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ABSTRACT: The common killifish, Fundulus heteroclit~,, is a euryhaline teleost common throughout estuaries of eastern 
North America. This symposium paper reviews the important contributions of the killifish to our present understanding 
of ionoregulation in seawater (SW) fish and their mechanisms of euryhalinity, and presents new data developing the 
kiUifish as a freshwater (I~W) model .system. Experiments on killifish have characterized (i) drinking in SW and its 
reduction in FW; (if) the adaptive roles of the kidney to SW and FW conditious; (iii) the iustantaneons (Phase I) and 
delayed (Phase II) reductions in Na" outflux that occur upon transfer from SW to FW; (iv) the importance of prolactin 
secretion in the Phase II effect; (v) the cortisol-stimulated induction of branchial Na' ,K -ATPase that occurs upon 
transfer from FW to SW; (vi) the accompanying changes in morphology of the mitochondria-rich (MR) or "chloride 
cells" on the gills; (vii) the localization of this Na ' ,K-ATPase activity to the basolateral membrane of chloride cells; and 
(viii) the NaCI-secretory function of these cells in SW. The opercular epithelium, which is rich in chloride cells, has been 
used as an in vitro model to characterize the mechanisms and control of NaCI secretion in SW fish. Much less is known 
about gill ftmction in fresh water (inward NaCI transport), primarily due to the absence of a comparable freshwater 
model. Here we show that kiilifish acclimated to dilute FW ([NaCI] = 1 mmol I ~) possess large numbers of MR cells 
on the opercular epithelium. When mounted in vitro with FW on the outside, the preparation develops a large inside 
negative trausepithelial potential (TEP) that is a Na ~ diffusion potential. By the Us.sing flux ratio criterion, Na ' fluxes 
are passive, but a small active influx of CI- occurs, an observation that supports the involvement of MR cells in active 
C1 uptake. This FW opercular epithelium if bathed with isotonic saline on both sides does not secrete CI , indicating 
that the MR ceils indeed are of the FW type. In vivo, the fish exhibits a high rate of Na'  influx and outflux; CI- outflux 
is much lower, and there is no detectable CI influx. Experimental variation of FW [NaCI] reveals a saturable, low affinity 
Na'  uptake mechanism, a CI influx mechanism that is activated only at much higher concentrations, and no evidence 
of exchange diffusion. Acid-base disturbance appears to be corrected by differential regulation of the outflux compo- 
nents only. Hence, the FW killifish ionoregulates somewhat differently from the few other FW teleosts that have been 
examined, and its opercular epithelium will serve as a very useful model system. 

I n t r o d u c t i o n  

NA'IURAI. HISTORY AND EURYHAI.1NITY 

T h e  c o m m o n  k i l l i f i sh  o r  m m n m i c h o g ,  Fundulus 
heteroclitus, l ives  in  t i d a l  m a r s h e s  a n d  e s t u a r i e s  

a l o n g  t h e  e a s t e r n  c o a s t  o f  N o r t h  A m e r i c a  f r o m  

T e x a s  to  N e w f o u n d l a n d  a n d  t h e  G u l f  o f  St. l ,aw-  

r e n c e  ( S c o t t  a n d  S c o t t  1988) .  T h e  s p e c i e s  is ex-  

t r e m e l y  a b u n d a n t  a n d  p l ays  a n  i m p o r t a n t  r o l e  as 
b o l h  p r e d a t o r  a n d  p r e y  in  t h e  t r o p h i c  d y n a m i c s  o f  
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s a l t - m a r s h  e c o s y s t e m s  ( K n c i b  1986;  D u n s o n  a n d  
T r a v i s  1 9 9 4 ) .  It  is m o s t  c o m m o n l y  f o u n d  in  r e g i o n s  

w h e r e  t h e  s a l i n i t y  f l u c t u a t e s  r a p i d l y  w i t h  t h e  t i d a l  

cyc le ,  b u t  G r i t t i t h  ( 1 9 7 4 )  h a s  s h o w n  t h a t  t h e  kil l i-  

f i sh  is c a p a b l e  o f  a d a p t i n g  to  a n y  c o n s t a n t  s a l i n i t y  

f r o m  0%0  to  120%o ( a h n o s t  4 - f o l d  s e a w a t e r ! ) .  
S p a w n i n g  g e n e r a l l y  o c c u r s  in  t i l e  i n t e r t i d a l  z o n e  

(i .e . ,  i n  b r a c k i s h  w a t e r  o r  s e a w a t e r ) .  T h e  e g g s  a r e  

e x p o s e d  to  a i r  f o r  m u c h  o f  t h e i r  i n c u b a t i o n  p e r i o d  
b u t  h a t c h  o n l y  d u r i n g  p e r i o d s  o f  i m m e r s i o n  by  
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high tide (Taylor ct al. 1977; DiMichele and Taylor 
1980). However,  ne i ther  saline water nor  air" emer-  
sion of  the eggs are a prerequis i te  for successful 
r ep roduc t ion  (Atz 1986); landlocked,  r ep roduc ing  
popula t ions  of  Fundulus heteroclitus have been  doc- 
u m e n t e d  in freshwater  lakes and s t reams (Denon-  
cour t  et al. 1978; Samari tan and Schrnidt 1982). As 
with adults, newly ha tched  killifish are fully capable  
of  ionoregula t ing  in fresh water, seawater', or  water  
of  any salinity in between (Atz 1986). The  species 
there tbre  demons t ra tes  a r emarkab le  degree  of  eu- 
ryhalinity in all aspects o f  its natural  histot T. 

THE KII,I.IFISI I AS AN EXPI.'RIMENTAI, M()I)F.L 

The  killifish's euo'hal ini ty,  toge ther  with ils 
a b u n d a n c e  in the wild, ease of  collection arid 
ma in t enance  in the laboratory,  and general  har- 
diness, has made  the killifish a popu la r  exper imen-  
tal animal  for physiologists interested in ionoregu-  
lation. Indeed ,  Fundulus heteroclitus ( toge ther  with 
a few congeners )  has been  the single most  impor-  
tant species cont r ibut ing  to our  cur ren t  under -  
s tanding of  salt t ranspor t  in the gills o f  seawater 
fish. Howevcr,  for  reasons to bc out l ined below, 
the killifish has con t r ibu ted  ratt ier less to our  un- 
ders tanding  of  ionoregula t ion  in freshwater fish. 
We list below some of  the l andmark  ionoregula tory  
discoveries thai have been based on work with Fun- 
dulus. This list is riot nteant  to be exhaustive; to t  
example ,  we have omi t ted  the immense  impor-  
tance of  the kiilifish to our  present  unders tand ing  
of  Ca"- homeostasis  in teleost fish (e.g., Pang and  
Pang 1986). O u r  goal is to illustrale the remark-  
able contr ibut ions  of  this single species to one  area 
of  env i ronmenta l  and  cellular physiology: NaCI ho- 
meostasis in tish. 

(i) Potts and  Evans (1967) demons t r a t ed  that 
Fundulus heteroclitus drinks a significant a m o u n t  of  
the external  n ted ium when adap ted  to seawater, 
and  that  dr inking ratc is markedly  reduced  in flesh 
waler. This was the first expe r imen ta l  conf i rmat ion  
of  Smith ' s  (1930) classic observat ion that a seawa- 
ter teleost really does "d r ink  like a fish." Today we 
recognize semvater dr inking as the sole route of  
compensa t ion  for osmotic  water loss across the gills 
and  obligatory urinary" waler loss. As water arid 
NaCl musl be absorbcd  toge thcr  th rough  the gut, 
dr inking is also the major  route of  net NaCI uptake  
by the seawater fish. This intestinal loading neces- 
sitates active NaCI excret ion th rough  the gills, de- 
scribed below. 

(ii) Exper iments  by Slanley and Fleming (1964, 
1966) and  Fleming and  Stanlc,v (1965) on the 
plains killifish (Fundulus kansae) revealed dramat ic  
changes  in renal funct ion upon  transfer  f rom fresh 
water to seawater. These  included large reduct ions  
in g lomeru la r  filtration and  increases in tubular  
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reabsorpt ion,  which achieve >90% reduct ions  in 
ur ine flow rate. The  efficiency of  this renal water 
consmwation is emphas ized  by the fact that  the kil- 
lifish is the oniv teleost known to p roduce  a urine 
hypertonic to the b lood plasma dur ing  the per iod of  
seawater adaptat ion.  Urinal-y Na-  loss is small but  
significant in fresh water (about 20% of  branchial  
outf lux) ,  but  exhibits liule quanti tal ive claange 
upon  adapta t ion  to seawater. Renal Na+ excret ion 
therefore  makes  liule cont r ibut ion  to net  salt ex- 
cret ion in seawater. Grea te r  tubular  Na-  t ranspor t  
in fresh water that  in seawater is suppor t ed  by the 
f inding of  m u c h  higher  N a ' , K  "-ATpase activilies in 
the kidnevs of  Fundulu,s heteroclitus acclintated to 
flesh water  (Epstein et al. 1969). The  kidney 
cbanges  fi 'om a Na ' -conserving,  water-excret ing 
role in hypotonic  env i ronments  to a water-conser~,- 
ing role in hyper tonic  envi ronments .  

(iii) In a survey of  four  euryhal ine teleosls (in- 
c luding Fundulus heteroclitus) and six s tenohal ine  
teleost species in seawater', Motais el ai. (1966) 
found  that all had high rates of  Na + influx (Jm) 
and  outflux (J,,,,) across the gills, a m o u n t i n g  to 30-  
100% of  the internal  exchangeab le  Na + pool  per  
hour.  The  excess of  J ..... over Jm accounted  for the 
nel excret ion of  Na '  (negative J,,~,) across the gills 
re fer red  to in (i). Upon  transfer  to fresh water, all 
species showed a dramat ic  and  ius tantaneous  re- 
duct ion in Jm, but  only the euryhal ine forms were 
able to successfidly reduce  J ..... by a comparab le  
a m o u n t  so as to restore Na" balance.  Fur ther  work 
by Morals et al. (1966), Ports and Evans (1967), 
and Maetz et al. (1967a, b) demons t r a t ed  that this 
reduct ion in .] ..... was a two-stage process (Fig. 1). 
Phase I was an ins tantaneous  reduct ion  that ap- 
pea red  to be directly coupled  to the t~tll in .]i, 
( " N a ' - f r e e "  or  " e x c h a n g e  diffusion" effect).  Be- 
cause  in the  ear ly  e x p e r i m e n t s  the  t ransgi l l  
electrical potent ial  (TGP) was not  measured ,  it was 
later recognized that the Phase I reduct ion  in Na-  
outf lux was at least in part  due to an inversion of  
the TGP ra ther  than exchange  diffusion (e.g., 
Potts and  Eddy 1973). The  CI- outf lux undergoes  
a similar reduct ion  (Morals et al. 1966; Pic 1978), 
a point  that canno t  be expla ined  on the basis o f  
the change  in electrical gradient .  More recent  
analyses based on in vitro exper imen t s  with isolat- 
ed epithelial p repara t ions  (see below) suggest that  
ne i ther  explanat ion is accurate,  and  that a third 
mechan i sm is responsible.  Phase II was a slower 
progressive reduct ion seen "after 30 rain and reach- 
ing contplet ion in 24--48 h (Fig. 1). Stenohal ine  
forms lacked this delayed c o m p o n e n t .  The  t ime 
course of  the latter, plus the fact that  it was not  
readily reversed upon  t ransfer  back to seawater, 
suggested an endocr ine  mechan ism.  The  strateg T 
of  Fundulus heteroditus (Fig. tA) was ra ther  differ- 
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Fig. 1. Changes  over t ime in Na '  out f lux (],,,,,) following transfer  f iom seawater to fresh water in three  freely euryhal ine  teleosts. 
(A) Fundulus heteroclitus (data recalculated f rom studies by Motais et al. 1966 [A], Ports and  Evans 1967 [Q],  and  Maetz et al. 1967a 
[O]) .  (B) Platichthysflesus (ii-om Motais et al. 1966 [O])  and  Anguilla anguilla (from Maetz et al. 1967b [A]) .  Phase I is an instanta- 
neous  reduct ion  in J,,,,, coupled  to the  reduct ion  in external  Na '  concent ra t ion  and  J,,; Phase II is a slower and  progressive reduct ion  
in.I,,,,, o f  appa ren t  endocr ine  origin. Note the  m u c h  smaller  Phase I and  larger Phase II c o m p o n e n t s  in Fundulus relative to Platichthys 
or Ang~illa. 

ent from that of  the equally euryhaline f lounder  
(Platichthys flesus) and eel (Anguilla anguilla) (Fig. 
1B), with only a small instantaneous reduct ion 
(Phase 1 was 15-30% versus 85-90% in eel and 
f lounder) ,  and a much larger delayed Phase II 
c o m p o n e n t  (70-85% versus 10-15%). This ex- 
plains why the killifish suffers large reduct ions in 
internal  Na" and C I  levels in the first few hours  
after transfer, even though steady state concentra-  
tions are very similar in fresh water and seawater 
once  full adaptat ion has occurred.  I~ater work by 
Pic (1978) suggested that the Phase I reduct ion is 
larger in killifish if particular care is taken to elim- 
inate "stress" effects. 

(iv) Burden (1956) demons t ra ted  that hypophy- 
sectomy removed the ability of  l,'umtulus heteroclitus 
to adapt  to and ultimately survive in fresh water, 
while Pickford and Phillips (1959) showed that re- 
p lacement  therapy with ovine prolactin restored 
this ability. The  protective effect of  prolactin re- 
lates specifically to the control  of  internal Na +, CI-, 
and osmotic pressure (Pickford et al. 1966); hy- 
pophysectomized fish die because they cannot  
maintain blood ion levels. Potts and Evans (1966), 
Maetz et al. (1967a), and Potts and Fleming (1971) 
presented evidence that increased secretion of  pro- 
lactin was specifically responsible tor  the second- 
ary, delayed reduct ion in branchial  Na- outflux 

(i.e., Phase II; Fig. 1A) that occurs when Fundulus 
are t ransferred to fi-esh water. Effects of  prolactin 
on Na'  influx in fresh water are negligible. The  
mechanism of  prolactin action in causing Phase II 
remains unknown,  but  reduct ion of  permeability, 
increased mucous secretion (Burden 1956; Pick- 
lord et al. 1966), Ca ~'-binding (Potts and Fleming 
1971), structural changes in the tight junct ions  
(Ernst et al. 1980), and direct  inhibitory effects on 
both cellular and paracellular conductances  in the 
gills (Foskett et al. 1982, 1983) are all likely con]- 
ponents  of  the response. Prolactin may also play a 
role in renal Na § conservation (Stanley and Flem- 
ing 1966, 1967) by stimulating Na ' ,K ' -ATPase 
activity in the kidney (Pickford et al. 1970a). 
The  "Na+-retaining '' test in hypophysectomized 
killifish t ransferred to fresh water has now been 
developed as a bioassay for prolactin-like principles 
in fish (Grau et al. 1984; Hasegawa et al. 1986). 

(v) Epstein et al. (1967) showed that microsomal 
Na',K~-ATPase activity is much h igher  in the gills 
of  Fundulus heteroclitus in seawater than in fresh wa- 
ter. This was an impor tan t  piece of  evidence lead- 
ing to the "Silva mode l "  (Silva et al. 1977) for 
NaCI transport  across the seawater gill (see Fig. 2). 
This observation was subsequently duplicated in a 
variety of  o ther  euryhaline species, and cortisol was 
shown to play an impor tan t  role in the induct ion 



of  this activity (e.g., Pickford et al. 1970b; Forrest 
el al. 1973a, b). A decrease in the freshwater adap- 
tive h o r m o n e  prolact in (see iv above) dur ing sea- 
water adapta t ion  may also be involved; Pickford et 
al. (1970a) found that prolactin therapy depressed  
gill Na+,K'-ATPase activity in hypophysec tomized  
killifish. The  change  in enzyme activity occurs rap- 
idly (within several days), though  Jacob  and  Taylor 
(1983) were unable  to conf i rm the finding of  
Towle et al. (1977) that Na+,K--ATPase induct ion 
is comple te  within 0.5 h after  t ransfer  f rom fresh 
water to seawater! 

(vi) Another  key finding leading to the cur rent  
model  (Fig. 2) was the demons t ra t ion  by Karnak), 
et al. (1976), using [3H]ouabain-binding autora-  
diography,  that the Na § activity induced  
in the gills of  seawater Fundulus  heteroclitus is locat- 
ed ira the "ch lo r ide  cells." The  funct ion (s) o f  these 
mitochondria-r ich  cells, originally identified as the 
putative sites ("chlor ide-secre t ing cells") of  NaCI 
excret ion by Keys and Wilimer (1932), had long 
been the subject of  controversy. Indeed,  Bevelan- 
der  (1935, 1936), Doyle and  Gorecki  (1961), and 
Fleming and  K a m e m o t o  (1963) had conc luded  
(erroneously)  that these ('ells were not involved in 
NaCI t ranspor t  in e i ther  Fundulu~ heteroclitu,s or 
Fundulus kansae. ()n the o ther  band ,  Cope land  
(1948, 1950), Pettengill and Cope land  (1948), 
Ph i lpo t l  a n d  C o p e l a n d  (1963) ,  a n d  Ph i lpo t t  
(1965) identi l ied the chloride ('ells as the sites o f  
salt excret ion in seawater killifish, and  salt absorp- 
tion in freshwater killitish. This conclusion was 
based on pro found  changes  in cellular morpho lo -  
gy and histochemistry in response  to salinity vari- 
ation and  enteric  NaCI loading in Funduhzs hetero- 
clitus, and differences betw(:en Fundulus similis (a 
mar ine  species) arrd Fundulus (hry'sotus (a freshwa- 
ter species).  In particular,  apical crypts which 
stained positiv(rly for C1 were present  in the chlo- 
ride cells of  seawater killifish I)ut absent  ira fresh- 
water" killifish. In addit ion,  early ultrastructurai  
work (reviewed by Philpott  1980) suggested that  
the chlor ide cells possessed nol  only the n u m e r o u s  
mi tochondr ia  typical of  t ransport  (:ells, but  also an 
ex tens ive  " s m o o t h  endop la smi ( :  r e t i c u l u m "  
t h r o u g l a o u t  the  cy top la sm.  Howeve r ,  l )h i lpol t  
(1966) and  Ritch and  Philpolt  (1969) wcrc able to 
show that this was not endopla.smic re t iculum at 
all. but ra lher  an extensive raetwork of  tubules that 
were cont iguous  with the basolateral  plasma mem-  
brane.  

(vii) Karnaky et al. (1976) also made  the critical 
observat ion that N a ' , K - A T P a s e  is located both on 
this network o t  internal  tubules as well as on the 
basolateral  m e m b r a n e s  (i.e., on the interstitial flu- 
id, b lood side). 'l-he enzyme is not located on the 
apical m e m b r a n e s  (i.e., water  side) of  killifish ('hlo- 
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Fig. 2. Tht' ct.,cn] motlel fol NaCI transpolt (tHough the 
chloride cells of the gilds of a seawater fish. based on ill(" original 
proposal of Silva el al. (1977) and confirming evidence from 
experiments with isolaled opercular epilhelia of l"undulu~ heter- 
oclitus and analogous preparations. Carrier-mediated processes 
are indicated by solid arrows, diffusive processes by dashed lines. 

ride cells. Based on both [Hl ]ouaba in  autoradiog-  
raphy and measu remen t s  of  enzyme inhibit ion, 
ouabain  was effective only when appl ied f rom the 
b lood side. As ouabain binds close to the K § site 
on the enzyme, this implied that Na ' ,K*-ATPase 
p u m p s  Na- f rom the chlor ide cell into tile inter- 
stitial fluid, an appa ren t  pa radox  fi)r a seawater fish 
where the net direct ion of NaC1 t ransport  is fi 'om 
interstitial tluid to water. Earlier work by Maetz 's  
g roup  had suggested an apical, N a - e x t r u d i n g  lo- 
cation for the enzyme (Maetz 1971), an appea l ing  
idea but one  that seemed unlikely because large 
amoun t s  of  K § uptake  f rom seawater would be re- 
quired to coun te r  Na* secretion. It is now clear 
that Karnaky's  observation was correct  (e.g., Hoot-  
]nan and Pbiipott  1974; Ernst et al. 1980), and  the 
basolateral  location of  the major  ion p u m p  became  
a key e l emen t  in the model  of  secondary active C1 
secretion by many  epithel ia  (Frizzell ct al. 1979; 
Fig. 2). The  "Mactz  m( )de r '  has now been gener-  
ally abandoned .  

(viii) While the above observations on intact kil- 
lifish and  their  excised gills were of  immense  value, 
there r ema ined  a pressing need  for an ira vitro 
mode l  system. The  complex  geomet ry  and blood 
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Fig. 3. Pictures of  DASPEl-stained (30 min.  in 10 IxM DASI'EI in oxygenated saline) opercular  epithelia fi 'nm (a) seawater-adapted 
and  (b) f reshwater-adapted Fundulus heteroclitu.~. In both  salinities there  arc large n u m b e r s  of  mi tochondr ia- r ich  (MR) cells and  obvious 
cell g roups  (arrow). T h e  MR cells in f iesh water are larger than  the  co r respond ing  cells in seawater, but  there  was rio apparen t  
dit/k'rence in f luorescence  intensity. Bars are 50 Ixna. 

supply of  the gills, the difficnhies of  rigorous elec- 
trical and thermodynamic  analyses, and the com- 
plicating effects of  stress in vivo were all impedi- 
ments to fur ther  detailed unders tanding of  the 
transport  system. However,  with the advent of  ep- 
ithelial preparat ions that could be moun ted  as flat 
sheets in vitro in Ussing chambers  (Karnaky et al. 
1977; Marshall 1977), rnanv of  these obstructions 
were overcome. In at lea.st two marine species, the 
estuarine goby Gillichthys mirabilis (Marshall 1981 a) 
and the intertidal shanny Blennius pholis (Nonnot te  
et al. 1979), the skin accounts  for 20-50% of  total 
body NaC1 secretion and thus the skin is an im- 
por tant  accesso~ T ionoregula to iy  organ to the gill. 

Burns and Copeland (1950) repor ted  that the 
buccai epi thel ium and the skin lining the opercu-  
lar bone  (the "opercu la r  ep i the l ium")  of  seawater- 
adapted Fundulus heteroclitus was rich in chloride 
cells (Fig. 3). Karnaky and Kinter (1977) noted  
that these extrabranchial  chloride cells were iden- 
tical in ul trastructure to those of  the gills, but  far 
more  nunterous  (30-70% versus <6% of  total cell 
numhers) ;  o the r  cell types (mucous, pavement,  
and accessory) were also ve~3' similar to those in 
gills. The  need  lo t  an in vitro model  was there tore  
answered when, independent ly ,  Karnaky et al. 

(1977) using killilish opercular  epi thel ium and 
Marshall (1977) using Gillichthys skin were ablc to 
dissect these epithelia, m o u n t  them in vitro in Uss- 
ing-style membrane  chambers  with isotonic saline 
(we use "sa l ine"  here  to mean a modif ied Ringer 's 
or Cort land's  balanced saline solution that is a 
close mimic to plasma) on each side, and dem- 
onstrate NaC1 transport  f rom serosal (blood) to 
mucosal (water) surfaces. Over the past 15 years, 
the intensive use of  these preparat ions  and the 
opercular  epithcqium of  the seawater-resident eu- 
ryhaline tilapia Oreochromis mossambicus (e.g., Fos- 
kett et al. 1981) has allowed confi rmat ion and elab- 
orat ion of  detail for the "Silva mode l "  of  NaC1 
transport  across the seawater gill (Fig. 2). Without  
doubt,  these preparat ions arc: the reason whv our  
knowledge of  seawater gill function has advanced 
so far ahead of  unders tanding  of  freshwater gill 
function.  

Epithelial Preparations as a Model  for the 
Seawater Gill 

Chlor ide cells can he readily identified in situ by 
the mitochondria l  stain dimethylaminostyi),lethyl- 
pyridinium iodide (D2LSPEI), a f luorophore  that is 
purpor tedly  specific: for active mi tochondr ia  (Be- 
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rc i ter -Hahn 1976). Tile seawater opercu la r  epi the-  
l ium contains a high density of  these cells (see Fig. 
3), and  the n u m b e r  of  cells per  m m  ~ varies f rom 
prepara t ion  to p repara t ion  and f rom species to 
species. Gillichthys opercu la r  epi the l ium and skin 
contains abou t  500-1,000 cells m m  e (Marshall 
and  Nishioka 1980), while Fundulus opercu la r  ep- 
i thel ium has bo th  a h igher  ion t ranspor t  rate and  
a grea ter  density of  chlor ide  cells (2,100-5,000 
cells ram-2, Karnaky ct al. 1984). The  killifish prep-  
arat ion m o u n t e d  ira vitro develops a transepithelial  
potent ial  (TEP) of  abou t  +20 mV relative to mu- 
cosal saline, due  ahnost  entirely to the elec! rogenic 
t ranspor t  o f  CI- (P~'queux et al. 1988). The  'I 'EP 
increases to +35 mV to +40 mV relative to mu- 
cosal seawater due  to the CI- t ranspor t  and  a 
super imposed  Na + diffusion potential .  These  po- 
tentials are abou t  twice ;as large as in vivo measure-  
ments  for intact killifish unde r  comparab le  condi- 
tions (Pic 1978). Appare.ntly the large surface area 
of  the gill creates a low resistance shunt  in vivo; 
Fundulus yolk sac embryos  in semvater lack exten- 
sive gills and  have a TEP of  +35 mV to +40 mV 
(Guggino 1980) similar to that  measured  Rar the 
isolated opercu la r  epi thel ium. If  pH and Pco,_, arc." 
carefully control led,  net  C1 secret ion rates, un- 
s t imulated by h o r m o n e s  or neurot ransmit ters ,  can 
reach 1,550 nmol  c m  ~ h ~ unde r  in vitro condi- 
tions that mimic in vivo seawater condit ions.  These  
condi t ions include saline on the inside, 500 mmol  
1 -l NaCI on tim outside,  and  the p repara t ion  at 
open  circuit (P~queux et al. 1988), so CI trans- 
por t  is occurr ing  against  s trong e lect rochemical  
gradients.  Hence ,  it is clear that  the opercu la r  ep- 
i thel ium contr ibutes  to the secretion of  CI- by the 
whole animal  in seawater, and  possibly also in hy- 
persaline condi t ions where  these animals  are often 
found.  

U n d e r  short-circuit  condi t ions - - sa l ine  hathing 
both  surfaces and  the TEP c lamped  to zero--- the 
epi the l ium actively secretes C1- at a high rate, 
abou t  4,000 nmol  crn 2 h i (Karnaky et al. 1977; 
P6qtleux et al. 1988). Net CI extrusion is equiva- 
lent to the short-circuit  current ,  which in turn is 
directly p ropor t iona l  to the n u m b e r  of  chloride 
cells in the p repara t ion  (Marshall and Nishioka 
1980; Karnaky et al. 1984). The re  is no net  trans- 
port  o f  Na*. In contrast,  u n d e r  open-circui t  con- 
ditions, equ imola r  net tluxes of  Na + and  CI occur  
f rom mucosa  to serosa; thus, CI is t ranspor ted  ac- 
tively, and  N a  follows passively down its electro- 
chemical  gradient .  

These  expe r imen t s  and others  led to the model  
that  is illustrated ill Fig. 2. This model  shares many  
characteristics with " secondary  active C1 trans- 
p o r t "  in o the r  salt-secreting epi thel ia  such as mam-  
malian airway and corneal  epi thel ia  and  avian and  

e lasmobranch  salt glands (Frizzell et al. 1979). 
Only key points arc summar ized  here  based on a 
synthesis of  many  papers  (e.g., Degnan et al. 1977; 
Karnaky et al. 1977; Marshall 1977, 1981a, h; Dog- 
nan and  Zadunaisky 1979, 1980a, h; Marshall and  
Bern 1979, 1980; Ernst et al. 1980; Marshall and  
Nishioka 1980; Mayer-Gostan and Maetz 1980; Fos- 
kett  et al. 1981, 1982, 1983; Foskett  and  Scheffey 
1982; Foskctt and Machen 1985; Degnan 1984, 
1985; Eriksson et al. 1985). The  reader  is re fer red  
to reviews by Evans et al. (1982), Zadunaisky 
(1984), Karnaky (1980, 1986), and  P6queux ct al. 
(1988) for addit ional  details. The  model  arises 
f r o m  s i m u l t a n e o u s  work  by Klyce a n d  W o n g  
(1977) on naammalian cornea  and  by Silva et al. 
(1977) on telecast gill. The  mode l  as appl ied to 
chloride cells has been  reviewed extensively (of. Za- 
dunaisky 1984; Karnaky 1986; P6queux ct al. 1988) 
and is now widely accepted  to be in some respects 
similar to that for o the r  Cl--secreting tissues, no- 
tably mammal i an  airway epi the l ium (e.g., Welsh 
and Liedke 1986) and corneal  epi the l ium (Klyce 
and  Crosson 1985). 

Briefly, tim transport: enzyme Na,K+-ATPase  
(inhibitable lay ouabain  on the basal side) is re- 
stricted to the basolatcral  m e m b r a n e  and  the con- 
tiguous tuhular  system only, and this ion p u m p  cre- 
ates and  mainta ins  a Na + e lect rochemical  gradient  
that strongly favours Na '  en tu '  into the cell on the 
basal side (Fig. 2). A co t ranspor t  mechan i sm that  
is inhibi ted by " l o o p "  diuretics ( furosemide  and  
bume tan ide  on the basal side) carries Na + into the 
cell down its e lec t rochemical  gradient  coupled  
with the uphill  t r a n s m e m b r a n e  t ranspor t  o f  C1- 
and  probably  also K-. In this way, C1- apparent ly  
accumula tes  above its e lect rochemical  equi l ibr ium 
in the cell to an extent  sufficient that  C1- conduc-  
tive e lements  (channels)  in the apical m e m b r a n e  
allow CI-- to leave the cell passively. The  TEP of  
+35 mV to +40 mV is the combined  result of  the 
e lcctrogenic  CI t ranspor t  and a cation-selective 
paracel lular  shunt pathway. This TEP is large 
enough  to can  T Na-  passively clown its electro- 
chemical  gradient  hetween the cells and  into the 
seawater. Hence  both  Na + and  Ci- are secreted in 
equal amoun t s  to satisfy, tile law of  e lectroneutral-  
ity. Pivotal to this unders t and ing  of  the opera t ion  
of  chlor ide cells were two discoveries--f i rs t  the rec- 
ognit ion of  " leaky"  junc t ions  between chloride 
cells and  accessor)' cells (Sardet et al. 1979; Hoot-  
man  and Philpott  1980) that provided ana tomic  
evidence for tile paracel lular  secret ion of  N a ' .  The  
second was the discovery that the CI- cur ren t  was 
restricted locally ira the epi the l ium to the apical 
c~'pts  o f  the chlor ide cells as measured  directly by 
the "vibra t ing p r o h e "  technique  (Foskett and 
Schett'ey 1982; SchetI'ey et al. 1983; Foskett and  Ma- 
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Fig. 4. Cur ren t  ideas on the mechan i sm(s )  fi~r Na- and  CI 

uptake th rough  the gills o f  a t icshwater  fish, based on experi-  
men t s  with intact fish and  per fused  gill preparat ions.  The  cell 
types involved have no t  been  conclusively identified, hence  they 
are not  labelled. Carr ier-mediated processes are indicated hy 
solid arrows, diffusive processes by dashed  lines. See text for 
details. Paracellular m o v e m e n t s  o f  HCO:~ , O t I - ,  H ', and  NH4 § 
(acid-base equivalents)  are shown in white to indicate that they 
may be d e p e n d e n t  variables cons t ra ined  by dittiwendal s t rong 
cation (Na ' )  and  an ion  ( C I )  outfluxes.  

(:hen 1985). ] ' h e  original nomenc la tu re  of  Keys 
and Wilhner (1932) - - "ch lo r ide - sec re t ing  c e l l s " - -  
was clearly correct .  Major gaps in the model  that 
still need  to be filled are the identi l ication and  
character izat ion of  the anion channels  involved at 
tile apical m e m b r a n e ,  actual measure inen ts  of  the 
intracellular  C1- activity and  electrical potential ,  
and  the K' d e p e n d e n c y  of  the basolateral  cotrans- 
porter .  

One  drawback of  the present  model  is that it 
does not  include an acid-base c o m p o n e n t ,  in con- 
trasl to cur ren t  freshwater  models  (Fig. 4) and  the 
earl ier  "Maetz  m o d e l "  tbr  the seawater gill (Maetz 
1(.)71). The  gills are clearly tile major  sites o f  acid- 
base regulat ion in both  fi 'eshwater and  seawater 
fish (e.g., Heisler  1982, 1984). In vivo expe r imen t s  
by Evans and  co-workers ( summar ized  by Evans et 
al. 1982) have indicated the presence  of  Na+/ac id  
and  C I - / b a s e  exchange  mechan i sms  in the gills o f  
scveral seawater species. It could be a rgued  that 
these are not  on the chlor ide (:ell and,  therefore ,  
would not  be seen in isolated opercu la r  epi the l ium 

exper iments .  However,  C I  t ranspor t  in the prep-  
arat ion is ext remely sensitive to serosal acid-base 
status, and  the anion channels  involved in C1- 
t ransport  in o the r  epi thel ia  are known to t ranspor t  
HCO:c  as well as CI- (Tabcharan i  et ai. 1990). To  
date there  is no direcl  evidence of  N a - / a c i d  or  
C l - / b a s e  exchange  (Degnan  et al. 1977; Karnaky 
et al. 1977; Zadunaisky 1984; P6queux et al. 1988). 
The  enzyme carbonic  anhydrase,  which plays a ma- 
j o r  role in ion and acid-base linkage in freshwater 
gills (cf. Fig. 4), is a b u n d a n t  in the chlor ide cells 
of  seawater tish (Lacy 1983), but  its role remains  
unknown.  The re  is clearly a need  for more  work 
in this area. 

Epithelial Preparations as a Model  for 
Mechanisms o f  Euryhalinity 

Usually over looked is the fact that  the epithelial 
p repara t ions  have been most  c o m m o n l y  used with 
isotonic saline on both serosal and  mucosal  sur- 
faces, a condi t ion which mimics the gill in brackish 
water ([NaCI] ~- 140 m m o l  1 i or  28% seawater) 
ra ther  than the gill in seawater ([NaCI] -~ 500 
m m o l  1-'). On a qualitative basis, the p repara t ion  
seems to bchave in a similar m a n n e r  to that  when 
seawater is on the mucosal  surface, a l though,  o f  
course,  the cont r ibut ion  of  the Na '  diffusion po- 
tential to the TEP is e l iminated.  Unidirect ional  
tluxes of  both  Na '  and  C1 decrease  when mucosal  
salini W is lowered; there  effects probably  corre- 
spond  to the ins tantaneous  Phase I effects seen in 
vivo (Fig. 1). In the opercu la r  epitheliuin,  no evi- 
dence  exists for the involvement  of  exchange  dif- 
filsion, and  the p h e n o m e n a  are c o m m o n l y  as- 
cr ibed to a direct  regulatory effect of  external  
salinity on the conduc tances  of  the apical CI- chan- 
nels and the parace lhdar  pathway for  Na" (Degnan 
and Zadunaisky 1980b; Marshall 1981a; Dcgnan  
1984; Zadunaisky 1984). The re  arc well-known volt- 
age dependenc ie s  of  apical CI- channels  in C1 - 
secreting epi thel ia  (e.g., in the corncal  epi tbe l ium,  
Marshall and  H a n r a h a n  1991) and ins tantaneous  
increases in paracel lular  ion conduc tance  with in- 
creasing mucosal  hypertonici ty (e.g., in the toad 
urinary bladder ,  Finn and  Brighl 1978). 

Injections of  prolact in markedly  reduce  NaCi se- 
cret ion in the opercu la r  epi thel ia  o f  seawater fish 
(Foskett et al. 1982), a f inding that  suppor ts  Ihe 
idea that increased secret ion of  this h o r m o n e  is 
responsible for tile Phase II reduct ion seen in vivo 
(Fig. 1). ~Ls with reduced  salinity itself, the effects 
o f  prolactin appea r  to be exer led  on both  the cel- 
lular and  paracel lular  conductances .  Both the ac- 
tive CI pu inp ing  mechan i sm and the passive Na + 
shunt  are shut down as the euryhal ine fish moves 
f rom seawater to fresh water. Over  several days, 



Ion Balance in Euryhaline Killifish 41 

prolact in Inay cause a dedit t 'erentiat ion of  the chlo- 
ride cells (Foskett et al. 1983). 

Foskett et al. (1981) studied changes  in oper-  
cular epithelial  p roper t ies  of  tilapia undergo ing  
the opposi te  transition, f rom fresh water  to sea- 
water. Within 24 h of  transfer,  unidirect ional  and  
net secretory fluxes of  CI- and  total conduc tance  
across the ep i the l ium (under  short-circuit  condi- 
tions) all increased,  probably  due  to a reversal of  
the Phase II mechan i sms  discussed above. Chlo- 
ride cell numbe r s  increased over the first few days, 
followed by later increases in chlor ide cell size and  
internal  complexi ty  (i.e., different iat ion) .  Full es- 
tabl ishment  o f  the secretox y CI- cur ren t  took 1-2 
wk. Increased  cortisol secret ion may have played a 
role . , l ) i rect  appl icat ion of  cortisol in xftro to epi- 
thelial m e m b r a n e s  f rom freshwater tilapia main- 
tained for several days in organ culture (i.e., iso- 
tonic salinity, not  fresh water) increased their  
Na+,K'-ATPase activig, (McCormick 1991). IIow- 
ever, cortisol p r e t r e a t m e n t  of  freshwater fish main- 
tained in fresh water increased only the num b er s  of  
chlor ide cells on the opercu la r  epi thel ium,  not  
their  size, internal  structure,  or  CI secretion ,-ate 
in vitro (Foskett et al. 1981, 1983). Direct effects 
of  salinity and  reduct ion of  prolact in secretion, in 
addit ion to increased cortisol, would appea r  nec- 
essary to cause full difi~erentiation of  the seawater 
funct ion of  epithelial  chlor ide cells. 

Epithelial Preparations as a Mode l  for  the 
Freshwater Gill 

A n u m b e r  of  authors  (Karnaky and Kinter 1977; 
Evans et al. 1982; Zadunaisky 1984) have advocated 
us ing  ep i the l i a l  p r e p a r a t i o n s  f r o m  f r e shwa te r -  
adap ted  euryhal ine teleosts as surrogate  models  for 
the gill in fresh water, but  results to date have been 
disappoint ing.  ] ' h e  c o m m o n  app roach  has been  to 
m o u n t  these epi thel ia  u n d e r  short-circuit condi- 
t i o n s - s a l i n e  on bolh  mucosal  and serosal surfaces; 
the cofiamon f inding has been  an absence  of  net 
CI- absorp t ion  (Marshall 1977; 1)egnan et al. 1977; 
Foskett el: al. 1981; Karnaky 1986). Either  there is 
no net  CI- t ransport ,  or  else evidence of  net trans- 
por t  f rom serosa to mucosa  (as would occur  in sea- 
water!).  We are aware of  no publ ished studies with 
freshwater  opercu la r  epi thel ia  that  have used fresh 
water in the mucosal  bath  to examine  Na + and CI- 
transports.  It is this absence  of  a model  epi the l ium 
that has been  the single biggest i m p e d i m e n t  to un- 
ders tanding  the mechanisms(s)  o t 'Na  + and  Ci- ab- 
sorpt ion in the freshwater  gill. 

The  Current Model ( s )  for  the 
Freshwater Gill 

O u r  [)resent unders t and ing  of  freshwater gill 
funct ion is both  controversial  and  incomplete .  

Cur ren t  model (s )  (Fig. 4) are based entirely on 
flux measu remen t s  in intact fish and  perfused gill 
p r e p a r a t i o n s ,  m o s t  c o m m o n l y  the  e u r y h a l i n e  
sahnonids ( Oncorhynchus, Salmo, and Salvelinus sp.), 
and  the s tenohal ine  goldfish (Carassius auratus), 
channel  catfish (Ictalurus punctatus), and European  
carp (Cyprinus carpio). To date, the killifish has 
cont r ibu ted  no th ing  to these models.  The  follow- 
ing account  deals only with major  poinLs; the read- 
er is rel 'erred to recent  reviews by Pdqueux et al. 
(1988), McDonald  et al. (1989), Wood (1991), 
Goss and  Wood  (1991), and  Goss et al. (1992) for 
addit ional  detail and  suppor t ing  references.  

The  uptake  o f  Na ~ and  CI- fi 'om the dilute 
external  media  has been  traditionally viewed as ac- 
tive, i n d e p e n d e n t  processes media ted  by electro- 
neutral  exchange  carriers on the apical mem-  
branes  of  tile t ranspor t  cells. Na '  is exchanged  on 
a 1-for-I basis for 1-t ~ or  NH4 + and  CI for I-ICO:~ . 
These  carriers are also thought  to media te  a vari- 
able e l emen t  of  exchange  diffusion for both  Na + 
and CI-. The  acidic ( H ' )  and  basic (HCO3-)  coun- 
ter ions are provided by intracellular carbonic an- 
hydrase, which catalyzes the hydrat ion of  respira- 
tory CO,,. 11* will tend to trap neutral  NI-f,s to fbrm 
NH4 +, which is also an acidic equivalent.  A recently 
p roposed  al ternate  mechan i sm of  Na '  uptake  
(Avella and  Bornancin  1989; I,in and  Randall  
1991), illustrated in Fig. 3, is based on analogy to 
tile frog skin (Ehrenfeld  et al. 1985). By this view, 
an active e lectrogenic  extrusion of  I-i' ions across 
the apical m e m b r a n e  by H--ATPase  creates an 
e lec t rochemical  gradient  for the entry of  Na + 
th rough  separate  Na+-selective channels.  Which- 
ever view eventually proves correct ,  both  provide a 
1:1 coupl ing  of  Na ~ uptake  to acid excret ion and  
C I  uptake  to base excret ion.  The re fo re  differen- 
tial al teration of  the rates of  N a - / a c i d  versus C i - /  
base exchange  will alter the acid-base status of  the 
fish. A large n u m b e r  of  exper imenta l  studies sup- 
por t  this concept .  Selective inhibit ion of  Na + or 
C1- uptake  causes systemic acidosis or  alkalosis re- 
spectively; conversely, tim correct ion of  induced  ac- 
idosis is a ccompan ied  by increased Na '  and de- 
c r e a s e d  CI u p t a k e ,  whi le  the  c o r r e c t i o n  o f  
induced  alkalosis is a ccompan ied  by exactly oppo-  
site changes.  

Modulat ion of  the rates of  diffusive out t lux of  
Na + versus C1- may provide ano the r  mechan i sm 
linking ion and acid-base balance.  This is a new 
and somewhat  controversial  concept. However,  re- 
cent  studies of  t rout  suggest that  diffusive outf lux 
ad jus tment  accounts  tbr  35-50% of  the acid-base 
compensa t ion  dur ing  induced  alkalosis (Goss et al. 
1992a). Strong Ion Difference Theory  (Stewart 
1983), as well as the constrainLs of  e lectroneutrai-  
ity, dictate that  any excess of  s t rong cation (Na +) 
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loss over s t rong anion ( C I )  loss will constrain a 
net  loss of  base, while the reverse will constrain a 
net loss of  acid. The  major  route of  diffusive out- 
flux for both  Na + and  CI is t hough t  to be the 
paracel lular  channels;  both  extracel lular  p l I  and  
env i ronmenta l  pH may modula te  the cation versus 
anion selectivity of  these channels.  Possible mech-  
anisms include a titration of  net charge  a n d / o r  a 
change  in Ca z- b inding  on the channels.  Regard- 
less of  the accep tance  of  this idea, it is general ly 
agreed  that  freshwater fish exhibi t  a TGP of  0 mV 
to - 2 0  mV relative to the external  med ium,  and 
that  this is a diffusion potent ial  caused by the great- 
er  permeabi l i ty  of  paracel lular  pathways to N a  
than to Ci-. Ca "~ appears  to play a critical role in 
stabilizing the tight junct ions ,  and  also pe rhaps  in 
governing  their  selectivity. Diffusiw~" outt luxes fall 
and R'(;P app roaches  0 mV or may even b e c o m e  
slightly positive as freshwater Ca e+ levels increase. 

The  mechan i sms  coupl ing  t ranspor t  processes to 
metabol ic  e n e r ~ '  supply in the freshwater  gill are 
also incomplete ly  unders tood .  Ouabain- inhibi table  
Na*,K'-ATPase,  while much  less a b u n d a n t  than in 
tire seawater gill, is again located on the basolateral  
me ta l ) r an t s  (Philpott  1980). This is thought  to be 
a major  point  of  energy input  into the t ranspor t  
system; the e lectrogenic  extrusion of  Na '  would 
likely keep  the intracellular  Na '  concen t ra t ion  low 
and the intracellular  potent ia l  highly negative, 
thereby creat ing a s t rong e lec t rochemical  gradient  
for Na '  entp,/ th rough  the apical m e m b r a n e  ti 'om 
the external  fresh water. Whe the r  this bv itself 
would be sufficient to full), energize Na + t ranspor t  
is impossible to d e t e r m i n e  with current ly available 
data. An e lec t rogenic  apical H ' -ATPase  as pro- 
posed by Avella and  Bornancin  (1989) and  I.in and  
Randall  (1991) would clearly provide an addit ional  
energy supply, though its existencc in the fresh- 
water gill remains  unproven .  It is difficuh to see 
how ei ther  o f  these p u m p s  a lone could explain 
"ac t ive"  CI- transport .  One  possibility could be 
that a local pI-t gradient  gene ra t ed  by apical Na*- 
I-t- exchange  would indirectly drive CI--/HC():~ 
exchange ,  though  the exchanges  would not be in- 
d e p e n d e n t .  C I - / H C ( ) : c - d e p e n d e n t  ATPase  has 
been  detec ted  in freshwater gills (e.g., Kc'rstetter 
and  Kirschncr  1974; Bornancin  ct al. 1977) and  
could pro~fde an i n d e p e n d e n t  energ  T source fi)r 
C1 uptake,  a l though its precise localization, and 
linkage with the t ranspor t  mechanism(s)  remains  
uncer ta in .  O t h e r  areas of  uncer ta inty  are the 
mechan i sms  by which acidic and  basic" equivalents 
and  CI- move across the basolateral  m e m b r a n e ,  
and whe ther  the apical N a ' / a c i d  and  C1- /base  ex- 
changes  arc reversible unde r  condi t ions  of  severe 
acid-base disturbance.  

I lowevcr, pe rhaps  the most  lively controversy 

sur rounds  the actual cell types in which these pro- 
cesses occur; until their  funct ion is be t ter  under-  
stood, we prefer  to use the te rm mitochondr ia- r ich  
(MR) to describe the li 'eshwater equivalents of  the 
seawater chlor ide cell. Early workers  suspected that 
the MR cells on the gill f i laments were the sites o f  
both  Na '  and CI- uptake,  but abou t  15 years ago 
at tent ion shifted to the pavemen t  cells on the re- 
spiratory lamellae as the major  sites of  t ranspor t  
(scc Payan et al. 1984). However,  we now know 
that MR cells occur  on both t i lamental  and  respi- 
ra tou '  surfaces. In the last few years, the p e n d u l u m  
has swamg back the o the r  way, with most  inw~'sti- 
gations again point ing  to the MR cells as the prin- 
cipal sites o f  both  N a '  and  C1 uptake  (e.g., Perry, 
and  Lauren t  1989). On the o the r  hand,  the most  
recent  studies (Goss et al. 1992a, b) suggest that 
while the MR cells t ranspor t  CI , the paw;ment  
cells may well be the sites o f  Na-  uptake.  These  
conu'oversies illustrate the urgent  need  for a good  
in vitro model!  

The Search for a New Model  System for the 
Freshwater Gill 

In light of  the above discussion, we believe it 
essential that a freshwater  epithelial  model  prc'pa- 
ration should have asymmetrical  solutions on mu- 
cosal and  serosal surfaces, reflecting in vivo con- 
ditions (i.e., f iesh water on tile outside and  saline 
of  realistic acid-base status on the inside),  and be 
directly validated against in vivo exper imen t s  on 
tile same species. 

Initially we focused on t rout  because of  their  
c o m m o n  use in in vivo exper iments .  We found  that 
both  b rook  trout  (Marshall 1983) and  rainbow 
t rout  lack MR cells in the opercu la r  epi the l ium,  
but  that the rainbow, accl imated to very dilute 
fi'esh water (Na '  < 0.2 m m o l  1-1; Ca e' < 0.1 m m o l  
1 ~), has an MR cell popula t ion  on the skin over- 
lying the c le i thrum bone  (Marshall et al. 1992). 
However,  we could not  demons t r a t e  active trans- 
por t  of  eithc'r Na" or CI- when this p repara t ion  
was m o u n t e d  unde r  realistic" asymmetrical  condi- 
tions in vitro. Nevertheless,  we were able to dem-  
onstrate  an active uptake  of  Ca '-'+ f rom mucosal  to 
serosal surfaces in thc'se prepara t ions .  A similar 
study by McCormick ct al. (1992) using the oper-  
cular epi the l ium of  freshwater tilapia also demo n -  
strated active Ca e- uptake.  In both cases, Ca e' in- 
flux was corre la ted  with MR cell numbe r s  on the 
epithelia,  in ag reemenl  with in vivo studies (Per D' 
and  Wood 1983; Per U, and  Flik 1988) that  have 
suggested that  gill MR cells are sites of  active Ca"'  
uptake.  Na '  and  C1 fluxes haw: not been  exam- 
ined in the tilapia p repara t ion  set up with fresh 
water  on the mucosal  surface, but  it is known that 
tile MR cell size is small in freshwater  tilapia and  
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that  there  is no NaC! uptake  across the epi the l ium 
with saline on tile mucosal  surface. (Foskett et al. 
1981). Both of  these euryhal ine species are of  
freshwater origin, ra ther  than the normal ly  estua- 
rine or  mar ine  origin. 

A strongly euryhal ine  estuarine species such as 
Fundulus heteroclitus might  provide a bet ter  epi the-  
lial mode l  for freshwater NaCI transport .  As out- 
l ined previously, the killilish has the ionoregula-  
tory machinery  to move rapidly between fresh 
water and  seawater (e.g., Fig. 1), and  mainta ins  a 
MR cell popula t ion  on its opercu la r  epi the l ium in 
both  media  (Fig. 3). Our  results to date, while pre- 
liininary, indicate that  the opercu la r  epi thel ium of  
the f reshwater-adapted killifish may be a useful 
model  system tor  tile study of  Na + and C1 trans- 
por t  in fresh water, l lowever,  there  are very few 
previous flux data on the irrtact killifish in fi'esh 
water  for compar i son .  We have there tore  simulta- 
neously studied Na* and C1 fluxes of  Fundulus het- 
eroclitus in vivo in tire same freshwater environ- 
r t r e r l t .  

In Vivo Studies on the 
Freshwater-adapted Killifish 

Fundulus heteroclitus, collected in brackish water 
estuaries near  Antigonish,  Nova Scotia, were adapt-  
ed to a vely soft frc'sh water of  de t ined composi t ion  
(Table 1) at 20-25~ for at least 4 wk. The  NaCI 
level (1 m m o l  1 -l =" 0.2% seawater) was well below 
the threshold (1% seawater) r epor ted  to cause the" 
persis tence of  the seawater-type m o r p h o l o g y  of  gill 
chlor ide cells (see above) but was sutficient to 
mainta in  the animals  in good  condi t ion indefinite- 
ly in fresh water. Feeding was suspended  4 d pr ior  
to the exper iment .  Unidirect ional  and  net  flux 
rates of  Na-  and  e l -  of  killifish in the accl imation 
m e d i u m  were measured  using s tandard radioiso- 
topic techniques  in which the isotope ('-"-'Na, :~iCl) 
is placed ira tile water  and  its d i sappearance  irrto 
the fish is moni to red .  Methods  were virtually iden- 
tical to those out l ined for ra inbow trout  by Goss 
and Wood (1991), apar t  f rom the fact that the tish 
were ne i ther  cannula ted  or b lood-sampled,  and  
water volumes dur ing  the flux measu remen t s  were 
scaled down in p ropor t ion  to the much  smaller 
size of  lhe killifish. 

Surprisingly, there  was a vigorous turnover  of  
Na '  at the gills but  no detectable  uptake  of  CI- 
(Table 2). To  our  knowledge,  the only other" fi'esh- 
water-adapted fish that  have been repor ted  to ex- 
hibit no CI uptake  arc the eels Anffuilla ang'uilla 
(Garcia-Romeu and Motais 1966) and  An{,milla 
rostrata (Hyde and Perry 1987). Eels, like killifish, 
are euryhal ine  but  exhibi t  a distinct ca tadramous  
lifestyle dif terent  f rom that of  the killilish, which 
spends most  or  all o f  its life in estuaries. In the 

TABLE 1. Composition (Ixmol 1 ~) of dae defined freshwater 
medium in which killifish were acclimated and tested in the 
present study. 

Na- 1,000 K- 20 
(;1 1,000 SO4 e- 140 
Ca'-" 100 Mg ~' 60 
Titration alkalinity ~ 280 pl I 6.8-7.2 

Ti t r a t i o n  to p l l  = 4.0. 

killifish, Jin and J ..... for N a '  were approx imate ly  
equal,  so .1 .... was not  significantly different  f rom 
zero (i.e., the fish were in Na § balance) .  For e l - ,  
J ..... was only abou t  20% of  the co r respond ing  N a '  
value, in spite of  the presumably  much  larger elec- 
t rochemical  gradient  for  CI- outf lux (cf. Fig. 4, 
TGP negative inside). Thus,  despite the absence  of  
detectableJin,  the fish were ahnost  able to achieve 
C I  balance thanks to their  very low permeabi l i ty  
to this anion.  Table  2 compares  our  data with the 
only o ther  ineasurements  availat)le in the l i terature 
for f reshwater-adapted Fundulus heteroditus. For 
CI-, the single m e a s u r e m e n t  o f J  ..... by Potts and  
Evans (1967) was m u c h  larger than our  value; how- 
ewrr, as the me thods  were very different,  and  nei- 
thcrJ~n n o r J  .... were d e t e r m i n e d  by Potts and  Evans 
(1967), it is difficult to assess whether  this differ- 
ence  is real. For N a  fluxes, a g r e e m e n t  with the 
measu remen t s  of  Potts and  Evans (1967) was rea- 
sonable,  but  Maetz et al. (1967a) r epor ted  much  
lower turnover  rates. A likely explanat ion is that 
Maetz et al. (1967a) accl imated and  tested their  
fish in a much  lower concent ra t ion  of  NaCl (<  200 
txnloi 1 ~) but a 20-1old h igher  Ca ̀-,+ concent ra t ion .  
The  high [Ca'-"] would be expec ted  to reduce  
paracellular.J ...... whereas  the low [Na +] might  limit 
uptake.  Indeed  the authors  of  both  papers  sug- 
gested anecdotal ly that  J,, appea red  to be depen-  
den t  on external  [NaCI]. 

We therefore  examined  the possible concentra-  
t ion -dependence  of  both  Na" and  CI exchanges  
in freshwater-adapted Fundulus heteroclitus using 
acute short- term (<1 h) al terat ions in external  
[NaCI] within the tradit ional freshwater  range  
(<10  mmol  1 -l ~- 2% seawater).  All o ther  water  
cheinisu y proper t ies  were held constant  at the val- 
ues in Table  1. Methods  followed those out l ined 
in Goss and  Wood (1991). The  results (Fig. 5) 
demons t r a t ed  that  the concen t r a t i on -dependence  
of  Ji,, was very different for Na '  than for C1 ,  and 
that the accl imation corrcentrat ion (1,000 txmol 
I l )  was above the tln 'eshoid lo t  Na + influx (close 
to 0 Ixmol 1-~; Fig. 5A) but below the threshold for 
CI- inllnx (about  2,000 txmol 1 ~; Fig. 5B). Only at 
about  6,000 txrnol 1 ~ did CI influx app roach  Na-  
influx. For Na- ,  influx rates varied with tile exter- 
nal substrate corrcentrat ion in a hyperbol ic  man-  
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"FABLE 2. U n i d i r e c t i o n a l  alrl(i ne t  Na  § a n d  CI f luxes  of  fresh-  
w a t e r - a d a p t e d  l')*ndulus heteroclitu, in the  p r e s e n t  s tudy  a n d  tavn 
pre~4ous s tudies .  

l>le~ent Sill<ix Potts and Mactz e l  al. 
(n = 13-17) Evans (1967) (1967a) 

Freshwa te r  c o m p o s i t i o n  

[NaCI] (Ixmol 1 ~) 1,000 1,000 < 2 0 0  
[Ca '-'+] (Ixmol 1 -]) 100 ~ 2 5  ~ 2 , 0 0 0  

h m  f luxes  

.],,,x.,, 914.5 580 100 
( n e q u i v  g ] h ~) ~-95.4 

J , , , , ~  - 1,046.6 - 8 2 5  - 149 
( n e q u i v  g ] h i) _+ 123.6 

j, , ,  x,,  - 132.1 - 2 4 5  - 4 9  
( n e q u i v  g - i  h-.l) _+ 79.2 

.L,, cr 32.6 - -  - -  
( n e q u i v  g - i  h - ' )  _+ 15.2 

.l,,.,cr - 204.9 - 9 7 0  - -  
( n e q u i v  g- I  h . l )  + 4 1 . 0  

.l,,,., c '  - 172.'4 - -  - -  
( n e q u i v  g i h ') -+36.0 

ner. Such saturable tirst-<)rder kinetics are well de- 
s c r ibed  by classical  M i c h a e l i s - M e n t e n  analysis  
(reviewed by Wood 1991; Goss et al. 1992a): 

j . . . .  x t x l  . . . .  

J i n  
K,, + [x]~, 

where [X],,~, is the external  substrate concentra-  
tion (e.g., Na '  or  C1 ), and J ..... is the m a x i m u m  
t ranspor t  rate, wbich is a function of  tile availability 
of  both  t ranspor t  sites and internal  coun te r  ions 
(e.g., HCO:c ,  in the case of  exchange  carries such 
as the C I - / H C O ~ -  exchanger ) .  I ~  is the external  
substratc concent ra t ion  that will yield �89 . . . .  and  is 
therefore  an inw:rse index of  affinity (the lower 
the K m, the h igher  the affinity). For Na-  influx 
(Fig. 5A), the relat ionship was well descr ibed by 
the Michaelis-Menten equat ion with K m -'= 1,700 
Ixmol 1-1 and.]  ...... "= 2,300 neqtfiv g J h 1 

For C1 influx, saturat ion did not  occur  within 
the range tested. Thus  we can only conc lude  that  
for CI uptake,  the K,,, is above abou t  4,700 Ixmol 
1 ~ and  tile J ...... is equal  to or  h igher  than that  for 
Na-.  Relative to most  o ther  freshwater  fish, these 
data are unusual:  first., in the high K,~, values (to 
our  knowledge,  the highest  ever r epor ted  in fresh- 
water-adapted fish), second,  in the h i g h J  ...... values, 
and  third, in the great  differences in K,, between 
Na + and CI-. For example ,  ra inbow trout  accli- 
ma ted  to similar water chemis t~ '  exhibi t  K,,, values 
of  abou t  100 p.mol I 1 a n d J  ..... values of  abou t  400 
nequiv g-i  h- i  for both  Na + and  C i  (Goss and 
Wood 1991). 

In contrast  to.]i,, unidirect ional  oulf luxes (]o,,,) 
o f  both  Na '  (Fig. 5A) and CI- (Fig. 5B) were vir- 
tually unaffected by external  [NaCI], indicating a 
clear absence  of  any exchange  diffusion compo-  
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Fig. 5. S u m m a r y  of  r e l a t i o n s h i p s  b e ~ , e e n  u n i d i r e c t i o n a l  in- 
f lux  (Ji.), ou t f l ux  (J,,u~), a n d  ne t  f lux ra tes  (J ..... c ros s -ha t ched  
or  s t i pp l ed )  of  (A) N a '  (n = 11) a n d  (B) CI (n = 6) versus  
e x t e r n a l  NaCl  c o n c e n t r a t i o n  over  the  t i ' e shwater  r a n g e  in f iesh-  
w a t e r - a d a p t e d  Fundulus heteroclitus. N o t e  tha t  the  acc l i l na t i on  
c o n c e n t r a t i o n  ( [NaCI]  = 1,000 ixmol 1 -~) was well  above  th resh-  
o ld  for  Na '  in f lux ,  bur  be low t h r e s h o l d  for  CI in f lux .  T h u s  the  
fish were  ab le  to ach ieve  ne t  b a l a n c e  l o t  Na" b u t  n o t  CI- at  this  
c o n c e n t r a t i o n .  No te  also tha t  J..~ to r  Cl was m u c h  lower  t h a n  
io r  N a ' ,  a n d  tha t  b o t h  were  m o r e  or  less i n d e p e n d e n t  of  ex ter -  
nal  [NaC1]. 

nents  in the freshwater range.  This again contrasts 
with most  freshwater fish. The  much  lower CI 
than Na + outflux was also unusual  and  persisted at 
all NaC1 concentra t ions;  this characteristically low 
permeabi l i ty  to C1 may be a r e m n a n t  of  the sea- 
water origin of  the killifish (i.e., preferent ia l  para- 
cellular shunt  permeabi l i ty  to cations; Fig. 2). The  
crossover or  balance points for the Ji, and  J ..... re- 
lationships occur red  at 980 Ixmol 1-1 [NaCI] for 
Na + (Fig. 5A), close to the accl imation concentra-  
tion, but  at 1,620 Ixmol l -~ for C I  (Fig. 5B). Above 
these points, the animals  are in positive balance,  
and  below these points  in negative balance.  Dietary 
Ci- is probably  an essential c o m p o n e n t  of  C1- bal- 
ance when Fundulus heteroclitus are resident  in di- 
lute freshwater where  branchial  C I  influx is neg- 
ligible. 
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Fig. 6. Smmnax y of  cmnulative changes in unidirectional and net fluxes of Na +, CI , and II* (net only) in tieshwater-adapted 
l"undulus heteroclitus, over a 4-h period after intraperimneal injection of either (A) 1,000 nmol g-~ NaCI (n = 14) or (B) 1,000 nmol 
g ~ H(]I (n = 16). In each case the injected loads of Na ' ,  C1 , and II"  are shown on the left, and the cumulative flux changes over 
4 h are shown on the right. For Na" and C I ,  the contributions of changes in influx (J~,) and outtlux (J,,,,) to the cumulative net flux 
are shown separately. Note that after NaCI injection, approximately equal amounts  of Na" and CI- v,ere cleared, and net H- excretion 
was negligible. However, after IICI injection, the fish gained Na +, lost CI , and excreted II". Note also that in each case, the changes 
in Na'  and ('1 net fluxes were achieved completely by changes in J,,.,. Changes in .Jm either opposed or  made no contribution to the 
changes in net flux. 

In a final in vivo test, we evaluated the linkage 
between ion and  acid-base balance in Fundulus het- 
eroclitus accl imated to the def ined freshwater  me- 
d ium (Table 1). Killifish were injected intraperi-  
toneaily with an isotonic solution of  e i ther  1,000 
nmol  g-l  NaC1 (control)  or  1,000 nmol  g-i  HC1 
(exper imenta l ) ,  the latter inducing a systemic met-  
abolic acidosis. Unidirect ional  and net  tluxes of  
Na ' and  CI , toge ther  with the net  flux of  acidic 
equivalents ( " H + " ) ,  were followed over the suc- 
(:ceding 4 h. The  resuhs, summar ized  in Fig. 6, 
were surprising. The  s tandard response  to acidosis 
seen in most  f reshwater  teleosts would be a stim- 
ulation of  Na + influx (i.e., Na-  versus acid ex- 
change)  and  an inhibit ion of  CI influx (i.e., CI- 
versus base exchange;  McDonald  et al. 1989; Wood 
1991). These  did not  occur.  Na" and  CI- influx 
rates did not  change  signiticantly. Nevertheless,  
the killifish excre ted  approx imate ly  half  of  the H '  
load over  the 4-h per iod,  ga ined Na +, and  lost CI- 
(Fig. 6B). This was achieved by differential  adjust- 
m e n t  of  Na + versus C1 outf lux rates. Na + outflux 

decreased  significantly, and C1- outf lux increased 
significantly. As discussed earlier, the resulting ex- 
cess of  s trong anion (C1)  loss over  s t rong cation 
(Na-)  loss will constrain a net  loss of  H + by Strong 
Ion Difference TheoQ'  (cf: Fig. 4), assuming that  
these are the only major  p e r m e a n t  ions. This pat- 
tern was veQ, different f rom the NaCMnjected fish, 
which excre ted  almost  equ imola r  amoun t s  of  Na* 
and CI (approximate ly  equal  to the injecled load) 
but no H" (Fig. 6A). I towever,  again the compen-  
sation was achieved by ad jus tment  of  outflux ra ther  
than influx rates. The  killifish in fresh water, lack- 
ing apprec iable  CI influx and  possessing only a 
low aftinity Na + influx mechan ism,  seems to rely 
solely on outf lux manipula t ion  to adjust ion and  
acid-base balance. This ad jus tment  presumably  oc- 
curs via the paracel lular  pathway (Fig. 4). 

These  in vivo studies have indicated that  the 
mechan isms  of  Na + and  CI t ranspor t  in the fresh- 
water killifish are very different  fronl those of  the 
classic " f reshwater  fish" shown in Fig. 4. However,  
it must  be r e m e m b e r e d  that  only a handful  of  the 
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"I'ABI.E 3. Unidi,'ectional efflux (],m), influx (Jm,), and flux ratio of ~CI in isolated skin of 5% seawater-adapled Cilliehthy~ mirabilis 
(n = 6) a n d  t i ' e s h w a t e r - a d a p l e d  I"undulus heteroclitus (n  = 7) b a t h e d  o n  m u c o s a l  s ide  wi th  t i 'esh w a t e r  a n d  sa l ine  wa te r .  

J . . . .  I .... ,l,,,,zl .... Bathing Solution TEP (;, 
St-msa/Mu~osa (mV)" (mS cm :')" (nrnol cm * h ') (.)bselaed Predicted p:' 

5 %  SW a d a p t e d  Gillichthys 

S a l i n e / F W  +-12.2 _+ 6.9 I).27 _+ 0 .05  547  _+ 69  14 _+ 2.2 45 .8  + 11.3 45 .8  _+ 4 .8  NS 
S a l i n e / S a l i n e  + 14.7 _+ 2.3 4 .58  • 0 .54  625  + 1 l~-t 288  _+ 45 .6  2.3 -+ 0.4 0 .58  ._+_ 0 .05  < 0 . 0 0 2  
P '  NS <(I.O01 NS < 0 . 0 0 1  

FW a d a p t e d  Fundulus 

S a l i n e / F W  - 5 3 . 9  +_ 3.8 1.80 + 0 .2  1,17[) _+ 100 90  .+_. 20.[) 55.1 _+ 27 .8  884  _+ 141 < 0 . 0 0 1  
S a l i n e / S a l i n e  + 1 . 5  _+ 0 .4  3 .40  • 0 .3  1 ,440 _+ 150 1 ,190 + 150 1.4 + 0.2 0 .9  .+_ 0 .03  NS 
P' <0.(X) l < 0 . 0 5  NS < 0 . 0 0 1  

�9 ' T r a n s e p i t h e l i a l  p o t e n t i a l  wi th  r e t e r e n c e  m t h e  nlUCosal ( o u t s i d e )  b a t h i n g  s o l u t i o n  a n d  c o r r e c t e d  fo r  j u n c t i o n  p o t e n t i a l s ;  n = 12 
fo r  Cillichthy.~, n :- 14 t b r  Fundulus. 

~' T o t a l  t i ssue  conductance  c o r r e c t e d  fo r  s o l u t i o n  r e s i s t a n c e .  
' p a i r e d  t4est ,  two- ta i led .  
d M a n n  W h i t n e y  Utes t ,  lwo- ta i led .  

1,000s of  fi 'eshwater species in the world have been 
examined  to date, and amongs l  these, many  details 
remain  conlroversial .  The  kill(fish pat tern  mav 
prove 1o be just as " r ep resen la t ive"  eventually. 

In Vitro Studies on the Kill(fish 
Opercular Epithelium 

DE~,.T.I ,OPMENT O F  A F R E S H W A I ' E R  M R  C E I J .  SYSTEM 

Epithelia f rom freshwater-adapted k)tndulus (1.0 
m m o l  1 -~ NaCI, 0.1 m m o l  1-' Ca~-; at least 10 d 
accl imation) and 5% seawater-adapted Gillichthys 
were m o u n t e d  in vitro wilh fresh water  on the mu- 
cosal surface while unidirect ional  and net  ion flux- 
es were de te rmined .  The  prepara t ions  were at 
open  circuit and the TEP (measured  with the mu- 
cosal side g rounded )  and tissue conduc tance  ((_;~, 
a p a r a m e t e r  that varies directly with total ion per- 
meability) were moni to red .  T h e  flux me thods  and  
e lec t rophysiolo~,  were the same as in Marshall 
(1981a) for Gillichlhys skin and  Marshall el al. 
(1992) for Fundulus prepara t ions .  These  open-cir- 
cuit fluxes provide in format ion  on the charac ter  of  
ion uptake" mechan i sms  that  migh t  be present ,  zM- 
ter lhese initial measurements ,  we changed  tile 
mucosal  bath to saline and  con t inued  the flux, 
TEP, and G, measnrements .  Seawater-type chlor ide 
cells u n d e r  these condi t ions develop a net  secre- 
tion of  CI- that is equal  Io the short-circuit  cur ren t  
(1~ Degnan  et al. 1977; Marshall 1980). We rea- 
soned that  the" freshwater-adaptive MR cell would 
not  be capable  of  CI secret ion u n d e r  these con- 
dilions and the p rocedu re  then may be used as a 
means  to distinguish functionally between freshwa- 
tcr-type and  seawater-type MR (:ells. 

Table  3 presc'nts some previously unpubl i shed  
data on the isolated.jaw skin of  Gillichthys mirabilis 
accl imated to 5% seawater and  m o u n t e d  wilh ar- 
tificial fresh water (1% saline = 0.3% seawater) on 
the nlucosal side. The re  was very little CI influx, 

and  the observed flux ratio was not  significantly 
different  f rom that predic ted  for purely passive 
fluxes by tile Ussing flux ralio cri terion (Ussing 
1949).  W h e n  lhe  e x t e r n a l  so lu t ion  was t hen  
changed  to isotonic saline (i.e., symnmtrical  con- 
ditions), there was net C I  secretion f rom serosal to 
mucosal  surface's (Table 1), indicating tile pres- 
ence of  opera t ional  seawater-type chlor ide cells. 
However,  it ntusl be emphas ized  lhat in c o m m o n  
with most  previous invcsligations, the m e d i u m  
used tbr hypolonic  accl imation was not real fresh 
water but  ra lher  a dilution of  seawater (in this case 
5% scawater).  Several studies have shown that thc 
chlor ide cells mainta in  a typical seawater-type mor-  
phology down to an accl imation salinity eqtfivalent 
to abou t  1% seawater (Cope land  1950; I.acy 1983; 
Philpot t  and  Cope land  1963; Karnaky 1986). It was 
clear f rom this and  earlier studies that accl imation 
to w'ry dilute fresh water  was a necessary, prereq-  
uisite to deve lopmen t  of  freshwater MR cells. 

Ope rcu la r  epi thel ia  f rom Fundulus thal had 
been  adap ted  for at lc'ast 10 d to real fresh water 
have n u m e r o u s  MR cells (Fig. 3). By DASPEI flu- 
orescence,  the MR cells are comparab le  in size, 
shape,  and  dc'nsity in fresh water and seawater (un- 
like tilapia freshwaler  MR cells that are nmch  
smaller than 1he seawater chloride (:ells). The re  
have been several repor ts  of  ul trastructural  differ- 
ences between the MR cells of  seawater and  fresh- 
water  teleost gills. Two genera l  distinctions are that 
fi 'eshwater MR cells lack obvious invaginated apical 
surtaces t e rmed  apical pits and have fewer adjacent  
cells associated with the large MR (:ells (Sardet  et 
al. 1979). The  normal  li 'eshwater Furululus ()per- 
cular epi the l ium frequently has pairs, triplets, and 
larger groupings  of  chlor ide cells (Fig. 3), hence  
lhese types of  cell-cell interact ions are clearly not  
unique to the seawater condit ion.  The  quest ion is 
then whether  these cells have different  abilities to 
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TABI.E 4. Unidirectional efflux (,J,m), influx (Imp), and flux ratio of ~Cl in isolated skin of iYeshwater-adat)ted Fundulus heteroclitus 
bathed on mucosal side with fl'esh water. 

.1 . . . .  I,, L,".I .... 
Balhh~g S~ |u t ion  I 'EP G, 
Serosa /Mucosa  (mY)" (mS cm-2) t' (nmol  cm 2 h i) Observed Predicted i r 

Saline/FW 
Hour 1 -49.9 • 5.6 1.46 _+ 0.22 602 + 70 44 _+ 15 37 --- 24 903 • 140 <0.002 

Saline/FW 
Hour 2 -48.7 _+ 5.7 1.97 _+ 0.53 655 • 70 30 _+ 10 88 • 55 844 • 173 <0.002 

Saline/FW 
Hour 3 -51.8 • 4.9 2.51 +_ 0.63 771 • 106 22 _+ 8 145 • 76 923 • 160 <0.002 

Transepithelial potential measured with respect to the mucosal bath and corrected torjunction potentials; n = 12. 
~' Total tissue conductance corrected for solution resistance; n = 12. 
< Mann-Whimev l~test, two-tailed. 

t r an spo r t  ions  or  w h e t h e r  the f reshwater  MR cells 
are mere ly  seawater-type cells tha t  are s o m e h o w  in- 
h ib i t ed  h o r m o n a l l y  f rom secre t ing  C1-. 

T h e  u n i d i r e c t i o n a l  Cl-  f luxes for f reshwater  Fun-  
dulus o p e r c u l a r  e p i t h e l i u m  m o u n t e d  with fresh wa- 
ter on  the mucosa l  side (Table  3) showed that  the 
rat io of  efflux to in f lux  of  Cl-  was i n u c h  smal le r  
(p < 0.001) t han  that  p r ed i c t ed  by the  Uss ing  flux 
rat io e q u a t i o n .  Such d i s a g r e e m e n t  with the pre-  
d ic ted  rat io ind ica tes  tha t  t r an spo r t  m e c h a n i s m  (s) 
o t h e r  t han  passive d i f fus ion are i m p o r t a n t  a n d  sug- 
gests tha t  an  active t r a n s p o r t  process  is involved. 
W h e n  the n tucosa l  ba th  was c h a n g e d  to sal ine,  
Fundulus  o p e r c u l a r  e p i t h e l i u m  did  not deve lop  a 
positive TEP n o r  was there  ne t  secre t ion  of  Cl-  
(Table  3), which  we take as ev idence  that  seawater- 
type MR cells were no t  p resen t .  Fur the r ,  we con-  
chtde  that  MR cells are involved in C1- up take  bu t  
n o t  Na-  uptake ,  s o m e t h i n g  that  was suspec ted  
f rom in vivo s tudies  with Fundulus  (above) a n d  
b rown  bu l l head ,  Ictalurus nebulosus (Goss et  al. 
1992a, b).  O f  in te res t  is the obse rva t ion  that  the 
C I  in f lux  d rops  over t ime  while the CI- eff iux 
( a n d  b o t h  Na  + u n i d i r e c t i o n a l  f luxes )  do  n o t  
c h a n g e  ( 'Fable 4). Ind i rec t ly  this dec l ine  of  CI- in- 
flux over t ime is indica t ive  of  active ion  t r a n spo r t  
i nvo lvemen t .  T h e  CI in f lux  cou ld  be s u p p o r t e d  
h o r m o n a l l y  or  metabol ica l ly  in a m a n n e r  that  is 

no t  sus ta ined  u n d e r  ou r  p r e se n t  in ~4tro condi -  
t ions. It would  be i n t e r e s t i ng  to s u p p l e m e n t  the 
b a t h i n g  so lu t ions  with f reshwater-adapt ive  hor-  
m o n e s  or  with me tabo l i t e s  dtat  would  c h a n g e  the 
redox  state of  the cells ( r e d u c e d  g l u t a t h i o n e  or  
ascorbate)  to see if this t r a n s p o r t  cou ld  be  ma in -  
t a ined  over l o n g e r  per iods .  

T h e  u n i d i r e c t i o n a l  a n d  n e t  f luxes of  Na ~ (Table  
5) ind ica te  that  tiffs ion is passively d i s t r ibu ted  
across the  e p i t h e l i u m ,  i n a s m u c h  as the flux rat io 
observed  u n d e r  the c o n c e n t r a t i o n  g r a d i e n t  that  fa- 
vors Na ~ efflux a n d  an  electr ical  g r a d i e n t  that  fa- 
vors Na + up take  is n o t  s ignif icant ly  d i f t e r eu t  f rom 
the flux rat io p r e d i c t e d  o n  the  basis o f  pure ly  pas- 
sive d i f fus ion  with the Ussing flux rat io e qua t i on .  
T h e  C1 u n i d i r e c t i o n a l  a n d  n e t  f luxes (Tables  3 
a n d  4) were smal le r  t han  the respect ive Xa* fluxes 
(Table  5), which is cons i s t en t  with the in  vivo da ta  
(above) i n d i c a t i n g  the lower permeabil i ty,  to an-  
ions. T h e  Na ~ efflux was in all cases la rger  t han  
the inf lux,  h e n c e  the e p i t h e l i u m  was cons is ten t ly  
los ing N a ' .  O n e  would  expec t  this o f  an  in vitro 
p r e p a r a t i o n ,  i n a s m u c h  as even m i n o r  leak path-  
ways o p e n e d  d u r i n g  dissect ion a n d  m o u n t i n g  will 
c o n t r i b u t e  to ion leakage.  In previous  work with 
t rou t  o p e r c u l a r  e p i t h e l i u m ,  however,  the leaks cre- 
a ted  by this p r o c e d u r e  were small,  as g a u g e d  by 

TABLE 5. Unidirectional efflux (],~), influx (J,,,,), and flux ratio of '-"2Na" in isolated skin of fi'eshwatcr-adapted Fundulus h,eteroclitus 
bathed on mucosal side with fresh water. 

] . . . .  l~, J ,~:J . . ,  
Bathing .S<flution TEP G, 
Setosa :Mucosa (mV)" (mS <m ~)b (nmol  cm : h ~) Observed Predicted p'  

Saline/FW 
tlour 1 -52.4 + 2.6 1.14 _+ 0.18 789 _+ 240 104 _.+ 20 9.2 _+ 3.5 14.2 _+ 2.0 NS 

Saline/FW 
llour 2 -50.7 -" 3.2 1.53 _+ 0.38 1,052 _+ 210 95 _+ 20 13.4 _+ 3.7 15.7 _+ 2.3 NS 

Saline/l~W 
Hour 3 -,t3.1 _+ 4.2 1.29 _+ 0.23 958 _+ 260 94 + 20 15.7 _+ 2.3 22.2 _+ 4.6 NS 

Transepithelial potential measured with respect to the muco."sal bath and corrected fbr junction potentials; n = 12. 
b Total tissue conductance corrected for solution resistance; n = 1 2 .  

' Mann-V~qlimey gStest, two-tailed. 
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the low permeabi l i ty  of  the nominal ly  extracel lular  
marke r  14C-mannitol (Marshall 1985). 

The  freshwater opercu la r  epi the l ium in vitro has 
a large negative TEP, between - 3 0  mV and - 7 0  
mV (Tables 3-5) ,  that  is steady over  the 3-h incu- 
bation per iod (Tables 4 and  5). The  TEP is larger  
than tor  in vitro b rook  trout  opercu la r  epi the l ium 
u n d e r  similar condi t ions ( - 8 . 6  _ 0.8 mV; Mar- 
shall 1985) and  could reflect  the presence  of  MR 
cells in the Fundulus epi the l ium that  are absent  
f rom the b rook  trout  epi thel ium. The  voltage is 
also grea ter  than that  seen in vivo for  Fundulus lar- 
vae in 5% seawater ( - 1 1  ___ 5.0 mV, Guggino  
1980), for Gillichthys in 2% seawater ( - 2 4 . 8  _+ 2.0 
mV; T h o m p s o n  1972), and  for many  o ther  fresh- 
water species in whole animal  TGP measu remen t s  
(see review by Potts 1984). Thc  TEP reflects a high 
degree  of  selectivity of  the ep i the l ium for  cations 
over anions. The  Nerns t  equi l ibr ium potent ia l  for 
Na-  across the ep i the l ium is approx imate ly  - 1 2 0  
mV and the m a x i m u m  potent ia l  we have seen is 
- 7 2  mV, hence  it would a p p e a r  that the TEP is 
mostly a Na + diffusion potential .  T h e  TEP was not  
changed  significantly by increasing mucosal  Ci- 
f rom 1 mM to 140 mM, indicating a low conduc-  
tance for CI-, as expec ted  (data not  shown).  

The  transepithel ial  conduc tance  (G,) is a direct  
funct ion of  the sum of  the single ion permeabi l i -  
ties o f  the epi thel ium.  The  G, of  Fundulus oper-  
cular epi the l ium with fresh water outside averaged 
1.16-2.50 mS cm -'~ (Tables 3-5) and  was much  
larger c o m p a r e d  to the b rook  trout  opercu la r  ep- 
i thel ium (0.2 -+ 0.04 mS cm-Z; Marshall 1985) and  
the rainbow trout  c le i thrum skin (0.09 _ 0.1 mS 
cm-Z; Marshall et al. 1992) u n d e r  similar condi- 
tions, indicating the h igher  permeabi l i ty  of  the 
Fundulus epi thel ium.  With saline on both sides 
(Table 3), both  the Fundulus and Gillichthys prep-  
arat ions show a large increase in G~ (not  due  to 
solution resistance changes) ,  consistent  with the 
not ion that  high mucosal  osmolari ty increases the 
conduc tance  of  the paracel lular  pathway in epithe- 
lia (Finn and  Bright 1978). It has been  shown pre- 
viously that  the high TEP in freshwater in vivo mea- 
surements  is related to low env i ronmenta l  calcium 
activity (Potts 1984). In these three  studies of  te- 
leost skin in vitro we used low calcium bath ing  so- 
lutions (100 IxM) routinely and  we find that only 
those epi thel ia  that  contain large num ber s  of  MR 
cells (i.e., Fundulus) have the large negative inside 
TEP and associated large ionic conduct~mce. It 
seems that  Fundulus in adapt ing  to the freshwater 
m e d i u m  does not  (or cannot)  el iminate entirely 
the cation-selective shunt  pathway that  is well rec- 
ognized in the seawater-adapted animals. To  this 
extent ,  Fundulus appears  to be a mar ine  fish that 
copes  well with fresh water and the failure of  the 

paracel lular  pathway to close may account  for  the 
weak Phase I response after t ransfer  of  Fundulus to 
fresh water (see Fig. 1). 

Conclusions and Future Directions 

The  es tabl ishment  of  a mode l  epi the l ium to 
study the opera t ion  of  freshwater-type, te leostean 
MR cells has been  attained.  T h e r e  appears  to be 
active uptake  of  CI- hut  only passive m o v e m e n t  of  
Na + across this ep i the l ium when it is ba thed  with 
fresh water on the mucosal  side. The  cellular 
mechan i sm of  the CI- active uptake  remains  to be 
revealed, as well as the connec t ions  with the ac id /  
base fluxes seen in vivo. For example ,  no studies 
to date have examined  the possible re la t ionship 
between Ca ~+ and CI- up take  or  their  connec t ion  
to ac id /base  fluxes. This work extends  the study of  
ion t ranspor t  by the freshwater  MR cell f rom the 
previous studies of  calcium t ranspor t  (McCormick 
et al. 1992; Marshall et al. 1992), and  will allow 
examina t ion  of  the effects of  h o r m o n e s  and  neu- 
rotransmit ters  that are p u r p o r t e d  to be involved in 
the adapta t ion of  euryhal ine fish to different  salin- 
ities. O f  part icular  interest  would be studies of  the 
deve lopmen t  of  seawater type chlor ide cells unde r  
the inf luence of  growth h o r m o n e / I G F - I  and cor- 
tisol (see McCormick 1994) and  the deve lopmen t  
of  freshwater-type MR cells u n d e r  the inf luence of  
prolact in dur ing  freshwater adapta t ion  (reviewed 
by Hi rano  1986 and Bern and  Madsen 1992). Also, 
the interest ing possibility that  rapid-acting hor- 
mones  such as ep ineph r ine  may be involved in the 
t empora ry  shutdown of  C1- secret ion can be ex- 
amined  using this system. This sort  o f  ion regula- 
tion may be necessary in es tuar ine species such as 
Fundulus where rapid but  t empora ry  salinity fluc- 
tuations are exper i enced  often. The  judic ious  use 
of  in vitro systems in physiolog T to cor robora te  and 
ex tend  in vivo exper imen t s  is a powerful  combi-  
nation that  provides physiological relevance and  
mechanis t ic  details. Now the full extent  of  fresh- 
water-seawater adapta t ion  by a euryhal ine teleost 
can be followed using bo th  exper imenta l  ap- 
proaches.  
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