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Summary 

Membrane potentials maintained by  normally-energized intestinal 
epithelium interfere with an accurate determination of  the Na÷: sugar coupling 
stoichiometry associated with Na*-dependent transport  systems. The inter- 
ference is due to the fact that  basal Na ÷ influx is itself a potential-dependent 
event, and sugar transport  induces a membrane depolarization which therefore 
modifies basal Na ÷ entry. New information obtained under circumstances in 
which the membrane potential is maintained near 0 indicates that  the true 
coupling stoichiometry is 2:1 rather than the commonly-accepted value of  
1:1. A 2:1 stoichiometry means that  cellular electrochemical Na ÷ gradients 
are adequate to account  for recently observed 70-fold sugar gradients main- 
tained by  these cells under certain conditions. 

Intestinal absorption of  solute molecules represents the sequential func- 
tion of  transport  systems located at the mucosal and serosal boundaries of  
the intestinal epithelial cells. For sugars, net transport is accomplished by an 
Na*-dependent concentrative system localized in the brush border membrane 
[1---3] followed by  a passive 'downhill '  f low of sugar via a serosally-localized 
facilitated diffusion system [4--6] .  Under physiological conditions, the full 
gradient-forming capability of  the Na*-dependent system is precluded due to 
activity of  the serosal carrier-mediated 'leak'. This constraint on optimal 
gradient formation is particularly significant because the capacity, V, of  the 
serosal system (approx. 40 nmol • min -1 • mg p r o t e i n - ' ) [ 6 /  is greater 
than that of the mucosal carrier (approx. 15 nmol • min- '  • mg protein- ' )  
[7] .  Recently,  a number  of  agents have been found which limit the activity 
of  the serosal carrier such as theophylline [8] ,  phloretin [ 5, 8--10] ,  bio- 
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flavanoids [11] and cytochalasin B [12] .  The most potent  of  these are 
cytochalasin B and phloretin although the latter is less desirable because it 
induces secondary metabolic effects [8] .  

When serosal transport is limited with cytochalasin B, isolated intestinal 
epithelial cells prepared from chickens are able to maintain sugar gradients as 
large as 70-fold rather than the 10- to 15-fold gradients observed for control  
cells [12] .  Gradients of  this magnitude raise important  questions regarding 
the energetics of  the Na÷-dependent transport  system. If the transmembrane 
difference in electrochemical potential for Na ÷ is the sole driving force for 
Na÷-dependent sugar uptake, as is commonly  believed, then the following 
relationship must be obeyed:  

[S] i [NaT o 
R T .  In <. ( R T .  l n - -  + F/X¢)n 

[S] o [NaT i 

which indicates that the difference in chemical potential for sugar between 
the cell interior and medium must be no greater than the difference in elec- 
trochemical potential  for Na ÷. The coefficient, n, represents the number  of 
sodium ions coupled to the flow of  each sugar molecule. The mean value 
determined by a variety of  techniques for [NaT o/[Na*] i for intestinal epi- 
thelium is approximately 4-fold [13--19] .  A similar value is observed even 
when Na÷-selective microelectrodes are employed in order to determine 
Na+-activity gradients [18] .  When mucosal membrane potentials are moni- 
tored by microelectrodes, mean values of  36 mV (interior negative) are 
recorded for mammalian intestine [20] .  The total electrochemical potential 
for Na ÷ maintained by intestinal epithelium in situ is, therefore, approx. 77 
mV. It is unlikely that  isolated intestinal epithelial cells maintain a 
higher potential gradient for Na ÷. However, the 70-fold sugar gradient which 
these cells maintain [12] represents a sugar potential gradient of  110 mY. 
This implies that  either more than one sodium ion is coupled to the flow of 
each sugar molecule (n > 1) or that  an energy input for sugar transport 
exists in addition to that represented by the electrochemical Na ÷ gradient. 
There is no compelling evidence for the latter possibility. On the other hand, 
other  investigators have reported that  the Na*: sugar coupling stoichiometry 
is 1:1 for rabbit intestine [ 1] and this is the value commonly  assumed to ap- 
ply to the transport mechanism, regardless of  the species considered. Recent  
work with brush border membrane vesicles prepared from rabbit kidney was 
also considered consistent with a 1:1 stoichiometry [21] .  

A serious drawback to measuring the coupling stoichiometry success- 
fully is the electrogenic nature of  the transport process. Sugar-dependent 
Na ÷ entry creates a diffusion potential which significantly disturbes the trans- 
mural and transmucosal electrical potential [20, 22--24] .  To the extent  that 
Na ÷ entry via other routes is also electrogenic, this disturbance of  the mem- 
brane potential represents a change in driving force for its entry. Earlier 
workers did not  take the possibility of  a sugar-induced change in basal (ab- 
sence of  sugar) Na ÷ entry into account so that  their estimates of  sugar-induced 
Na ÷ entry may be underestimated owing to having used too high a value for 
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basal Na* entry. This possibility is confirmed by the data presented in Fig. 1 
in which basal Na ÷ influx (absence of  sugar) was monitored under conditions 
in which valinomycin was used to modify the membrane potential. Note that  
the basal Na + entry is markedly dependent  on the potential, becoming larger 
as the membrane is hyperpolarized. 

In order to circumvent this problem, we have measured the coupling 
stoichiometry under conditions in which a membrane potential is absent. 
Isolated chicken intestinal cells were depleted of  Na ÷ and ATP by incubation 
in an Na÷-free medium containing 20 pM rotenone [ 25] .  The preincubation 
medium also contained 132 mM Tris-HCl (pH 7.4), 30 mM KC1, 1 mM MgC12, 
1 mM CaCI2,1 mg/ml bovine serum albumin, valinomycin (1 pg/ml) and 200 
pM phloretin. Valinomycin confers a high permeability to K ÷ on the cell 
membrane,  so that in a subsequent incubation, outward transfer of K ÷ can 
occur in response to an influx of Na ÷ and thereby preclude formation of  a 
diffusion potential due to sugar-induced flow of  Na ÷. Phloretin was included 
to selectively inhibit the Na*-independent serosal transport system [ 8]. These 
cells were then transferred to a medium containing 112 mM NaC1 (with 1 ~Ci/ 
ml 22Na*), 30 mM KC1, 20 mM 3-0-[Me14C] methylglucose (0.3 pCi/ml), 20 mM 
Tris-HC1 (pH 7.4) and the same amounts of  rotenone, phloretin and valino- 
mycin as in the preincubation medium. Unidirectional influx of  22Na+ and 
3-0-[ 14C] methylglucose were monitored for a 1-min interval in order to ob- 
tain values for total influx of  each solute. In a parallel set, the incubation 
medium also included 200 pM phlorizin in order to inhibit that part of  the 
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Fig .  1. T h e  e f f e c t  o f  a v a l l n o m y c i n - i n d u c e d  m e m b r a n e  p o t e n t i a l  o n  u n i d i r e c t i o n a l  22Na + i n f l u x  i n t o  
i s o l a t e d  c h i c k e n  i n t e s t i n a l  cel ls .  Ce l l s  we re  l o a d e d  w i t h  K + b y  p r o - i n c u b a t i o n  for 2 0  m i n  a t  3 7 ° C  i n  a 
m e d i u m  c o n t a i n i n g  1 4 0  m M  KCI,  2 0  m M  T r i s - H C l  ( p H  7 .4 ) ,  1 m M  MgCI~ ,  1 m M  CaCI  2 , i m g / m l  

• . o . 
b o v i n e  s e r u m  a l b u m i n  a n d  2 0 / ~ M  r o t e n o n e .  T h e  p r o - i n c u b a t e d  ce l l s  w e r e  ch i l l ed  to  4 C, c e n t r l f u g e d  
a n d  r e s u s p e n d e d  in  a K+-free m e d i u m  Tr i s -HCI  s u b s t i t u t e d  for  KCI.  A t  t i m e  ze ro ,  a l i q u o t s  o f  t h e  ce l l s  
w e r e  t r a n s f e r r e d  t o  a m e d i u m  c o n t a i n i n g  1 2 0  m M  NaCI ,  4 0  m M  Tr i s -HCl ,  1 m M  M g C I  2 , 1 m M  CaCI~ ,  
1 m g / m l  b o v i n e  s e r u m  a l b u m i n  a n d  22Na + ( 1 . 0 / / C i / m l )  i n  order  t o  c r e a t e  an  o u t w a r d l y  d i r e c t e d  K + 
gradient .  I n f l u x  o f  22Na + was  m o n i t o r e d  + v a l l n o m y c i n  (1 /~g/m/) .  
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Fig. 2. Unid i rec t iona l  inf lux of  22Na* and 3-O-[14C] me thy lg lu co se  into ATP-dep l e t ed  isolated intes t inal  
epithel ia l  cells.  The  cells were  d e p l e t e d  o f  Na + and  ATP  and  equ i l ib ra ted  w i th  K + as descr ibed  in the  
t e x t  and Ref.  25. Each  e x p e r i m e n t a l  r un  was  p e r f o r m e d  in dupl ica te .  Circles r e fe r  to  2~ Na + influx ( le f t  
h a n d  o rd ina te )  and squares  to 3-O-[ 14C ] me thy lg luc os e  (3 -OMG) influx (r ight  hand  ord ina te ) .  Solid 
s y m b o l s  relate  to  c o n t r o l  values,  and o p e n  s y m b o l s  to  d a t a  ob t a ined  wi th  phlor iz in  p resen t  in o rde r  to 
i n  ' ' + hlb, t  the  Na  - d e p e n d e n t  sugar transport  sys tem.  T h e  i nd ica ted  ,% values  are  equa l  to  the  d i f f erence  
in obse rved  rates  for  Na + or  sugar + phlor iz in .  Phlor izin has  no  e f f e c t  o n  Na + inf lux in the  absence  o f  
sugar.  

total  flux which is mediated by the Na÷-dependent sugar carrier. The dif- 
ference in flux (+ phlorizin) for each solute expressed as a ratio (ANa÷/AS) 
therefore represents the coupling stoichiometry (n) for the sugar carrier. A 
representative data set is shown in Fig. 2 for which n = 1.9. There is con- 
siderable variability in total flux for each solute from one cell preparation to 
the next as shown in Table I, but the phlorizin-sensitive portion of each flux 
shows parallel changes such that  the calculated coupling stoichiometry is al- 
ways near 2.0. It is important  to recognize that  to the extent  efflux of K ÷ 
in reponse to Na ÷ entry is unable to fully compensate for net charge-transfer, 
then one would expect this procedure to yield an underestimate of the 
coupling ratio. Indeed, when a similar experiment is performed using normal- 
ly-energized cells rather than a preparation which has been ATP-depleted, the 
measured coupling ratio drops to approx. 1.0 (last line of  Table I). A low 
value would be expected for energized cells if the Na ÷ influx due to 20 mM 
3-0-[ 14C] methylglucose depolarizes the plasma membrane to an extent  which 
disturbs basal Na ÷ entry. That this might be the case is indicated from studies 
with intact tissue which show that  high concentrations of  transported sugars 
can decrease the membrane potential to an average value near --26 mV [13]. 

A coupling stoichiometry of 2.0 raises new conceptual ideas regarding 
the mechanism of  intestinal transport. Until now, models have been con- 
sidered in which either the free carrier or Na ÷ sugar carrier complex bears a 
net electrical charge and is responsive to the membrane potential [18].  With 
two sodium ions involved, an anionic carrier (C-) could load with sugar and 



T A B L E  I 

U N I D I R E C T I O N A L  I N F L U X  R A T E S  F OR Na + A N D  3-O-[14C] M E T H Y L G L U C O S E  
V A L I N O M Y C I N - T R E A T E D ,  A T P - D E P L E T E D  I N T E S T I N A L  E P I T H E L I A L  C E L L S  
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(3-OMG)INTO 

Expt .  No.  22Na + inf lux a 3 - O - [ ' 4 C ] m e t h y l g l u c o s e  inf lux  a ANa+/AS 
Control  +phior iz in  15 ANa + c Cont ro l  +phlor iz in  AS c 

1 46.6 33.7 12.9 12.0 4.8 7.2 1.8 
2 67 .2  44 .5  22.7 17.0 5.2 11.8 1.9 
3 76 .0  50.3 25.7 19 .5  8.4 11.1 2.3 
4 101 .2  72 .8  28 .4  28 .2  11 .5  16.7 1.7 
5 81.0 52.0 29.0 24.2 6 .8  17 .4  1.7 
6 50.2 40 .0  10 .2  8.7 3.2 5.5 1.9 
7 44 .2  33 .0  11 .2  8.9 3.9 5.0 2.2 

m e a n =  1.93 

8 d 110 .0  68.8 41 .2  43 .5  10.7 32 .2  1.3 

aF lux  values  a te  given in n m o l  • ra in  ~ • m g  "t  cell p ro te in ;  [Na*] = 112  raM, [3 -OMG] = 20 raM. 
bph lo r i z in  was  added to a final concentrat ion  of  200  ~M in o rd e r  to  inhib i t  the  Na+-dependent  sugar  

transport  sys tem.  
CTh e A values  are  the  differences b e t w e e n  contro l  inf luxes  and that obse rved  wi th  pblor iz in  present .  I t  

is t h e r e f o r e  an  e s t ima te  of  t ha t  pa r t  of  the to ta l  f lux which  is car r ied  b y  the Na+-dependent transport 
dsys tem.  

This  e x p e r i m e n t  was  p e r f o r m e d  wi th  no rma l ly -ene rg ized  isola ted cells. 

two  Na + and be converted to a cationic form (Na2CS*) so that the membrane 
potential  is important  for driving the free carrier to the outer  membrane face, 
and the loaded carrier to the inner membrane face. If the carrier form bearing 
a single Na ÷ (NaCS) is completely impermeable, the transport system could 
bring about  a theoretical equilibrium (in the absence of  other  sugar flux path- 
ways) for which: 

[S]i I[Na+] VF 12 .... ° . e R T  
IS] o -  [ Na~] i 

In this case, a 5-fold Na ÷ gradient and membrane potential of --36 mV, would 
establish a maximal sugar gradient of  nearly 400-fold. Our observed steady 
state gradients of  70-fold [12] are thus well within the capacity of  a trans- 
port  system driven solely by the electrochemical Na ÷ potential and in which 
two Na ÷ ions participate per carrier cycle. 

It is interesting to note that Smith and Sepulveda [ 28] have recently 
reported indirect kinetic evidence that  the alanine transport  system in rabbit  
ileum may also exhibit  an Na÷: solute stoichiometry of  2.0. Given these 
precedents, s toichiometry values greater than 1.0 may prove to be the rule 
rather than the exception for this tissue. 

This s tudy was supported in part by PHS grant No. AM-5365 and in part 
by  a contract  with the U.S. Department of  Energy and has been assigned 
report  No. UR-3490-1662. 
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