
236 BIOCHIMICA ET BIOPHYSICA ACTA 

BBA 75023 

A L A N I N E  T R A N S P O R T  ACROSS I S O L A T E D  R A B B I T  I L E U M  

MICHAEL FIELD*, STANLEY G. SCHULTZ AND PETER F. CURRAN 
Biophysical Laboratory, Harvard Medical School, Boston, Mass. (U.S.A.) 

(Received August 2end, 1966) 

SUMMARY 

(i) W h e n  bo th  surfaces of i so la ted  segments  of r abb i t  i leum are b a t h e d  wi th  a 
Ringer ' s  solut ion conta in ing  I4o  mM Na  + and 5 mM L-alanine, there  is an average 
ne t  flux of L-alanine f rom the  mucosa l  to the  serosal  solut ion of 1.2 #moles /h .  cmL 
Under  these condi t ions  the  un id i rec t iona l  flux from mucosa  to serosa is a p p r o x i m a t e l y  
ten  t imes  the  flux in the  oppos i te  direct ion.  The  ne t  flux of a lanine  is near ly  equal  to 
the  p rev ious ly  obse rved  inc rement  in ac t ive  Na+ flux b rough t  abou t  by  the  add i t ion  
of 5 mM alanine  to the  mucosa l  solut ion.  

(2) Net  t r a n s p o r t  of L-alanine is m a r k e d l y  inh ib i ted  if the  Na  + in the  ba th ing  
solut ions is rep laced  wi th  choline,  or if  IO -4 M ouaba in  is a d d e d  to the  serosal solut ion 
in the  presence of Na  +. In  bo th  instances,  the  inhib i t ion  of net  a lanine  t r a n s p o r t  is 
the  resul t  of a decline in the  unid i rec t iona l  flux from mucosa  to serosa. Add i t ion  of 
ouaba in  to the  mucosal  solut ion alone does not  s ignif icant ly  inhib i t  t r a n s p o r t  of the  
amino acid. 

(3) There  is ne t  t r a n s p o r t  of D-alanine across r abb i t  i leum in the  absence of a 
concen t ra t ion  difference and the  t issue accumula tes  D-alanine to re la t ive ly  high 
concent ra t ions .  This accumula t ion  is m a r k e d l y  inh ib i t ed  b y  ouaba in  and by  replace-  
men t  of  the  Na  + in the  incuba t ion  med ium wi th  choline. 

INTRODUCTION 

Transpo r t  of neu t ra l  amino acids  across small  in tes t ine  from a low concen t ra t ion  
in the  mucosa l  solut ion to a h igher  concen t ra t ion  in the  serosal  solut ion requires  Na+ 
and  is i nh ib t ed  b y  digi ta l is  glycosides 1-6. In  addi t ion ,  a r ap id  and  sus ta ined  increase 
in the  ra te  of ac t ive  Na  + t r a n s p o r t  from mucosa  to serosa 7 is observed  when L-alanine 
is a d d e d  to the  solut ion perfusing the mucosa l  surface of r abb i t  i leum. The same effect, 
as measu red  b y  shor t -c i rcu i t  current ,  is p roduced  b y  severa l  o ther  amino acids, in- 
c luding D-alanine. 

The p resen t  inves t iga t ion  explored  fur ther  the  in te rac t ion  be tween  Na  + and  
neu t r a l  amino acid  t r a n s p o r t  in small  in tes t ine .  Undi rec t iona l  fluxes of L-alanine 
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across rabbit ileum have been measured in the same preparation in vitro used pre- 
viously for studies of Na + transport s in order to estimate the quantitative relation 
between the net transmural fluxes of Na + and L-alanine. The effects of ouabain and 
Na+ replacement have been determined in order to establish whether the decrease in 
net flux observed in sac preparations of small intestine is primarily the result of a 
decrease in mucosal to serosal flux or an increase in serosal to mucosal flux. Finally, 
unidirectional transmural fluxes and tissue accumulation of D-alanine have been 
measured to determine whether this amino acid, which appears to stimulate Na÷ 
transport, is itself actively transported. In view of previous reports that  there is no 
transport of D-alanine into everted sacs of hamster intestine against a concentration 
difference 9, it seemed important to examine this process in rabbit ileum. 

METHODS 

New Zealand white rabbits, weighing 2.5-4.o kg and maintained on normal food 
intake, were sacrificed by intravenous injection of pentobarbitol (50 mg/kg). A seg- 
ment of distal ileum was quickly excised, opened along the mesenteric border, rinsed 
clean of luminal contents and clamped as a flat sheet between two identical lucite half- 
chambers. In this apparatus, both surfaces of the tissue are perfused and oxygenated 
by means of water-jacketed, gas-lift circulating systems which maintain the bathing 
solutions at 37 °. The gas mixture employed was 95% 03-5% COz. Unless otherwise 
indicated, the composition of the bathing solution was: NaC1, 14o raM; KHCO 3, IO 
raM; K2HPO4, 1.2 raM; KH2PO4, 0.2 mM; CaC12, 1.2 raM, and MgC12, 1.2 raM. 
Apparatus and methods employed for the determination of the transmural elec- 
trical potential difference and the short-circuit current have been described previ- 
ously 8. 

For the determination of transmural unidirectional fluxes of L- or D-alanine, 
both sides of the tissue were bathed with 15 ml of solution containing equal concentra- 
tions of the amino acid. A tracer quanti ty of 14C-labeled amino acid (New England 
Nuclear Corp.) was introduced into the solution bathing one side of the tissue, and, 
after a35-4o-min period (necessary for the achievement of a steady-state flux of tracer 
(see Fig. I)) serial samples were withdrawn at Io-min intervals from the opposite 
bathing solution. The samples and suitably diluted aliquots of the initially labeled 
solution were assayed for 14C using a liquid-scintillation spectrometer. Since L-alanine 
is not metabolized to any significant extent by rabbit ileum under these conditions 1°, 
unidirectional fluxes may be calculated directly from the rate of appearance of ~4C on 
the unlabeled side, as described previously s. The amount of alanine transferred from 
mucosa to serosa during an experiment was less than 5 % of the alanine content of the 
bathing solutions (see Table I) so that the concentrations of alanine remained essen- 
tially constant. In most experiments simultaneous flux measurements were made on 
two adjacent pieces of ileum from the same animal, thus permitting either a deter- 
mination of both transmural unidirectional fluxes under the same condition, or a com- 
parison of the unidirectional flux in one direction under two different conditions. 

Accumulation of D-alanine by mucosal strips of rabbit ileum was determined as 
described previously 10. Intracellular concentrations were calculated after correction 
for the D-alanine content of the extracellular space measured in each tissue with 
tritiated inulin. 
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Optical purity of D-alanine 
D-Alanine, having a specific rotation, laiD, of --14.5 °, was obtained from the 

California Corporation for Biochemical Research (Calbiochem, Lot 68091 ). D-[I-14C] - 
Alanine was obtained from the New England Nuclear Corporation (Lot 211-11o-12) 
and was certified 99.7% optically pure by the manufacturers. The puri ty of the 
D-alanine (12C and 14C compounds) was checked in this laboratory by  ascending paper 
chromatography using a butanol-acetic acid-water (25 : 4 :IO, v/v/v) mixture as solvent. 
The 12C and 14C compounds were chromatographically homogeneous and migrated 
together with L-alanine (Nutritional Biochem.). The optical puri ty of the D-[14C l- 
alanine was tested using D-amino acid oxidase (crude preparation from hog kidney) 
obtained from Sigma Chemical Co. (Lot 26B-I82O). The D-[14C]alanine (0.29 ffmole) 
was incubated with the enzyme (20 mg) at 37 ° in 3 ml of a pyrophosphate buffer 
(pH 8.3) under an atmosphere of IOO% O 2. After 12o min only 2.1°./o of the original 
radioactivity migrated with D-alanine on paper chromatographs. To demonstrate that  
D-alanine is neither chemically altered nor racemized by rabbit  ileum, tissue was in- 
cubated for 60 rain in a Ringer's solution containing 5 mM D-I14Clalanine. The in- 
cubation solution and the tissue extract were chromatographed before and after 
t reatment  with D-amino acid oxidase. Before t reatment  with the enzyme, 96% of the 
radioactivity migrated with D-alanine as a single peak. After 12o rain of incubation 
with D-amino acid oxidase only 3.5% of the original radioactivity migrated with 1)- 
alanine. These results indicate that  D-alanine is neither metabolized nor racemized 
to any significant extent by rabbit  ileum. Thus, t ransport  of I)-alanine across the 
tissue and accumulation within the tissue may be determined from assays of HC as 
described above. 

RESULTS 

Unidirectional and net fluxes of L-alanine 
The appearance of L-[14C]alanine ill the serosal bathing solution is plotted as a 

function of time in Fig. I. A steady-state flux is not achieved until 35-4 o rain after 
addition of tracer to the mucosal solution. Two factors contribute to the delay: the 
time necessary for the mucosal cells to reach a steady-state concentration of L-[14C] - 
alanine and the time necessary for L-E14Clalanine to achieve a steady-state rate of 
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Fig. 1. L-[14C]Alanine a c t i v i t y  in the  serosal  so lu t ion  as a func t ion  of t ime  af ter  the  add i t ion  of the  
t racer  to  the  mucosa l  solut ion.  A s t e a d y - s t a t e  flux of 1 .4 f fmo le s /h . cm 2 (Jn~) is achieved af ter  
a de lay  of 37 min.  
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diffusion across the  serosal  t issues following exi t  f rom the  mucosa l  cells. We  are 
unable ,  a t  present ,  to e s t ima te  the  re la t ive  con t r ibu t ion  of each of these factors  to  the  
observed  delay.  MATTHEWS AND EASTER 11 have  r epo r t ed  t h a t  a s t e a d y - s t a t e  ra te  of 
net  accumula t ion  of amino  acids in eve r t ed  sacs of ra t  in tes t ine  is observed  only  af te r  
lO-15 min have  elapsed.  However ,  because  serial  sampl ing  is difficult w i th  the  ever ted-  
sac technique,  this  lag has  genera l ly  been ignored.  

Mucosa- to-serosa  (Jms), se rosa- to-mucosa  (Jsm) and  net  fluxes (Jnet) of L- 
alanine,  when bo th  surfaces of  the  t issue were b a t h e d  wi th  the  s t a n d a r d  Ringer ' s  solu- 
t ion conta in ing  5 mM L-alanine, are given in Table  I. Unde r  these condi t ions,  Jms was 

T A B L E  I 

T R A N S M U R A L  F L U X E S  O F  L -  A N D  D - A L A N I N E  

N u m b e r  of  e x p e r i m e n t s  in p a r e n t h e s e s .  E a c h  e x p e r i m e n t  i n v o l v e d  a t  l e a s t  four  s a m p l i n g  p e r i o d s .  

Amino Medium Jms Jsm Jnet 
acid (l~moles/h.cm 2) (l~mole/h.cm 2) (l~moles/h.cm 2) 

L - A l a n i n e  N o r m a l  R i n g e r ' s  [Na  +] - -  14o m M  1. 3 ~2 o . i  (19) o.13 4- o.o2 (4) 1.2 
5 m M  Cho l ine  R i n g e r ' s  [Na  +] --  o o .16 ± o . o i  (4) o.13 i 0.02 (3) 0.03 

N o r m a l  R i n g e r ' s  plus lO -4 M 0.39 ± 0.03 (2) o . i i  -4:0.03 (2) 0.28 
o u a b a i n  in  s e rosa l  s o l u t i o n *  

D - A l a n i n e  N o r m a l  R i n g e r ' s  1.8 ± o.3 (4) o.29 -5= o.o 7 (4) r.5 
20 m M  

* F l u x e s  w e r e  d e t e r m i n e d  a t  l e a s t  60 m i n  a f t e r  a d d i t i o n  of  o u a b a i n .  

approx ,  ten t imes  g rea te r  t han  Jsm and  a net  a lanine  flux from mucosa  to serosa of  
1.2 # m o l e s / h . c m  2 was observed.  F l u x  measu remen t s  on open-c i rcui ted  and  short-  
c i rcui ted  p repa ra t i ons  have  been combined  in the  tab le  because  t r a n smura l  e lectr ical  
po ten t i a l  differences be tween  o and IO mV do not  s ignif icant ly  effect L-alanine fluxes. 
In  four  pa i r ed  expe r imen t s  Jms was 1 .3±o .3  #moles /h -  cm 2 when the  t issue was short-  
c i rcui ted  and  1 . 2 ± o . 6 / ~ m o l e s / h .  cm 2 when the  t r a n smura l  e lectr ical  po ten t i a l  differ- 
ence was c l amped  at  IO mV, serosa posi t ive.  

Unid i rec t iona l  L-alanine fluxes across in tes t ine  perfused on bo th  sides wi th  
m e d i u m  in which all sodium was rep laced  b y  choline were de t e rmined  on pa i red  t issue 
from the  same an imal  (see Table  I). Net  L-alanine t r a n s p o r t  d i sappeared ,  confirming 
the  observa t ions  of  o thers  on the  N a  + dependence  of  amino  acid  t r a n s p o r t  1,3 e. The  
inh ib i t ion  of  net  flux is en t i re ly  the  resul t  of  a m a r k e d  decline in Jms. 

The effect of IO 4 M ouaba in  in the  serosal  solut ion on un id i rec t iona l  L-alanine 
fluxes is also shown in Table  I. Jms and  the  ne t  flux were decreased  b y  8o%,  while Jsm 
rema ined  unchanged.  This  concen t ra t ion  of ouaba in  also abol i shed  the  t r a n smura l  
e lectr ical  po ten t i a l  difference wi th in  3o min and has  p rev ious ly  been shown to inh ib i t  
ac t ive  sodium t r a n s p o r t  comple te ly  8. In  four exper iments ,  Jms was de t e rmined  on 
pa i r ed  t issues f rom the  same an imal  under  cont ro l  condi t ions  and  in the  presence of 
2" lO -4 M ouaba in  in the  mucosa l  solut ion.  The  average  values  of  Jms were 1 . 1 ± o .  3 
#moles /h  • cm 2 in cont ro l  t issues and  I.O ± 0 .2/zmole/h .  cm 2 in the  presence of ouabain .  
The average  decrease i n  the  t r a n s m u r a l  po ten t i a l  difference af ter  I h exposure  to 
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ouaba in  in the  mucosa l  solut ion was only 28% compared  to a 7 %  spontaneous  de- 
crease for the  cont ro l  t issue. 

E/fect of temperature on L-alanine transport 
Studies  of the  un id i rec t iona l  influx of L-alanine across the  brush  border  of r abb i t  

i leum 22 have  ind i ca t ed  t ha t  this  process has  an unusua l ly  large t e m p e r a t u r e  depend-  
ence (Q10 = 4.5). Fu r the rmore ,  the  increase in shor t -c i rcu i t  cur ren t  across r abb i t  
i leum el ic i ted b y  ac t ive ly  t r a n s p o r t e d  sugars  or amino acids is m a r k e d l y  depressed 
at  room t e m p e r a t u r e  (22°). The  Q10 of this  process,  for i o  mM glucose, is 4.8 (ref. 12). 
In  view of these observat ions ,  i t  was of in te res t  to examine  the  effect of t e m p e r a t u r e  
on t r an smura l  L-alanine flux. In four exper iments ,  Jms for 5 mM L-alanine was deter-  
mined  at  22 ° and  at  37 ° on pa i red  tissues. Jms was 1 . 2 ± o . 2  # m o l e s / h - c m  2 at  37 ° and  
o . 1 8 ± o . o  3 # m o l e / h . c m  ~ at  22°; the  average  Q10 was 3.7- 

Transport and accumulation of u-alanine 
A t ime-course  of D-alanine u p t a k e  b y  mucosal  s t r ips  i ncuba ted  at  37 ° in s t a n d a r d  

solut ion conta in ing  5 mM D-alanine is shown in Fig. 2. D-Alanine was r a p id ly  accu- 
m u l a t e d  b y  the  t issue and  af ter  3 rain the  in t race l lu la r  concen t ra t ion  exceeded t ha t  
in the  incuba t ion  medium.  The in t race l lu la r  concen t ra t ion  af ter  30 rain was approx.  
lO t imes  the  ex te rna l  solut ion concent ra t ion .  The t ime-course  shown in Fig. 2 closely 
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Fig. 2. T ime-course o f  I ) -a]anine up take ,  A]]  tissues were f rom the same an imal  and were pre- 
incuba ted  fo r  3 ° rain in the s tandard  buf fe r  before add i t i on  o f  5 m M  D-a|anine. 

Fig .  3. D - A l a n i n e  c o n c e n t r a t i o n  r a t i o s  u n d e r  d i f f e r e n t  c o n d i t i o n s .  Al l  t i s s u e s  w e r e  p r e i n c u b a t e d  
f o r  3 ° m i n  u n d e r  t h e  c o n d i t i o n s  i n d i c a t e d  a n d  t h e n  f o r  a n  a d d i t i o n a l  3 ° r a i n  in  t h e  p r e s e n c e  o f  
5 m M  1) -a lan ine .  T h e  n u m b e r s  o f  e x p e r i m e n t s  a r e  g i v e n  in  p a r e n t h e s e s .  

resembles  t h a t  p rev ious ly  r epor t ed  for L-alanine u p t a k e  by  mucosal  s t r ips  1°. The 
effects of  Na+-free med ia  and  ouaba in  on the ra t io  of in t race l lu la r  to ex t race l lu la r  
D-alanine concen t ra t ions  ob ta ined  af ter  3o rain incuba t ion  at  37 ° in the  presence of 
5 mM D-alanine are shown in Fig. 3. D-Alanine accumula t ion  was m a r k e d l y  inh ib i ted  
in bo th  instances.  A s imilar  effect of Na+-free med ium and ouaba in  on L-alanine 
accumula t ion  was p rev ious ly  r epor t ed  1°. 

Unid i rec t iona l  fluxes of D-alanine were de t e rmined  when the  concent ra t ion  of 
this  amino acid  in bo th  the  mucosal  and  serosal ba th ing  solut ions was 2o mM. In four 
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experiments, Jms and ] s m  w e r e  determined simultaneously on adjacent pieces of 
tissue from the same animal. The results, shown in Table I, indicate a net flux of 1. 5 
/ ,moles/h.cm 2 under these conditions. 

DISCUSSION 

L-Alanine transport 
Addition of L-alanine to the solution bathing the mucosal surface of short- 

circuited rabbit ileum elicits an immediate increase in the rate of active Na + transport 
from mucosa to serosa 7. One purpose of the present investigation was to determine 
the rate of L-alanine transport across this tissue using methods identical to those 
employed for the Na + studies. The rate of net L-alanine transport was 1.2 /~moles/ 
h.  cm 2 at 5 mM alanine and the increase in active Na+ transport in the presence of 5 
mM L-alanine was 1.3/zmoles/h- cm ~ (Table I and Fig. 2 of ref. 7). Although these rates 
of L-alanine and Na + transport were not determined simultaneously, both studies 
were carried out on approximately the same region of distal ileum from the same 
species and size of rabbit, utilizing the same techniques so that the results should be 
roughly comparable. Thus the rate of net L-alanine transport and the increase in the 
rate of active Na + transport induced by the alanine appear to be nearly equivalent. 
Recent studies 22 have also indicated that the unidirectional influx of L-alanine across 
the mucosal border of rabbit ileum in the presence of 14o mM Na + is accompanied by 
an increase in Na + influx which is approximately equal to the alanine influx. 

D-Alanine transport 
The early studies of WISEMAN and his collaborators indicated that amino acid 

transport mechanisms in small intestine show a marked preference for the L-stereo- 
isomer la. Subsequent investigations have shown, however, that  this optical specificity 
is not absolute. JERVIS AND SMYTH 14 demonstrated that o-methionine is transported 
against a concentration gradient across the small intestine of rat, and CHRISTENSEN 15 

reported that the rates of L- and o-valine transport by isolated rat intestine are nearly 
the same. Furthermore, several investigators reported that  the transport of some L- 
amino acids is inhibited by the presence of high concentration of n-amino acids16,17, 
and, conversely, that  the rate of D-amino acid transport is markedly inhibited in the 
presence of the L-stereoisomer~6, ~s. Although these findings suggest that  D- and L- 
amino acids may share the same carrier mechanisms and that only their affinities for 
these mechanisms differ markedly, there are reports that  several D-amino acids, 
including D-alanine, are neither accumulated by intestinal tissue nor transported 
against a concentration difference to a significant extentg, ~8. The observation that D- 
alanine elicits a rapid increase in the short-circuit current across rabbit ileum in vitro 
prompted all investigation of transport of D-alanine by this preparation ; if net trans- 
port of D-alanine by rabbit ileum in the absence of a concentration gradient could not 
be demonstrated, our present concepts regarding the interaction between Na + 
transport and active transport of non-electrolytes would require maior revision. The 
present data demonstrate that  the mucosal cells of rabbit ileum accumulate D-alanine 
against a concentration difference and that transmural transport of D-alanine occurs 
in the absence of a concentration difference. The transport processes for the stereo- 
isomers of alanine appear to be qualitatively similar. Since the degree of optical 
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asymmetry of alanine is relatively small compared with other amino acids (with the 
exception of glycine) our findings with respect to D-alanine cannot be generalized to 
the transport of other D-amino acids. 

Effect of Na + and ouabain 
In the absence of sodium, or when ouabain is added to the serosal solution, net 

L-alanine transport is almost completely abolished. This is entirely the result of a 
marked inhibition of the flux from mucosa to serosa. A previous investigation from 
this laboratory 19 demonstrated that the unidirectional influx of L-alanine from the 
mucosal solution across the brush border into the cell, which results in transport from 
a lower to a higher L-alanine concentration, is markedly inhibited if the Na + in the 
mucosal solution is replaced by a variety of charged or uncharged solutes. This study 
and those of other investigators 2°, provide evidence that the mechanism responsible 
for the transport of L-alanine against a concentration difference is located on or near 
the brush border of the mucosal cell. However, ouabain causes a marked inhibition 
of net L-alanine transport only when present in the serosal solution. Ouabain in the 
mucosal solution has little, if any, effect. CSAKY AND HARA 21 have made a similar 
observation with respect to the inhibitory effect of ouabain on 3-0-methylglucose 
transport across bullfrog small intestine and have further demonstrated that little (~r 
no ouabain enters the cell water or the mucosal solution when this agent is added to 
the serosal solution. The present results, and the observation of CZAKY and HARA, 
suggest that  ouabain does not act directly on the Na+-dependent L-alanine transport 
mechanism at the brush border but that it exerts its inhibitory action on a process 
located on or near the serosal border of the cell. In a previous study, evidence was 
presented that the process responsible for the transmural transport of Na+ against its 
electrochemical potential gradient is located on or near the serosal border 1° and it has 
also been shown that the inhibitory effect of ouabain on active transmural Na + 
transport is most marked when the ouabain is added to the serosal bathing solution s. 
These observations support the hypothesis 7 that ouabain inhibits sugar and amino 
acid transport indirectly through its inhibitory action on the sodium transport 
mechanism; no direct action on non-electrolyte transport mechanisms need be 
postulated. The extrusion of Na + from the cell and the resulting Na + concentration 
difference across the mucosal border appear to be indispensable prerequisites for net 
amino acid transport. 
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