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S U M M A R Y  

1. Unidirectional fluxes ofD-galactose across the brush and serosal border 
of rabbit ileum were determined using the method described previously (Naftalin. 
R. J. and Curran, P. F. (1974) J. Membrane Biol. 16, 257 278). With Ringer 
[Na] 75 mequiv., tile K m for galactose influx across the brush-border ix 
5 raM, with 0.1 mM ouabain present K,, : 50 raM, the V(2.01~mol .cm 2 . h  ~) 
remains unaltered. The Michaelis parameters for galactose influx across the serosal 
border a r e  K m 59 9 mM and V 4 .7-  0.24 llmol - cm -2 . I1 ~ and for etllux 
K,,, 85 10 mM and 1 6 . 8 ; 0 . 7 1 m l o l . c m  2 . h  

2. 2-Deoxy-D-glucose and methyl /~-D-glucopyranoside inhibit galactose entr\ 
exclusively at the serosal and mucosal borders respectively, whilst 3-O-methxl-I~- 
glucose inhibits galactose influx at both borders. 0.1 mM ouabain increases the A] 
of 3-O-methylglucose for the mucosal galactose transport system from 50 to 150 m M. 
whilst the K~ of 3-O-methylglucose for the serosal transport s~stem (100 r aM) i s  
unaffected by ouabain. 

Inhibition of mucosal galactose transport by ouabain or b) competition ~ith 
other sugars results in a reciprocal increase in exit permeability and decrease in entrx 
permeability. Inhibition of serosal galactose transport results in inhibition of both 
the entry and exit permeability, entry is more affected. 

3. There is a small degree of permeability asymmetry at the serosal border to 
galactose which is reduced by ouabain or removal of Na + from the Ringer. Uptake of 
~4C-labelled galactose from the serosal solution into the tissue is also inhibited b\ 
addition of ouabain or Na + removal. It is therefore considered that there is a ~eak 
active transport system for galactose at the serosal border. 

4. Net transepithelial galactose flux is sufficiently high and serosal permeabil- 
ity to galactose sufficiently low to be consistent with the view that galactose is con- 
centrated within the tissue fluid, after convection (Naftalin, R. J. and Holman, G. I). 
(1974) Biochim. Biophys. Aeta., 373, 453-470) across across the mucosal border 
because it is reflected at the serosal boundary. 

* Ded ica ted  to t i le late Peter F. Cur ran .  
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INTRODUCTION 

Previous studies of organic solute transport across the serosal boundary of the 
small intestine have shown that this membrane differs in several respects from the 
brush-border. Firstly, in contrast to transport across the mucosal border, no gross 
asymmetry in the unidirectional permeabilities to L-lysine [l], L-alanine [2] or 
sugars [3, 4] has been observed at the serosal boundary. Secondly, there is no marked 
Na+-dependent change in the fluxes of organic solutes [3, 4] and thirdly, the affinities 
of  alanine, lysine and D-galactose for the transport sites are at least an order of  
magnitude lower at the serosal than at the mucosal border. Bihler & Cybulsky [3] 
have shown recently with an isolated intestinal cell preparation that 2-deoxy D- 
D-glucose, D-mannose and D-fructose have a higher affinity for the serosal membrane 
than the mucosal membrane, hence not only the strength of interaction, but also the 
specificity range of the sugar-serosal membrane interaction differs from that at the 
brush-border. 

The method described previously [4, 5] for determining the unidirectional 
permeabilities of sugars across the mucosal and serosal boundaries of rabbit ileum 
has the advantage that the serosal transport parameters can be obtained without 
differential inhibition of mucosal transport. 

Several questions concerning sugar transport across the serosal border of 
fully active rabbit ileum remain unresolved, namely, does the serosal border have a 
measurable affinity towards sugars? Does the activity of the tissue Na+-pump or 
[Na] in the tissue and Ringer affect sugar transport across the serosal membrane? 
Is the serosal border symmetrically permeable to sugars? Does the serosal border 
have a role in the concentration of sugars within the cell fluid? An attempt will be 
made to answer these questions in this paper. 

MATERIALS AND METHODS 

Ringer 
The method of estimating the unidirectional fluxes across the mucosal and 

serosal boundary of rabbit ileum stripped of its serosal muscle layers has been 
previously described [4, 5]. The experiments described in this paper employ 'Ringer' 
solutions of different compositions to those used previously. The solutions used were 
as follows. 75 mequiv. NaCl Ringer: 75 mM NaCI, 10 mM KHCO3, 0.4 mM 
KHzPO4, 2.4 mM KzHPO4, 1.2 mM CaC12, 1.2 mM MgCI2 and 65 mM choline 
chloride. Hypertonic serosal solution: 140 mM NaCI, 10 mM KHCO3, 0.4 mM 
KHzPO 4, 2.4 mM KzHPO4, 1.2 mM CaCI2, 1.2 mM MgCI z and 60 mM NaCl or 
120mM mannitol. D-galactose and/or the sugars were added as indicated. In solutions 
where low Na + hypertonic Ringer was required choline chloride was substitued for 
NaCI in the above solution. The solutions were gassed and stirred with 95 °//o 02/5 ~o 
CO2 at 37 °C. All the chemicals used were Analar grade, except inhibitor sugars 2- 
deoxy r)-glucose, 3-O-methyl D-glucose and methyl fl-o-glucoside which were ob- 
tained from Koch-Light Ltd. 

Scintillation fluid 
Because of difficulties in obtaining Triton X 100 the emulsifying agent was 

changed to Tergitol 15-S-9 (Union Carbide). Tergitol is a superior emulsifyer of  
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water/toluene mixtures to Triton X 100. The new scintillation Iluid composition i, 
500 ml toluene: 500 ml Tergitol: 5.0 g PPO (Koch-Light): 10 ml scintillation fluid 
I ml of  salt solution or 0.4 ml 0.1 M HNO 3 tissue extract. 

It was shown [4] that the unidirectional fluxes ofgalactose across mucosal and 
serosal borders of strips of rabbit ileum can be estimated from groupings of  two ~t+ 
three independently measured variables: the mucosal-serosal flux ,/~.+. the serosal to 
mucosal flux J3~, and the ratio of R to the specific activity of radioisotope within the 
tissue compartment  2. 

When the concentrations of n-galactose in the mucosal and serosal conlpart- 
ments are identical 

R (cpm)~ (cpm' ml )~ 

(cpm)~: (cpm,ml)[ 

subscripts I. 2, 3 refer to the mucosal, cell and serosal compartments respectixcl.x : 
superscripts T and C refer to 3H and *4C-labelled D-galactose respectively../~ refers 
to flux from compartment  i to j and P~i JLi/C~ . 

It was shown thai: 

Ji2 J3,R Jl.~ 

J21 J31(I R) 

,/2.~ ,/I 3(I I/R) 
"132 '131 J13] R 

RESULTS 

(la) Saturatiot: o[ ,qalaclose transport across lhe mttcosa[ and .~(,rosal nlembraHc.~ 
o1" rabbit ileun: 

In this section the effects of  wtrying Ringer [galactose] on galactose fluxc~ 
across the mucosal and serosal borders of rabbit ileum are examined. The unidirec- 
tional galactose fluxes across the mucosal and serosal borders of the tissue are cal- 
culated as described previously [4] from measurements of transepithelial mucosal- 
serosal and serosal-mucosal fluxes, together with the specific activity ratio of 3H i a.(- 
labelled galactose within the tissue extract, it was shown [4] that the K m for galactosc 
influx across the brush-border is 5 mM and that if Ringer [galactose] is raised above 
20 mM the transepithelial permeability to galactose in actively transporting tissue i~ 
increased, probably because of concomitant enlargement of the paracellular spaces. 
To avoid difficulties arising from these changes in passive permeability, in the series of 
experiments described in this section, Ringer [Na] is reduced to 75 mequiv., isotonicit3 
being maintained by isosmotic replacement of NaCI with mannitol. With Ringer 
[Na] 75 mequiv, the tissue permeability to galactose is still highly asymmetric. 
but the previously observed increase in transepithelial galactose permeabilit3, at high 
levels of  Ringer [galactose] is no longer observed. 

Fig. 1 shows Lineweaver-Burk plots of galactose influx across the brm, h- 
border JI2. The effect of 0.1 mM ouabain on galactose influx is shown in the ~amc 
figure. The Km for galactose influx across the brush-border is 5 mM. This is a similar 
value to the K m derived previously, but with Ringer [Na] 140mequiv. [4]. The 
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Fig.  1. L i n e w e a v e r - B u r k  p lo t s  o f  ga l ac to se  inf lux ac ross  the b r u s h - b o r d e r  o f  r a b b i t  i l eum.  0 ,  
c o n t r o l ;  0 ,  0.1 m M  o u a b a i n  p resen t .  D a t a  p r e sen t ed  are  f r o m  a s ingle  e x p e r i m e n t .  

major difference between this and the previously obtained result is that there is no 
significant passive permeability component  observed in the present series. With 
ouabain added to the Ringer, the apparent affinity of  galactose influx across the 
mucosal border is reduced tenfold, Km = 50 mM, but the V = 2.0 Itmol • c m -  z.  h -  1 
is unaltered (5 control experiments and 2 with ouabain). 

GalactGse influx across the serosal border is also a saturable function of 
Ringer [galactose] (Fig. 2). The Km for serosal influx of galactose is 59±9.0 mM 
(4 experiments) and the V is 4.47~ 0.27 /~mol • cm -z • h -1 (Fig. 2a insert). In the 
galactose concentration range 0-10 mM ouabain reduces galactose influx across the 
serosal border (P < 0.01) above this concentration range, ouabain has no mea- 
surable effect on galactose entry or exit across the serosal border (Fig. 2a). The exit of  
galactose across the serosal boundary is also a saturable function of the tissue 
[galactose] the derived Michaelis parameters for exit are similar to those for entry 
K m = 8 5 , 1 0  raM, V = 6.77--0.68 ~tmol. cm - 2 .  h - '  (3 experiments) (Fig. 2b). 

The influence of unstirred layer effects on the kinetics of  galactose transport 
across the serosal boundary can be assessed as follows. Assuming that the submucosal 
layer is the major diffusion barrier 500 ILm thick and the diffusion coefficient of  
gatactose within the submucosa is isotropic and 5 • 10  - 6  c m  2 • s -  i ,  then the apparent 
total resistance of the tissue Rm~ to unidirectional galactose mucosal-serosal movement 
with Ringer [galactose] at 2 mM 1 / P t i  . . . . . .  -]-l/Psub . . . . . .  " 

The resistance to serosal-mucosal galactose flux Rsm l/Psm+l/Ps,b . . . . . .  
since Rms ~ 3.6 • 104  s • c m  - 1 ,  Rsm i " 106 s " c m  - 1  and Rsu b . . . . . .  = ] " 104  s • 

c m -  ~ it follows that the apparent permeability Pms may be up to 30 % less than the 
true permeability and the apparent Psm may be 1 ~o less than the true permeability. 

As J23 and J32 are calculated from the following relationships (see Methods 
and [4]); 

J23 J 3 I ( I + I / R )  

J 3 2  :: J31 + J l  3/R 



2.14 

a Q  

2.5- 

J32 i J moles cn~ 2 hF 1 
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b. 

"!'~J32 tl mol . . . . . .  2111 
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Fig. 2. (a) Calculated galactose influx ucross the serosal border J.~2 plotted :is a t'tmclhm o1 Ringer 
[g~llactose]. O, control (S experiments); ', .0.1 mM ouabain present (2 experiments). Bars represent 
S.E. Insert: Lineweaver-Burk plot of galactose influx across the serosal border {control dntu). The 
line is filled to the computed K,, and J,'wllues. (b) kinev, e~lver-Burk plot ot'galactoseefllux across 
the scrosal border Je.~ as u function of tissue [gahtctose] . . ,  Q. and ~re data from 3 separate 
experiments. The line is fitted to the computed mean K,, and I,' values. 

it fo l lows  that  tile e r ro r  in e s t ima t i on  o f  J s2  incur red  due  to unst i r red layer effects 
will be less than  that  incur red  in the e s t ima te  o f  J,~. Yet the o p e r a t i o n a l  kinet ic  
p a r a m e t e r s  for  ga lac tose  en t ry  and  exit  ac ross  the serosal  b o r d e r  are  ind i s t ingu ishab le ,  
hence  it is unl ikely that  a large e r ro r  due  to  uns t i r red  layer  effects is present  in act ivel~ 

t r a n s p o r t i n g  t issue.  W h e n  o u a b a i n  is added ,  the t issue pe rmeab i l i t y  a s~mnle t ry  to- 
wards  ga l ac tose  is lost ,  hence  the e r ro r  due  to uns t i r red  layer effects is now tile slime 
in bo th  d i rec t ions ,  i.e. 10 0,,. The  o b s e r v e d  10-fold increase  in ti le o p e r a t i o n a l  K,,, for  
ga l ac to se  influx ac ross  the  b r u s h - b o r d e r  fo l l owing  o u a b a i n  add i t i on  is t o o  large to 
be a sc r ibed  to a c h a n g e  in uns t i r red  layer  effect.  

These  resul ts  d e m o n s t r a t e  that  ga l ac tose  t r a n s p o r t  across  the serosal  m e m b r a n e  
is med ia t ed  by low affinity b ind ing  sites. Previous ly ,  o w i n g  to the m a r k e d  increase  
in shunt  pe rmeab i l i t y  ill high c o n c e n t r a t i o n  levels o f  Ringer  ga lac tose ,  little direct  
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evidence cf  a saturable component to serosal galactose transport was obtained [4]. 
The close similarity between the serosal entry and exit flux parameters, shown here, 
indicates that transport across the serosal membrane is more symmetrical than across 
the mucosal membrane. In Table I it is shown that whilst raising Ringer [galactose] 
from low to high concentrations reduces the entry permeability of P~ 2 of the brush- 
border to galactose (P < 0.001), the exit permeability P21 is raised (P <~ 0.001). 
The entry and exit permeabilities of the serosal membrane to galactose differ from 
the mucosal permeabilities in that both are significantly reduced when Ringer [galac- 
tose] is raised or following the addition of ouabain to the Ringer. 

( lb) Inhibition of galactose transport across the mucosal and serosal border of rabbit 
ileum by D-galactose analogues 

Unidirectional fluxes of 0.2 mM D-galactose across the mucosal and serosal 
membranes are determined in the presence of 20 mM additional sugar or 20 mM 
mannitol in controls. Table II shows the effects of various sugars when added to the 
mucosal or serosal solutions, on the entry and exit permeabilities of lhe serosal and 
brush-borders to galactose, and on the ratio of unidirectional permeabilities and the 
tissue accumulation of 3H and 14C-labelled galactose from the mucosal and serosal 
solutions respectively. 2-deoxy D-glucose, 3-O-methyl D-glucose both inhibit galactose 
influx across the serosal membrane; 3-O-methyl D-glucose and methyl/~-D-glucoside 
inhibit galactose entry across the mucosal membrane. Hence 3-O-methyl D-glucose 
inhibits galactose transport across both membranes, whereas 2-deoxy D-glucose and 
methyl /%D-glucoside act exclusively on serosal and mucosal entry permeabilities 
respectively. It can be seen that the inhibition of galactose transport across the 
brush-border by competing sugars has similar effects to either raising the Ringer 
[galactose] or adding ouabain, namely to decrease the entry permeability, raise the 
exit permeability of the brush-border to galactose and reduce the amount of tissue 
galactose accumulated from the mucosal solution. 

Raised galactose mucosal exit permeability is also seen with 2-deoxyglucose 
present (Table II). This increase cannot be attributed to accelerated exchange since 
it is also observed when 2-deoxyglucose is added only to the serosal solution (P21 
150 o~ of control (P < 0.02, n = 6)). This effect is being further investigated. 

inhibitors of brush-border galactose transport also have a much reduced 
affinity for the transport system when ouabain is present (see below). Sugars which 
inhibit galactose transport across the serosal boundary do so by decreasing entry 
permeability without affecting the exit permeability, thus reducing the permeability 
ratio P32/P23 and the amount of galactose accumulated from the serosal solution. 

Since 3-O-methyl D-glucose interacts with both the mucosal and serosal galac- 
tose transport systems and is not metabolised [6] by rabbit ileum, the effects of 
ouabain on the affinities of sugar for the transport systems at both boundaries may 
be obtained by simultaneously determining the effects of increasing concentrations 
of 3-O-methylglucose on galactose transport across both boundaries. The method 
of determining the unidirectional fluxes of galactose across the mucosal and serosal 
membranes is similar to that previously used in Section la. To avoid possible com- 
plications due to osmotic imbalance, the Ringer [Na] is reduced to 75 mequiv, as 
previously but the remaining 130 mosmol required to bring the Ringer to isotonicity 
is supplied by addition of suitable combinations of sugars and mannitol. Figs 3c and 
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Fig. 3. (a) Dixon plot of fractional inhibition of the calculated galactose entr~ permeability or'the 
brush-border as a function of Ringer [3-O-methyl-D-glucose]. The data is obtained from the s~lme 
experiments as were used to obtain data for Figs 3c and 3d. fb) Dixon plot of the fractional percen- 
tage inhibition of the serosal permeability ratio to galactose P.~2 P2.~ as ~l function of serosal [3-0- 
methylglucose] (6 paired experiments). (c) Dixon plot of -~H-labelled galaclose accumulated b~ the 
tissue from the mucosal solution (Ringer [galactose] I mM, [Na] 75 mequi',.). Inhibition o f  
galactose accumulation in the presence ( - ) a n d  absence (Q)orO.I mM ou~bain is expressed as u 
percentageoftbe uninhibited control accumulation (6 paired experiments). (dl Dixon plot or "*('- 
galactose accumulated from the serosal solution (the experimental conditions \~ere idenlic;ll to 
those described in 3ci. 

3d show the effects o[" varying [3-O-methylglucose] in the presence and absence of 
ouaba in  on the tissue uptake of 3H and t 4C-labelled galactose from the mucosal and 
serosal solutions respectively with ouabain  present in both solutions. Dixon plots 
o f  the effects of 3-O-methylglucose on galactose influx across the brush-border  are 
shown in Fig. 3a. The data are obtained from 6 separate experiments normalised bx 
expressing influx in the presence of inhibi tor  as a percentage of flux with inhibitor  
absent.  With ouaba in  present the data are normalised against the ouaba in  treated 
inhibitor-free controls. These results indicate that the K~ of 3-O-methylglucose for 
inhibi t ion of I mM galactose entry across the mucosal border is approx. 50 raM, 
with ouaba in  present the K~ is raised to approx. 150 raM. Fig. 3b shows a Dixon plot 
of  the effect of  3-O-methylglucose on the normalised ratios of galactose entry: exit 
P32/P23 across the serosal border. The operat ional  K t inferred from 3b and  3d for 
inhibi t ion of galactose entry across the serosal border is 80 raM, and ouaba in  does nol 
materially affect the /<'~ at the serosal border. 

Actit~e transport o[qalactose across lhe serosal menlhrane 
In ref. 4 it is shown that permeabili ty ratio of galactose across the serosal bor- 

der P.~z/P23 is reduced when ouabain  is added to the Ringer, also that the tissue 
accumula t ion  of ~4C-[abelled galactose from the serosal solution wits redLtced fol- 
lowing addi t ion of ouabain.  These effects are indicative of a weakly active galactose 
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transport  system at the serosal border of the tissue. However, the observed serosal 
permeabili ty ratio to galactose rarely exceeds 3.0 whilst the permeabili ty ratio of the 
brush-border  to galactose can exceed 250. Thus the galactose t ranspor t  system at 
the serosal border may simply be an enfeebled form of the mucosal system. In order 
to optimise the observed changes in Na+-dependent  serosal t ransport  of  galactose 
in the present study, the serosal solutions were made hypertonic (400 mosmol)  by 
addi t ion of mannitol .  The serosal solution was made hypertonic for two reasons, 
firstly, to allow an increased range of [Na] to be used so that larger increments in 
intracellular [Na] could be obtained;  secondly, the permeabili ty of the serosal mem- 
brane is increased in these condit ions,  probably because access to the serosal surface 
of the epithelium is improved as a result of expansion of the submucosal  and para- 
cellular spaces [4]. This manoeuvre  has the disadvantage that the transepithelial 
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Fig. 4. (a) The effect of varying serosal [Na] on the serosal entry permeability (Ringer [galactose] -: 
2 m M ) in the presence (©) and absence (O) of 0. I mM ouabain. Bars represent S.E. of 6-8 observa- 
tions. Thelines drawn are the least squares linear regression lines to the data. (b) The effect of varying 
serosal [Na] on the tissue accumulation of 14C-labelled galactose from the serosal solution (Ringer 
[galactose] -- 2 mM) in the presence ((7)) and absence (0)  of 0.1 mM ouabain. The bars represent 
S.E. of 6-10 observations. Lines are fitted by eye. (c) The effect of varying serosal Ringer [Na] on the 
serosal permeability ratio to galactose P32/Pz3, in the presence (O) and absence (0)  of 0.1 mM 
ouabain. Bars represent S.E. of 6-8 observations. The lines shown are least squares linear regression 
lines throughout the data. 
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permeabi l i ty  is increased,  hence any real changes in serosal influx permeabi l i ty  t'~: 
may be obscured by a l tera t ions  in the t ransepi thel ia l  permeabili t5 P~,.  

Unidirect iomtl  fluxes and galactose  accumula t ion  were measured with serosal 
Ringer  [ N a ] 0 - - 2 0 0 m e q u i v .  at two cons tant  m u c o s a l c o n c e n t r a t i o n s o f N a  ' 25 and 
140 mequiv, The mucosal  Ringer [Na] was replaced bv choline because it ~at~, felt 
that high levels of  tissue galactose might obscure  any serosal asymmetry to galactosc.  

In the exper iments  repor ted  in this section serosal Ringer NaCI was replaced 
by isosmotie  amoun t s  o f  manni tol .  (A few exper iments  were carr ied out with choline 
replacing manni tol  with Na +, but there was no detectable  difference between the 
effects of  manni to l  and  of  chol ine.)  

Fig. 4a shows the effects o f  varying serosal Ringer [Na] on the calculated 
galactose  entry permeabi l i ty  P,~2 across the serosal border .  When Ringer [Na} is 
increased from 0 to 200 mequi~., P.~2 increases from 0.065 to 0.105 cm h 
(P  0.01 ). Because of  the high t ransepi thel ia l  shunt permeabi l i ty  to galactose in this 
exper imenta l  s i tuat ion,  the effects of  ouaba in  on the serosal influx permeabi l i ty  arc 
obscured.  However .  the other  two indices of  serosal "act ive  tranyporl '"  activit5, the 
~aC-labelled galactose accumula t ion  level within the tissue, and the serosal per- 
meabi l i ty  rat io  to galactose P321P2,~, are significantly reduced b \  ouaba in  ( / '  0.001 
and P • 0.025 respectively).  { F i g s 4 b a n d  4c). 

DISCUSSION 

The rat io of  galactose unidirect ional  permeabi l i t ies  at the serosal border  in all 
cond i t ions  examined here and  previously [4] is close tc unity. This contras ts  m a r k e d h  
with the galactose  permeabi l i ty  rat io at the b rush-border  [4, 5] and indicates that 
galactose  is subjected to a much weaker  vectorial  dr iving force at the serosal than at 
the mucosa[ membrane .  

Concentration polarization of galactose at the serosal border o/intestinal epithelial c~W.s 
Opera t iona l ly ,  the intestinal  epithelial  cell may be considered as a double  

membrane  in series ar ray ,  with cy toplasm occupying  the in t e rmembrane  zone (see 
Diagram i). The mucosal  membrane ,  unlike the serosal membrane ,  permits  con- 
vective sugar  flow across  it when the tissue Na* pump is ac t iva ted  [5]• However .  
passive permeabi l i t ies  of  both  membranes  to galactose are similar  ( [4] and  Table I). 
Since, at s teady state, net galactose movement  across the whole tissue is the same as 
the net movement  across both mucosal  and serosal membranes ,  it l\~llows from the 

m s 

c, c2 P23  c3 
Diagram i. Analogue of intestinal epithelial cell. The conditions necessary for accumulation of 
solute within the tissue fluid, i.e. C2/C~ • I. where (-'1 (-'~, are; that the reflection coefficient of the 
mucosal border. ~r,,, • the serosal reflection coefficient, rr~ and tile rate of transepithelial water flow 
across the tissue. J, - O. Broad arrow inwardly directed convective-diffusion flo,a of solute. 
P,,, ~ P,. 
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previous statements that the reflection coefficient of the brush-border to galactose 
a m is less than the reflection coefficient at the serosal membrane as n. 

Kedem & Katchalsky [7] showed that convective flow across a series mem- 
brane array can give either solute concentration or depletion within the inter-mem- 
brane region according to the following relationship: (Note: the subscripts used by 
Kedem & Katchalsky have been altered for convenience) 

C2 = Ct exp (--2Jr)  (1) 

where C1 and Ca are the solute concentrations, outside and between the membranes 
respectively, Jv is the volume flow (positive when directed from mucosa-serosa) 
2 = (am--a,)/(Pm+Ps), Pm and P~ are the passive permeabilities of the mucosal and 
serosal membranes to solute (galactose). Thus, when a s > a m and Jv is directed from 
mucosal-serosal solutions (--2Jv) will have a positive sign according to equation (1): 
hence the entrained galactose will accumulate within the inter-membrane (intra- 
cellular) zone. Accumulation in the inter-membrane region results from concentra- 
tion polarization of solute at the membrane with the higher reflection coefficient. 
Hence mass flow directed from mucosa-serosa gives net accumulation between the 
membranes; convective flow in the opposite direction should give rise to solute de- 
pletion in the inter-membrane zone. 

In the previous paper [5] it was shown that the asymmetric permeability of  
the brush-border to galactose could be ascribed to convective-diffusion flow via nar- 
row channels. Although convective-diffusion by itself cannot accomplish uphill 
sugar flow, wi~h a double membrane array interposed, selective retardation of the 
entrained galactose at the serosal membrane, which does not permit convective flow 
of galactose, will give rise to solute accumulation within the tissue fluid. 
At steady state, net solute movement across the mucosal membrane must equal net 
movement across the serosal membrane, i.e. 

Jnet Jlz--J21 -- J23--J32 (2) 

If it is assumed that there is negligible solute convection at the serosal border, i.e. 
a -- 1, and therefore the serosal membrane is approximately symmetrical, i.e. 

P32 P23 = P~ (3} 

(P, is serosal permeability coefficient to galactose), then 

J.et Ps(C2--C3) (4) 

C3 and C2 are the external and cell sugar concentrations, respectively. Hence, from 
Eqns (2), (3) and (4) it follows that 

J,,et J23--Ja2 P32(C2--C3) (5} 

and hence that 

C2 _ J23 
C3 J32 (6} 

from equations 8-13 of ref. 4 it can be shown that 
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,1=.~ ( I  1/R) [gahictose], i ..... 

J.~= J31 I [galactose]ri,,~<. ' (7) 

JI3 R 

Hence the hypothesis that solute is accumulated within the cell fluid as a result of 
concentration polarization at the serosa[ border may be checked by comparing the 
predicted accumulation according to Eqn (7) with the measured level of galactosc 
accumulation. Fig. 5 ~hows a plot ol" the predicted intracellular level of [galactose] 
against the directly observed concentration. There is a signiticant linear correlation 
between the observed and predicted values ( P  0.001). Howe\,er, there is a small 
shortfall in the observed compared to the predicted intracelhllar galactose concen- 
tration. Two possible explanations for this shortfall are, firstly, that lhe washing 
procedure following flUX measurement removes a significant portion of  the intracel- 
lular galactose withoul affecting the specilic activity ratio R of "~H!~aC-labelletl 
galactose remaining in the tissue: alternatively, the reflection coefficient of galactc)sc 
at the serosal border may be less than unity. The main point is that net transepithelial 
galactose flux is shown to be sufficiently large and the serosal permeability to galac- 
tose. sufficiently small, to be consistent with the hypothesis that galactose accumula- 
tion within tissue fluid results From concentration polarization at the serosal boun- 
dar\ .  

The spec(ficity ~?/ the serosal and mucosa/ membrane touards su.qar.~ 
Bihler & Cybulsky [3] have shown thai the serosal membrane of intestinal 

epithelial cells has a different range of affinities towards sugars to the mucosat men> 
brane. The results shown in Table 11 confirm that 2-deoxy D-glucose and also 3-O- 
methyl D-glucose reduce unidirectional galactose influx J32 into the tissue from the 
serosal solution: they also reduce the unidirectional perl-neability ratio of the serosal 

5- 
calculated accumulation 

ratio 4 
1 

_ CI+~) 
- J3__!1 4.'1 3 
Jr3 R a ~ , .  "89X(+'037) 

, n :  55 

observed accumulation ratio 

Fig. 5. Plot o f  c:.llcUl:AtCd galuclose :.lccumUlatioll VersUs observed accLImuILIIiOI1 ~i th in the IissLIc 
l]uid. The data are taken From the experiments described in rel'. 5. i.e. galactose accunlujation is 
varied by (1) reducing Ringer [Nu] by replacement witl~ choline. (2) addit ion ol'O.l mM ouabam, (3) 
varying Ringer [galactose]. Only a small proport ion or" the data where ~lccumui:.llion is close to 
unity is included. The solid line is the least squares linear regression line Ihrough all the data; the 
dol led line is the line o f  identity between the predicted and observed accumulation. 
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membrane to galactose P32/P23 and the tissue level of 14C-galactose accumulation 
which is taken up exclusively from the serosal solution. 2-deoxyglucose is a more 
potent inhibitor of serosal than of mucosal galactose transport, 3-O-methylglucose 
affects mucosal and serosal galactose transport to approximately the same extent 
methyl fl-D-glucose inhibits galactose transport exclusively at the brush-border. 
Although 3-O-methylglucose inhibits galactose transport across both the mucosal 
and serosal borders, by reducing galactose influxes J12 and J32 respectively and also 
the galactose permeability ratios at the mucosal and serosal membranes PI2/P21 
and PaE/P23, there are two differences between the effects of the sugar inhibitors which 
suggest that the mode of galactose transport across the mucosal membrane differs 
from that at the serosai membrane. Firstly, addition of 3-O-methylglucose to the 
mucosal solution causes a reciprocal increase in the exit permeability of the mucosal 
membrane P21 as the entry permeability P12 is reduced; whereas addition of 3-0- 
methylglucose to the serosal solution decreases the apparent serosal galactose entry 
permeability P32 without affecting P23' A second difference is that addition of oua- 
bain reduces the apparent affÉnity of 3-O-methylglucose for the galactose transport 
system across the brush-border, whereas ouabain has no effect on the inhibition of  
galactose transport across the serosal membrane by 3-O-methylglucose (Figs 3b 
and 3d) or 2-deoxyglucose (unpublished results). The effects of competing sugars on 
galactose transport across the mucosal and serosal membranes are similar to the 
previously observed effects of raised Ringer [galactose] on both these transport 
systems, i.e. mucosal galactose transport is reduced by a reciprocal fall in Ptz and 
rise in P21 [5] whereas both the serosal entry permeability P32 and P23 are reduced 
(Table I) by raising Ringer [galactose]. 

The relative order of affinities of the serosal membrane sugar transport 
system 2-deoxyglucose 3> 3-O-methylglucose >.> methyl fl-o-glucose resembles :the 
passive facilitated sugar transport systems in the human red cell [9, I 0] the antiluminal 
border of the renal proximal tubular epithelial cells, ascites tumour cells [1 l, 12] and 
rat brain synaptosomes [13]. There is also resemblance between the sugar specificity 
requirements of the brush-border sugar transport systems in small intestinal and renal 
proximal tubular sugar transport systems [l l ], 

The apparent selectivity of the mucosal and serosal membranes towards 
methyl fl-D-glucose and 2-deoxy D-glucose as shown by differential inhibition o f  
galactose influx across the brush-border and serosal border further substantiates 
the assumptions on which the present method of estimating unidirectional sugar 
fluxes is based. 

Evidence.for weak active serosal transport of galactose 
The following results suggest that there is a weakly active transport system at 

serosal boundary for galactose. (1) Raising [Na] in hypertonic serosal Ringer from 
0 to 200 mequiv, causes a significant increase in the serosal unidirectional per- 
meability ratio to galactose (P < 0.0l). With ouabain present no Na+-dependent 
increase in the permeability ratio P32/P23 occurs. Hence the rise in the serosal per- 
meability ratio is ouabain sensitive (P < 0.025). (2) The tissue level of 14C-labelled 
galactose accumulated from the serosal solution using the incubation conditions as 
above, is increased when the serosal Ringer [Na] is raised from 0 to 200 mequiv., 
(P < 0.001) no Na+-dependent increase in galactose uptake is seen when ouabain 
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is present (P 0.001 ). Al though a ~mall Na ~ -dependent  ouaba in  sensitive increase in 
galactose influx P.~e across the serosal border  is observed,  because tile galactose per- 
nleabi l i ty  PyeI'Pe3 never exceeds 3.0, it cannot  be ~,lated with cer ta inty  that galaciosc 
t ranspor t  across the serosal membrane  is active. 

An al ternat ive possible explanat ion  I'or tile above  da ta  is th~tt act ivat ion oI ' the  
tissue N;_i + punlp  increases tile volume o1" the paracel lu lar  shunt and subnlucos;.il 
~pace [4, 14] thus al lowing increased anlount~ o f  '4C-label lcd galactosc lo ;ic- 
cumula te  passively in the extracel lular  space. Al though there is a weak l \  pos i t i \ e  
cor re la t ion  between the ratio of  ~et :  d r \  tissue weight and net galacto>e flux ~lclo~> 
the tissue (P 0.01) and a s t rong corre la t ion  between net l ransepi thel ia l  ,galaciosc 
flux and accumula t ion  o1" ["*C] galactose from lhe serosal solut ion ( I '  O.OOI ). 
suggest ing that  rabbit  i leum s t r ipped of  its serosa swells when the tissue N a '  pump 
is act ivated,  there is no signilicant corre la t ion  bctween lhe ratio o1" wet: dr~ tissue 
weight and  tissue accumula t ion  of" [ ' a C ]  galaclosc.  (P 0. l ). Thus, it is our  present 
vie~ that the most likely locus o f  serosal [~*C] galactose accunlula t ion  is within 
tile epi thel ium and that a weak N a - d e p e n d e n t .  o u a b a i n - s e n s i t i ~ e a c t i ~ e t r a n s p o r l  
system is the most likely explanat ion  for its accumula t ion  there. 

771~' #'ot / le  O f  .d g¢laclo,s(" l#'a/t.spo#'t a(#'o.s.s l/t{' li,s.stl(' 

If galactose is actively t ranspor ted  across the serosal membrane ,  the simple 
two-n lembrane  series a r ray  ana logue  o f  the i , l testinal epi thel ial  cell mList be aban-  
doned  in favour  of  a more cornplex conl 'ornaation (see Diagram ii). If the Na ~ pump 
is s i tuated exclusively tit the lateral bounda ry  of  the epithelial  cell, then net galactose 
uptake into the cells could be via both mucosal  and  basal membranes  whilst net exil 
occurs exclusively via Ihe lateral boundary .  This scheme would permit  active sugar 
t ranspor t  across both mucosal  and >erosal borders  whilst the overall  direct ion of  
net sugar flow remains  towards  the serosa. Other  evidence for this scheme is that 
compet ing  sugars added to the serosal solut ion alTect the influx permeabil i ty of  
galactose  across  the serosal menlbrane  without  al ter ing exit, in cont ras t  to their elTect> 
on galactose flux across the mucosal  nlenlbrane.  

The findings suggest that the route  for galactose passage across the serosal 
bounda ry  of  rabbi t  i leum is circuitous.  

...•lp 2 L ~ / . . . . _  ,- I Jv 

C I ~ ,,--.e 2,, ~,,,,._ C3 
P12 C2 4 

1 P32 

i i  m s 

J 

Diagram it. Analogue of intestinal epithelial cell permitting inwardly directed convecti;e-difl'usion 
llox~ of solute across both nlucostll and scrosal borders. The reflecting barrier is now assumed to be 
the lateral border oftheceII L. hence. I <;~ . <r, • <~,,,. 
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