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Summary. The hydraulic conductivity of rabbit gallbladder epithelium has been studied 
using a continuous volumetric method based on capacitance measurements. The time resolu- 
tion for measuring osmotic flows is in the range of seconds. Volume flows have been 
induced by osmotic gradients between 0 and 100 mosmol. In this range the flow-force 
relation is linear and the Ps value is 9.3 x 10 3 cm/sec. After correction for solute polariza- 
tion effects, the Py value amounts to 0.05 cm/sec. The observed flow is constant between 
5 sec up to 20 min after a sudden increase in the osmolarity of the mucosal solution. The 
wet weight of the gallbladder tissue decreases by 22% and increases by 30% during osmotic 
flows from serosa to mucosa and from mucosa to serosa, respectively. Volume flows 
induced by hydrostatic pressure gradients on the mucosal surface are linearly related to 
the driving forces between 0 and 40 mbar. The PI value is 0.15 cm/sec. The volume flows 
are constant between 2 sec and 15 rain after pressure application. The flow-force relation 
for pressure gradients on the serosal surface is markedly nonlinear for gradients greater 
than 5 mbar. Below 5 mbar the PI  value is 4.5 cm/sec. From electrical measurements, 
e.g., resistance and streaming potentials, and from flux studies with inulin and polyethylene 
glycol 4000, it is concluded that hydrostatic and osmotic gradients are not comparable 
when they are applied to gallbladder epithelium. They induce volume flows across different 
pathways, e.g., osmosis predominantly across the cellular route and pressure filtration 
predominantly across paracellular routes. 

Isotonic reabsorbing epithelia are expected to have a high hydraulic 
conductivity, Lp or P j-, to account for rapid water movements coupled 
to active solute transport. Unfortunately attempts to estimate the magni- 
tude of the Lp, of, for example, gallbladder epithelium are hindered 
by several factors. The thick supporting connective tissue layer has been 
shown to be the site of solute polarization effects during osmosis (Wright, 
Smulders & Tormey, 1972; Lerche, 1976). Hence, applied gradients of 
sucrose are effectively reduced by build-up of oppositely directed salt 
gradients in unstirred layers, thereby reducing the applied osmotic gra- 
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dient by a factor of five (Wright et al., 1972). In addition, these volume 
flows were measured gravimetrically with time intervals of 5 min. Since 
in everted sacs osmotic flow rates decreased to one-fifth of the initial 
rate within 5 min after application of an osmotic gradient to the mucosal 
surface, time resolution of 5 min is largely inadequate (Wright et al., 
1972). Recently a method has been developed to detect volume flows 
continuously with sensitivities in the nanoliter range (Wiedner, 1976). 
We have used this method to monitor  volume flows induced by small 
gradients across the gallbladder. 

A large discrepancy between Lp values obtained from hydrostatic and 
osmotic pressure gradients have been observed in all epithelia studied 
so far (House, 1974). Apparently epithelial membranes are in a different 
state of reference, depending on what driving force is acting on them. 
To find out why hydrostatic pressure is more effective than osmotic 
forces we have studied both driving forces in rabbit gallbladder, using 
the continuous volumetric method. In addition, we have studied the 
permeability of various nonelectrolytes before, during, and after applica- 
tion of hydrostatic and osmotic pressure gradients to see whether these 
forces have effects on nonelectrolyte fluxes and whether solvent drag 
effects can be observed. Occurrence of solvent drag effects on nonelectro- 
lyre fluxes may provide an answer to the question whether the route 
of water is predominantly cellular or paracellular. 

Materials and Methods 

Gallbladders are obtained from albino rabbits of both sexes. After dissection and 
removal of bile, the bladders are cut open and left in gassed solutions (100% 02) at 
room temperature until they are mounted between two Lucite rings. Ringer's solution 
of the following composition has been used (in raM): NaC1, 145; KC1, 5; CaClz, 0.25; 
MgC12, 1.0; NaH2PO4, 0.375; Na2HPO4, 2.125; pH, 7.4. Sucrose is used to increase 
the osmolarity of Ringer's solutions. The osmolarity of solutions are measured with an 
Advanced Osmometer, type 3A. 

During osmosis the wet wt of the gallbladder wall changes. These changes have been 
measured as follows: Gallbladder sheets are clamped between two Lucite rings. Then, 
one of the surfaces is exposed to Ringer's solution while the other side is in contact 
with a Ringer's solution containing additional sucrose. Tissue wet wt of 0.78 cm 2 tissue 
can be determined by weighing the rings plus gallbladder and subtracting the weight of 
the rings. 

Volumetric Flow Measurements 

Flat sheets of gallbladder tissue are stretched and clamped between two Lucite rings. 
Soft silicone rubber rings on either side of the tissue are used to circumvent edge damage. 
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The Lucite rings function as a frame holding the tissue. This frame is mounted between 
two Lucite half chambers (Fig. 1). The surface area of the bladder exposed to the bathing 
solutions can be varied between 0.03 and 0.78 cm 2 using different frames. No support 
has been used. Volume flows across the gallbladder are detected by making use of capac- 
itance measurements described previously (Wiedner, 1976). When a probe is placed near 
a conducting surface, a capacitance exists between this surface and the probe head. A 
change in capacitance is a measure of a change in distance between the probe and the 
liquid surface�9 A decrease in volume of one of the two half chambers results in an increase 
in the distance, hence a decrease in capacitance. The experimental arrangement is sketched 
in Fig. 1. Capacitance is measured using the commercially available DIMEQ TE 200 trans- 
ducer equipment (Wayne Kerr, Bognor Regis, England). The volumes of both half chambers 
are monitored continuously and plotted on a three-channel pen recorder (Rikadenki B35), 
using one channel for each probe and the third channel for the display of the difference 
between both probe signals. Measuring volume changes on both sides is imperative in 
any experimental arrangement of sufficient accuracy. In our experiments volume changes 
can be observed which are not directly related to flow across the gallbladder; e.g., evapora- 
tion or volume uptake by the Lucite chamber. In order to be able to increase the pressure 
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Fig. 1. Schematic representation of Lucite chamber and capacitance probes used for volume 
flow measurement across gallbladder epithelium. (1) gallbladder, (2) Lucite frame to hold 
the gallbladder, (3) Lucite chamber, (4) magnetic stirrer, (5) thermostated water mantle, 
(6) capacitance probe, (7) guide tubes, (8) pressure inlets, and (9) silicone rubber seals 
during pressure application. The capacitance probes can be readjusted above the waterface 

independently to any desired position (Wiedner, 1976) 
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in the half chambers, silicon rubber seals are applied around the probes and the guide 
tubes (see Fig. 1). The pressure can be increased on both sides of the gallbladder via 
pressure inlets in the guide tubes independently. The pressure is measured with differential 
metal manometers (Wallace & Tiernan, GMBH, Model 62-075 series 1500) and regulated 
with manostats (Aneroid Manostaten, FA-149, Wallace & Tiernan, GMBH). The chamber 
is thermostated at 20+_0.01 ~ 

Permeability Measurements 

The effect of stretching the tissue and the effect of osmotic or hydrostatic pressure 
on the permeability properties of the epithelium has been tested as follows: gallbladders 
are mounted as flat sheets between two Lucite half chambers as described by Van Os, 
Michels and Slegers (1976) (exposed area, 0.78 cm2). The electrical potential difference 
across the gallbladder is measured via calomel half cells connected to the chamber solutions 
via Ringer/agar bridges. Current is passed through the tissue via Ag/AgC1 electrodes. 
The electrical properties are checked by measuring the magnitude of the 2 : 1 NaC1 dilution 
potential (75 mM NaCI replaced by sucrose in the mucosal solution) (Barry & Diamond, 
1970). The permeability of the gallbladder to several nonelectrolytes has been determined 
by adding the solute in a 14C- or 3H-labeled form to one side and measuring the appearance 
on the other. Details have been published previously (Smulders & Wright, 1971). 

Calculation of Permeability Constants 

The hydraulic conductivity, Lp (cm/sec-atm) can be obtained from the linear law 
of irreversible thermodynamics : 

Jr= -Lp .(AP-~ATO (1) 

where J,.(cm3/sec.cm) is the volume flow in response to pressure gradients, AP(atm) and 
A~z(atm). a is the reflection coefficient for the osmotic solute. For reasons of convenience 
Lp is converted to Py (cm/sec), using the relation: 

Pf = RTLp/Vw (2) 

where P~,, is the partial molar volume of water. R and T have their usual meanings. 

Results 

Hydrostatic Pressure Gradients 

Apply ing  hydros ta t i c  pressure gradients  on  the mucosa l  surface in- 

duces vo lume  flows which  can be m o n i t o r e d  within seconds after raising 

the pressure.  The vo lume  flow is stable as long as the measuremen t s  

are con t inued  (up to 20 min). The f low force re la t ion for mucosa l ly  

appl ied pressures is shown  in Fig. 2. This re lat ion is l inear for  gradients  

up to 40 mbar .  The  slope yields a Py value o f  0.15 cm/sec. A b o v e  40 m b a r  

the slope tends to decrease, p r o b a b l y  due to a decrease in the wid th  
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Fig. 2. Flow-force relation for volume flows induced by hydrostatic pressure gradients 
applied to the mucosal surface of gallbladder epithelium. The slope of the relation yields 
a P j- of 0.15 cm sec-1. The points represent repeated measurements on 4 gallbladders. 
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Fig. 3. Flow-force relation for volume flows induced by hydrostatic pressure gradients 
applied to the serosal surface of gallbladder epithelium. Between 0 and 5 mbar the Py 

value is 4.5 cm sec- 1. The points represent measurements on 4 gallbladders 
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of the lateral intercellular spaces (Smulders, Tormey & Wright, 1972). 
In control experiments the influence of pressure on both sides simul- 
taneously has been studied. The flow in response to a 30 mbar gradient 
does not change when the pressure on both sides is raised simultaneously 
by 50 mbar. In Fig. 3 the results are shown of experiments in which 
small pressure gradients are applied to the serosal surface. Also here 

the flow is constant within seconds after raising the pressure. Between 

0 and 5 mbar the flow force relation is linear. With increasing pressures 
the relation deviates more and more from linearity. The Pz value between 
0 and 5 mbar is 4.5 cm/sec, which is 30 times greater than for the reversed 

situation. Gradients larger than 10 mbar damage the epithelium irrevers- 
ible since the flow rate due to 3 mbar is higher when the serosal side 
has been exposed to pressures above 10 mbar. 

Osmotic Gradients 

In everted gallbladders osmotic flow transients are observed when 

the mucosal solution is made hypertonic and when the flow is measured 
by weighing (Wright et aI., 1972). The following experiment is designed 
to find out whether osmotic flow transients are seen by tbe volumetric 

method. A small volume of 3 M sucrose is placed on the bottom of 
the mucosal half chamber. When the stirrer is switched on, a rapid mixing 

occurs between the mucosal fluid and the sucrose, hence an osmotic 
gradient is generated within seconds. In Fig. 4 such an experiment is 
shown. The abrupt decrease in the volume of the mucosal fluid is due 
to volume contraction caused by mixing concentrated sucrose with the 
Ringer's solution. (The same phenomenon is observed with parafilm 
as a membrane.) Within 5 sec after mixing, a volume flow is recorded 
from S to M. The flow rate is constant as long as the recording is 
continued (up to 20 rain). No high initial flow rate is observed in contrast 
to the gravimetrical procedure. With the capacitance probes the volume 
of the bathing fluids is monitored and therefore the volume flow measured 
is a transmural flow. Shrinking or swelling of the tissue will not be 
detected, hence it is likely that the osmotic transients observed with 
a gravimetrical technique is related with a weight loss of the gallbladder 
tissue. For this reason the effect of osmotic gradients on the tissue wet 
wt has been studied. In Fig. 5 the results are shown. Within 5 to 10 rain 
after applying osmotic gradients, a change in wet wt is observed. Mucosal 
hypertonicity reduces the wet wt by 22.5 % (n = 13), while serosal hyperto- 



Volume Flows across Gallbladder Epithelium 7 

Fig. 4. Volumetric flow measurement by means of capacitance probes. At the beginning 
of the experiment the probe 1 above the mucosal compartment and probe 2 above the 
serosal compartment show no change of volume of either compartment. A few seconds 
after mixing (arrow) a water movement is recorded which is shown by a decrease (probe 
2) and increase (probe 1) in volume of the serosal and mucosal solution, respectively. 
The third trace is the sum of probe signals 1 and 2, indicating that there is no loss 
of water by evaporation or disappearance into the Lucite. In this experiment the mucosal 
solution had an osmolarity of 368 mosmol after mixing. The exposed bladder area in 

this experiment was 0.78 cm 2 

nici ty increases the wet wt by 31.0% ( n = 6 ) .  In some bladders ,  especially 

with larger  gradients ,  the change  in weight  is irreversible.  These  observa-  

t ions are in ag reemen t  with the effects o f  osmot ic  gradients  on  the histol- 

ogy o f  gal lb ladders  descr ibed  by Smulders  et al. (1972). 

In Fig. 6 the f low-force  re la t ionship  is shown for  sucrose- induced  

vo lume  flows f rom S to  M. The  re la t ion  is l inear  for  concen t r a t i ons  

up  to  100 m s .  Wi th  higher  osmolar i t ies  the slope decreases  as a result  

o f  col lapse o f  the lateral  intercel lular  spaces (Smulders  e ta I . ,  1972; 

Wr igh t  et al., 1972). The  Ps  value in Fig. 6 is 9.3 x 10-  3 cm/sec,  which 

is a b o u t  2 to 3 t imes h igher  than  values f r o m  gravimet r ica l  measu remen t s  

(Wright  et al., 1972). This  di f ference is best expla ined  by bet ter  st irring 

condi t ions  in the c h a m b e r  (Wiedner  & Wright ,  1975). Also,  active t rans-  
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Fig. 5. Effect of osmotic gradients on wet wt of the gallbladder wall. Changes in wet wt 
have been expressed as percentage of the initial wet wt of the gallbladder incubated 
in normal Ringer's solutions. The horizontal axis gives the magnitude of the osmotic 
gradient. Gallbladder wet wt was determined as described under Materials and Methods. 
The control value of gallbladder wet wt was 83.6_+5.0 (n=9) mg/cm:. The mean value 
after 5 min mucosal hypertonicity was 64.8_+ 5.2 (n= 13) mg/cm 2, and after 5 min serosal 

hypertonicity 108.7 _+ 6.5 (n = 6) 

po r t  rates  were twice as h igh in well-s t i rred c h a m b e r s  than  in sac p repara -  

t ions (Van Os et al., 1976). The  osmot ic  Ps is a b o u t  15 t imes smaller  

t h a n  the hydros ta t i c  P~ in Fig. 2. 

Electrical Measurements  

Osmot i c  f lows are a c c o m p a n i e d  by so-called s t reaming  potent ia ls ,  

due  to salt po la r i za t ion  in uns t i r red  layers (Wrigh t  et al., 1972; Van  Os 

et al., 1976). S t reaming  potent ia l s  induced  by add i t iona l  sucrose in the 

mucosa l  so lu t ion  are shown in Fig. 7B. Ad d in g  a few d rops  o f  concen-  

t r a t ed  sucrose  to  the well-s t i rred mucosa l  so lu t ion  leads to a s t reaming  

po ten t ia l  which reaches  a s teady-s ta te  value  wi thin  5 sec, e.g., wi thin 

the t ime course  o f  the mixing process.  Also,  the t r a n s m u r a l  v o l u m e  
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Fig. 6. Flow-force relation of osmotically induced volume flows across rabbit gallbladder 
epithelium. The mucosal solution is made hypertonic with respect to the serosal solution 
by the addition of sucrose. The flows were measured under steady-state conditions. The 
points represent repeated measurements on 4 gallbladders. The slope of the curve yields 

a P~ value of  9.3 x 10 -3 cm sec -1 

flow in Fig. 4 has reached a steady-state value within 5 sec. The magni- 
tude of the streaming potential is linearly related with the osmotic gra- 
dient up to 70 mosmol. Again this correlates well with the linear flow 
force relationship in Fig. 6. To measure streaming potentials induced 
by NaC1 gradients, corrections have to be made for diffusion potentials 
due to the applied NaC1 gradients. In Fig. 7 A such a correction procedure 
is shown. This figure gives measured potentials across the gallbladder 
in the presence of additional NaC1 in the mucosal solution. In one 
of the measurements sucrose is used to offset the osmolarity of the 
NaC1 gradient, and in this situation there is no volume flow, hence 
no streaming potential. After correction for diffusion potentials, the mag- 
nitude of NaCl-induced streaming potentials is linearly related with the 
NaC1 gradients up to 40 mM (Fig. 7B). 

A 70-mM sucrose gradient induces a volume flow of 40 gl/hcm 2 and 
a streaming potential of 4 mV. Since a pressure gradient of 40 mbar 
on the mucosa and of 5 mbar on the serosa induces a flow of 15 and 
60 gl/hcm 2, streaming potentials of 1.5 mV and of 6.0 mV can be antici- 
pated. However, no streaming potentials can be observed during pressure 
filtration on either side (detection l imit<0.1 mV). These observations 
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Fig. 7. Streaming potentials induced by NaC1 and sucrose gradients in the mucosal fluid. 
(A): o o, Steady-state potentials due to additional NaC1 in the mucosal solution in 
the absence of volume flows. The NaC1 gradient is counterbalanced with sucrose in the 
serosal fluid. (e.g., 20 mM NaC1 represents a gradient of 17 mosmol aNaCl is 0.7 to 0.8 
with respect to sucrose (Van Os et al., 1974; Monticelli, Celentano & Torelli, 1975), hence 
a 20 mM NaC1 gradient is effectively balanced with 13 mM sucrose on the serosa), i - - I ,  

Steady-state potentials due to additional NaC1 in the mucosal solution in the presence 
of volume flows. (B) : [] n, Streaming potentials due to additional sucrose in the mucosal 
fluid. ZX--A, Streaming potentials due to NaC1 gradients. These values are calculated 

as the difference between the two lines in A 

suggest  tha t  p r e s s u re - i nduced  f lows rep resen t  bu lk  f low wi th  ident ica l  salt  

c o n c e n t r a t i o n s  as in the  b a t h i n g  fluids. W h e n  this is the case no  solute  

p o l a r i z a t i o n  can  be expected.  In  add i t ion ,  the  m a g n i t u d e  o f  the  2:1  

NaC1 d i lu t ion  po ten t i a l  (10 to 12 mV)  is no t  in f luenced  by  pressures  

up to 50 m b a r  on  the m u c o s a  n o r  by  pressures  up to 10 m b a r  on  the 

serosa.  W i t h  serosal  p ressures  o f  5 a n d  10 m b a r ,  the  res i s tance  o f  the 

ga l lb l adde r  did no t  change .  These  con t ro l  e x p e r i m e n t s  indica te  tha t  pres-  

sure applicat io.n wi th in  the r ange  used  in this s tudy  does  no t  des t roy  

the pe rmse lec t iv i ty  o f  the  shun t  p a t h w a y .  

Nonelectrolyte Permeabilities 

T a b l e  1 shows the  effect  o f  50 m b a r  m u c o s a l  p ressure  on  f luxes ( M  

to 5) o f  urea ,  e thy lene  glycol,  a n d  inulin. T h e  smal l  decrease  in p e r m e a b i l -  
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Table 1. Influence of hydrostatic pressure in the mucosal bathing fluid on nonelectrolyte 
permeability of gallbladder epithelium 

JM---,S /~ in 10 6 cm/sec AP~- 50 mbar 
Po (% of initial value) 

14C-urea 51.2_+ 12.4 69+ 5% (n=4) 
14C-ethylene glycol 17.9 + 4.1 86 _+ 11% (n-4) 
3H-inulin 1.2+_ 0.2 92-+ 4% (n=8) 

The permeability to nonelectrolytes during a pressure gradient of 50 mbar is expressed 
as a percentage of the control value immediately before pressure application. The flux of non- 
electrolytes was measured in the direction mucosa to serosa. In this situation the volume 
flow from M to S averaged 18 gl/hcm 2. 

ity m a y  be re la ted  to  changes  in the la teral  in tercel lu lar  spaces.  H o w e v e r ,  

the decrease  in inulin pe rmeab i l i t y  is smal le r  t h a n  the  change  in u rea  

pe rmeab i l i ty .  These  resul ts  show tha t  ga l lb ladder  ep i the l ium wi ths t ands  

m u c o s a l  p ressure  easily. 

Tab le  2 shows tha t  p ressure  app l ied  to the serosal  surface  causes  

an  e n o r m o u s  increase  in S to M fluxes. C o m m e r c i a l l y  ava i l ab le  3H- 

me thoxy inu l in ,  used  in these exper iments ,  m a y  con t a in  a smal l  a m o u n t  

o f  low m o l  wt  subs tances  ( M u n c k  & R a s m u s s e n ,  1977). F o r  this r e a s o n  

we have  inc luded  flux studies wi th  the m o r e  h o m o g e n e o u s  14C-poly- 

e thylene  glycol,  bu t  the resul ts  o b t a i n e d  with  inul in  a n d  P E G  are  essen- 

Table 2. Influence of a hydrostatic pressure on the serosal surface on nonelectrolyte 
permeability of gallbladder epithelium 

Permeabilities P in 10 - 6  cm/sec 

Control A P =  5 mbar A P =  10 mbar 

'Js § 
14C-ethylene glycol 15.4+2.5 26.9+7.5 77.8_+ 16.3 (n=6) 
3H-inulin 1.2_+ 0.2 10.1 +6.5 48.2_+ 10.0 (n= 10) 
14C-poly ethylene glycol 0.4-+ 0.1 3.1 _+ 1.8 36.4_+ 8.6 (n =4) 

JM -~S: 
14C-ethylene glycol 18.0_+ 2.6 14.7 _+ 3.2 11.8 _+ 3.6 (n = 4) 
3H-inulin 1.7_+0.3 1.1_+0.2 0.7+ 0.2 (n=4) 

The volume flows with 5 and 10 mbar were 60 and 180 gl/hcm 2, respectively. Fluxes were 
measured during periods of 45 min. In 40% of the bladders the permeability to inulin had 
increased with a factor of 1.5 after 10 mbar serosal pressure application. In the others no 
change in permeability was observed after pressure application. 
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Table 3. Inulin permeability during osmotic volume flows and during active reabsorption in 
rabbit gallbladder 

Inulin permeability in 10-6cm/sec 

A. Osmotic flow M--,S AH=o AH=300 mM sucrose 
Pinulin (M--->S) 1.7_+0.6 1.6_+0.6 (n=3) 
Pi,mJm (S--+M) 1.6_+0.7 3.2-+0.8 (n=3) 

B. Active reabsorption 37 ~ 37 ~ 
Pinulin (M- 'S )  2.4_+0.4 1.8+0.3 (n=5) 
Pinulin (S---+M) 3.1_+0.5 1.8_+0.4 (n=5) 

The volume flows in the presence of a 300 m s  sucrose gradient and during active reabsorption 
are between 60 and 100 ttl/hcm 2 (Wright etal., 1972; Van Os etal., 1976). Inulin fluxes 
were measured during 1 hr periods. In condition B the bladder was bathed with 5 • 10 4 M 
oubain for 1 hr before the control flux of inulin was determined in order to inhibit the active 
transport in rabbit gallbladder (see Van Os & Slegers, 1971). 

tially similar. Table 2 also shows that, concomitantly,  there is a signifi- 
cant, but substantially smaller, decrease in the M to S fluxes. 

Table 3 summarizes the effects of  osmotic flows and solute-linked 
fluid transport  on inulin fluxes. In both conditions, despite the net water 
flow of  60 to 100 gl/hcm 2 from M to S, there is a small but significant 

increase in the inulin fluxes from S to M. On the other hand, there 
is no significant effect on inulin fluxes from M to S. Munck and Rasmus- 
sen (1977) described a similar phenomenon during fluid absorption in 
rat je junum in vitro. These results are in contrast  to those observed 

with serosal pressures, Table 2, where water flows from S to M of  
60 180 ~tl/hcm 2 produced an increase in S to M fluxes and a decrease 
in M to S fluxes of nonelectrolytes. 

Discussion 

In this study PI  values of  gallbladder epithelium have been measured 
using a continuous volumetric method based on capacitance measure- 
ments. The time resolution of volume-flow measurements  is on the order 
of  seconds, which is an improvement  of  two orders of magnitude over 
gravimetrical measurements.  Small osmotic and hydrostatic pressure gra- 
dients have been used and, in the range where the flow-force relation 
is linear, the linear laws of  irreversible thermodynamics  have been 
applied. The Pf values are: 9 .3x 10-3cm/sec  for sucrose gradients 
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(ys-~M), 0.15 cm/sec for mucosal pressure gradients, and 4.5 cm/sec for 
serosal pressure (between 0 and 5 mbar). 

Osmosis  

The osmotic PI  value is the highest steady-state value reported for 
rabbit gallbladder so far. Although this value is for S to M flows, a 
similar value can be expected for M to S flows, since gallbladder epithe- 
lium behaves symmetrically towards small osmotic gradients (Wright 
et al., 1972; Van Os et al., 1976). Osmotic flows are accompanied by 
solute polarization in the unstirred layers and, therefore, the effective 
osmotic gradient will be smaller than the applied ones. 

It has been proven that streaming potentials reflect solely these polar- 
ization effects (Wedner & Diamond, 1969; Van Os et al., 1976). With 
help of the data in Fig. 7 it is possible to estimate the extent to which 
the applied osmotic gradient is reduced. Figure 7 B shows that an osmotic 
flow in response to 50 mosmol sucrose induces a streaming potential 
of about 3 mV. In Fig. 7A, 3 mV corresponds with a diffusion potential 
measured between 180 and 150 mM NaC1 solutions on either side of 
the epithelium. Since 30 mM NaC1 constitutes an osmotic force of 40 mos- 
mol (O-NaCl--~0.8, the osmotic coefficients-0.85), the applied 50 mosmol 
gradient is effectively reduced to 10 mosmol. Hence, the osmotic PI, 
after correction for polarization effects, has a value of approximately 
0.05 cm/sec. It has to be emphasized that corrections for polarization 
effects based on streaming potentials are only related to polarization 
effects seen by the permselective shunt pathway and that polarization 
effects across the cell membranes are not taken into account. 

With the volumetric method, osmotic flow transients and high initial 
flow rates are not observed which are in contrast to gravimetrical mea- 
surements. This difference is simply explained by the fact that transmural 
flows are recorded with the volumetric method. Changes in the water 
content of the tissue will be detected by weighing but not by monitoring 
the volume of the bathing solutions. Wright et al. (1972) explained the 
osmotic flow transients by solute polarization. However, this explanation 
is unlikely in view of the time courses of both processes, e.g., the flow 
transients have a time course of about 15 min whereas the streaming 
potentials have reached a steady state within 5 sec. The changes in wet 
wt of gallbladders during osmosis given in Fig. 4 have time courses 
which correlate very well with the flow transients. Swelling and shrinking 
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of the bladder is most likely an in vitro artefact, since water has to 
cross additional barriers, the serosal muscle and collagen layers, in con- 
trast to the in vivo situation. These additional layers constitute significant 
barriers to bulk flow (Smulders et al., 1972). The question is now whether 
these osmotic flow transients, related to swelling and shrinking, provide 

information about the Ps of the epithelium. The answer to this question 
remains obscure since it is unknown from where the water comes. In 
the case of mucosal hypertonicity, the osmotic transients can be due 
to shrinking of the cells and/or water out of the submucosal space via 
the cells or via the junctional route. Therefore, estimates of the " t rue"  
osmotic PI based on extrapolations of osmotic flow transients may not 
be very realistic. 

One of the aims of this study was to improve the time resolution 
of volume flow measurements across epithelial membranes. One could 
argue that a time resolution on the order of seconds may not be good 

enough and that methods are needed with a time resolution smaller 
than 1 sec in order to study flow transients and polarization effects. 
However, even in the best stirring condition, the unstirred layer thickness 
on the mucosat side is about 50 gm (Bindslev, Tormey & Wright, 1974; 
Wiedner & Wright, 1975). The half time for diffusion of sucrose across 
50 gm is already greater than 1 sec, and therefore a time resolution 

smaller than 1 sec will not be of much help. 
In view of the above discussion it seems not very useful to pay 

much attention to the question what the " t rue"  osmotic Pf value may 
be. Polarization effects may also occur during solute-linked water trans- 
port in vivo. Due to the pump activity in the baso-lateral membranes, 
polarization effects across that membrane will be minimal, but polariza- 
tion may occur across the mucosal membrane. The corrected osmotic 
Pf value from this study (0.05 cm/sec) seems a reasonable estimate of 
the "effective" PI, operating during solute-linked water transport. The 
" t rue"  value will not be much greater than 0.05 cm/sec, since the hydro- 
static equivalent is 0.15 cm/sec. It is very likely that in the latter situation 
most of these flows are generated across pathways where the reflection 
coefficients for NaC1 and sucrose are significantly less than unity. Rea- 

sons in favor of this view will be discussed below. 

Hydrostatic Pressure 

First of all, it should be mentioned that small serosal pressure generates 
enormous volume flows in proximal tubules, small intestine and gallblad- 
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der alike. In our study serosal pressure of 5 mbar yields a hydrostatic 
PI  value of 4.5 cm/sec, comparable to 8.8 cm/sec in rat proximal tubules 
(Sato, 1975) and 2.9 cm/sec in dog small intestine (Hakim & Lifson, 
1969) ; both values have been obtained with 4 mbar gradients. 

At least we have shown that these small pressures do not destroy 
the permselectivity of the shunt pathway nor do they reduce the tissue 
resistance substantially. This is in agreement with histological studies 
of Tormey and Diamond (1967), who described that serosal pressure 
up to 5 mbar did not rupture the epithelium. In addition, we have shown 
that serosal pressure of 5 to 10 mbar, but neither osmotic nor solute 
linked flows, exert a solvent drag effect on inulin and PEG 4000 fluxes. 
This observation makes it highly unlikely that serosal pressure gradients 
generate flows across the cellular route. 

The question arises whether these large volume flows are generated 
across the junctional route or whether they are generated across newly 
formed pores in the epithelial mosaic. One possibility is to think of 
bulk flow via the junctional route, where the junctions have to be thought 
of as narrow continuous slits around the cells. The slit width necessary 
to accomodate the volume flow can be calculated from the relation: 

B3_  3r/1 V 
2 N WA P (3) 

(Bird, Steward & Lightfoot, 1960) where B is the half distance between 
opposing junctional membranes, r/=0.01 poise, 1 = 2  x 10-5 cm (length 
of junctional route, Tormey and Diamond (1967)), V= 16.7 x 10 -6 cma/ 
cm2sec (average flow velocity due to 5 mbar, Fig. 3; the actual flow 
velocity in these spaces may be much higher), N =  6 x 106 cells/cm 2 (cells 
arranged as hexagonals; Van Os, de Jong&Slegers ,  1974), W= 
7.5 x 10 -4 cm (half the cell circumference), AP=4.9  x 103 dyne/cm a 
(5 mbar). The slit width has to be>60  A in order to accomodate the 
flow. This would imply an inulin permeability > 10- 4 cm/sec and a resis- 
tance < l(2cm 2. These values are two orders of magnitude out of range 
with the observed ones, which suggests that it is unlikely that water 
is filtered through slits homogeneously around the cells. Assuming circu- 
lar pores instead of continuous slits, similar calculations lead to the 
results tabulated in Table 4. This table also includes calculations for mu- 
cosal pressure induced flows. 

The number  N--107 pores/cm 2 has been postulated previously to 
explain the sucrose permeability of rabbit gallbladder (Wright et al., 
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Table 4. Hypothetical pore radii and number of pores per cm 2 to accomodate volume flows 
due to pressure gradients 

Pores/cm 2 Serosal pressure of 5 mbar 
(N) (Jr = 60 gl/hcm 2) 

Mucosal pressure of 40mbar 
(Jr = 15 gl/hcm 2) 

Y Pinulin R r Pinulin R 
(10-Scm) (10-6cm/sec) (~cm 2) (10-Scm) (10-6cm/sec) (f~cm 2) 

107 363 31 4.8 155 5.6 26 
105 1150 3.1 48 495 0.6 260 
103 3630 0.3 480 1550 0.06 2600 

In the table are summarized results of calculations of hypothetical pore radii which are 
needed to accomodate the volume flows induced by pressure gradients. The number of pores 
per cm 2 are set at 107, 105 or  10 3. The radii are obtained by using the equation: 

Hr~AP 
V = J - -  (4) 

8ql 

(Poiseuille's law) where symbols and values are the same as given for Eq. (3). With the 
obtained pore radii, the inulin permeability and the electrical resistance were calculated as 
follows : 

N H r 2 D  
P~.u~ - l (5) 

where D= 1.5 • 10 --6 cm2/sec (diffusivity for inulin, Van Os et al., 1974). 

pl 
R = - -  (6) 

N H r  2 

where p= I00 f2/cm, the specific resistance of Ringer's solution at 20 ~ (Robinson Stokes, 
1970). 

1972; V a n  Os e t a l . ,  1974). A l t h o u g h  the ca lcu la t ions  in T a b l e 4  are  

no th ing  m o r e  t h a n  r o u g h  es t imates ,  the t endency  is qui te  clear.  On ly  

a re la t ively  few large po res  are c o m p a t i b l e  wi th  the large v o l u m e  

f lows and  the  o b s e r v a t i o n  t ha t  the  res i s tance  is u n c h a n g e d  by  smal l  

serosa l  pressures .  T h e r e f o r e  it is r e a s o n a b l e  to  a s sume  tha t  the 

m e c h a n i s m  o f  serosal  p r e s su re - induced  secre t ion consis ts  m a i n l y  in rup-  

tu r ing  o f  zonu l ae  occ luden tes  be tween  a small  n u m b e r  o f  cells. A c c o r d i n g  

to T o r m e y  a n d  D i a m o n d  (1967) p ressure  o f  5 m b a r  does  no t  lead to 

r u p t u r e d  junc t ions .  H o w e v e r ,  the  large f lows can  be a c c o u n t e d  for  w h e n  

less t h a n  0.1% o o f  the j u n c t i o n a l  s t ruc tu res  be tween  three  jo in ing  cells 

di la te  or  r u p t u r e  to f o r m  pores  o f  a b o u t  0.5 g m  wide. I t  is l ikely tha t  

such a smal l  n u m b e r  o f  pores  are  no t  de tec tab le  in h is to logica l  studies.  
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Junctions between three cells may be most sensitive to serosal pressure, 
for in a recent study by Spring and Hope (1978) on living gallbladders, 
it was shown that in the presence of serosal pressure, " lakes"  of fluid 
were frequently seen below these particular junctions. In support of 
our interpretation is the absence of any measurable streaming potential 
during serosal and mucosal pressure gradients. It is obvious that bulk 
flow through pores of this size will have an identical ionic composition 
as the bathing fluid, and therefore no solute polarization can be expected. 
These large pores will not contribute substantially to osmotic flows since 
the sucrose or NaCt reflection coefficients in these pores will be near 
zero. Therefore, osmotic and hydrostatic PI  values cannot be compared; 
they simply represent different pathways through the epithelium. More- 
over, our interpretation offers also an explanation for the enhanced 
blood to lumen flux of inulin in rabbit small intestine 
(Humphreys & Early, 1971) and in Necturus proximal tubule (Boulpaep, 
1972) during plasma volume expansion. 

Whether ruptured junctions reseal after pressure application cannot 
be concluded from our inulin flux measurements, since a small number 
of pores will not lead to a significant increase in the inulin permeability. 
However, the slight increase in Pinul~n in some of the bladders after 
10 cm H20 and the fact that pressures greater than 10 cm H20 markedly 
increased the flow due to 3 cm H20 suggest that serosal pressure of 
10 cm H20 and greater produces irreversible ruptures. 

Route of Water Flow During Osmosis and Active Solute Transport 

The enhanced S to M inulin fluxes observed during osmosis and 
net solute-linked water transport (Table 3) suggest that in both situations 
the net M to S water flow is accompanied by a significant paracellular 
backflux of water into the lumen. The S to M water flow is probably 
the result of a small serosal pressure caused by the hydraulic barrier 
of the muscle layer. These observations can be taken as a hint that 
net solute-linked water transport results from transcellular instead of 
paracellular water movement. Moreno (1975) postulated two separate 
paracellular pathways in gallbladder epithelium, one leakage pathway 
for sucrose, inulin, and Cl- ,  and in addition to that a cation selective 
pathway. The calculated '~ pore radius" for the cation channel 
was 4.5 ~ in rabbit gallbladder, for inorganic as well as organic cations 
(Moreno & Diamond, 1975). One could postulate that during active sol- 
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ute transport, salt gradients across the junctional cation channels drag 
water directly into the lateral intercellular spaces. Using flow equation 
(3) it can be calculated that in order to accomodate a flow rate of 
100 gl/hcm 2 (normal active transport rate) through continuous slits with 
a half slit width of 4.5 A, a pressure gradient of 107 dynes/cm 2 is needed, 
which is equivalent to 420 mosmol  or to a salt gradient of about 250 meq 
assuming a reflection coefficient of unity. It is highly unlikely to expect 
such a hypertonicity in the spaces. Gupta,  Hall and Naftalin (1978) 
estimated a hypertonicity between 10 and 40 meq in the lateral intercellu- 
lar spaces of rabbit ileum, while Machen and Diamond (1969) arrived 
at an estimate of 10 meq in rabbit gallbladder. Therefore, it seems that 
the junctional waterflow during active solute transport  is less than 10% 
of the net water flow. On the other hand, if most of the water flow 
is through the cation shunt pathway a solvent drag effect on unidirec- 
tional Na fluxes has to be anticipated. We know of two studies in which 
Na fluxes from M to S and from S to M have been measured in the 
presence and absence of solute-coupled water transport. Taylor, Wright, 
Schultz and Curran (1968) report a decrease in Na fluxes in both direc- 
tions after inhibition of fluid transport  in rabbit small intestine; and 
Andreoli, Schafer and Patlak (1978) report that the Na flux from blood 
to lumen in rabbit proximal tubules is independent of volume absorption. 
These observations support the view that the cation shunt pathway is 
not the major route for water during solute-linked water transport. How- 
ever, to conclude, the role of the paracellular pathway in isotonic trans- 
port can be evaluated only when the hydraulic conductivity of this route 
has been measured. How this can be done is not yet clear. 
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