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Summary 

Using guinea pig small intestine for measurements of influx across the brush 
border membrane (Jmc), unidirectional transmural fluxes (Jms,Jsm), and steady- 
state epithelial uptake /A/c, the characteristics of the mutual inhibition were 
examined. The mutual inhibition of Jmc was in the range of 9--16%, and 
appeared to be sodium dependent, Jms and [A] c were inhibited by at least 
40%, and Jsm was unaffected. All the results can be explained in terms of the 
rheogenic version of the sodium gradient hypothesis. Whereas only the mutual 
inhibition of Jmc can also be explained in terms of allosteric interactions 
between the binding sites for sugars and amino acids. 

Introduction 

Since Newey and Smyth [1] described the inhibitory effect of galactose on 
amino acid transport by the rat small intestine the question of mutual inhibi- 
tion between sugars and amino acids has been often and occasionally heatedly 
debated [2]. The differing views can be categorized as attempts to interpret 
the results either in terms of the sodium gradient hypothesis [3--8] or as 
expressions of allosteric interactions between separate binding sites for sugars 
and amino acids [9,10]. 

The use of different methods and species has contributed significantly to 
the apparent disagreement, and so has the absence of  any attempt to interpret 
the clearly, partially, competitive nature [9] of the interactions in terms of the 
sodium gradient hypothesis. The aims of the present study were therefore, 
firstly to use, on the guinea-pig, methods which heretofore had been combined 
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only in studies of  the rabbit [3] and rat [6] small intestine, secondly to 
examine some aspects of  the role of  sodium in the sugar,amino acid inter- 
actions. 

Materials and Methods 

Female albino guinea-pigs (body weight, 300--400 g) were used. Prior to 
the experiments the animals were maintained with free access to food and 
water. The animals were anaesthetized with intraperitoneal pentobarbital .  
Hereafter the abdomen was opened,  the entire small intestine removed, and the 
animal killed by transsection of  the heart. The mid 20 cm of the total small 
intestine were used for all types of  experiments.  These were performed at 37 °C 
in a phosphate buffer with 140 mM Na ÷, 8 mM K ÷, 2.6 mM Ca 2÷, 1 mM Mg 2÷, 
140 mM Cl-, 1 mM SO4:-, and 8 mM'(H2PO~ + HPO42-). Glucose was not  used in 
the media, where sugars and amino acids were present as stated. The 3 mM and 
6 mM Na ÷ media were prepared by substituting choline chloride for NaC1 in 
equimolar amounts.  The incubation media were aerated and stirred with 100% 
02. The chemicals were of  analytical grade, and sugars and amino acids were of  
the highest, commercially available purity. 22Na, and 14C-labelled t ryptophan 
and galactose were obtained from The Radiochemical Centre, Amersham, 
U.K.), 3H-labelled poly(ethyleneglycol)  (Mn 4000) was purchased from New 
England Nuclear Co. 

Unidirectional influx across the brush border membrane (Jmc), unidirectional 
transmural fluxes (Jms and Jsm), and steady-state mucosal uptake of  galactose 
([ Gal] ~) and t ryptophan ([ Try ] ¢) were measured as previously described except  
that  [3H]poly(ethyleneglycol) 4000 was used as extracellular marker instead 
of  [ 3H ]methoxyinulin [ 11 ]. 

Fluxes of  galactose and t ryptophan were calculated on the basis of  measured 
fluxes of  radioactive tracers. The radioactivity of  appropriate samples was 
analyzed in a TriCarb fluid scintillation spectrometer,  using Instagel as scintilla- 
tion fluid. 

The results are stated as mean values + S.E., with the number  of  observations 
in parentheses. P values less than 0.05 according to Student 's  t-test are taken as 
indication of  statistical significance. 

The following equations [12] are used to calculate the unidirectional fluxes, 
J¢s and Js~ across the basolateral membrane and efflux (Jmc) across the brush 
border membrane:  

Jnet =Jms --Jsm =Jmc--Jcm =Jcs - -Jsc  (1) 

Jms = (Jmc " Jsc)l(Jcm + Jc~) (2) 

These equations are derived for a three compar tment  system in steady state. 
Eqn. 1 is valid for the preparations; but  the use of  Eqn. 2 is based on the 
assumption that the non-epithelial tissues consti tute a well-stirred extension 
of  the fluid bathing the serosal side of  the preparation, that  transport  takes 
place across an epithelium made up by  a homogeneous cell population,  and 
that passage through paracellular shunts  can be neglected. 
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Experiments and Results 

Effects of galactose on tryptophan transport 
From each animal four preparations were made for transmural flux measure- 

ments. Hereby paired measurements were made of  J ~ ]  and j~r~y both  with and 
without  galactose. In these experiments,  1 mM tryptophan and 20 mM galac- 
tose were used. The results (Table I) demonstrate  a highly significant, 41%, 
inhibition of  J ~ [ ,  but  no effect on J ~ .  

For Jm~ measurements each animal provided eight preparations. These were 
used for paired measurements of  J~mc y at 1 mM tryptophan and 1 mM trypto-  
phan + 20 mM galactose; 1 mM tryptophan and 1 mM tryptophan + 30 mM 
galactose; 5 mM tryptophan and 5 mM tryptophan + 20 mM galactose; or 
5 mM tryptophan and 5 mM tryptophan + 20 mM methionine. The results 
(Table II) show that at 1 and 5 mM tryptophan 20 mM galactose causes 
significant inhibitions of 15 and 16%, respectively. In the experiments with 
1 mM tryptophan and 30 mM galactose the control  flux was 1.18 -+ 0.06/~mol/  
cm 2 per h (n = 7) and the inhibited influx 1.03 -+ 0.06/~mol/cm ~ per h (n = 8). 
Based on the control  data on J ~ [  at 1 and 5 mM tryptophan estimates are 
reached of  a J~m:x of  11.5 /~mol/cm 2 per h and a K t of 6.2 mM. Using this K t 

for t ryptophan the inhibitory effect  of methionine on J ~ [  indicates a Ki of  
2.1 mM. These kinetic values are very close to those of  the rat mid small 
intestine [ 13 ]. 

The steady-state uptake of  t ryptophan was measured in paired experiments 
at 1 mM tryptophan and 1 mM tryptophan + 20 mM galactose of  40--80 min 
incubation. The tissue concentration was constant throughout  this period. 
The data (Table I) demonstrated a 77% inhibition of  [Try]¢. 

Effects of methionine on galactose transport 
Using the experimental design described above jG~l and J~m ~1 were measured 

at 1 mM galactose and at 1 mM galactose + 20 mM methionine.  Methionine 
(Table I) significantly (40%) inhibited j ~ l ,  but  did not  significantly affect 

JGmal was measured in paired experiments at 1 mM and 10 mM galactose with 
and wi thout  20 mM methionine. At 1 mM galactose (Table I) a 9% inhibition 
did not  reach statistical significance, bu t  at 10 mM, a 13% inhibition was 
statistically significant. 

In paired experiments at 1 mM galactose, 20 mM methionine reduced [Gal] c 
by  50%. In spite of  this reduction J~m ~ was increased by  17%, whereas the 
reduction of  Jcs corresponded well to the reduction of  [Gal]c. 

Sodium dependence of the heteroinhibition of influx across the brush border 
membrane 

After 30 min of  preincubation at 6, respectively, 3 mM Na ÷ with several 
renewals of  the preincubation media J~m~ 1 was measured at 6 or 3 mM Na ÷ in 
paired experiments at 10 mM galactose with or wi thout  20 mM methionine.  
In two series at 6 mM Na ÷ methionine did, bu t  not  statistically significantly, 
inhibit fim~ I. When the data of  these two series are normalized to the mean 
control  values the difference between 1.00 +- 0.04 (n = 15) and 0.83 + 0.05 
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T A B L E  I I  

I N F L U X  O F  T R Y P T O P H A N  A C R O S S  T H E  B R U S H  B O R D E R  M E M B R A N E  IN G U I N E A - P I G  S M A L L  

I N T E S T I N E  

Inhib i t ion  b y  ga lactose  and  m e t h i o n i n e .  

JmcTry 0 ~ m o l / c m  2 per  h -+ S.E. )  

1 m M  T r y  1 m M  T r y  + 20 m M  Gal 

140  1 .59 +- 0 .07  (16)  P ~ 0 . 0 5  1 .35 ± 0 .05  (16)  
6 0 .29  -+ 0 .02  (8)  0 .31 _+ 0 . 0 5  (8)  

5 m M  Try  5 m M  T r y  + 20 m M  Gal 

140  4 .76  _+ 0 .20  (8)  P ~ 0 . 0 5  3 .99 ± 0 . 1 5  (8) 

5 m M  T r y  5 m M  T r y  + 20 m M  Met 

140 5 .54 + 0 .37  (8)  P ~ 0 .001  0 .97  ± 0 .05  (8)  

T A B L E  I I I  

I N F L U X  O F  G A L A C T O S E  A C R O S S  T H E  B R U S H  B O R D E R  M E M B R A N E  IN G U I N E A - P I G  S M A L L  

I N T E S T I N E  

S o d i u m  d e p e n d e n c e  of  i n h i b i t o r y  e f f ec t  o f  m e t h i o n i n e ,  n.s. ,  n o t  s igni f icant .  

Sa + 

( raM) 
JmcGal Qumol/cm 2 per h ± S.E.) 

I 0  m M  Gal I0 mM Gal + 20 mM Met 

140 3 .40  • 0 .09  (16)  P ~ 0 . 0 2  2 .96 -+ 0 .12  (16)  

6 0 .61 • 0 .03  (7) P <: 0 .15  0 .48  ± 0 .05  (7)  

6 0 .88  _* 0 .06  (8)  P ~ 0 .15  0 .76  ± 0 .04  (8)  

3 0 .66  :~ 0 .07  (12)  n.s.  0 .67  +- 0 .08  (11)  

(n = 15) (P ~ 0.01) is statistically significant. At 3 mM Na ÷ the inhibitory 
effect of  methionine was abolished. 

J ~ [  was measured at 6 mM Na ÷ in paired experiments at 1 mM tryptophan 
with and without 20 mM galactose. Already at 6 mM Na ÷ the inhibitory effect 
of  galactose was abolished. 

jN~ was measured at 6 and 3 mM Na ÷ in paired experiments with and 
without 20 mM methionine. At 6 mM Na ÷ methionine increased J ~  from 
1.33 ± 0.06 (n = 8) to 4.42 ± 0.24 ~mol /cm 2 per h (n = 8), 20 mM galactose 
increased JSm~ from 1.45 ± 0.09 (n = 8) to 1.71 ± 0.03 ~mol /cm 2 per h (n = 8). 
At 3 mM Na ÷ the effect of  20 mM methionine was an increase from 0.70 ± 0.03 
(n = 8) to 2.70 ± 0.08 ~mol /cm 2 per h (n = 8). 

Discussion 

The results presented here, equal inhibitory effects of  20 and 30 mM galac- 
tose, and a 13% inhibition by methionine at a concentration of  almost ten 
times Ki, confirm those reported by Alvarado [9] and by Robinson and 
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Alvarado [2] with which they qualitatively agree. Clearly this type  of  partially 
competitive, mutual  inhibition could be caused by allosteric interactions 
between separate binding sites for sugars and amino acids. However,  this 
allosteric model [2] does not  account  for the absence of  mutual  inhibition 
under the influence of  ouabain [4].  Neither does it account  for the apparently 
increased efflux across the brush border membrane or for the inhibition of  
influx across the brush border membrane being sodium dependent ,  which as 
reported here confirms data on brush border microvesicles [7]. It is therefore 
worthwhile to examine whether,  as recently proposed [7,8],  the sodium 
gradient hypothesis can account  for these characteristics of  the mutual  inhibi- 
tion between sugars and amino acids. 

Work with microelectrodes [14--16] and on microvesicles of  brush border 
membranes [7,17] indicates that  sodium-coupled influx of sugars and amino 
acids across the brush border membrane is electrogenic. Therefore an estimate 
of  the effects of  the transmembrane electrical potential difference may be 
gained from the equation describing the unidirectional influx of  a positively 
charged substance on an electroneutral carrier under the conditions of  an 
inside substrate concentration of  zero [18].  

jA = 2Jmax[A ] exp(--ZF~mc/2RT) (3) 
2Kt + [A] [1 + exp(--ZF~mJ2RT)] 

where jA is the influx of  the charged compound A across the brush border 
membrane,  [A] is the concentration on the mucosal side, ~mc is the electrical 
potential difference, ( ~ c -  ~m), across the brush border membrane,  Kt, Z, 
F,  R,  and T have their usual meaning. According to this interpretation of  the 
sodium gradient hypothesis sugars and amino acids augment the sodium perme- 
ability of  the brush border membrane in a saturable manner. With increasing 
non,electrolyte concentration the depolarizing effect on the membrane poten- 
tial will therefore approach a maximum. The available data indicate [14,16] 
that in the absence of  sugars and amino acids in the mucosal fluid ~mc is in 
the range of  --50 to --40 mV and that the maximal depolarization caused by  
an amino acid or a sugar is about  20 mV corresponding, according to Eqn. 3, to 
a maximum inhibition of  12 and 15%, respectively. This is the interval within 
which present and previous observations of  mutual  sugar-amino acid inhibition 
fall. Also efflux of  sugars and amino acids across the brush border membrane 
is sodium coupled [19].  Therefore, at the same time as the influx of  a sugar or 
an amino acid is reduced by a depolarization of  the membrane the efflux will 
be increased. This would explain why the steady-state mucosal uptake and the 
transepithelial net  flux are inhibited relatively more than Jmc, and why 
measurements of  2-min uptakes by everted rings [2] show slightly higher, and 
more consistent degrees of  mutual  inhibition. As outlined here the effect on 
~mc of the sugar-amino acid-induced increase in sodium influx will be described 
by the Goldman-Hodgkin Katz equation. In this the sodium permeability 
appears in a logarithmic term. This alone would explain why as pointed ou t  by 
Robinson and Alvarado [2] the electric effects of  sugars and amino acids are 
not  stoichiometrically additive. Thus the present results confirm those reported 
by  Alvarado [9] and by  Robinson and Alvarado [2],  they agree with previous 
observations on rat small intestine [6] and rabbit  ileum [3] in demonstrating 
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a more pronounced heteroinhibition of  the composite  steady-state transport 
parameters than the unidirectional influx across the brush border membrane, 
they confirm the observations made on microvesicles from rat small intestine 
brush border showing that the mutual inhibition between sugars and amino 
acids is sodium dependent,  and whereas the observations cannot be accounted 
for by the allosteric interaction hypothesis  they are all explicable in terms of  
the sodium gradient hypothesis.  

Methionine and galactose do not  differ significantly in efficacy as inhibitors 
of  influx across the brush border or unidirectional transepithelial flux. It is, 
however, evident that with respect to steady~state mucosal uptake galactose is 
a more potent  inhibitor than methionine.  The present data suggest in 
accordance with previous studies on rat small intestine [6] that this greater 
effect may result from an increased permeability of  the basolateral cell mem- 
brane. Such a mechanism is consistent with the delay in inhibitory effect o f  
galactose observed by Saunders and Isselbacher [20] ,  which is also apparent 
in observations on isolated enterocytes from the chicken small intestine [21] .  
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