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ABSTRACT

Fish a re  e x t r e m e l y  sensi t ive to m a n y  w a t e r - b o r n e  tox ican ts ,  b e cau se  these alTect the  gills 
by in c r e a s in g  the  p e r m e a b i l i t y  to w a t e r  a n d  ions o f  the  gill e p i t h e l i u m  a n d  by in h ib i t i o n  
o f  the  ion e x c h a n g e  act iv i ty  o f  the  c h lo r id e  cells. T h e  c o m p e n s a t o r y  responses  o f  the  fish 
will s igni f icant ly  inc rease  the  e n e r g y  r e q u i r e d  for m a i n t e n a n c e  o f  w a t e r  a n d  ion h o m e o 
stasis,  a n d  this will resul t  in r e d u c e d  g r o w t h  a n d  r e p r o d u c t i o n .  T h e  effects o f  tox ican t s  
a re  to a g rea t  e x t e n t  c o m p a r a b l e  to those o f  s t ressors  such  as c o n f i n e m e n t ,  t r a n s p o r t ,  
a n d  h a n d l in g ,  not  only  w h e r e  the e n d o c r i n e  a n d  m e ta b o l i c  r e sponses  a re  c o n c e r n e d ,  but  
also wi th  r e spec t  to the  o s m o r e g u l a t o r y  d i s t u r b a n c e s  p r o d u c e d .  S t ressors  m a y  affect  
o s m o r e g u l a t i o n  ind i rec t ly  t h r o u g h  the ac t ion  o f  c a t e c h o l a m i n e s  on the  gills. F u r t h e r 
m o re ,  s t ressors  i n d u c e  i m m u n o s u p p r e s s i o n  a n d  this m a y  resul t  in gill d a m a g e  by 
infect ious  agents .  M a n y  tox ican t s  evoke  a stress re sponse ,  a n d  thus  it is difficult  to 
d e t e r m i n e  the m e c h a n i s m  o f  ac t ion  o f  tox ican t s  on the  gills, b e cau se  the specif ic effects 
o f  the  tox ican t s  a re  h a r d  to d i s t ingu ish  f rom the effects o f  non-spec i f i c  stress r e sponses  
on  the gills. T h i s  f u r t h e r  impl ies  tha t  the  nega t ive  effects o f  m a n y  tox ican t s  a n d  n o n 
tox ican t  s t ressors  on  gill s t r u c tu r e  a n d  h y d r o m i n e r a l  b a l a n c e  a re  add i t ive .  T h i s  aspec t  
needs  m o r e  a t t e n t i o n  in a q u a c u l t u r e .

K e y  w o r d s :  c h lo r id e  cells,  fishes, gills, ion fluxes,  o s m o r e g u l a t i o n ,  s t ressors ,  stress 
a d a p t a t i o n ,  toxic meta ls .

IN T R O D U C T IO N

Toxic  substances (toxicants) may afTect the physiological functions of  
aquatic  organisms in a variety of  ways. In fish, for example,  m any  
w ater-borne  toxicants com m only  disturb water  and  ion homeostasis,  in 
par t icu la r  N a +, C l” and  C a 2+, of  the blood plasma. These  changes are 
mainly caused by a dam aged  structure  of  the gills affecting processes 
such as water  and  ion exchange,  respiratory gas exchange,  acid-base 
balance,  and the excretion of  waste products .  In addit ion,  gills are an 
im por tan t  route for the uptake,  b io transformation  and excret ion of  
toxicants ( E v a n s ,  1987). In this respect gills com bine  the function of 
lungs with some of the functions of  kidneys and intestine in terrestrial 
vertebrates.  T o  this end, the num erous  gill lamellae, consti tut ing up to 
90%  of the total body surface, are covered with a thin multifunctional 
epithelial layer. This  layer contains,  besides the respiratory or pave-
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m ent  cells, also specialized cells for ion t ransport  (chloride cells) and 
mucus secretion. T o  m ain ta in  water  and  ion homeostasis of  the body 
fluids, the fish p roduce  relatively large volumes of  dilute urine. T o  
com pensa te  the excretory and diffusional ion losses— and to eliminate 
metabolic  waste p roduc ts— fish accumula te  ions such as N a + Cl in 
exchange for N H 4+, H + and  H C 0  5 . T h e  chloride cells and,  possibly, 
the gill lamellae are implicated in these processes ( E v a n s ,  1987; 
M a y e r - G o s t a n  et a l ., 1987). In spite of  their  great  physiological im p o r 
tance, gills are delicate structures,  vulnerable  to all kinds of  env i ron 
mental  influences: physical changes of  the water,  microorganisms,  and 
organic pollutants  ( E d d y ,  1981). In part icular ,  gill lamellae and chlo
ride cells are the targets, represent ing  the weak spots in the in tegument  
of  fish. Any dam age  to the gills will have immedia te  effects on ion 
homeostasis and will evoke com pensa tory  osmoregulatory  responses. 
As a consequence  the metabolic  costs to freshwater fish of  m ain ta in ing  
water  and  ion homeostasis,  which are already much higher in fish than 
in terrestrial animals ( F u r s p a n  et al.y 1984), will increase rapidly. If the 
d is turbance  is chronic,  this will have negative effects on growth and 
reproduct ion .

In this p a p e r  we shall briefly analyze the com m on  structural  and 
functional aspects of  the in teract ion of some aquatic  toxicants, in 
par t icu lar  heavy metals, with the gills of  freshwater teleost fish. We 
make a com parison  of  the par t icu lar  effects of  these toxicants with the 
effects of  o ther  wrater  pollutants,  and  stressors such as handling  or 
confinement.  Finally, we discuss to what  extent the osmoregulatory  
responses of  fish to toxicants can be considered par t  of  a “ general 
adap ta t ion  synd rom e"  of  fish to stressors.

E F F E C T S  O F  T O X I C A N T S  O N  T H E  G I L L S

In an extensive review of  the l i terature,  M a l l a t t  (1985) summ arized  
the main s tructural  dam age  to the gills by aquatic  irritants, including 
many toxic substances, as follows: uplifting of  the lamellar  epithelium 
from the underly ing tissue (fig. 1, 2), necrosis of  pavem ent  cells and 
chloride cells, epithelial swelling by increased intercellular spaces, 
rup tu re  of  the epithelium, and lamellar  fusion. T his dam age  was oiten 
accom pan ied  by hyperplasia  and hyper t rophy  of  pavem ent  cells and 
chloride cells, and  by leucocyte infiltration of  the branchial  epithelium. 
A short survey of  the same and more recent l i terature concern ing  the 
effects of  toxic substances on freshwater fish shows that,  as far as 
measured ,  the above disturbances of  gill s tructure were invariably 
accom pan ied  by a drop  in the electrolyte concentra t ions  of  the blood
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Fig. 1. B ranch ia l  f i l am en t  wi th  lamel lae  o f  r a i n b o w  t ro u t  [Oncorhynchus mykiss) e x p o se d  
for 7 days  to m e r c u r i c  c h lo r id e  (100 J ig/1) ;  the  l amel lae  show  ep i the l ia l  upl i f t ing 
(arrows);  b a r  r e p re s e n t s  10 pin.

Fig. 2. B ran ch ia l  f i l ament  o f  c o n t ro l  r a i n b o w  t rou t ;  b a r  r e p re s e n t s  10 |Jm.

plasma, in par t icu la r  N a + and  C l- . Electrolyte losses have been 
described for instance after exposure of  fish to pesticides, ch lor ina ted  
hydrocarbons  (e.g. H a u x  &  L a r s s o n ,  1979; M a l l a t t  &  S t i n s o n ,  1990), 
and heavy metals L o c k  et a l ., 1981; S p r y  &  W o o d ,  1985; R e i d  &  

M c D o n a l d ,  1988; Fu et a l ., 1989). In fig. 3 a co ncen t ra t ion -dependen t  
reduction of  p lasma electrolytes in the cichlid fish Oreochromis mossarn- 
bicus is shown as ob ta ined  in our  studies on the effects of  cadm ium .

T h e re  is consensus now that  the drop  of  plasma electrolyte levels has 
two im por tan t  causes. First, there is an increased passive efflux of  ions 
across the gills, due to a more  or less non-selective rise of  the p e r 
meability of  the gills, especially the gill lamellae, to water  and  ions. 
This  may lead to hemodilu t ion  by enhanced  osmotic uptake of  water  
across the gills, and  to increased losses of  ions associated with the 
st imulation of  urine flow. Second, the inhibit ion of  active ion uptake by 
the chloride cells of  the gills may fur ther  contr ibu te  to the negative ion 
balance of  the blood.
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Fig. 3. P la sm a  osm o la r i ty  o f  f r e sh w a te r  Oreochromis mossambicus a f t e r  e x p o s u re  to i n d i 
c a t e d  c o n c e n t r a t i o n s  o f  w a t e r - b o r n e  c a d m i u m ;  m e a n s  ± S.E.  o f  8 fish; at  1000 | J g / 1 all 
fish d ied  wi th in  8 days  (from: Fu el al., 1989).

E F F E C T S  O N  G I L L  P E R M E A B I L I T Y

T h e  increase in permeabil i ty  of  the gills to ions is considered the most 
im por tan t  factor for the drop  in plasma electrolyte levels caused by 
heavy metals. S tructural  lesions of  the gills certainly will contr ibute  to 
the increase in permeabil i ty .  However,  when epithelial uplifting and 
necrosis become visible at the light microscopic level, the fish most 
probably  have already been very seriously affected and suffer from a 
dis turbed osmoregulat ion  and an impaired  oxygen uptake capacity. 
Indeed,  in our  experiments  with cadm ium , copper,  and a luminium in 
acid water,  we a lready found losses of  plasma electrolytes before any 
light microscopic lesions became visible (Pratap & W endelaar 
Bonga , 1992). O th e r  investigators have also repor ted  that loss of  
plasma electrolytes may occur  at concentra t ions  or exposure times that
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are insufficient to cause visible gill dam age  or inhibit ion of  the oxygen 
uptake capacity  o f  the gills ( S p r y  &  W o o d ,  1985; M c D o n a l d  et al., 
1991). U n d e r  norm al  condit ions the permeabil i ty  of  an epithel ium is 
de te rm ined  by the characteris t ics of  the cellular m em b ran es  and  of  the 
tight junc t ions  that  in te rconnec t  the epithelial cells. T h e  permeabil i ty  
of  cellular m em b ran es  to water  and  ions is de te rm ined  by e.g. their  
phospholip id  composit ion and the am o u n t  of  calcium bound  to the 
negative groups of  the m em b ran es  ( C h a s e ,  1984). Loss of  bound  cal
cium from the m em branes  and  tight junc t ions  of  fish gills leads to an 
increased permeabil i ty  to water  and  ions ( M c W i l l i a m s ,  1983; M a r 

s h a l l ,  1985; M c D o n a l d  et al., 1991).
Although da ta  on the electrolyte composit ion of  the blood plasma 

are available for m any  pollutants,  more  specific information  on the ion 
losses is scarce and  mainly restricted to the toxic effects of  metals on 
trout.  For instance, copper  was repor ted  to increase the effluxes of  
N a +, C h  and  ( L a u r e n  &  M c D o n a l d ,  1985), zinc ( S p r y  &  W o o d ,  

1985) and  la n th an u m  ( E d d y  &  B a t h ,  1979) to increase N a + and  Cl" 
effluxes, and cadm ium  to increase C a 2+-efllux ( V e r b o s t  et al., 1987). 
L o c k  et al. (1981) dem ons t ra ted  increased osmotic permeabil i ty  to 
water  of  the gills after exposure to mercury.  These  are all passive 
movements  caused by increased branchia l  permeabil i ty.

T h e  effects on gill permeabil i ty  are a t t r ibu ted  to direct actions of  the 
metal ions on the gill surface, in par t icu la r  competit ive interactions 
with C a 2+ for b inding  sites on the gill m em b ran es  and  in tight j u n c 
tions ( N i e b o e r  &  R i c h a r d s o n ,  1980; L a u r e n  &  M c D o n a l d ,  1986).
This  explanat ion  is suppor ted  by the well-known protective effect of  
high water  calcium levels on heavy metal toxicity ( L a u r e n  &  

M c D o n a l d ,  1985; P r a t a p  et al., 1989). Calc ium  ions can effectively
compete  with heavy metals such as cadm ium  for b inding  sites on 
m e m b ra n e  phospholipids ( S o r e n s e n  et a l ., 1985) and  regulatory p ro 
teins such as calmodulin  ( F l i k  et al., 1987).

EFFECTS ON ACTIVE ION UPTAKE

Active ion uptake in the gills takes place via the chloride cells (fig. 3), 
which conta in  a tubu lar  system with several ion- t ranspor t ing  ATPases 
( N a V K  + ATPase ,  a presumptive  Na + / H + ATPase ,  C a ‘-M-ATPase) and 
exchangers  ( F l i k  et al., 1985; M a y e r - G o s t a n  et al., 1987). These  highly 
specialized cells are readily affected by many kinds of  pollutants,  
including toxic substances ( M a l l a t t ,  1985; E v a n s ,  1987). Reports  on 
the effects of  toxicants on chloride cells are scarce. Most repor ted  
effects on ion uptake concern  metals. Inhibit ion of  N a +, a n d / o r  C a 2+
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and  Cl fluxes have been repor ted  after e.g. exposure to copper  
(Lauren & M c D onald , 1985), cadm ium  (R eid & M c D onald , 1988; 
V erbost et al., 1987) and a lum in ium  (Verbost el a l ., 1992). Most 
evidence is indirect and  based on enzyme studies (see below).

M ore  f requent  are reports  on the num erica l  density of  the chloride 
cells. In general ,  chlor ide  cell prol iferat ion and  hyperplas ia  have been 
observed (M allatt , 1985). Increases in cell num bers  were found after 
exposure  to e.g. c ad m iu m  ( O ronsaye & Brafield , 1984), zinc and  
co p pe r  (C respo et al., 1981), c h ro m iu m  (T emmink et al., 1983), a lu m i
n ium (Karlsson- N orrgren  et al., 1986), nitrite (G aino et a l., 1984), 
and  organic  toxicants (M allatt , 1985). T h e  increase in chloride cells 
has been expla ined  by most au thors  as a response o f  the organism to 
m ain ta in  or  increase its capaci ty  to take up ions from the water.  
Increased  n u m b ers  o f  chloride cells may com pensa te  for the loss o f  ion 
uptake  capaci ty  caused by the toxic actions of  pollutants  on these cells. 
H owever ,  it is unlikely that  the capaci ty  of  the gills for active ion 
t ranspor t  is reflected directly by the numerica l  density o f  the chloride 
cells. W e have exam ined  the chloride cells o f  the African cichlid fish 
Oreochromis mossambicus after  acidification of  the water ,  and  have shown 
that  the four- to fivefold increase in chloride cell num bers  that  occurs 
at p H  4.5 was associated with a reduced  branch ia l  uptake o f  N a + from 
the w ate r  (Flik et a l ., 1989). U ltras t ruc tu ra l  exam ina t ion  showed that  
m any  of  the chlor ide  cells were young  developing stages or  d e g e n e ra t 
ing cells (Wendelaar Bonga et al., 1990). M a tu re  chloride cells, which 
may be cons idered  as the funct ioning  cell stages, were slightly reduced  
in n u m b er ,  expla in ing  the observed reduct ion  in N a + uptake th rough  
the gills. Th is  in te rp re ta t ion  was suppor ted  by the finding that  gill 
N a +/ K + A T P ase  activity, the driving force o f  N a + uptake,  was below 
control  level in the acid-exposed fish (W endelaar Bonga et al., 1990).

How then should the increased num bers  of  chloride cells in fish 
exposed to toxic substances be in terpreted? Ultras tructural  da ta  are 
scarce, but  the few reports  have shown that many  of  the chloride cells 
are affected. D egenera t ion  of  chloride cells and  the development  of 
new cells have frequently been repor ted  after exposure to toxic metals
(Lock et al., 1981; T emmink et al., 1983; Y ouson & N eville , 1987).
Recently,  we have quantif ied the chloride cells in 0. mossambicus dur ing  
exposure to cadm ium . Exposure of  the fish to 10 jug. 1 1 Cd'->+, which 
caused a slight reduction in plasma osmolarity (fig. 3) and en largement  
of  the intercellular  spaces of  the branchia l  epithelium (fig. 4), p roduced  
a transient increase in chloride cell density, with a m ax im um  of about  
30% above control levels after two weeks (fig. 8). Fur ther  analysis of 
these cells gave the same picture as observed earlier in the gills oi fish 
from acid water: m any  of  the chloride cells were young, im m ature  cells
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Figs. 4-7.  E p i th e l iu m  o f  gill f i l aments  o f  Oreochromis mossambicus e x p o se d  to c a d m i u m  (10 
| i g / l ) ;  ba r s  r e p r e s e n t  1 jam.
Fig. 4. M a t u r e  c h lo r id e  cell (m); the  in t e rce l lu l a r  spaces  (s) a re  e n l a rg e d ;  p, p a v e m e n t  
cell; 4 days.

#

Fig. 5. N e c ro t i c  c h lo r id e  cell; 4 days.
Fig. 6. A p o p t o t i c  ch lo r id e  cell; 35 days.
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Fig. 8. EiTccts o f  d i f fe rent  c o n c e n t r a t i o n s  o f  w a t e r - b o r n e  c a d m i u m  on the n u m e r i c a l  
dens i ty  o f  c h lo r id e  cells in the  o p e r c u l a r  e p i t h e l iu m  o f  Oreochromis mossambicus, as 
d e t e r m i n e d  a f t e r  D A S P E I - s t a i n i n g  in a f luo rescence  m ic ro sco p e  ( n u m b e r  o f  cells pe r  
sur face  a r e a  as p e r c e n t a g e  o f  con t ro l s  at day  0); m e a n s  ± S.D.  o f  8 - I 0  fish p e r  g r o u p  (for 
desc r ip t ion  o f  m e t h o d  see YVe n d e l a a r  B o n g a  et at., 1990).

or cells degenera t ing  by necrosis or apoptosis. Necrosis is accidental 
cell dea th  by lethal injury. Necrotic  cells show swelling o f  the cyto
plasm and  of  cellular organelles, and  rup ture  of  cellular m em branes  
(fig. 5). Apoptosis is the normal  physiological controlled cell death ,  and 
its increase indicates acceleration o f  cellular tu rnover  (Wyllie , 19 8 1). 
Apoptotic  cells show shrinkage, resulting in densification of the cyto
plasm, m itochondr ia  and  nuclei and,  in chloride cells, swelling of  the 
tubu lar  system of  these cells (fig. 6). T h e  rem nants  of  apoptotic  chlo
ride cells are finally removed by macrophages  (fig. 7). Significantly
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Na7K+-ATPase

50

-1
2 0  u g . l  

1 0  , ,  „  
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0 i------ 1------1------1------ 1------1------ 1------1—  o-----------10---------- 20----------30 days
Fig. 9. N a +K +- A T P a s e  act ivi ty (expressed  as jig Pj re leased  p e r  m g  p r o t e in  p e r  h o u r  as 
p e r c e n t a g e  o f  con t ro l s  at d ay  0) in the  gills o f  Oreochromis mossambicus ex p o sed  to d i f fe rent  
c a d m i u m  c o n c e n t r a t i o n s ;  m e a n s  ± S .D.  o f 8 - l 0  fish p e r  g r o u p  (for d e sc r ip t ion  o f  m e t h o d  
see YVe n d e l a a r  B o n g a  el al., 1990).

increased rates of  necrosis and apoptosis were observed th roughou t  the 
four weeks exper imenta l  period of  exposure to 10 Mg-1"1 C d 2+. D ur ing  
exposure to 25 j J g C d . l ' 1 for the same period, a significant 10% drop  in 
p lasma osmolarity occurred;  chloride cell density increased with about  
50%  in the first week and stabilized at a level about  two times that of  
controls (fig. 8). Again, necrotic and apoptotic  cell stages were very 
com m on,  as were young and m atu r ing  chloride cells. These  data  
indicate that the increase in chloride cell density is mainly a reflection 
of  increased rep lacement  of  the chloride cells under  these conditions,
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ra the r  than an increase in functioning cells. This  in te rpre ta t ion  was 
suppor ted  by quant i ta t ive  analysis of  the branchia l  epithelium, which 
revealed that  the total n u m b e r  of  m atu re  chloride cells was slightly 
below control levels at 10 Mg. I ' 1 cadm ium . T h e  N a +/ K +-ATPase 
activity of  the gills of  these fish was also slightly below control levels 
( P r a t a p  &  W e n d e l a a r  B o n g a ,  1992), whereas the enzyme activity in 
fish from water  with 25 jug. I"1 cadm ium  was significantly reduced (fig. 
9). T h e  Na + / K +-ATPase activity, ra the r  than the numerical  density of  
the chloride cells, seems to reflect the osmoregula tory  capacity of  fish, 
at least dur ing  exposure to pollutants.

O u r  conclusion that  the increased chloride cell num bers  observed 
dur ing  cadm ium  exposure are caused by a higher am o un t  of  im m atu re  
and  degenera t ing  cell stages as a consequence of  accelerated tu rnover  
of  the cells may apply to more  pollutants.  We have prel iminary  evi
dence that  it also holds for a luminium. It is well possible that  d is rup
tion o f  the cellular C a 2+-homeostasis is the underlying cause. T h e  
cellular mechanisms for the control of  cytoplasmic C a 2+-levels and  for 
the transepithelial  t ranspor t  of  C a 2+ are very sensitive to some metal 
ions ( V e r b o s t  et a l ., 1988). For instance, cadm ium  inhibits the C a 2+- 
ATPase  activity and  C a 2 f- t ransport  across the chloride cells in trout 
gills at levels three orders of  m agni tude  lower (I50: 3 n M  C d 2+) than 
those that  affect the N a +/ K +-ATPase  activity of  these cells. At these 
low concentra t ions  C d 2+ has hardly any effect on N a +-influx whereas 
it reduces C a 2+ influx ( V e r b o s t  et a l ., 1988; R e i d  &  M c D o n a l d ,  1988). 
This  certainly does not exclude the possibility that pollutants may have 
addit ional ,  or completely different specific effects on the chloride cells. 
C o p p e r  reduces N a^-up take ,  but  hardly affects the C a 2+-uptake by the 
gills ( L a u r e n  &  M c D o n a l d ,  1985). Nitrite is a specific competit ive 
inhibi tor  of  active chloride uptake ( W i l l i a m s  &  E d d y ,  1986), whereas 
chlor ina ted  hydrocarbons  such as D D T  may inhibit N A +/ K +-ATPase 
activity ( H a u x  &  L a r s s o n ,  1979).

TO X IC A N TS AND STRESS

Although loss of  blood plasma electrolytes is a com m on type of  osm o
regulatory d is turbance when fish are in contact  with toxicants, it is by 
no means restricted to exposure to aquatic  pollutants. It may also 
occur  under  m any  o ther  conditions,  varying from capture ,  handling  or 
confinement ,  to social interactions such as lost battles for rank. U n d e r  
the latter conditions,  the decline in electrolytes takes place without 
direct physical or chemical interference with the gill tissue. Increased 
tissue necrosis, possibly caused by infectious agents, and proliferation 
of  chloride cells are com m only  observed when the stressors have a
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more chronic  na tu re  ( P e t e r s  &  H o n g ,  1984). T hus ,  the p h e n o m e n a  
observable in the gills du r ing  stress are similar to those described 
dur ing  exposure  to toxicants. T h e  question then presents itself w h e the r  
osmoregula tory  dis turbances  in fish du r ing  toxicant  exposure should 
be part ly  or fully considered as a more  general  response to stressors. 
After reviewing the l i terature,  G r o n o w  < 1973) concluded  that  the 
general  stress concep t— originally developed as the general  adap ta t ion  
syndrome for h igher  ver tebra tes— was also applicable to fishes. He 
noted m any  similarities between terrestrial  and aquat ic  ver tebra tes  in 
their  responses to stressors and in the effects of  severe stress: deplet ion 
of  energy stores, d is turbed acid-base balance,  and,  du r ing  pro longed  
stress, im paired  growth,  im m unosuppress ion ,  and  reduced  r e p ro d u c 
tion. His conclusion has been well substan t ia ted  by more  recent  evi
dence on the effects of  w a te r -borne  irr i tants and  o ther  stressors, such 
as capture ,  handling,  confinement ,  and  t ransport ,  or  some types of  
social in teract ions (e.g. M a z e a u d  et al., 1977; P i c k e r i n g ,  1981; P e t e r s  

&  H o n g ,  1984; M a u l e  et a l ., 1988, 1989). T h e  similarities include
stimulated glycogenolysis and  glyconeogenesis, hyperglycemia and 
increased p lasma levels of  am ino  acids, and  effects on the card iovascu
lar system. In the higher  ver tebra tes  these processes are u n d e r  control 
of  the au tonom ic  nervous system and of  the p i tu i ta ry- in terrenal  axis, 
with ca techolamines  and  cortisol as the p r im ary  endocr ine  messengers. 
These horm ones  are also im por tan t  stress horm ones  in fish, p roduced  
in the homologue of  the adrenal  glands, the in terrenal  cells ( P i c k e r i n g ,

1981, 1989; M a u l e  et a l ., 1988, 1989; X u e m i n  et a l ., 1991). T h e
similarities between higher  vertebrates  and  fishes indicate that  the 
fundam enta l  m echanism s of  the general stress response had  been 
developed before the water- to- land  transit ion in ver tebra te  evolution.

G r o n o w  (1973) m ade  one exception when sum m ing  up the sim
ilarities between h igher  vertebrates  and fishes, and  this concerned  the 
changes in w ater  and ion balance. In mam m als ,  stress may result in 
hem oconcen tra t ion  associated with sodium retent ion and  loss of  
potassium. In freshwater  fish, stress results in hemodilu t ion  caused by 
ion losses and osmotic water  uptake across the gills. We therefore 
conclude that  the main  difference in the stress effects between terres
trial vertebrates  and  fishes is connec ted  with their  habi ta t  and  the 
possession of  gills. This  difference may explain why in fish cortisol has 
effects on both energy balance  and hydrom inera l  balance,  whereas  in 
terrestrial vertebrates  this stress ho rm o n e  has lost its hydrom inera l  
actions.

M any  reports  in the l i terature have shown effects of  toxicants on 
typical stress param eters .  Elevated levels of  p lasma glucose (fig. 10a), 
am m onia ,  lactate,  cortisol (fig. 10b) and  catecholamines  have been
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Fig. 10a,b.  EfTect o f  e x p o s u re  to w a t e r - b o r n e  c a d m i u m  (10 p g / 1 )  for 2, 4, 14 a n d  35 
days  on p l a s m a  g lucose  (fig. 10a) a n d  p l a s m a  cort isol  (fig. 10b) o f  Oreocfiromis mossam- 
bicus\ m e a n s  ± S .D. ;  the  n u m b e r  o f  fish s a m p le d  is i nd ica ted  b e tw e e n  b racke ts  (from: 
P r a t a p  &  YVe n d e l a a r  B o n g a , 1990).
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observed,  in pa r t icu la r  du r ing  heavy metal  exposure  (e.g. S c h r e c k  &
L o r z ,  1978; L a r s s o n  el a l., 1985; Fu et a l ., 1989; P r a t a p  & W en-
d e l a a r  B o n g a ,  1990), but also with o the r  toxicants  such as m a la th ion  
( A r e e c h o n  & Plumb, 1990). O t h e r  stress efTects such as leucocyte 
infil tration o f  the gills ( M a l l a t t ,  1985; Temmink et a l., 1983), loss o f  
resistance to pa thogens  ( K n i t t e l ,  1981; Plumb & A r e e c h o n ,  1990) 
and  reduced  growth  an d  rep ro d u c t io n  ( H o w e l l s  et a l ., 1983) have 
frequently  been m en t ioned .  These  da ta  clearly indicate  tha t  fish are 
stressed by toxicants.  H owever ,  this certa inly  does not m ean  tha t  the 
osm oregu la to ry  d is tu rbance  repo r ted  du r ing  toxicant  d is tu rbance  is 
always exclusively or  p r imar i ly  a non-specific stress effect. A lthough 
the p h e n o m e n a  o f  the osm oregu la to ry  d is tu rbances  caused by toxi
cants  are similar to those o f  non- tox ican t  stressors, the under ly ing  
causes m ay  be different.  T h e  rise in the w ate r  and  ion flows across the 
gills du r ing  non- tox ican t  stress is mainly caused by the high c ircula t ing  
levels o f  ca techolamines .  C a techo lam ines  s t imulate  b ranch ia l  b lood 
circulat ion by reduc ing  the vascular  resistance o f  the gills, and  increase 
the resp ira tory  surface a rea  by e n h an c in g  the n u m b e r  o f  gill lamellae 
tha t  are perfused.  Th is  results in an increase o f  the passive m ovem ents  
o f  w ate r  and  ions between the blood and  the am b ien t  w ate r  ( G i r a r d  & 
P ay an ,  1980). As descr ibed  above,  for m any  toxicants direct  effects on 
the perm eabi l i ty  to w a te r  and  ions, such as com pet i t ion  with Ca-)+ for 
cat ionic b ind ing  sites on the gill m em b ran es ,  and  in te rac t ion  with ion 
t ranspor t  o f  chloride cells, are the m ain  under ly ing  causes o f  the 
d is tu rbance  o f  the osmoregula t ion .

It is likely, however,  that  the osmoregula tory  dis turbances induced 
by toxicants may well be aggravated  by, and  possibly for some classes 
of  toxicants fully ascribed to, non-specific stress responses of  the o rg a n 
isms. As a consequence,  the efTects of  toxicants on osmoregulat ion,  as 
well as the osmoregula tory  effects of  o ther  stressors, will accumulate .  
Sub-threshold  concentra t ions  of  toxicants may become critical for 
populat ions  when associated with stressors such as ab ru p t  changes in 
tem pera tu re ,  low pH  of  the water,  or physical dis turbance.  This  should 
be taken into considerat ion when evaluating the efTects of  toxicants on 
natural  populat ions  or in aquacul ture .  Accumula t ion  efTects should 
also be taken into account  dur ing  exper imenta t ion .  E ddy (1981) has 
emphasized that  dur ing  experiments  with fish a imed at the analysis of 
osmoregulat ion it is im por tan t  to minimize all kinds of  stressors, as it 
may otherwise be impossible to differentiate between the experimental  
efTects and those a t t r ibutable  to several stress responses. This  is pa r t ic 
ularly true for studies on the action mechanisms of  toxicants.
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