties of Cat*-ATPase from the-gill of rainbow trout
{Salmo gairdneri). Biochem. Biophys. Acta. 345:243-
351. : )

Maetz, J. 1971. Fish Gillét mechanism of salt transfer in
freshwater and seawater. Phil. Trans. Roy..Soc. Lond.
B. 262:209-249,



]

¢ ‘ _ 131

Maetz, J.- 1974, Oiigine de la difference de potentiel
electrique transbranchiale chez le poisson Jjouge
« Carassius auratus: Importance dé 1'ion Ca " . Compt.
Rend. Seances Acad. Sci. (Paris) 279:1277-1280,

Maetz, J. 1976.- TranSport of ions and water across the
epithelium of “fish gill. Lung Ligquids Ciba Foundation
Symposium 38:133-159. : A

Maetz, J. and E. Skadhauge. 1968. Drinking rates and
gill turnover in relation to external salinities in the
eel. Nature 217:371-373. .

Mashiko, K. and K. Jozuka. X£96l1. Pathway of calcium

uptake and excretion by teleost fishes. Jap. J. Limmol.
22:217-224. .

Mashiko, K. and K. Jozuka. 1962. Studies on the calcium
uptake by teleost fishes. 1I. Ca uptake by the
crucian carp. Sci. Rep. -Univ. Kan. 8:107-126.

Mashiko, K. and K. Joﬁuka. 1964. Absorptlon and excretlon
of calcium by teleost fishes with special reference to
routes followed Annot. Zool. Jap. 37:41-50.

Milet, C., J. Pe1gnoux-Dev1lle and E. Martelly. 1979.
Glll calcium fluxes in the eel, Angullla anguilla L.
Effects of Stannius corpuscles and ultimobranchial body.
Comp. Biochem. Physiol. 63A:63-70.

Milhaud, G., J.C. Ranklh, L. Bolis and A.A. Benson. 1977.

Galc1t0n1n. its hormonal action on the gill. Proc.
Natl. Acad. Sci. 74:4693-4696.

Moss, M.L. .1963. The biology of acellular teleost bone.
Ann. N.Y. Acad. Sci. 109:337-350.

Moss, M.L. 19653. Studies of the acellular bone of teleost
fish. Acta. Anat. 60:262-276.

Nakajima, T., T. Nakayama and H. Sokabe. 1971. Examina-
tion of angiotensin-like substances from renal and
extrarenal sources in mammalian‘:and non-mammalian
species. Gen. Comp. Endocrinol. 17:458-466.

Nishimura, H. 1978. Physiologidal evolution of the renin-
angiotensin system. Jap. Heart J. 19:806-822.

Ogawa, M. 1967. Fine structure of the corpuscles of
Stannius and the interrenal tissue in goldfish, Carassius
auratus. Z. Zellforsch. 81:174-189.




S

v ) ' ' 132

Ogawa, M. 1969. Corpuscles of Stannius in’ teleosts and
their -possible role: Bibliographical review. Saitama
Univ. Report 5:45-55.

. by .

Ogawa, M. 1977. Bibliographical review: the corpuscles of '
Stannius in teleosts and its possible role. II. ‘
Saitama Univ. Report 13:35-48.

Ogawa, M. and M, Ogurl. 1978. Occurence of the Renin-
angiotensin system in the vertebrates. Jap. Heart J.
19:791-798. :

- Ogawa, M., R.K. Pang, P.K.T. Pang and H. Sokabe. 1978.
Identification of the renin-like substance in the cor-
puscles of Stannius with hypocalcin in the Japanese eel
and killifish. In: Comparative Endocrinology. Proc.
VIII Inter. Symp.pp. 289 (abstract). P.J. Gaillard and
H.H. Boer (eds.}. Elsevier/North-Holland Biomedical

. Press., Amsterdam.

~

Oguri, M. 1966. Electron-microscopic observations on the '
_ corpuscles of Stannius in goldfish. Bull. Jap. Soc.
Sci. Fish. 32:903-908. '

.Pang, P.XK.T. 1971a. lcitonin and ultimobranchial glands
in fishes. J. Exp.%ool. 178:89-100.

Pang, P.K.T. :1971b. The relationship between corpuscles
of Stannius and serum electrolyte regulation in killi-
‘fish, Fundulus heteroclitus. J. Exp. Zool. 178:1-8.

Pang, P.K.T. 1973. Endocrifie ontrol of calcium metabo-
lism in teleosts. BAmer. Zool. 13:775-792,

Pang, P.K.T. and G.E. Pickford. 1967. Failure of hog
thyrocalcitonin to elicit hypocalcemia in the teleost
fish, Fundulus heteroclitus. Comp. Biochem. Physiol.
21: 573 578.

Pang, P.K.T., A.D. Kenny and C. Oguro. 1980. Evolution of

endocrine control of calcium regulation. In: Evolution
of vertebrate endocrine systems. pp..323-356., P.K.T.
.Pang and A. Epple (eds.). Texas Tech. Press, Lubbock,
Texas. -

Pang, P.K.T., R.K. Pang and W.H. Sawyer. 1973. Effect of
environmental calcium and replacement therapy on the
killifish, Fundulus heteroclitus, after the surgical

removal of the corpuscles of Stannius. Endocrlnology 93:
705-710.




A

- -
2 .
. t .

—

, 133

Pang, P.K.T., R.K. Pang, and W.H. Sawyer. 1974. Environ-
mental calcium and the sensitivity of killifish (Fundu-
lus heteroclitus) in bioassays for-the hypocalcemic,
response to Stannius corpuscles. from killifish and cod
{Gadus morhua). Endocrinology 94:548-555,

Pang, P.K.T., M.P. Schribman, F. Balbontin and R.K. Pang.
1378. Prolactin and pituitary control of calcium, regu-
lation in the killifish, Fundulus heteroclitus. Gen.
Comp: Endocrinol. 36:306-316. - '

Peignoux-Deville,J., C. Milet, E. Martelly. 1978. Effets
de l'ablation du corps ultimobranchial et de la '
‘perfusion de calcitonine* sur les flux de calcium au
niveau des branchies de l'anguille (Anguilla anguilla
L.). Ann. Biol. Anim. Bioch. Biophys. I18:119-126.

- Phillips,-A.M., H.A. Podoliak, D.L. Livingston, R.F. Dumas,

and R.W. Thoesen. 1960. Calcium metabolism in brook -

trout. Certland Hatchery Report No. 28 for the year

1959, Fish. Res. Bull. No. 21, State N.Y. Conserv.
“Dept., Albany, N.Y. p. 7-36., ;

Pic, P.rand J. Maetz. 1975. Differences de potentiel
trans-branchial et flux ioniques chez Mugil capito
adapte a l'eau de mexr. Importance de 1'ion Cat¥. Compt.
Rend. Seances Acad. Sci. (Paris}. 280:983-986.

Pickford, G.E. 1953, A‘study of the hypophysectomized

male killifish, Fundulus heteroclitus (Linn.) Bull.
Bingham Oceanogr. Collect. 14:4-41.

Podeoliak, H.A. and H.K. Holden. 1965a. Disttibution of
dietary calcium in the skeleton and the skin of finger-
ling brown trout. Cortland Hatchery Report No. 33 for
the year 1964. Fish. Res. Bull. No. 28, State N.¥Y. Con-
serv. Dept., Albany, N.Y. pp. 64-70.

Podoliak, H.A., and H.K. Holden. 1965b., Calcium absorption
by developing brown trout fry. Cortland Hatchery
Report No. 33 for the year 1964. Fish. Res. Bull. No.
28, State N.Y. Conserv. Dept., Albany, N.Y. 59-64.

Podoliak, H.A. and H.K. Holden. 1966. Storage of dietary
calcium ih the skin and skeleton of rainbow trout.
Cortland Hatchery Report No. 34 for the year 1965. Fish.
Res. Bull. No. 29, State N.Y. Conserv. Dept. Albany, N.Y.
pp. 66-72. |

Potts, W.T.W. and W.R. Fleming; 1970. The effects of

\/‘

prolactin and divalent ions on the permgdbility to water
of the Fundulus kansae. J. Exp. Bi017/53:317-327.




\ . . ’ 134
Potts, W.T.W. and W.R. Flemlng 1971. The effect of en-
vironmental calcium and ovine prolactin on sodium ba-
lance in Pundulus kansae. J. Exp. Biol. 55:63-76.

Prosser,.C.L. and F.A. Brown, Jr. 1961l. Comparative
Animal Physiology. Second Edition,. pp. 60 61. W B.
Saunders Co., Philadelphia, Londoi.

Racker, E. 1980. Fluxes of Ca’’ and concepts. Fed. Proc:
39:2422-2426.

Rankin, J.C. and J. Maetz. "1971. A perfused teleostean
gill preparation: vascular action of neurohypophyseal

hormones and’ catecholamines. J. Endocrinol. 51:621-
635. '

Rankin, J.C., D.K.O. Chan and I. Chester Jones. 1967.
' Kldney function in European eel. Gen. Comp. Endocrinol.
9:548-555. _
Rosenthal, H.L. 1956. Uptake of "5Ca and‘?°Sr from water
by freshwater fishes. Science 126:699-700.

Rosenthal, H.L. 1960. Accumulation of  Sr and Ca by
fishes. Proc. Soc. Exp. Biol. Med. 104:88-91.

Rosenthdl, H.L. 1963. Uptake, turnover and transport of
bone seeklng elements in fishes. Ann. N.Y. Acad. Sci. '
109:278-293,

Satchqll, G.H. 1971. Circulation in fishes.: Cambridge
Univ. Press., N.Y, S :

‘Schiffman, R.H. 196l. A perfusion study of the movement
of strontium across the gills of rainbow trout (Salmo
gairdnerii). Biol. Bull. 120:110-117.

Shuttleworth, T. J. 1972. A new isolated perfused gill
preparation for the study of ionic regulation in teleost. -
Comp. Biochem. Physiol. 43A:59-65.

Simmens, D.J. 1971. Calcium and skeletal tissue physiolo-

gy in teleost flshes. Clin. Orthop. Related Res. 76:
244-280- - "

Smith, A.D., J.P. Aldred and J.W. Bastian. 1978. Preven-
tion of glass absorption of salmon calcitonin and para-

thyroid hormone in dllute solutlons. Fed. Proc. 37:272
(abstract).

-



- '
135

Steen, J.B. ard A. Kruysse. 1964, The respiratory function
of teleostean gills. Comp. Biochem. Physiol. 12:127-142,

Subhedar, N. and P.D.P. Rao. 1974. Effects of some corti-
costeroids and metopirone of the: corpuscles of Stannius
and interrenal gland of the catfish, Heteropnéustes
fossilis (Bloch). Gen. Comp. Endocrlnol 23: 403 414.

o+

Tesch, F,W. 1977. The Eel: blology and management of
anguillid eels. P.H. Greenwood (ed Engllsh edition).
~ Chapman Hall Ltd., London.

. T asulo, J. A., W.D.“Belt and E. R Hayes. 1970. :The fine
structure of tHe Stannius body' of ‘the duppy and its,

response to delonlzed water. Amer J. Anat. 129: 307—
328. A

Unsicker, K., T. Polonius, R. Lindmar, K. Loffelhdlz and
U. Wolf. 1977. Catecholamines and 5- hydroxytryptamlne
in corpuscles of Stannius of the salmonld Sdimo irideus
L. A study correlating electron mlcroscoplcal, histo-

chemical and chemical flndlngs.‘ Gen.:Comp. Endocrinol.
31:121-132, ¥ :

Vladykpv; V.D. 1970. Eel tagging in New Brunswick waters.
-I. Length and coloration of tagged eels. 'Progress
‘Reports Nos. 1 to 5 of the American eel (Anguilla
rostrata)studies in Canada. Dept. Fisheries Forestry.

Vogel, W., V. Vogél and M..Pfautsch. ~1976. Arterio-
venous anastomoses in rainbow trout glll filaments.
Cell. Tiss. Res. 167:373-385. ,

Wang, C.H. and D.L. Willis. 1965. Radiotracer methodology
in biological sciénce. Prentice-Hall, Inc. .

Watts, E.G.. 1973. Calcium and calcitonin studies i
Pacific salmon genus Oncorhynchus, and rainbow trout,
Salmo gairdnerii. Ph.D. Thesis. Univ. British Columbia
Vancouver, Canada. ' '

Wendelaar Bonga, S§§‘ 1978. The role of environmmental
calcium and magnégium ions in .the control of prolactin
secretion in' teleost Gasterosteus aculeatus. In: Com-
parative Endocrlnology Proc. VIII Inter. Symp. pp. 259-
262. P.J. Gaillard and H.H. Boer (eds.). Elsevier/
North~Holland Biomedical Press, Amsterdam.

Wendelaar Bonga, S.E. and J. A. Greven. 1978. The rela-

: tionship between prolactin cell activity, environmental
calcium and plasma calcium in the teleost Gasterosteus
aculeatus. Observations on stannlectomlzed flSh Gen.
Comp. Endocrlhol 36:90- 101

e

[

I



136

Wendelaar Bonga, S.E., J.A. Greven and M. Veenhnis. 1977.
- Vascularization, innervation and ultrastructure of the
enddcrine cell types of Stannius corpuscles in the

teleost, Gasterosteus aculeatus. K J. Morpho. 153:225-
244, e S ’ b

White,xA., P. Handler and E. Smith. 1964. Principles of
biochemistry. McGraw-Hill, New York.

"Wilson, J.A. 1972, Principles of animal physiology.

pp. 567-568. The Macmillan Co., New York.

5 ' . - ‘

Wood, C. M. and D.J. Randall. 1971. The effect of anaemia
on ion exchange in the southern flounder. Comp. '
Biochem. Physiol. 3A:391-402.

Wood, C.M. and D.J. Randall. 1973a. Sodium balance in
the rainbow trout {(Salmo gairdneri) during extended
exercise. .J. Comp. Physiol. 82:235-256.

Wood, C.M. and D.J. Randall, '1973b.: The influence of
swimming activity on sodium balance in the rainbow
trout (Salmo gairdneri). J. Comp. Physiol. 82:207-233.

-

N

SN






