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"Ask the fish of the sea, and they will declare unto thee" (Job 12:8) 

INTRODUCTION 

This contribution focusses on the role marine biology - or more precisely marine 

species or marine model  systems - have played in the elucidation of basic physiological  
processes. Many  of these have turned out to be of utmost significance in unders tanding  

the function of the human body in heal th and disease or in developing  therapeut ical  
means  to cure human  maladies. The particular usefulness of marine models  in a variety of 

these seminal  discoveries can be traced back to three main reasons: (a) A b u n d a n c e  of 

species, size of biological  model  system, and ready accessibility lead to an ease of 
experimentat ion.  (b) In several  marine species, that represent  early steps in mammal ian  

evolution, organ structure is often quite simple and organ function is highly specialized. 
Such "unifunctionali ty" contrasts to the "multifunctionality" usually found in mamma-  

lian and human  tissues and facilitates the invest igation of a particular function in a 

defined, homogeneous  cell population. (c) Most importantly, it has become  clear, mainly 
through the recent  advances  in molecular  biology and cell biology, that biodiversi ty in 

cellular function does not require an incomprehens ib le  number of functionally different 
units: it can be reduced  to the exis tence of a l imited number  of families of closely related 

molecules  that are employed  by nature  to perform basic cellular functions (Kinne. 1991a). 
These  similarities allow us to draw conclusions from findings on marine organisms as to 

the function of a human  organ with even more certainty. 

In the following, mainly contributions of marine models to renal physiology and 
pathophysiology will be highlighted,  but  it should be emphas ized  that  the role of marine 

models was equal ly  important  in other  areas of cell research. In the area of oogenesis ,  
spermatogenesis ,  cytokinesis, and reproduction,  numerous  studies on the eggs  of sea 

urchins, sand dollars, and snails have  laid a firm basis for our unders tand ing  of cell 

division and its temporal  and spatial organizat ion (Rappaport, 1991). E lasmobranch  testes 
have recently b e e n  discovered to provide an ideal  model  system for the studies of 

different phases  of spermatogenes is  and the viviparous dogfish is a suitable mode l  for 

Biologische Anstalt Helgotand. Hamburg 



46 E. Kinne-Saffran & R. K. H. Kinne 

investigations of the hormonal  regulat ion of reproduction (Callard, 1991; Koob & Callard, 
1991). In nerve physiology, the giant  axon of the squid was - and continues to be - one of 
the prime model  systems in which the properties of numerous  ion channe l s  and ion 
pumps have been  characterized and their role in nerve conduction identif ied (Boron & 
Knakal, 1992; Hodgkin & Huxley, 1952). Also the Na-K-ATPase, the pr imary pump 
main ta in ing  intracellular ion homeostasis and  cell volume, was first descr ibed by Skou in 
the leg nerves of crabs (Skou, 1957), thereby providing the first l ink of an ATP-consuming 
cellular reaction to the translocation of inorganic  electrolytes across cell membranes  
(Skou, 1989). This enzyme was later found by Schatzmann (1967) to be inhibi ted by 
"cardiac glycosides" which are used for the t reatment  of heart  failure. Unti l  today, the 
sodium chloride-secreting rectal gland of the shark is one of the richest sources of this 
enzyme for biochemical  and biophysical studies (Medzihradsky et al., 1967). The rectal 
g land also, very early on, played an important  role in elucidating the mechanisms  of 
hormonal  regulat ion of salt transport and intracellular s ignall ing - an area still pursued 
vigorously using this organ as model system (Schofield et al., 1991). 

MARINE BIOLOGY AND RENAL PHYSIOLOGY 

In Figure 1, a scheme of a mammal ian  nephron  is represented with its proximal 
tubule, Henle ' s  loop, the distal tubule and the collecting duct. In all these parts of the 
kidney, studies on marine organisms have contr ibuted essential information on the 
function of these segments and  the cellular and molecular basis for their function. 

For the proximal tubule, in 1923, the quest ion was solved whether  mammal ian  
kidneys have the capability to excrete compounds  from the blood into the pr imary urine 
(Marshall & Vickers, 1923) in addition to the - at that time - widely-accepted functions of 
filtration in the glomerulum and  reabsorption along the tubule  (Cushny, 1917). Definite 
proof of secretory processes in this segment  could be obta ined by the use of the goosefish 

active secretion: 
aglomerular fishes 
(goosefish,toadfish) 

active coupled NaCI transport: 
flounder 

(urinary bladder) 

active chloride 
transl~ort: 

- dogfish 
(rectal gland) organic osmolytes: 

various marine species 
\ 

Fig. 1. Schematic representation of a mammalian (human) nephron indicating some of the main 
segments where marine biology has considerably contributed to elucidating the cellular a n d  

molecular mechanism of their function 
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(Lophius piscatorius), i.e. an aglomerular  fish, in which no filtration occurs, and substan- 

ces transferred from the blood to the urine must have  passed the renal cell in a secretory 

direction (Marshall & Grafflin, 1928). This process was first found for a variety of organic 

dyes and later led to the deve lopment  of contrast media  to trace the urinary tract, or to 

measure  renal blood flow. This route is still employed  for the target ing of antibiotics in 

renal infection or of diuretics to their intratubular site of action. The cellular mechanism 
underlying tubular secretion was also first unvei led  using fish models, such as the 

flounder, (Forster & Taggart,  1950; Kinter, 1966). In Figure 2, studies are shown in which 

Fig 2. 3H-chlorphenol red autoradiograph of proximal tubules dissected from the kidney of the 
winter flounder (Pseudopleuronectes americanus) and incubated Eor 60 rain at 20~ in 10 ~M 
tritiated chlorphenol red. Individual tubules are shown both in cross and longitudinal sections m a 
low-magnification dark-field photomicrograph (autographic silver grams appear as white dots). For 

further details see Kinter, 1975 (reprinted with kind permissionl 

proximal tubules  dissected from the f lounder k idney  were  incubated  in a bath containing 

a radioactively labelled weak  organic acid (Kinter, 1975}. The subsequent ly  obta ined 

autoradiograph clearly estabhshes that during secretion by the cells, weak  organic acids 
are first accumula ted  intracellularly and then further accumula ted  within the tubular 

lumen. The  dr iving force for the latter accumulat ion  could be identified in f lounder  

k idney brush border  vesicles - and later also in mammal ian  kidneys - to be  provided  by 
the electrical potent ial  across the brush border  membrane  (Eveloff et al., 1979). The 

mechanism of accumulat ion at the basal  pole of the cell is depicted in Figure 3 (Kinne, 
1988a; Pritchard, 1990; Shimada et al., 1987}. Indirect couphng be tw een  a sodium 

gradient -dr iven organic acid up take  system {e.g. for glutarate) and an exchange  of 
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Fig. 3. Transport scheme for the secretion of the weak organic acid p-aminohippurate (PAH) across a 
proximal tubular cell (upper right panel). Uptake from blood into the cell involves indirect coupling 
to a sodium-A- cotransport system. (A- stands for glutarate or other dicarboxylic acids). Transfer 
across the luminal membrane involves an electrogenic transporter driven by the electrical potential 
difference across the cell membrane. The two other schemes show additional kinds of indirect 
coupling of sodium cotransport transport systems in the renal secretion of sulfate in winter flounder 
and organic cations (S) in mammals. For further information see Kinne. 1988a (reprinted with kind 

permission) 

intracellularly accumula ted  glutarate with a weak  organic acid, comprises the  sequence  
of events  that ul t imately lead to the intracel lular  accumulat ion of the w e a k  organic  acid. 

Such a mechanism has proved to be  opera t ing  also for example  in the excre t ion  of uric 
acid in crustaceans (A. Nies et al., unpubl,  obs.) as well as in mammals  (Maxild et al.. 

1981). 
Figure 4 depicts the mechanisms  involved in active chloride transport in the shark 

rectal gland and in the mammal ian  thick ascending limb of Henle ' s  loop. This  model  was 

first proposed in 1985 (Epstein & Silva, 1985) and exper imenta l ly  proven in s tudies on the 

rectal gland and the f lounder intestine (Kinne. 1988b: Kinne, 1991b). T h e  essential  
e lements  of this model  are  the Na-K-2C1 cotransporter which is responsib le  for the 

intracellular accumulat ion  of chloride, the chloride channe l  through wh ich  chloride 

leaves the cell at the opposite side, the potassium channel  which allows potass ium to 
leave the cells, and the above descr ibed  Na-K-ATPase.  This enzyme  mainta ins  the 

sodium gradient  across the cell m e m b r a n e s  and provides the primary dr iving force for the 

active transcellular chloride transport. It is interest ing to note that one of the first 
indications of the invo lvement  of the Na-K-2C1 cotransporter  in active chlor ide transport  

in the kidney, was an observat ion made  by us during a stay at the Biologische Anstalt  

Helgoland.  In perfusion studies using rectal  glands of Scilliorhinus canaliculus it could be 

shown that compounds  strongly promot ing  salt secretion (or inhibit ing salt reabsorpt ion) 
in the mammal ian  k idney also strongly inhibi ted  chloride transport in the recta l  gland, as 
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Fig. 4. Schematic representation of transcellular active chloride secretion in rectal gland cells of 
elasmobranchs and active chloride reabsorption in the thick ascending limb of Henle's  loop in 

mammalians (modified after Epstein & Silva, 1985, with kind permission) 

d o c u m e n t e d  in F i g u r e  5 [Kinne & K i n n e - S a f f r a n  1979).  Th i s  l ink  l e d  to a w o r k i n g  m o d e l  
for ac t ive  c h l o r i d e  transport  in  the  m a m m a l i a n  th ick  a s c e n d i n g  l imb - a n d  the  o p e r a t i o n  
of all the  a b o v e  m e n t i o n e d  transport  s y s t e m s  c o u l d  a l so  b e  d e m o n s t r a t e d  in the  k i d n e y  
(Greger ,  1985).  It w a s  further s h o w n  that  t h e s e  transport  s y s t e m s  h a v e  s imi lar  proper t i e s  
- as d e p i c t e d  for the  N a - K - 2 C 1  co transpor ter  in T a b l e  1 (Kinne ,  1988a)  - b u t  that  their  
ce l lu lar  l o c a l i z a t i o n  is di f ferent ,  in order  to e n a b l e  the  m a m m a l i a n  ce l l s  to reabsorb  
c h l o r i d e  rather  than  to s e c r e t e  ch lor ide  as the  recta l  g l a n d  ce l l s  do. To this  e n d  a N a - K -  
2CI co transpor ter  and  a p o t a s s i u m  c h a n n e l  are  k n o w n  to b e  t rans ferred  into  the l u m i n a l  
ce l l  m e m b r a n e ,  w h e r e a s  a ch lor ide  c h a n n e l  is in the  c o n t r a l u m i n a l  m e m b r a n e .  S u c h  
t r a n s p o s i t i o n  ra i se s  i n t e r e s t i n g  q u e s t i o n s  on the  m o l e c u l a r  i d e n t i t y  of  the  transport  
s y s t e m s  a n d  t h e  n a t u r e  of the  s i g n a l s  c o n t r o l l i n g  their  in trace l lu lar  sor t ing  a n d  t a r g e t i n g  
( S i m o n s  & Fuller,  1985)  - q u e s t i o n s  current ly  b e i n g  i n v e s t i g a t e d  - a g a i n  u s l n q  m a r i n e  
m o d e l  s y s t e m s .  

A n o t h e r  g r o u p  of d iuret ics  the  t h i o z i a z i d e s ,  are  k n o w n  to inh ib i t  salt  t ransport  in the 
la te  d is ta l  t u b u l e  [ s e e  F i g u r e  6; [El l i son et  al,, 1987]) ,  a s e g m e n t  of  v e r y  h i g h  cel l  
h e t e r o g e n e i t y  in  the  m a m m a l s .  H e r e  t h e  d i s c o v e r y  of a s imi lar  transport  s y s t e m  in 
f l ounder  ur inary  b l a d d e r  (Table  2; [S tokes  et  al,, 1984]) ,  a rather  s i m p l e  e p i t h e l i u m ,  wil l  
u n d o u b t e d l y  l e a d  to a d e t a i l e d  c h a r a c t e r i z a t i o n  of the  transport  s y s t e m  a n d  to a m u c h  
b e t t e r  u n d e r s t a n d i n g  of the  m e c h a n i s m  of ac t ion  of  t h e s e  drugs .  

F inal ly ,  r e c e n t  s t u d i e s  on the  c o l l e c t i n g  d u c t  h a v e  c o n c e n t r a t e d  on the  ro l e  nf nrgan ir  
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Fig. 5. Effects of var ious  "loop diuret ics"  on the  ra te  of fluid secre t ion  (i.e: s o d i u m  chloride) in "in si tu 
p e r f u s e d "  rectal  g l a n d s  of Sci l l iorrhmus caniculus  (L.). Loop diuret ics  are k n o w n  to inhibi t  chlor ide 
r eabsorp t ion  in h u m a n  k i dney  at the  th ick a s c e n d i n g  l imb of H e n t e ' s  loop. Secre t ion  at  va r ious  
concen t ra t ions  of the  diuret ics  is g i ven  in p e r c e n t  of control. For fur ther  detai ls  see  Kinne  & Kinne-  

Saffran, 1979 ( repr in ted  wi th  k ind  permiss ion)  

":1= 
I= 

C 

E 

0 
E 

i 
z 

600 

400 

200 

.200 

Sodium transport Chloride transport 
800 

\ 
\ 

. . . . .  . ~ . . o  

~ o  

r 
E 

O 

u 0 

-200 

P < .001 

\ 

% 

P < .001  

-400 
-4OO 

A I F  A I F  * C T Z  A I F  A I F  + C T Z  

Fig. 6. Effect of ch lo ro th iaz ide  (CTZ) on sal t  r e a b s o r p u o n  m d i s t a l  t u b u l e s  of r abb i t  k idney .  Note  tha t  
sod ium and ch lo r ide  t r anspor t  are  i n h i b i t e d  to the  s a m e  e x t e n t  s u g g e s t i n g  the p r e s e n c e  of an  
e l ec t roneu t ra l  NaC1 co t ranspor t  in this  r e n a l  s e g m e n t .  For fu r ther  in fo rmat ion  see  El l i son  et  al. 1987 
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Table 2. Effect of hydrochlerothiazide on simultaneously determined sodium and chloride tracer 
fluxes in the urinary bladder of the winter flounder {Pseudopleuronectes americanus). Mucosa-to- 
serosa denotes the fluxes measured when tracer ions were present at the surface representing the 
lumen of the bladder; serosa-to-mucosa depicts fluxes when tracer ions were present  at the outside 
of the bladder. Net fluxes represent the difference be tween  the fluxes found in the mucosa-to-serosa 
direction and those observed in the serosa-to-mucosa direction. Note the similarity of sodium and 
chloride net fluxes and the parallel inhibition by hydrochlorothiazide. Modified after Stokes et al., 

1984, with kind permission 

Flux 
Mucosa-to-serosa (n = 8) Serosa-to-mucosa (n = 7) Net fluxes 

JNa Jcl JNa Jcl JNa Jcl 

~M/cm 2 �9 h ~M/cm 2 - h 

Control 1.70 2.45 0.52 1.34 1.18 1.11 
• 0.25 • 0.30 • 0.07 • 0.12 

HCTZ 0.40 0.69 0,23 0.29 0.17 0.40 
(0.1 mM) _ 0.05 • 0.24 • 0.02 • 0.04 

P < 0.005 < 0.005 < 0.002 < 0.001 - - 

JNd ~ sodium flux; Jcl = chloride flux 

o s m o l y t e s  in the  v o l u m e  r e g u l a t i o n  of t h e s e  cells  (Ga rc i a -Pe rez  & Burg, 1991). D u r i n g  the  

fo rma t ion  of c o n c e n t r a t e d  ur ine ,  t h e s e  cel ls  a re  e x p o s e d  to sa l ini t ies  w h i c h  a re  s imilar  to 

or e x c e e d  those  e n c o u n t e r e d  by m a r i n e  o r g a n i s m s .  T h e s e  o rgan ic  o s m o l y t e s  h a v e  for a 

l o n g  t ime  a l r e a d y  b e e n  i den t i f i ed  in m a r i n e  o r g a m s m s / s e e  Tab le  3: [Yancey  et  al., 1982]) 

a n d  are  also f o u n d  in the  m a m m a l i a n  pap i l l a  (Table  4). The  r e g u l a t i o n  of t h e i r  in t race l lu -  

lar  c o n c e n t r a t i o n s  acco rd ing  to the  e x t e r n a l  o smola r i ty  has  b e e n  e x t e n s i v e l y  s t u d i e d  for 

e x a m p l e  in ska t e  e r y t h r o c y t e s  (Golds te in  & Brill 19911. Aga in  n u m e r o u s  s imi lar i t ies  

h a v e  b e c o m e  appa ren t ,  a n d  it is to b e  e x p e c t e d  tha t  the  c ross - ta lk  b e t w e e n  d i sc ip l ines  - 

as  m the  o the r  e x a m p l e s  m e n t i o n e d  a b o v e  - will y ie ld  fruitful a n d  i m p o r t a n t  i n s i g h t s  into 

g e n e r a l  phys io log ica l  m e c h a n i s m s .  

C O N C L U D I N G  REMARKS 

In the  future ,  ma r ine  b io log ica l  m o d e l s  will  c o n t i n u e  to fos ter  p r o g r e s s  in t he  

u n d e r s t a n d i n g  of molecu la r ,  ce l lu lar  a n d  s y s t e m i c  p r o c e s s e s  in b i o m e d i c i n e .  U n d o u b -  

tedly ,  a ma jo r  i m p a c t  will  b e  m a d e  by  s t u d i e s  on  the  m o l e c u l a r  b i o l o g y  of bas ic  

phys io log i ca l  a n d  p a t h o p h y s i o l o g i c a l  even t s .  At  the  s a m e  t ime h o w e v e r ,  a n  equa l ly  

s t r o n g  e m p h a s i s  shou ld  b e  p l a c e d  on i n t e g r a t i v e  a s p e c t s  in m a r i n e  b i o l o g y  a n d  

b i o m e d i c i n e  alike: only  the  i n t e g r a t i o n  of k n o w l e d g e  o b t a i n e d  at  v a r i o u s  l eve l s  of 

c o m p l e x i t y  a n d  in va r ious  a r e a s  of r e s e a r c h  wil l  l e a d  to a t h o r o u g h  u n d e r s t a n d i n g  of life 

o n  this  p l a n e t  a n d  to t he  d e v e l o p m e n t  of s t r a t e g i e s  to p ro t ec t  it. 
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Table 3. Organic osmolytes in marine species. Taken from Yancey et al., 1982; copyright 1982 by the 
AAAS, with kind permission. For references see Yancey et al. 1982 

Osmolyte system Principal osmolytes 
(occurrences) 

Cyanobacteria  
Synechococcus sp. 

Fungi  
Saccharomyces rouxii 
Asteromyces cruciatus 

Lichens 
Lichina pygmeae 

Unicellular algae 
Dunaliella spp. 
Chlorella pyrenoidosa 
Ochromonas maihamensis 

Multicellular algae 
Fucus spp. 

Vascular plants 
Gossypium hirsutum L. 

Insects ~freeze-tolerant or -resistant) 
Eurosta solidaginis (Diptera) 
Bracon cephi (Hymenopteral 

Crustaceans 
Artemia salina (emerging larvae/ 

Vertebrates 

A. Polyhydric a lcohols -polyols  

glucosylglycerol 

arabitol 
arabitol, glycerol, mannitol 

mannosidomannitol  

glycerol 
sucrose 
isofloridoside 

mannitol  

glucose, fructose sucrose 

glycerol, sorbito] 
glycerol 

glycerol, trehalose 

Eubacteria 
Klebsiella aerogenes 
Salmonella oranienburg 
Streptococcus faecalis 

Protozoa 
1Vfiemiensis avidus 

Vascular plants 
Spartina townsendii 
Atriplex spongzosa 
Aster tripolium 
Mesembryanthemum nodiflorum 

Invertebrates  
All phyla of marine vertebrates  
Balanus nubilus (barnacle) 
Eriocheir sinensis (crab) 
Parastichopus sp. (echinoderm) 
Sepia officinalis (mollusk) 

Cyclostomes 
A/fyxine glutinosa (hagfish) 

Amphibia  
Bufo marmus 

glutamic acid proline 
glutamic acid proline 
y-aminobutyric acid, prolin~ 

glycine, alanine, proline 

beta ine  
beta ine  
proline 
proline 

vanous  amino acids 
various amino acids 
various amino acids 
various amino acids 

various amino acids 

vanous  amino acids 

Hyla versicola glycerol 

B. Amino acids and amino acid derivatives 
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Osmolyte system 
(occurrences) 
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Table 3 (continued) 

Principal osmolytes 

C. Urea and methylamines 

Cartilaginous fishes {elasmobranchs) 
Vertebrates 

Squalus acanthias (dogfish) 
Dasyatis americana (ray) 
Raja erinacea (ray) 

urea, t r imethylamine-N- oxide 
urea, tnmethylamine-  N-oxide 
urea, amino acids 

D. Urea: estivating forms 

Mollusks 
Bulimulus dealbatus 

Lungfishes: African and South American 
Amphibians  

Scaphiopus couchi (spadefoot toad) 

E. Inorganic ions 

Archaebacter ia  
Halobacterium spp. K- 

Table 4 0 s m o l y t e s  in renal  inner  medulla of antidiuretic animals. Units are mmol /kg  protein or 
mmol/kg wet weight  (in brackets). GPC = glycerophosphorylcholine. Taken from Garcia-Perez & 

Burg, 1991. with kind permission. For references see Garcia-Perez & Burg, 1991 

Species Urea Sodium Sorbitol Inositot GPC Betaine 

Rabbit [7] [ 11] [ 13] [56] 
[269] [21] [21] [35] 
[346] [279] [80] [16] [41] [42] 
1.017 1.890 221 97 195 235 

[21] [20l 
Rat [49] 

[380] [248] 854 331 2.498 132 
4.405 178 517 214 

145 214 443 
Vole [349] [I71] [26] [12] [43] [19] 
Deer mouse [695] [278] [19] [14] [65] [21] 
Pocket mouse [1.129] [350] [53] [14] [71] [50] 
Sheep [54] 
Dog [67] 

[376] [304] [14] 
[2] [18] 
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