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Water permeation in Madin--Darby canine kidney cells 
is modulated by membrane fluidity 
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Simultaneous determinations of water and antipytine permeatimts in monulayers of Madin-Darby canine kidney 
(MDCK) cells grown on a permeant support were done to study the relationships hameen water transport and 
membrane fluidity in these epithelial calls. The changes in permeation of the lipophilie non-electrulyte antipyrirm were 
used to probe the modifications in membrane fluidity, in controls, the apparent diffusional permeability coefficient [or 
water (PDw) was three times higher than the annpyrlne's one, Poap (4.2" l0  -s  vs. 1.4" 10 - s  em s - I ) .  Add~tlon ot 
vasopressin or dihutyryl cyclic AMP to the monoiayers induced a hiphasie incense in antlpyrlne permeation with peak 
values at t = 2 mln, 3-4-fold that of conlruls. Variations in water permeation were of similar amplitude and obeyed the 
same lime course, leaving the water to ontipyrlne permeztlon ratio~ unchanged. Compound H'l, an inhibitor of protein 
kinases, blunted the increase in permeatinn for both antipyrlne and water. Finally, addition ol tile fluidizin~ agent 
benzyl alcohol to the monolayers resulted in a parsllel increase in Poap and Pt~,.  T h e s e  results suggest that the physical 
state of membrane lipids may control water permeation in MDCK cells. 

Inlreduetion 

Mnnolayers of Madin-Darby canine kidney (MDCK) 
ceils, a renal epithelial cell line which retains differenti- 
ated properties of distal nephron segments [1,2], grown 
on a permeable support transport water at a low rate 
[3.4]. Addition of antidiuretic hormone to the cell 
monolayers induces a modest but significant biphasie 
increase in water permeation [4]. Using direct de- 
termination of membrane lipid order by fluorescence 
polarization, we recently reported that MDCK cells in 
suspension or grown on glass coverslips respond to 
vasopressin by a transient increase in membrane fluidity 
[5] whose time course resembled that of variations in 
water transport. From these observations, we hypoth- 
esized that, in this cell line, water transport might be 
regulated via the lipidic phase of the membrane. 

Validity of this hypothesis was tested in the present 
study by the simultaneous measurements of water and 
antipyrine transport through MDCK cell monolayers 
grown on a porous support and treated by either 
vasopressin, dibutyryl cyclic AMP or the fluidizing agent 
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benzyl alcohol [6]. Because fluorescence spectroscopy 
can hardly, for technical reasons, be applied to such 
preparation, antipyrine, a moderately lipophilic solute 
which enters cells via the membrane lipids, was used as 
a 'physiological probe' of membrane fluidity [7-9]. The 
results indicate that, under the various experimental 
conditions, the changes in the physical state of the 
membrane lipids can account for the changes in water 
transport in MDCK cells. 

Materials and Methods 

Materials  
Tritiated water, [t4C]sucrose and [14C]antipyrine were 

purchased from CEA (Saelay, France), and New Eng- 
land Nuclear (Boston, MA, U.S.A.). Culture media and 
reagents were from Eurobio [Paris, France). Plasticware 
and tissue culture treated, 3.0-~m pore, polycarbonate 
membranes (24 mm Transwell), were from Costar 
(Cambridge, MA, U.S.A.). Insulin, transferrin, hydro- 
cortisone, triiodothyronine, prostaglandin E~ sodium 
selenite, 1 -(5-isoqulnolinylsulfo,ayl)-2-methyl-piperazine 
(H7), and N6,02" -Dibu tyry l  adenosine 3 ' :5 ' -cyclic  
monophosphoric acid (DBcAMP) were purchased from 
Sigma Chemical (St. Louis, MO, U.S.A.). 1-Deamino[D- 
ArgS]vasopressin (DDAVP) was obtained from Ferring 
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AB (Malmr,  Sweden). MDCK cells (passage 60), were 
from Eurobio (Paris, France). 

Methods 
Cell culture. M D C K  cells (passages 68-78) in a 50 : 50 

mixture of Dulbecco's modified Eagle's medium 
(DMEM) and Ham's F-12 medium supplemented with 
10% fetal calf serum were seeded on Costar Transwell 
and grown at 37°C.  in a 5% CO2/95% air atmosphere, 
48 hours later, the medium was changed for fresh 
medium without (apical side) or with (basal side) fetal 
calf serum, and the media were changed subsequently 
every four days. 24 hours prior to the experiment, both 
apical and basal media were changed, the basal medium, 
without serum, being supplemented as described by 
Taub et al. [10]. 

Transport experiments 
The upper and lower medium of cells plated for 8-12  

days on Transwell cell culture chambers was replaced 
by ].8 and 3.2 ml, respectively, of phosphate-buffered 
saline (PBS) containing 0.5 mM CaClz, and 2 mM 
glutamine (pH 7.4). Transwell chambers disposed in 
6-weil cluster plates, were placed in a Lab Line (Lab 
Line Inc., eL. U.S.A.) incubator, equipped with an 
orbital shaker, set at 37°C  and 50 rpm. After a III min 
equilibration period, apical medium was replaced by l .g  
ml ef the same buffer, pre-equilibrated at the same 
temperature and containing 0.5 ~tCi/ml of tritiated 
water (THO) and 0.2 /~Ci/ml of either [t4C]antipyrine 
or [t4C]sucrose (t = 0). At t = 2 ,  4, 6, 9, 12, 17, 22 and 
27 min~ 50 #1 of the medium bathing the basal side of 
the cells was collected, transferred to scintillation vials, 
and counted by liquid scintillation. When added, 
DDAVP was injected in the lower chamber at t = 7 
min. The same time was chosen for the addition in both 
the upper and lower chamber of DBcAMP or benzyl 
alcohol. The protein kinases inhibitor H7 [11], when 
used, was added in both the upper and lower media, 15 
rain prior to the addition of DBcAMP. 

The permeability coefficients (am s 1) for diffusion 
of tritiated water (PD~) and antipyrine (Poap) was 
computed directly from a modified form of Fick's law 
[121: 

PD ffi (CBI'FI/'(CAp'A'At) 

where Cut and CAp are, respectively, the concentration 
of the isotope (cpm ml 1) on the basolateral and apical 
side. V is the volume of basolateral medium, A is the 
membrane area (4.7 cm 2) and z~t is the duration of the 
flux period in seconds. 

Results 

Using the fluorescent probe TMA-DPH,  we previ- 
ously r ep o r t~  biphasie changes in membrane fluidity of 

M D C K  cells, grown as a monolayer on glass support or 
suspended in phosphate-buffered saline, upon addition 
of DDAVP.  The peak response occurred 2 -5  rain after 
the agonist addition, was dependent on intracelhilar 
cAMP, and partially inhibited by compound H7, an 
inhibitor of protein kinases [5]. Water and antipyrine 
fluxes through M D C K  cells monolayers grown on 
transwell filter were therefore examined under compara- 
ble experimental conditions. 

DDAVP induces a biphasie increase in both water and 
antipyrine permeation 

As shown by Fig. 1, addition of 100 nM D D A V P  to 
the medium bathing the basal side of M D C K  cells 
grown on Transwell filters resulted in a marked increase 
in the transport of both [t4C]antipyrine and T H O  from 
the apical to the basal compartment defined by the 
monolayer. This  effect was not  observed when adding 
the V 2 agonist to the apical medium (data not shown). 
Calculation of the corresponding diffusional permeabil- 
ity coefficients (Fig. 2A), indicated that water permea- 
bility of M D C K  monolayers, PDw, was modified in a 
complex manner: a maximal increase in permeation 
(from ( 4 . 2 + 2 . 2 ) . 1 0  5 to ( 1 4 . 6 ± 2 . 8 ) . 1 0  - s  em s - I ,  
n = 5) was obtained during the first 2 rain following the 
agonist addition. Permeability then rapidly dropped to 
a new equilibrium value approximately twice (183%) 
that of controls run in parallel (Fig. 2B). Antipyrine 
permeation obeyed the same pattern with a maximal 
increase in its diffusional permeability coefficient PDAp, 
from (1.4 ± 0.6).  10 -5 to (5.8 -I- 1.8). III - s  cm s i oc- 
curring within 2 rain after the D D A V P  addition, fol- 
lowed by a second phase in which the mean permeabil- 
ity ratio of treated to control monolayers was 177¢~. 
Thus, as illustrated by Fig. 2B, both the extent and the 
time course of the permeability changes brought by 
D D A V P  were comparable for water and antipyrine, 
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Fig. ] .  Typical experimenl. 5D/d samples of lhe medium bathing the 
basal side of the mc~1olayer were collected al various limes and 
coumed by liquid scinli]lation. At i -- 7 min (anow) tlXI nM DDAVP 
was added io the lower ohamber, o, ll4C]Antipyrine; O, trilialed w a -  

ter (THO). 
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Fig, 2. Effecl of DDAVP on antipyrine and water diffusional perraea- 
bililies. Diftusional permeability coefficienls P. ~ere calculated as 
described in Mater/als and Method. At t = ?  min 100 nM DDAVP 
was added to the lower chamber, o IlaC]Antipyrine; It. tritialed 
water. (A) Results are means± S.E, of five experiments, te)  Permea- 

bility ratio of treated cells to control cells ~ n  in par~llaL 

D e t e r m i n a t i o n  of  [ laC]sucrose p e r m e a t i o n  across  
con t ro l  a n d  D D A V P - t r e a t e d  mono laye r s ,  ind ica ted  t h a t  
the  increase in  Ptx~ was  no t  l inked  to  a n  increase  in  
sucrose  flux (Fig ,  3). T h i s  m a d e  unl ike ly  t h a t  the  regu-  
l a t ion  o f  the  w a t e r  a n d  a n t i p y r i n e  f luxes occur red  via a 
t r a n s i e n t  o p e n i n g  of  the  t igll t- junctions+ 

Dibutyryl cAMP mimicks the effects of DDA VP on water 
and antipyrine permeation 

T h e  cyclic A M P  d e p e n d e n c e  o f  the  p h e n o m e n o n  was  
e x a m i n e d  by  rep lac ing  D D A V P  b y  D B c A M P .  A d d i t i o n  
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Fig. 3. DDAVP has no effect o n  ( 14 C]socfo~,¢ permealion. F.x~rimen- 
in/ conditions are similar to those of Fig. t. Addition of 100 nM 
DDAVP (arrow) had no effect on the apical to basolateral tral:sfer of 
sucrose. Resuhs a ~  me~s  5- S.E. of six experim~ts. O, Treated ceils; 

I .  conll~l cells. 
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Fig. 4. Effect of DBeAMP on anllpyrine and water ddlmsional per- 
meabilities. DBcAMP 15 raM) was added to hath apical and b ~ l  
medium at t = 7  mio. Results are rneans±S.E, of six experimenls. 

Symbols as in Fig. 2. 

of  5 m M  D B c A M P  to  the  m e d i u m  b a t h i n g  M D C K  cell 
m o n n l a y e r s  resul ted in a n  increase in  an t i py r ine  a n d  
T H O  p e r m e a t i o n  whose  t i m e  course ,  b iphas ic  cha rac t e r  
a n d  a m p l i t u d e  were  close to  those  i nduced  by t he  V 2 
agonis t .  Thus ,  Po,xp a n d  P t ~  increased  to  (5.0 5: 0 .7 ) .  
10 - s  a n d  ( 1 5 . 3 + _ 1 . 9 ) - 1 0  -5  c m  s - t  ( n = 6 ) ,  respec-  
tively, w i th in  the  2 ra in  fo l lowing  D B e A M P  a d d i t i o n  
(Fig.  4). The  t r ans ien t  r e t u r n  t owards  con t ro l s  a l t h o u g h  
m o r e  m a r k e d  t h a n  t h a t  o b t a i n e d  w i t h  D D A V P ,  was  
fo l lowed by a second  increase  of  Paw a n d  P n a p  to- 
wards  the  ' p l a t eau '  va lues  r eached  u s i n g  the  V~ agonis t .  
As  previously,  the  re la t ive change~  in an t i py r ine  a n d  
wa te r  pe rmeab i l i t y  brot~ght  by  the  c A M P  a n a l o g  were  
similar.  Accord ing ly ,  t he  Pow/PD,~p ra t io  of  t rea ted  
m o n o l a y e r s  a t  the  peak  (3.1) was  no t  s igni f icant ly  dif-  
fe ren t  f r o m  tha t  d e t e r m i n e d  at  t = 6  rain  (3.5),  j u s t  
be fo re  D B c A M P  addi t ion .  

As  previously  observed  for  the  c h a n g e s  in  m e m b r a n e  
fluidity de tec ted  by  the  f luorescent  p r o b e  T M A - D P H .  
p r e t r e a t m e n t  o f  the  m o n o l a y e r s  b y  c o m p o u n d  H 7  (100 
laM) inh ib i t ed  by m o r e  t h a n  60% (Fig .  5) the  increase  in 

a n t i p y r i n e  a n d  T H O  p e r m e a t i o n  p r o m o t e d  by 

l ime(rain)  

Fig, 5, Effect of compound H7 on the response to DBcAMP Mane- 
layers were ineubeted with 1(30/tM H7 during 15 rain before starting 
the fl~x expetiment~ The same eoncent~tion of inhibitor was main* 
tinned througlauut the flux experiment. DBcAMP (5 raM) was added 

at t = 7 rain. Rebult~ are means ~: S.E- of five ~xpcnments. 
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Fig. h. Effect of benzyl alcohol on antipyrin¢ and water permeations, 
Beryl alcohol (3O raM) w~ added on Ihe api~l side of the mono- 
layer at t 7 rain. Symbols as in Fig. 2(A) Means±$.E. of five 
experiments. (B) Permeability ratio of treated cells to control cells run 

in parallel. 

DBcAMP: peak values were (2.4 + 0.3) • 10 ~ and (9.2 
5- 0.9). 10 -~ cm s -~ (n = 5) for PDAo and P p , ,  respec- 
tively. This pretreatment alone had no significant ef- 
fects on the basal values of Pn~ (4A.  10 - s  cm s -~) or 
of PDAp (1.2" 10-s  cm s - l ) .  

Ben:yl alcohol increases identically water and antipyrine 
fluxes 

If, as suggested by fluorescence experiments and by 
determinations of T H O  and antipyfine permeability 
coefficients changes in water fluxes upon D D A V P  ad- 
dition are, in M D C K  cell monolayers dependent on 
changes in membrane fluidity, then conversely, modifi- 
cation of membrane fluidity must affect T H O  and 
antipydne transport similarly. As shown by Fig. 6, 
addition of 30 mM of the fluidizing agent benzyl al- 
cohol, a concentration that, in this cell llne, decreases 
by approx. 5% the anisotropy of TMA-DPH,  and has 
no effect on the basal level of intracellular cAMP [6], 
more than doubled the permeability for both solutes 
(benzyl alcohol to control ratios of 2.9 for PDAp and 2.5 
for Pow, at t = 10 rain). 

Discussion 

The pres, mt experiments demonstrate that, in M D C K  
cell monolayers, variations in the permeation of the 
lipophilic non electrolyte antipyrine were accompanied 

by parallel modifications in water permeation. These 
data suggest that, in M D C K  cells, water movement 
essentially occurs through the lipidic phase of the plasma 
membrane. They also suggest that the increase in water 
permeation that occurs in M D C K  cells treated by AVP 
is mediated by changes in membrane fluidity. 

Antipyrme and water permeation in control cells 
Permeation of lipophilic non electrolytes generally 

occurs through the lipidic phase of membranes and, for 
a given membrane, is a function of its fluidity or physi- 
cal state [13-15]. Changes in the permeation of these 
lipophilie non electrolytes have therefore been used as a 
physiological probe of modifications in the physical 
state of membrane lipids [7,8,16]. Diffusional permea- 
bility coefficients of antipyrine in the various experi- 
mental series were in the range of that reported for toad 
urinary bladder [7] and about two times less than those 
reported for rabbit cortical collecting tubules [8]. Com- 
parison with the data  obtained by A1-Zahid et al. [8] 
and by Finkelstein [15] shows that such low values are 
found in lipid bilayer membranes made of sphingo- 
myelin and cholesterol. 

This would agree with the highly ordered character 
of the apical membrane of M D C K  cells [17], likely 
related to the high content of sphingolipids in renal 
plasma membranes [18,19]. 

In accordance with previous data [3,4], water per- 
meability of M D C K  cell monolayers was in the lower 
range of the values reported for biological membranes: 
the Pow values obtained were 2-3-t imes lower than 
those reported for amphibian skin or toad urinary 
bladder [9]. However, it is likely that in these epithelia 
even when unstimulated, water crosses the luminal 
membrane primarily through aqueous pores [20]. In 
absence of literature data available on the free diffusion 
coefficient of antipyrine in water at 37°C,  the diffu- 
sional permeability coefficients determined from the 
present experiments were not  corrected for the presence 
of unstirred layers or post-apical membrane resistances 
[9,12] and have therefore to be considered as apparent 
diffasional permeability coefficients. The relative in- 
fluence of unstirred layers on the water diffusional 
permeability coefficient measured in M D C K  cells can 
be evaluated [9,12] using a free diffusion eneffieient for 
water of 3 - 1 0  -~ em 2 s -1 at 37°C  [21]. Assuming a 
1000 ~tm thickness for the unstirred layer, i.e., a value 
exceeding those determined from gallblader and, at zero 
stirring rate, for isolated cornea and je junum [22,23], the 
Pow value would be increased by less than 20~ (0.53- 
10 4 cm s-a) .  In sphingomyelin/eholesterol  lipid bi- 
layer membranes the ratio of the water permeability 
coefficient to the permeability coefficient of n-butyra- 
mide, a lipophilie solute of diffusional permeability 
coefficient close to that ol antipyrine, is between 2.8 
and 4.1 [15]. The Pu~/PoAp ratios determined from the 



control periods of the different experimental series fall 
within this range, thus suggesting that, like in trocheal 
[24] and intestinal [25] epithelial cells, the movement of 
water across the plasma membrane of unstimulated 
MDCK ceils occurs essentially via a solubility-diffusion 
mechanism [26,27]. Comparisons with osmotic water 
permeability coefficients, determinations of th~ activa- 
tion energy for water permeation and determination of 
the sensitivity to mercurial sulfhydryl reagents would be 
necessary to firmly establish water permeation mecha- 
nisms in MDCK cells [32]. On the other hand, a strong 
support to the view that water permeates through the 
membrane lipids was provided by benzyl alcohol experi- 
ments: should the water permeate through 'water chan- 
nels', benzyl alcohol would have promoted a much 
larger increase in antipyrine than in water fluxes, which 
clearly was not the ease, both antipyrine and water 
permeation being more than doubled upon addition of 
30 mM of the fluldizing agent. The observation that 
PDw and Prmp increased by the same factor also re- 
ndered unlikely that the change in membrane fluidity 
might have acted indirectly by increasing the flux of 
water through putative water channels. 

Antipyrine and water permeation in treated cells 
Qualitatively, the present measurements of anti- 

pyrine fluxes in DDAVP or DBcAMP treated mono- 
layers are in good agreement with the fluorescence 
spectroscopy data obtained on M D C K  cell suspensions 
or on monolayers grown on glass eoverslips [5]. Thus, 
cAMP-dependent changes in membrane fluidity also 
occur for MDCK cell monolayers grown on a permea- 
ble support. In fluorescence experiments on mono- 
layers, however, the peak value was recorded 5 rain 
after the agonist addition and was equivalent to the 
fluidization induced by 30 mM benzyl alcohol. Consid- 
ering that the changes in antipyrine permeation reflect 
the changes in the membrane fluidity of the cell mono- 
layer, the difference in the time course and the ampli- 
tude of the response between the two series of experi- 
ments might be related to the cell heterogeneity of 
cultures: MDCK cells have multiple cellular origin and 
the growth and differentiation of a call type, and its 
responsiveness to antidiuretie hormone are affected by 
the culture conditions [6,28,29]. In the present experi- 
ments the maximal effect, reached within 2 rain after 
the stimulation by DDAVP or by DBeAMP, corre- 
sponded to a 4-fold increase in Pr, An and was accompa- 
nied by an equivalent increase in water permeation. 
Although of lesser amplitude, a similar biphaaic in- 
crease in water permeation of MDCK ceil monolayers 
in response to [ArgS]vasopressin has been reported pre- 
viously [4]. The difference in amplitude of the responses 
might be related to call heterogeneity as discussed above. 
In the absence of any significant changes in sucrose 
permeation, an index of the intactness of tight-june- 
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tions, the observation that Pi)~/PD.xp ratios were not 
significantly modified by DDAVP or DBcAMP ad- 
ditions, suggests that, as in controls, water permeates 
essentially through the lipidic phase of treated cells [201. 
In accordance with such a view, an inhibition of water 
transport, leading to an unmodified PnJPoAp ratio, 
was also obtained when inhibiting the DBcAMP-stimu- 
lated antipyrine permeation by compound H7. More- 
over, a highly significant correlation ( r=0.975,  slope 
0.38) was obtained when antipyrine permeability was 
plotted against water permeability in control and at the 
peak response evoked by DDAVP, DBcAMP. DB- 
cAMP + H7, and benzyl alcohol. 

The present experiments do not allow to know if the 
l~DAVP-dependent changes in membrane fluidity were 
associated or not to the fusion of intracellular vesicles 
having different permeability properties [30 32]. How- 
ever. (a) no evidences for fusion events were found 
when investigating by fluorescence the changes in fluid- 
ity of the cells grown on glass supports [5l: (b) if fusion 
had occurred it was in a way such as to maintain tee 
water/antipyrine permeability ratio unchanged making 
unlikely that the vesicles contained significant amounts 
of water transporters. 
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